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Anchorage-independent growth is a hallmark of transformed cells, but little is known of the molecular
mechanisms that underlie this phenomenon. We describe here studies of cell cycle control of anchorage-
independent growth induced by the ras oncogene, with the use of a somatic cell mutant fibroblast line (ER-1-2)
that is specifically defective in oncogene-mediated, anchorage-independent growth. Control, nontransformed
PKC3-F4 cells and ER-1-2 cells cannot proliferate in semisolid medium. Three important cell cycle events are
dependent on adhesion of these cells to a substratum: phosphorylation of the retinoblastoma protein, pRB;
cyclin E-dependent kinase activity; and cyclin A expression. PKC3-F4 cells that express ras (PKC3-F4/ras cells)
proliferate in nonadherent cultures, and each of these three events occurs in the absence of adhesion in
PKC3-F4/ras cells. Thus, ras can override the adhesion requirement of cellular functions that are necessary for
cell cycle progression. ER-1-2 cells that express ras (ER-1-2/ras cells) possess hyperphosphorylated forms of
PRB and cyclin E-dependent kinase activity in the absence of adhesion but remain adhesion dependent for
expression of cyclin A. The adhesion dependence of pRB phosphorylation and cyclin E-dependent kinase
activity is therefore dissociable from the adhesion dependence of cyclin A expression. Furthermore, ectopic
expression of cyclin A is sufficient to rescue anchorage-independent growth of ER-1-2/ras cells but does not
induce anchorage-independent growth of PKC3-F4 or ER-1-2 cells. However, like pRB phosphorylation and
cyclin E-dependent kinase activity, the kinase activity associated with ectopically expressed cyclin A is depen-
dent on cell adhesion, and this dependence is overcome by ras. Thus, the induction of anchorage-independent
growth by ras may involve multiple signals that lead to both expression of cyclin A and activation of G,

cyclin-dependent kinase activities in the absence of cell adhesion.

Ras proteins play a central role in the signal transduction
pathways that regulate cell proliferation and differentiation.
Moreover, the H-, K-, and N-ras proto-oncogenes are frequent
targets of somatic mutation in human cancers (3, 6, 37). Ex-
pression of an activated ras oncogene in cultured rodent fibro-
blast cell lines induces a highly pleiotropic response, including
alterations in cell morphology, loss of contact inhibition, stable
changes in gene expression, decreased dependence on serum
growth factors, and the ability to proliferate in the absence of
adhesion to a substratum (i.e., anchorage-independent
growth). This last property is the best in vitro correlate of
tumorigenicity (10, 17, 64). It is likely, therefore, that the
molecular mechanisms that mediate anchorage-independent
growth are related to the mechanisms that underlie the aggres-
sive growth properties of naturally occurring tumors in vivo.

Most nontransformed cell types require both growth factors
and cell adhesion to a substratum in order to proliferate (5, 41,
48, 51, 66). This dual requirement is thought to be due to a
need for signaling events that originate from growth factor
receptors and integrins, respectively. While there is overlap
between receptor tyrosine kinase- and integrin-mediated signal
transduction pathways (8, 22, 60, 69, 77), it appears that there
may be additional, adhesion-specific events involved in mito-
genesis, because high concentrations of growth factors are gen-
erally not sufficient to override the adhesion requirement. It is
not clear, therefore, why mutations in certain components of
growth factor signal transduction pathways (i.e., receptor ty-
rosine kinases and Ras, etc.) lead to an abrogation of the

* Corresponding author. Mailing address: Department of Biochem-
istry, Box 1020, Mount Sinai School of Medicine, New York, NY
10029. Phone: (212) 241-2177. Fax: (212) 996-7214. Electronic mail
address: rkrauss@smtplink.mssm.edu.

3370

adhesion requirement for cell proliferation. In addition to their
well-established effects on growth factor signaling pathways, it
has been proposed that oncogenes might irreversibly activate
pathways regulated by integrins (61). For example, adhesion
can induce alkalinization of cytoplasmic pH, and certain on-
cogenes can mimic this effect in the absence of adhesion (62).
Nevertheless, the adhesion-mediated signaling events that are
responsible for the anchorage requirement in cell proliferation
are unknown.

Numerous studies have highlighted the respective roles of
growth factors and cell adhesion in regulating various aspects
of fibroblast cell cycle progression. Soluble growth factors can
stimulate adherent, G-arrested cells to reenter the cell cycle,
and the continued presence of these growth factors is required
until the late G;-phase restriction point, R (51). After this
point, adherent cells are committed to completion of a single
cell cycle. Cell adhesion can influence both the G,-to-G, and
G,-to-S phase transitions (11, 20, 23, 34). In the presence of
serum growth factors, however, a major requirement for cell
adhesion is manifested very late in G, phase, at a point sub-
sequent to the majority of growth factor-mediated events (20,
23, 34). Key transitions in the mammalian cell cycle are con-
trolled by the activation of several cyclin-dependent kinases
(Cdks) (26, 27, 63). Progression through G, and entry into S
phase require the actions of cyclins D, E, and A and their
respective Cdks (26, 27, 63). Guadagno et al. have recently
demonstrated that in NRK fibroblasts the expression of cyclin
A, but not cyclin D or E, was dependent on cell adhesion,
consistent with the failure of these cells to progress past late G,
phase in the absence of adhesion (21). Furthermore, ectopic
expression of cyclin A in NRK cells induced anchorage-inde-
pendent proliferation when the cells were cultured in the pres-
ence of serum and epidermal growth factor (21). Ectopic ex-
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pression of cyclin A, however, did not cause these cells to
become independent of growth factors or morphologically
transformed. The relationship between these observations and
anchorage-independent growth induced by oncogenes there-
fore remains to be explored.

To investigate the mechanism(s) by which ras oncogenes
induce anchorage-independent growth, we have taken a somat-
ic-cell genetic approach. A mutagen-induced variant cell line
(designated ER-1-2) derived by a novel selection protocol from
rat 6 embryo fibroblasts that overexpress protein kinase C 1
(PKC) has been previously isolated and characterized (see
reference 32 for details). Like a control cell line (PKC3-F4),
the ER-1-2 cell line continues to overexpress PKC. In striking
contrast to PKC3-F4 cells, however, ER-1-2 cells fail to form
colonies in soft agar when infected with a v-H-ras-expressing
retrovirus. The ER-1-2 cell line is also resistant to anchorage-
independent growth induced by the v-src¢ and v-raf oncogenes,
and the resistant phenotype is dominant in somatic-cell hybrid-
izations (32). Despite their resistance to anchorage-indepen-
dent growth, ER-1-2 cells still display transformation-related
changes in morphology and gene expression in response to the
ras oncogene (16, 32). Thus, the ER-1-2 cell line exhibits a
specific defect in oncogene-induced, anchorage-independent
growth. This cell system therefore permits an analysis of this
aspect of oncogene action in isolation from other, less stringent
parameters of the transformed phenotype. We report here a
cell cycle analysis of anchorage-independent growth mediated
by the v-H-ras oncogene in the PKC3-F4 and ER-1-2 cell lines.
It has been found that at least three key cell cycle events are
dependent on adhesion in these two cell lines when they do not
express ras: phosphorylation of the retinoblastoma protein,
PRB; cyclin E-dependent kinase activity; and cyclin A expres-
sion. Each of these events occurred independently of adhesion
in PKC3-F4 cells expressing ras (PKC3-F4/ras cells). pRB
phosphorylation and cyclin E-dependent kinase activity also
occurred independently of adhesion in ER-1-2 cells that ex-
press ras (ER-1-2/ras cells), but expression of cyclin A in these
cells remained adhesion dependent. Finally, ectopic expression
of cyclin A rescued the ability of ER-1-2/ras cells to form
colonies in soft agar, suggesting that expression of cyclin A in
the absence of adhesion may be a key event in oncogene-
mediated, anchorage-independent growth.

MATERIALS AND METHODS

Cell culture protocols. All rat 6-derived cell lines were routinely maintained in
Dulbecco modified Eagle medium (DMEM) (Gibco) plus 10% bovine calf serum
(Gibco), as previously described (32). NIH 3T3 and NIH 3T3/ras cells (provided
by T. Hei and S. Kahn, Columbia University) were cultured in DMEM plus 10%
fetal bovine serum. Preparative methylcellulose culture conditions and recovery
of cells from such cultures were as described by Assoian et al. (1), as modified by
Kume et al. (34). Briefly, 10 ml of DMEM containing 5% calf (rat 6-derived cell
lines) or fetal bovine (NIH 3T3 lines) serum and 1.3% methylcellulose in a 50-ml
conical tube was inoculated with 10° cells. The tubes were then placed in a
water-jacketed CO, incubator at 37°C. At various times thereafter, the medium
was diluted with 40 ml of ice-cold phosphate-buffered saline (to solubilize the
methylcellulose), and the cells were recovered by gentle centrifugation. Recovery
of cells by this method was nearly quantitative, and cell viability was >98%, as
determined by trypan blue dye exclusion assays.

Soft-agar assays were performed with single wells of six-well dishes by sus-
pending 10* cells in 2 ml of 0.3% Noble agar in DMEM containing 5% calf serum
and overlaying the suspension on 2.5 ml of presolidified 0.5% agar in the same
medium. The cultures were then overlaid with 2 ml of DMEM plus 5% calf
serum and 0.3% agar every 3 or 4 days. At the end of 2 weeks, colonies were
stained with the vital stain 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazo-
lium chloride (INT) for 72 h at 37°C, and colonies were counted under a
low-power inverted light microscope. The colony-forming assays performed with
methylcellulose (see Results) were carried out in identical fashion, except that
the 0.3% top agar was replaced with 1.3% methylcellulose.

Cell synchronization. To arrest cells near the G,/S border of the cell cycle, a
double drug block was used. An initial synchronization of cells at the G,/S border
and in S phase was achieved by treating cells that were proliferating on plastic
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dishes with 2 mM thymidine for 14 h (30). The cells were washed twice and
further incubated in fresh, standard medium for 9 h. The cultures were then
either refed on the plates with medium that contained 300 wM mimosine or
trypsinized and introduced into methylcellulose-containing medium that was
supplemented with 300 M mimosine. The cultures were further incubated for
16 h and then harvested for analysis. Mimosine causes cell cycle arrest very
shortly before the G,/S-phase transition (43, 70) (see Results). Over the course
of several experiments, this double-block protocol resulted in 82 to 92% of cells
having a 2 N DNA content as determined by fluorescence-activated cell sorter
(FACS) analysis.

Flow cytometry. Cells cultured on plates or in methylcellulose-containing me-
dium were recovered, stained with propidium iodide buffer (50 pg of propidium
iodide per ml, 0.1% sodium citrate, 0.1% Triton X-100) in the presence of 10 pg
of DNase-free RNase, and analyzed by flow cytometry on a FACS (FACScan;
Becton Dickinson). The data were analyzed by the CellFIT software program.

Immunoblotting and in vitro cyclin E- and cyclin A-dependent kinase assays.
Immunoblot analyses were performed essentially as described by Guadagno et al.
(19). Cells from logarithmically growing monolayer or methylcellulose suspen-
sion cultures were harvested in lysis buffer (50 uM Tris-HCI [pH 8.0]-250 uM
NaCl-1% Nonidet P-40-2 uM EDTA) containing 1 uM phenylmethylsulfonyl
fluoride, 10 ng of leupeptin per ml, 50 wM NaF, and 1 uM sodium orthovana-
date. Total proteins were then separated on sodium dodecyl sulfate (SDS)-
polyacrylamide gels and transferred to nitrocellulose membranes (Amersham),
and the membranes were probed with specific antibodies. After extensive wash-
ing (with 40 mM Tris-HCI [pH 8.0]-50 mM NaCl-1 mM EDTA), the blots were
reprobed with horseradish peroxidase-conjugated secondary antibody, and spe-
cific protein bands were visualized with an enhanced chemiluminescence (ECL)
detection system (Amersham). Immunoblotting was performed with the follow-
ing antibodies, from the indicated sources: anti-cyclin D (06-13T), Upstate Bio-
technology Inc. (UBI); anti-cyclin E, J. Roberts, Fred Hutchinson Cancer Cen-
ter; anti-cyclin E (SC-481), Santa Cruz Biotechnology; anti-cyclin A, R. Assoian,
University of Miami; anti-CDK2 (SC-163), Santa Cruz Biotechnology; anti-
p275P1 (SC-528), Santa Cruz Biotechnology; anti-human cyclin A (14531A),
PharMingen; anti-human cyclin E (06-134), UBI; and anti-pRB (14001A),
PharMingen.

For in vitro cyclin E- and A-dependent kinase assays, the respective cyclins
were immunoprecipitated from 500 pg of total cellular protein (from lysates
prepared as described above) with either polyclonal anti-cyclin E antibody (M-
20; Santa Cruz Biotechnology) or monoclonal anti-human cyclin A antibody
(14531A; PharMingen). The immunoprecipitates were washed three times with
lysis buffer and twice with kinase buffer (20 wM Tris-HCI [pH 7.4], 4 pM MgCl,).
The washed immunoprecipitates were then incubated with kinase buffer, 2 pg of
histone H1, 1 uM ATP, and 5 wCi of [y-*?P]JATP in a final volume of 16 pl for
30 min at 37°C. The products of the reaction were separated on an SDS-12%
polyacrylamide gel. The gel was then dried and exposed to X-ray film.

Northern (RNA) blot analyses. Total cellular RNA was isolated from cells
grown in monolayer cultures or methylcellulose suspension cultures, and North-
ern blot analyses were performed as previously described (33).

Retroviral infections. A full-length human cyclin A cDNA (35) was subcloned
into the retroviral vector pBabePuro (45). Full-length cyclin D1 (28) and E (35)
cDNAs were also inserted into the same vector. To generate recombinant ret-
roviruses, the packaging mutant helper cell line -2 (42) was transfected with 20
ng of either pBabePuro or pBabePuro/cyclin plasmid. Transfectants were se-
lected in medium that contained 2.5 pg of puromycin per ml, and puromycin-
resistant colonies were pooled. Viral supernatant was collected from cultures of
the pooled cells and stored at —70°C. Retroviral infection of rat 6-derived cell
lines was performed as previously described (32). Infected cultures were selected
in medium that contained 5 pg of puromycin per ml, and resistant colonies were
pooled and analyzed as described in Results.

RESULTS

Effect of adhesion on cell cycle distribution of PKC3-F4 and
ER-1-2 cells with and without expression of the v-H-ras onco-
gene. The PKC3-F4 cell line overexpresses PKC but is anchor-
age dependent for growth in medium supplemented with 5%
calf serum (75). Polyclonal pools of PKC3-F4 cells that have
been infected with a high titer of v-H-ras retrovirus (i.e., PKC3-
F4/ras cells) exhibit dramatic morphological alterations and
form large colonies in soft-agar medium containing 5% serum
(32, 75). In contrast, the ER-1-2 variant cell line also overex-
presses PKC, but virus-infected ER-1-2/ras cells fail to prolif-
erate in soft agar, even though they are morphologically al-
tered (32, 75). Presumably, one or more cell cycle-regulatory
events that are normally dependent on adhesion occur in the
absence of adhesion when PKC3-F4 cells express the ras on-
cogene. It was of interest, therefore, to determine which cell
cycle events lost adhesion dependence in these cells and which,
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FIG. 1. Growth curves of PKC3-F4 and ER-1-2 cell lines, with and without
expression of v-H-ras, in methylcellulose suspension cultures. Medium contain-
ing 1.3% methylcellulose was inoculated with 10° cells, and cells were recovered
and counted at the indicated times. Points represent averages of duplicate de-
terminations that differed by <10%. The experiment was repeated three times
with similar results. See the text for details.

if any, of these events remained adhesion dependent in ER-1-
2/ras cells.

Because it is not possible to recover viable, nonadherent
cells from soft-agar cultures, we utilized a methylcellulose cul-
ture system that allows nearly quantitative recovery of intact
cells (1, 34). Colony-forming assays were performed to validate
the use of methylcellulose in place of soft agar. A total of
10,000 cells of each type were cultured in medium containing
1.3% methylcellulose on top of a 0.5% bottom agar layer for 2
weeks, at which time macroscopic colonies were scored. The
experiment was performed twice with similar results. The col-
ony-forming abilities of PKC3-F4, PKC3-F4/ras, ER-1-2, and
ER-1-2/ras cells in methylcellulose culture were very similar to
those observed in soft-agar cultures (32, 75); i.e., only the
PKC3-F4/ras cells were able to form colonies (1,570/10* cells
[average of triplicate determinations that differed by <10%])
under these conditions. These results are substantiated by the
growth curve for each of these cell lines in preparative meth-
ylcellulose cultures, in which only PKC3-F4/ras cells signifi-
cantly increased in number (Fig. 1).

To determine the phase of the cell cycle in which the PKC3-
F4, ER-1-2, and ER-1-2/ras cells were arrested when deprived
of adhesion, asynchronous adherent cultures were trypsinized
and introduced into methylcellulose-containing medium. At
various times thereafter, the cells were recovered and their cell
cycle distributions were analyzed by flow cytometry. Represen-
tative results are shown in Fig. 2. Greater than 90% of the
PKC3-F4 and ER-1-2 cells had arrested with a 2 N DNA
content after a 48-h incubation in methylcellulose, indicating a
tight arrest at some point in G, phase (Fig. 2A and C).
PKC3-F4 and ER-1-2 cells that were in the S or G,/M phase
when placed in methylcellulose presumably completed a single
cycle and subsequently arrested in G,. The cell cycle distribu-
tion of PKC3-F4/ras cells reflected active growth, with cells in
all phases of the cell cycle, even 48 h after loss of adhesion (Fig.
2B). ER-1-2/ras cells, which like PKC3-F4 and ER-1-2 cells
were unable to proliferate in semisolid medium, displayed a
cell cycle distribution distinct from the tight G, arrest observed
with those two cell lines (Fig. 2D). Forty-eight hours after loss
of adhesion, a significant percentage (~25%) of ER-1-2/ras
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cells remained in S phase; in fact, the profile of ER-1-2/ras cells
was not dramatically different from that of PKC3-F4/ras cells,
despite their inability to proliferate under these conditions.
These data suggest that ER-1-2/ras cells arrested their growth
in both G, and S phases when deprived of adhesion. Very
similar data were obtained when two independent subclonal
lines of ER-1-2/ras cells were analyzed in identical fashion
(data not shown). Control cultures of each of the four cell
types that were replated on tissue culture plastic after
trypsinization, rather than introduced into methylcellulose, did
not show significant alterations in their cell cycle distribution
over the 48-h observation period in comparison with the initial
asynchronous population (data not shown).

Effects of adhesion and ras on expression of cell cycle-reg-
ulatory proteins in PKC3-F4 and ER-1-2 cells. Levels of ex-
pression of cyclins D, E, and A are each rate-limiting for G,
progression and entry into S phase (2, 18, 28, 46, 47, 50, 53-55,
57,78). We therefore tested whether expression of any of these
cyclins correlated with the flow cytometry data described
above. Asynchronous, adherent cultures of PKC3-F4, PKC3-
F4/ras, ER-1-2, and ER-1-2/ras cells were trypsinized. Methyl-
cellulose-containing medium was inoculated with the cells, and
48 h later the cells were recovered, lysed, and analyzed by
Western blotting (immunoblotting) techniques. Adherent
monolayer cultures were also investigated, and the results are
shown in Fig. 3A. Cyclin D1 protein levels in PKC3-F4 and
ER-1-2 cells were equivalent and were not significantly af-
fected by adhesion. Similar to data reported by others (36),
expression of ras in these two cell lines led to an elevation of
cyclin D1 levels, and this too was unaffected by the adhesive
state of the cells. Cyclin E levels were similar in all four cell
types, regardless of adhesive state (Fig. 3A). Cyclin A levels,
however, correlated strongly with the proliferative capacity of
these different cell lines in adherent and nonadherent cultures.
As has been reported for NRK fibroblasts (21), cyclin A pro-
tein production was strictly anchorage dependent in both
PKC3-F4 and ER-1-2 cells (Fig. 3A). ER-1-2 cells, however,
displayed lower levels of cyclin A than did PKC3-F4 cells. In
contrast, cyclin A levels in PKC3-F4/ras cells were equivalent
in adherent and nonadherent cultures, consistent with the abil-
ity of these cells to proliferate in an anchorage-independent
fashion. Strikingly, production of cyclin A protein in ER-1-2/
ras cells remained almost completely adhesion dependent; only
a trace amount of cyclin A was present in extracts of ER-1-2/
ras cells that had been cultured in methylcellulose-containing
medium. Consistent with these results, Northern blot analyses
demonstrated that cyclin A mRNA expression paralleled cyclin
A protein levels (Fig. 4).

To confirm these results, we analyzed cyclin A protein levels
in adherent and nonadherent cultures that had been arrested
near the G,/S border via drug treatment. A protocol based on
a double, thymidine-mimosine block was developed so that
even the highly transformed PKC3-F4/ras cells could be ar-
rested at this point in the cell cycle (see Materials and Methods
for details). The initial thymidine block was performed while
the cells were adherent, and the subsequent mimosine block
could be achieved in either adherent or nonadherent cultures.
Mimosine arrests cells in the narrow window of time subse-
quent to cyclin A synthesis but prior to the beginning of S
phase (43, 70). Figure 3B demonstrates that cyclin A produc-
tion in the drug-arrested cultures closely mirrored that ob-
served in untreated cultures (Fig. 3A). Production of cyclin A
protein was strictly adhesion dependent in PKC3-F4 and ER-
1-2 cells and was adhesion independent in PKC3-F4/ras cells
but remained almost completely adhesion dependent in ER-
1-2/ras cells.
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FIG. 2. Flow cytometric analysis of cell cycle progression in methylcellulose cul
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Itures. Cells growing logarithmically on cell culture plates were harvested by

trypsinization, and medium containing 1.3% methylcellulose was inoculated with 10* cells per ml. Cells were recovered at the indicated times, stained with propidium
iodide, and analyzed by flow cytometry, as described in Materials and Methods. (A) PKC3-F4 cells; (B) PKC3-F4/ras cells; (C) ER-1-2 cells; (D) ER-1-2/ras cells. Points

represent mean values from three independent experiments * 1 standard deviation.

The data described above suggested that the ability to direct
expression of cyclin A in the absence of adhesion could be a
crucial aspect of ras-mediated, anchorage-independent growth.
To investigate this hypothesis further, we analyzed the expres-
sion levels of proteins that mediate or influence cyclin A func-
tion. Cyclin A presumably exerts its effects on the G,-to-S
phase transition via activation of its catalytic partner, Cdk2 (13,
49, 58, 68). It was of interest, therefore, to determine whether
Cdk2 levels were affected by adhesion or expression of ras.
Figure 3A demonstrates that the amounts of Cdk2 protein
produced in PKC3-F4 and PKC3-F4/ras cells were similar,
regardless of adhesive state. In contrast, loss of adhesion re-
sulted in a modest decrease in Cdk2 levels in ER-1-2 and
ER-1-2/ras cells. Thus, Cdk2 production did not correlate with
proliferative capacity in this system; i.e., although adhesion
played a small role in regulating Cdk2 levels in the variant
cells, there was no significant difference in the levels of this
protein in PKC3-F4 and PKC3-F4/ras cells. Furthermore, the
amount of Cdk2 produced by ER-1-2/ras cells under nonad-
herent conditions was apparently sufficient for cell cycle pro-
gression, once these cells were provided with cyclin A (see
below). We also investigated the expression of two Cdk inhib-
itors that are capable of influencing G,-phase progression and

0, G, phase; A, S phase; O, G, and M phases.

can inhibit cyclin A-Cdk2 enzyme activity: p27<%* (52, 67) and
p21CPIWARL (1224, 73). p275%P! was relatively abundant in
both PKC3-F4 and ER-1-2 cells, and adhesion had no effect on
its expression in these cell types (Fig. 3C; the larger quantity of
p27%%7 observed in adherent PKC3-F4 cells than in nonadher-
ent cells in this particular experiment was not reproducible). In
contrast, PKC3-F4/ras and ER-1-2/ras cells displayed substan-
tially decreased levels of p27%%* expression, again regardless of
their adhesive state. Thus, p27<%’ expression appeared to be a
target of Ras signals but did not correlate directly with anchor-
age-independent cell proliferation in this system. We were
unable to detect any expression of p21<7*/"AF1 at the protein
or RNA level in any of these cell types under any conditions
(data not shown).

Regulation of pRB phosphorylation and cyclin E-dependent
kinase activity by adhesion is supplanted by expression of ras.
The adhesion dependence of cyclin A expression may arise
because the cyclin A gene is a direct target of adhesion-medi-
ated signaling pathways. Alternatively, cyclin A expression
might not be directly regulated by adhesion-mediated signals
but could be dependent on the successful completion of an
earlier cell cycle event that is itself directly regulated by adhe-
sion; once this earlier event has occurred, cyclin A expression
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FIG. 3. Expression of various cell cycle-regulatory proteins in PKC3-F4,
PKC3-F4/ras, ER-1-2, and ER-1-2/ras cells cultured under adherent and nonad-
herent conditions. Cells grown on plastic cell culture plates (i.e., adherent cul-
tures [P]) or in 1.3% methylcellulose cultures (i.e., nonadherent cultures [M])
were lysed, and 50 pg of total-cell extract was analyzed by Western blotting and
probing with specific antibodies, as described in Materials and Methods. (A)
Expression of cyclins D1, E, and A and Cdk2. Cyclin D1 often appears as a
double band in Western blots made with extracts from rodent cells (65). (B)
Expression of cyclin A in adherent and nonadherent cultures of the indicated
type that had been arrested at the G,/S-phase border. See the text for details. (C)
Expression of p275%7 in the indicated cell types. + and —, expressing or not
expressing v-H-ras, respectively.

might proceed without further need for adhesion. To begin to
address this question, we analyzed the effects of adhesion and
ras in PKC3-F4 and ER-1-2 cells on two cell cycle events that
occur prior to cyclin A expression and that are critical for the
G,-to-S phase transition: phosphorylation of the product of the
retinoblastoma tumor suppressor gene, pRB (reviewed in ref-
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FIG. 4. Northern blot analysis of expression of cyclin A mRNA in PKC3-F4,
PKC3-F4/ras, ER-1-2, and ER-1-2/ras cell lines cultured under adherent and
nonadherent conditions. Cells grown on plastic cell culture plates (i.e., adherent
cultures [P]) or in 1.3% methylcellulose cultures (i.e., nonadherent cultures [M])
were lysed, and 9 pg of total cellular RNA from each cell type was analyzed by
Northern blotting and hybridization to a 3P-labeled human cyclin A probe (35).
The 3.0- and 1.8-kb cyclin A bands are indicated, and the ethidium bromide-
stained gel, featuring the 28 and 18S rRNA bands, is shown as a loading control.
The variation in electrophoretic mobility is due to the presence in some samples
of methylcellulose-derived insoluble material that is difficult to remove during
isolation of RNA from cells cultured in such medium. + and —, expressing or not
expressing v-H-ras, respectively.

erence 71), and cyclin E-dependent kinase activity (46, 47, 54).
Adherent and nonadherent cultures of PKC3-F4, PKC3-F4/
ras, ER-1-2, and ER-1-2/ras cells were prepared as described
above for analysis of cyclin expression. Western blots of ex-
tracts derived from such cultures were probed with an antibody
to pRB, and the hypo- and hyperphosphorylated forms of pRB
were distinguished by their respective mobilities on polyacryl-
amide gels (38). Figure 5 demonstrates that both forms of pRB
were detectable in adherent cultures of PKC3-F4 and ER-1-2
cells but that only the hypophosphorylated form was present in
nonadherent cultures of these two cell lines. PKC3-F4/ras cells,
on the other hand, exhibited mainly hyperphosphorylated pRB
when grown in adherent or nonadherent methylcellulose cul-
tures. In contrast to what was observed with cyclin A expres-
sion, the hyperphosphorylated form of pRB was very abundant
in ER-1-2/ras cells in both adherent and nonadherent cultures.

PKC3-F4 ER-1-2

ERalal L B L

FIG. 5. Western blot analysis of expression and phosphorylation state of
pRB in PKC3-F4, PKC3-F4/ras, ER-1-2, and ER-1-2/ras cell lines cultured under
adherent (P) and nonadherent (M) conditions. Fifty micrograms of total cellular
protein was fractionated on an SDS-7.5% polyacrylamide gel and blotted to a
nitrocellulose membrane. The blot was then probed with a specific anti-pRB
monoclonal antibody. See Materials and Methods for additional details. + and
—, expressing or not expressing v-H-ras, respectively.
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FIG. 6. Cyclin E-dependent kinase activity in PKC3-F4, PKC3-F4/ras, ER-
1-2, and ER-1-2/ras cell lines cultured under adherent (P) and nonadherent (M)
conditions. Cell extracts (500 pg) were immunoprecipitated with anti-cyclin E
antibodies and analyzed for associated histone H1 kinase activity as described in
Materials and Methods. The bottom panel shows a Western blot of aliquots of
immunoprecipitates that had been probed with anti-cyclin E antibody, demon-
strating that approximately equivalent levels of cyclin E protein were associated
with each immunoprecipitate. + and —, expressing or not expressing v-H-ras,
respectively.

Thus, pRB phosphorylation, like cyclin A expression, is an
adhesion-dependent cell cycle event that occurs in the absence
of adhesion when cells express a ras oncogene. In contrast to
the case for cyclin A expression, however, ER-1-2/ras cells
were able to carry out anchorage-independent phosphorylation
of pRB, despite their inability to proliferate under such con-
ditions.

Phosphorylation of pRB in mid- to late G, phase is thought
to be performed largely by cyclin D-dependent kinases (i.e.,
Cdk4 and Cdk6 [14, 31, 44]), and pRB may be the single critical
substrate of these kinases for regulation of cell cycle progres-
sion (39, 40). Cyclin E-dependent activation of Cdk2 may also
participate in phosphorylation of pRB (25), but cellular sub-
strates for cyclin E-mediated phosphorylation are not known
with certainty. Furthermore, cyclin E-dependent events other
than pRB phosphorylation are required for the G,-to-S tran-
sition (47, 56). We therefore analyzed cyclin E-dependent ki-
nase activity by immunoprecipitating cyclin E from cells that
were cultured as described above and then performing in vitro
kinase assays with histone H1 as a substrate. Cyclin E-depen-
dent histone H1 kinase activity was almost exclusively adhesion
dependent in PKC3-F4 and ER-1-2 cells, but this adhesion
requirement was abrogated in both PKC3-F4/ras and ER-1-2/
ras cells (Fig. 6). Thus, similar to pRB phosphorylation but in
contrast to cyclin A expression, the adhesion requirement for
mounting a key cell cycle event was lost in ER-1-2/ras cells,
despite the inability of these cells to proliferate in an anchor-
age-independent manner. Taken together, these data suggest
that adhesion may regulate multiple signaling pathways that
impinge on several important cell cycle events. Furthermore,
the adhesion dependence of pRB phosphorylation and cyclin
E-dependent kinase activity could be dissociated from the ad-
hesion dependence of cyclin A expression, in that the former
two events were overcome by expression of ras in ER-1-2 cells
while the latter was not.

Ectopic expression of cyclin A rescues anchorage-indepen-
dent growth of ER-1-2/ras cells. The data described above
indicated that when ER-1-2/ras cells were deprived of adhe-
sion, these cells arrested in late G, and S phases with hyper-
phosphorylated pRB and cyclin E-dependent kinase activity
but also with very low levels of cyclin A. To test whether
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FIG. 7. Analysis of ectopic expression of cyclins A, D1, and E in the PKC3-
F4, ER-1-2, ERRCI1, and ERRC4 cell lines. Cell extracts were analyzed by
SDS-polyacrylamide gel electrophoresis and immunoblotting with antibodies
specific for human cyclin A (PharMingen), D1 (UBI), or cyclin E (UBI). (A)
Ectopic expression of cyclin A. Cells were infected with pBabePuro vector that
lacked a cDNA insert (—) or with pBabePuro vector that harbored a human
cyclin A (hCyC A) cDNA (+). (B) Ectopic expression of cyclins D1 and E. Cells
were infected with pBabePuro vector that lacked a cDNA insert or with pBabe-
Puro vector that harbored human cyclin D1 or human cyclin E cDNA (hCyCD1
and hCyCE, respectively).

reduced levels of cyclin A were the only obstacle to anchorage-
independent growth of ER-1-2/ras cells, we sought to restore
expression of this protein in these cells. Two independent
subclones of ER-1-2/ras cells (75) (designated ERRC1 and
ERRCH4 in this study), as well as PKC3-F4 and ER-1-2 cells,
were infected with a recombinant retrovirus that drives expres-
sion of a human cyclin A cDNA from the viral long terminal
repeat. The parental vector, pBabePuro (45), also confers re-
sistance to the drug puromycin. The cells were infected with
either the cyclin A-expressing virus or, as a control, a virus that
lacked a cDNA insert. The infectants were selected in puro-
mycin-containing medium; puromycin-resistant colonies were
then pooled and assayed for expression of human cyclin A and
colony formation in soft agar. Constitutive expression of cyclin
A has been difficult to achieve in many cell types (21, 57), and
the number of puromycin-resistant colonies obtained from cy-
clin A virus infectants was significantly lower than the number
obtained with several other genes (29). Nevertheless, at least
100 puromycin-resistant colonies were pooled for each cell
type studied. A similar number of control-vector-infected, pu-
romycin-resistant colonies were pooled for comparison. Anal-
ysis of ectopic expression of cyclin A was performed by probing
Western blots of whole-cell extracts with an antibody specific
for human cyclin A. As can be seen in Fig. 7A, all the cyclin A
virus infectants, but not the control virus infectants, produced
an immunoreactive product of ~58 kDa. It should be noted
that the ER-1-2/ras subclone, ERRC1, produced larger quan-
tities of cyclin A than did the other subclone, ERRC4. We then
tested the ability of these infectants to form colonies in soft
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TABLE 1. Soft-agar colony formation by various cell lines infected
with various cyclin-expressing retroviruses

Growth in soft agar (no. of colonies/10* cells)

Cell line
+ pBabePuro + Cyclin D1 + Cyclin E + Cyclin A
PKC3-F4 0 0 0 0
ER-1-2 0 0 0 0
ERRC1? 0° 0 0 384
ERRC4" 0 0 0 1,050

“ A total of 10,000 cells of each cell line were seeded into 0.3% agar, and
macroscopic colonies were scored after 2 weeks of growth. + pBabePuro, cells
infected with a retroviral vector lacking a cDNA insert; + cyclin D1, E, or A, cells
infected with a retroviral vector that drives expression of a human cyclin cDNA
of the indicated type.

®ERRC1 and ERRC4 are two independent clonal cell lines derived from
ER-1-2/ras cells (75).

¢ In most experiments, the ERRC1 cells infected with the pBabePuro vector
formed no colonies; however, in some experiments, these cells formed small
numbers of colonies, never exceeding 51/10* cells.

agar. Table 1 and Fig. 8 demonstrate that infection with the
cyclin A-expressing virus, but not the virus lacking an insert,
rescued anchorage-independent growth of both ERRC1 and
ERRCH4 cells. Ectopic expression of cyclin A was not sufficient,

+ pBabePuro/CycA

PKC3-F4

ERRC1 ER-1-2

ERRC4

PKC3-F4/ras

FIG. 8. Growth of PKC3-F4, ER-1-2, ERRC1, and ERRCH4 cells in soft agar
in response to ectopic expression of cyclin A. The cells were infected with control
or cyclin A-expressing retroviral vectors as described in the text. Medium con-
taining 0.3% soft agar was inoculated with 10* cells of each type; macroscopic
colonies were scored after 2 weeks of growth. PKC3-F4/ras cells are shown as a
positive control. See Table 1 for quantitation of results.
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FIG. 9. Cyclin A-dependent kinase activity in PKC3-F4 and ERRCI cell
lines that ectopically express human cyclin A when cultured under adherent (P)
and nonadherent (M) conditions. Cell extracts (500 pg) were immunoprecipi-
tated with anti-human cyclin A antibodies and analyzed for associated histone
HI1 kinase activity as described in Materials and Methods. A Western blot of
aliquots of the immunoprecipitates were probed with anti-human cyclin A anti-
body to demonstrate that approximately equivalent levels of cyclin A protein
were associated with immunoprecipitates from adherent and nonadherent cul-
tures of PKC3-F4 and ERRC1 cells infected with the cyclin A-expressing retro-
virus (data not shown). hCycA, human cyclin A.

however, to induce anchorage-independent growth of either
PKC3-F4 or ER-1-2 cells under these conditions (i.e., agar-
containing medium supplemented with 5% calf serum). PKC3-
F4/ras cells form colonies in soft agar under these conditions at
an efficiency of 10 to 20% (75). Thus, the ERRC4 cell line was
rescued to a nearly wild-type frequency of colony formation by
ectopic expression of cyclin A. In contrast, over the course of
several experiments, the cyclin A-expressing ERRC1 cells did
not grow as well in soft agar, despite producing larger quanti-
ties of this protein (Fig. 7). Many of the soft-agar colonies that
were formed by cyclin A-expressing ERRCI1 cells died after 5
to 7 days of growth and lysed in the agar medium. Cyclin A
must be destroyed for cells to exit M phase (59); we suspect
that the larger quantity of constitutively expressed cyclin A that
these cells produced was, for unknown reasons, particularly
toxic when these cells were cultured in the absence of adhe-
sion.

Because ectopic expression of cyclin A did not induce an-
chorage-independent growth of PKC3-F4 or ER-1-2 cells, and
pRB phosphorylation and cyclin E-dependent kinase activity
were both adhesion dependent in these cell lines, we next
analyzed histone H1 kinase activity associated with human
cyclin A in infected PKC3-F4 and ERRCI1 cells that had been
cultured under adherent or nonadherent conditions. As shown
in Fig. 9, PKC3-F4 cells infected with the cyclin A-expressing
virus that were cultured under adherent conditions exhibited
significantly increased kinase activity in cyclin A immunopre-
cipitates, relative to that of control-virus-infected cells. This
enhanced activity was not observed, however, when the
PKC3-F4 cells were cultured under nonadherent conditions. In
contrast, enhanced cyclin A-associated kinase activity was ob-
served in ERRC1 cells regardless of their adhesive state. Thus,
as seen with pRB phosphorylation and cyclin E-dependent
kinase activity (Fig. 5 and 6), kinase activity associated with
ectopically expressed cyclin A was dependent on cell adhesion,
and this dependence was overcome by expression of oncogenic
ras. These data are consistent with the notion that the adhesion
dependence of the activity of certain Cdks can be dissociated
from the adhesion dependence of cyclin A expression.

Finally, to test the specificity of the cyclin A-mediated rescue
of anchorage-independent growth of ERRC1 and ERRC4
cells, human cyclins D1 and E were also ectopically expressed
in these and the control cell lines. Ectopic expression of these
cyclins was assessed by probing Western blots with antibodies
that recognized both endogenous (rat) and exogenous (hu-
man) cyclin D1 or only the exogenous human cyclin E (Fig.
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FIG. 10. Effects of adhesion and ras on cell cycle events in NIH 3T3 cells. (A)
Western blot analysis of cyclin A expression. (B) Western blot analysis of pRB
phosphorylation. ppRb, phosphorylated pRB. (C) Cyclin E-dependent histone
H1 kinase activity; the bottom panel shows a Western blot of aliquots of immu-
noprecipitates that had been probed with anti-cyclin E antibody, demonstrating
that approximately equivalent levels of cyclin E protein were associated with
each immunoprecipitate. P, adherent cultures; M; nonadherent methylcellulose
cultures. Western blot analyses and kinase assays were performed as described in
Materials and Methods and in the legends to Fig. 3, 5, and 6.

7B). If the antibody to cyclin D1 recognized rat and human
forms equally well, only about a twofold enhancement of cyclin
D1 protein expression was achieved in these cell lines, perhaps
because of the relatively high levels they produce endog-
enously (Fig. 2A). In contrast to the results with cyclin A,
ectopic expression of either cyclin D1 or cyclin E failed to
rescue the ability of ERRC1 or ERRC4 cells to form colonies
in soft agar (Table 1). Thus, overproduction of other G, cyclins
could not substitute for cyclin A in mediating ras-induced,
anchorage-independent growth.

Effects of adhesion and ras on pRB phosphorylation, cyclin
E-dependent kinase activity, and cyclin A expression in NIH
3T3 cells. To confirm and extend the data obtained with our rat
6-derived cell system, we analyzed the effects of cell adhesion
and expression of oncogenic ras on cyclin A expression, pRB
phosphorylation, and cyclin E-dependent kinase activity in an-
other rodent fibroblast cell line, NIH 3T3. Parental, anchor-
age-dependent NIH 3T3 cells and NIH 3T3 cells transformed
by a human K-ras oncogene (3T3/ras cells) were cultured un-
der adherent and nonadherent conditions as described above.
As can be seen in Fig. 10A, expression of cyclin A was adhesion
dependent in the parental NIH 3T3 cells, but this adhesion
requirement was abrogated in the 3T3/ras cells. Also similar to
the rat 6-derived cell lines, phosphorylation of pRB was an-
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chorage dependent in NIH 3T3 cells (Fig. 10B). Furthermore,
the hyperphosphorylated form of pRB was observed in non-
adherent, methylcellulose cultures of 3T3/ras cells, although
the extent of hyperphosphorylation in such cultures was not as
great as that observed for PKC3-F4/ras or ER-1-2/ras cells
(Fig. 5). Finally, cyclin E-dependent kinase activity was also
adhesion dependent in the parental cell line, but this adhesion
dependence was overcome when the cells expressed oncogenic
ras (Fig. 10C). We conclude that the three events defined as
adhesion dependent in the rat 6-derived cell lines were also
adhesion dependent in NIH 3T3 cells; furthermore, expression
of a ras oncogene supplanted the adhesion requirement of
these events in both cell types.

DISCUSSION

Anchorage-independent proliferation is a hallmark of trans-
formed cells, but little is known of the mechanism(s) by which
oncogenes induce this phenomenon. We have developed a
system that allows analysis of oncogene-induced, anchorage-
independent growth in isolation from many other transforma-
tion-associated phenotypes. The ER-1-2 variant cell line re-
sponds to expression of the v-H-ras oncogene with alterations
in cell morphology and gene expression that are indistinguish-
able from those of a control cell line, PKC3-F4 (16, 32). In
contrast to PKC3-F4 cells, however, ER-1-2 cells fail to form
colonies in soft agar in response to ras (32).

We report here that three critical cell cycle events were
dependent on adhesion to a substratum in PKC3-F4 and ER-
1-2 cells: pRB phosphorylation, cyclin E-dependent kinase ac-
tivity, and expression of cyclin A. Certain other cell cycle
events, such as expression of cyclins D1 and E, were not reg-
ulated by adhesion in these cells. These data offer at least a
partial molecular explanation for the adhesion requirement of
cells to proliferate; i.e., adhesion-mediated signals and/or ad-
hesion-associated alterations in cellular architecture (9, 74) are
necessary for appropriate activation of the cell cycle machin-
ery. Strikingly, all three of these cell cycle events occurred in
the absence of adhesion following expression of ras in
PKC3-F4 cells. Thus, an oncogene can usurp cellular functions
required for cell cycle progression that are normally regulated
by adhesion. These data therefore also offer a plausible mech-
anism for oncogene-induced, anchorage-independent growth.
Importantly, very similar data were obtained for NIH 3T3 cells.

Surprisingly, it was found that ER-1-2/ras cells displayed
hyperphosphorylated pRB and cyclin E-dependent kinase ac-
tivity in the absence of adhesion, despite their inability to
proliferate in an anchorage-independent fashion. In this re-
gard, these cells resembled PKC3-F4/ras cells, which could
proliferate in semisolid media. In contrast to the situation in
PKC3-F4/ras cells, however, expression of cyclin A in ER-1-2/
ras cells remained dependent on adhesion. Thus, the adhesion
dependence of pRB phosphorylation and cyclin E-dependent
kinase activity could be dissociated from the adhesion depen-
dence of cyclin A expression, in that the dependence of the first
two events was overcome in the ER-1-2 cells by expression of
ras, while in the last it was not. Furthermore, ectopic expres-
sion of cyclin A in PKC3-F4 cells led to enhanced histone H1
kinase activity only when these cells were adherent. In contrast,
ectopic production of cyclin A in ras-expressing ER-1-2 cells
led to enhanced histone H1 kinase activity regardless of the
adhesive state of the cells. This observation, along with the
adhesion dependence of pRB phosphorylation and cyclin E-
associated kinase activity, suggests that adhesion could be a
general requirement for activation of G, Cdks, at least in rat 6
cell lines. It is possible, therefore, that adhesion may regulate
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multiple and/or branching signal transduction pathways in rat
6 cells and that distinct pathways may control (i) pRB phos-
phorylation and cyclin E and A-dependent kinase activity (i.e.,
G, Cdk activation) and (ii) expression of cyclin A. This is not
surprising, given the likely role of integrins in the adhesion
requirement for cell proliferation and the complexity of inte-
grin-mediated signal transduction (9, 74). The mechanism(s)
by which adhesion regulates G, Cdk activity in rat 6 cells is
unclear, but preliminary investigations of this question indicate
that the levels of Cdk2 and p27 that coimmunoprecipitate with
cyclin E are unaltered by cell adhesion (29).

Subsequent to submission of this paper, Fang et al. reported
the adhesion dependence of cyclin E-Cdk2 activity in human
fibroblast cell lines (15). The lack of such activity appeared to
result from increased expression of the Cdk2 inhibitors p27
and p21 in suspended cells. This is unlikely to be the mecha-
nism of the adhesion dependence of cyclin E-associated kinase
activity in PKC3-F4 and ER-1-2 cells, since p27 levels were not
altered by the adhesive state of these cells, nor did the cells
produce detectable levels of p21. Consistent with this differ-
ence, pRB phosphorylation occurred in the absence of adhe-
sion in the human cell lines (15), whereas it failed to occur in
nonadherent cultures of the rodent cell lines used in this study.
These disparities are more likely to represent cell type differ-
ences than species differences because Bohmer et al. have also
very recently reported that pRB phosphorylation is adhesion
dependent in early-passage human foreskin fibroblast cultures
(7). It should be noted that the lack of pRB phosphorylation in
those cells was linked to adhesion dependence of cyclin D1
expression (7). In contrast, the rat 6 cell lines described here
produced cyclin D1 in nonadherent cultures and still failed to
phosphorylate pRB. Apparently, adhesion-mediated regula-
tion of the cell cycle machinery is very complex, with several
different mechanisms being operative in several different cell
types. Fang et al. also suggested that the absence of cyclin A in
NRK cells deprived of adhesion (21) is likely to be a conse-
quence of cell cycle arrest in late G, phase due to a lack of
cyclin E-Cdk?2 activity, rather than the cause of the arrest (15).
The data reported here suggest an alternative possibility,
namely, that cyclin E-Cdk2 activity and cyclin A expression
each require an independent adhesion-mediated signal.

Phosphorylation of pRB (presumably mediated by cyclin
D-Cdk4 and Cdké6 activity [14, 31, 44]), induction of cyclin
E-Cdk2 activity, and expression of cyclin A are each required
for progression through late G, phase and entry into S phase
(26, 27, 63, 71). The failure of PKC3-F4 and ER-1-2 cells to
perform any of these three important cell cycle events when
cultured under nonadherent conditions is consistent with the
very tight arrest of these two cell lines in G, phase that was also
observed under such conditions. It has been proposed that
cyclins D, E, and A act sequentially to orchestrate the G,-to-S
phase transition (47). Cyclin A may also play a role in regula-
tion of S phase itself (26). Of the cell cycle events analyzed in
this study, only cyclin A expression was dependent on adhesion
in ER-1-2/ras cells, with only trace amounts of this protein
produced when these cells were cultured in methylcellulose-
containing medium. Two lines of evidence indicate that this is
the major, if not the only, obstacle to anchorage-independent
growth of these cells. First, ER-1-2/ras cells arrested later in
the cell cycle than PKC3-F4 or ER-1-2 cells when cultured
under nonadherent conditions, i.e., in both late G, and S
phases. Second, ectopic expression of cyclin A, but not of cyclin
D1 or E, was sufficient to rescue anchorage-independent
growth of ER-1-2/ras cells. It appears, therefore, that the pu-
tative dominant mutation in the ER-1-2 cell line (32) acts quite
specifically to block the ability of ras to activate an adhesion-
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regulated pathway that controls expression of cyclin A. We
conclude that the ability of ras to direct cyclin A expression in
the absence of cell-substratum adhesion may be critical to the
induction of anchorage-independent growth by this oncogene.
A similar conclusion has recently been drawn for anchorage-
independent growth of rat 1a cells that express the c-myc on-
cogene (4). The signaling pathway(s) utilized by Ras that ulti-
mately leads to anchorage-independent expression of the
cyclin A gene is unknown. Prominent among the numerous
candidate pathways controlled by Ras is the mitogen-activated
protein (MAP) kinase pathway; however, defects in this path-
way are unlikely to account for the failure of ER-1-2/ras cells to
form colonies in soft agar, because we detect no significant
differences in MAP kinase activity between PKC3-F4 and ER-
1-2 cells or their respective ras-expressing derivatives, nor can
elevation of MAP kinase activity via expression of a constitu-
tively activated allele of MAP kinase kinase rescue anchorage-
independent growth of ER-1-2/ras cells (76).

While ectopic expression of cyclin A rescued anchorage-
independent growth of ER-1-2/ras cells, it was not sufficient to
induce anchorage-independent growth of the PKC3-F4, ER-
1-2, or parental rat 6 (29) cell line. Therefore, ras-mediated
functions other than anchorage-independent expression of cy-
clin A are also likely to be necessary for anchorage-indepen-
dent cell proliferation. Because the ectopically expressed cyclin
A was not associated with significant kinase activity in nonad-
herent cultures of PKC3-F4 cells but was associated with ki-
nase activity in nonadherent cultures of ras-expressing ER-1-2
cells, it is reasonable to speculate that one such function would
be to direct anchorage-independent activation of G; Cdks,
leading to phosphorylation of pRB and other targets. It is
worth noting that White et al. have demonstrated that at least
two independent Ras functions can contribute to transforma-
tion of mammalian cells (72). Perhaps these two functions lead
individually to anchorage-independent activation of G, Cdks
and expression of cyclin A. Experiments aimed at determining
the nature of the additional functions required for anchorage-
independent growth by rat 6 cells, as well as the ras-mediated
signaling pathways that usurp adhesion dependence of cell
proliferation, are under way.

ACKNOWLEDGMENTS

We thank R. Assoian and J. Roberts for generously providing cyclin
A and cyclin E antibodies, respectively, and for communicating results
prior to publication. We also thank Danny Lew and Steve Reed for the
human cyclin A and cyclin E cDNAs, Wei Jiang and Bernie Weinstein
for the human cyclin D1 cDNA, Tom Hei and Scott Kahn for the NIH
3T3 and NIH 3T3/ras cell lines, Su-Jae Lee for technical advice, S.
Arkin and C. Lackner for assistance with the flow cytometry analyses,
and J. Hirsch, J. Manfredi, S. Kohtz, M. Sudol, and G. Acs for com-
ments on the manuscript.

This work was supported by NIH grant CA59474 and by a Sinshei-
mer Scholar’s Award to R.S.K.

REFERENCES

1. Assoian, R. K., L. A. Boardman, and S. Drosinos. 1989. A preparative
suspension culture system permitting quantitation of anchorage-indepen-
dent growth by direct radiolabeling of cellular DNA. Anal. Biochem. 177:
95-99.

2. 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 G,. Genes Dev.
7:812-821.

. Barbacid, M. 1987. ras genes. Annu. Rev. Biochem. 56:779-827.

. Barrett, J. F., B. C. Lewis, A. T. Hoang, R. J. Alvarez, Jr., and C. V. Dong.
1995. Cyclin A links c-myc to adhesion-independent cell proliferation.
J. Biol. Chem. 270:15923-15925.

5. Benecke, B.-J., A. Ben-Ze’ev, and S. Penman. 1978. The control of mRNA

production, translation and turnover in suspended and reattached anchor-
age-dependent fibroblasts. Cell 14:931-939.

B w



VoL. 16, 1996

10.

11.

12.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
. Karn, J., E. M. Johnson, G. Vidali, and V. G. Allfrey. 1974. Differential

31

32.

33.

34,

. Boguski, M. S., and F. McCormick. 1993. Proteins regulating Ras and its

relatives. Nature (London) 366:643-654.

. Bohmer, R.-M., E. Scharf, and R. K. Assoian. 1996. Cytoskeletal integrity is

required throughout the mitogen stimulation phase of the cell cycle and
mediates the anchorage-dependent expression of cyclin D1. Mol. Biol. Cell
7:101-111.

. Chen, Q., M. S. Kinch, T. H. Lin, K. Burridge, and R. L. Juliano. 1994.

Integrin-mediated cell adhesion activates mitogen-activated protein kinases.
J. Biol. Chem. 269:26602-26605.

. Clark, E. A, and J. S. Brugge. 1995. Integrins and signal transduction

pathways: the road taken. Science 268:233-239.

Colburn, N. H., W. F. Vorder Bruegge, J. R. Bates, R. H. Gray, J. D. Rossen,
W. H. Kelsey, and T. Shimada. 1978. Correlation of anchorage-independent
growth with tumorigenicity of chemically transformed mouse epidermal
cells. Cancer Res. 38:624-634.

Dike, L. E., and S. R. Farmer. 1988. Cell adhesion induces expression of
growth-associated genes in suspension-arrested fibroblasts. Proc. Natl. Acad.
Sci. USA 85:6792-6796.

El-Deiry, W. S., T. Tokino, V. E. Velculescu, D. B. Levy, R. Parsons, J. M.
Trent, D. Lin, W. E. Mercer, K. W. Kinzler, and B. Vogelstein. 1993. WAF1I,
a potential mediator of p53 tumor suppression. Cell 75:817-825.

. Elledge, S. J., R. Richman, F. L. Hall, R. T. Williams, N. Lodgson, and J. W.

Harper. 1992. CDK2 encodes a 33-kDa cyclin A-associated protein kinase
and is expressed before CDC2 in the cell cycle. Proc. Natl. Acad. Sci. USA
89:2907-2911.

. Ewen, M. E,, H. K. Sluss, C. J. Sherr, H. Matsushime, J.-Y. Kato, and D. M.

Livingston. 1993. Functional interactions of the retinoblastoma protein with
mammalian D-type cyclins. Cell 73:487-497.

Fang, F., G. Orend, N. Watanabe, T. Hunter, and E. Ruoslahti. 1996. De-
pendence of cyclin E-Cdk2 kinase activity on cell anchorage. Science 271:
499-502.

Feinleib, J. L., and R. S. Krauss. Dissociation of ras oncogene-induced gene
expression and anchorage-independent growth in a series of somatic cell
mutants. Mol. Carcinog., in press.

Freedman, V. H., and S.-I. Shin. 1974. Cellular tumorigenicity in nude mice:
correlation with cell growth in semi-solid medium. Cell 3:355-359.

. Girard, F., U. Strausfeld, A. Fernandez, and N. J. C. Lamb. 1991. Cyclin A

is required for the onset of DNA replication in mammalian fibroblasts. Cell
67:1169-1179.

Guadagno, S. N., C. Borner, and I. B. Weinstein. 1992. Altered regulation of
a major substrate of protein kinase C in rat 6 fibroblasts overproducing
PKCBI. J. Biol. Chem. 267:2697-2707.

Guadagno, T. M., and R. K. Assoian. 1991. G1/S control of anchorage-
independent growth in the fibroblast cell cycle. J. Cell Biol. 115:1419-1425.
Guadagno, T. M., M. Ohtsubo, J. M. Roberts, and R. K. Assoian. 1993. A
link between cyclin A expression and adhesion-dependent cell cycle progres-
sion. Science 262:1572-1575.

Guan, J.-L., and D. Shalloway. 1992. Regulation of focal adhesion-associated
protein tyrosine kinase by both cellular adhesion and oncogenic transforma-
tion. Nature (London) 358:690-692.

Han, E. K.-H., T. M. Guadagno, S. L. Dalton, and R. K. Assoian. 1993. A cell
cycle and mutational analysis of anchorage-independent growth: cell adhe-
sion and TGF-B1 control G1/S transit specifically. J. Cell Biol. 122:461-471.
Harper, J. W., G. R. Adami, N. Wei, K. Keyomarsi, and S. J. Elledge. 1993.
The p21 cdk-interacting protein Cipl is a potent inhibitor of G1 cyclin-
dependent kinases. Cell 75:805-816.

Hatakeyama, M., J. Brill, G. R. Fink, and R. A. Weinberg. 1994. Collabora-
tion of G, cyclins in the functional inactivation of the retinoblastoma protein.
Genes Dev. 8:1759-1771.

Heichman, K. A., and J. M. Roberts. 1994. Rules to replicate by. Cell
79:557-562.

Hunter, T., and J. Pines. 1994. Cyclins and cancer: cyclin D and CDK
inhibitors come of age. Cell 79:573-582.

Jiang, W., S. M. Kahn, P. Zhou, Y.-J. Zhang, A. M. Cacace, A. S. Infante, S.
Doi, R. M. Santella, and I. B. Weinstein. 1993. Overexpression of cyclin D1
in rat fibroblasts causes abnormalities in growth control, cell cycle progres-
sion and gene expression. Oncogene 8:3447-3457.

Kang, J.-S., and R. S. Krauss. Unpublished data.

phosphorylation and turnover of nuclear acidic proteins during the cell cycle
of synchronized HeLa cells. J. Biol. Chem. 249:667-677.

Kato, J.-Y., H. Matsushime, S. W. Hiebert, M. E. Ewen, and C. J. Sherr.
1993. Direct binding of cyclin D to the retinoblastoma gene product and pRb
phosphorylation by the cyclin D-dependent kinase, cdk4. Genes Dev. 7:331-
342.

Krauss, R. S., S. N. Guadagno, and 1. B. Weinstein. 1992. Novel revertants
of H-ras oncogene-transformed R6-PKC3 cells. Mol. Cell. Biol. 12:3117—
3129.

Krauss, R. S., and 1. B. Weinstein. 1991. A novel, plasmid-based system for
studying gene rearrangements in mammalian cells. Mol. Cell. Biol. 11:3915—
3924.

Kume, K., S. Jinno, H. Miwatani, S. Kizaka-Kondoh, Y. Terada, H. Nojima,

Ras, THE CELL CYCLE, AND ANCHORAGE-INDEPENDENT GROWTH

35.

36.

37.

38.

39.

40.

S

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

3379

and H. Okayama. 1992. Oncogenic signal-induced ability to enter S phase in
the absence of anchorage is the mechanism for the growth of transformed
NRK cells in soft agar. New Biol. 4:504-511.

Lew, D. J., V. Dulic, and S. I. Reed. 1991. Isolation of three novel human
cyclins by rescue of G1 cyclin (Cln) function in yeast. Cell 66:1197-1206.
Liu, J.-J., J.-R. Chao, M.-C. Jiang, S.-Y. Ng, J. J.-Y. Yen, and H. F. Yang-Yen.
1995. Ras transformation results in an elevated level of cyclin D1 and ac-
celeration of G, progression in NIH 3T3 cells. Mol. Cell. Biol. 15:3654-3663.
Lowy, D. R., and B. M. Willumsen. 1993. Function and regulation of ras.
Annu. Rev. Biochem. 62:851-891.

Ludlow, J. W., J. A. DeCaprio, C.-M. Huang, W.-H. Lee, E. Paucha, and
D. M. Livingston. 1989. SV40 large T antigen binds preferentially to an
underphosphorylated member of the retinoblastoma susceptibility gene
product family. Cell 56:57-65.

Lukas, J., J. Bartkova, M. Rohde, M. Strauss, and J. Bartek. 1995. Cyclin D1
is dispensable for G, control of retinoblastoma gene-deficient cells indepen-
dently of cdk4 activity. Mol. Cell. Biol. 15:2600-2611.

Lukas, J., H. Muller, J. Bartkova, D. Spitkovsky, A. A. Kjerulff, P. Jansen-
Durr, M. Strauss, and J. Bartek. 1994. DNA tumor virus oncoproteins and
retinoblastoma gene mutations share the ability to relieve the cell’s require-
ment for cyclin D1 function in G1. J. Cell Biol. 125:625-638.

MacPherson, L. A., and L. Montagnier. 1964. Agar suspension culture for the
selective assay of cells transformed by polyoma virus. Virology 23:291-294.
Mann, R., R. C. Mulligan, and D. Baltimore. 1983. Construction of a retro-
virus packaging mutant and its use to produce helper-free defective retrovi-
rus. Cell 33:153-159.

Marraccino, R. L., E. J. Firpo, and J. M. Roberts. 1992. Activation of the p34
CDC2 protein kinase at the start of S phase in the human cell cycle. Mol.
Biol. Cell 3:389-401.

Meyerson, M., and E. Harlow. 1994. Identification of G, kinase activity for
cdk6, a novel cyclin D partner. Mol. Cell. Biol. 14:2077-2086.
Morganstern, J. P., and H. Land. 1990. Advanced mammalian gene transfer:
high titer retroviral vectors with multiple drug selection markers and a
complementary helper-free packaging cell line. Nucleic Acids Res. 18:3587—
3596.

Ohtsubo, M., and J. M. Roberts. 1993. Cyclin-dependent regulation of G, in
mammalian fibroblasts. Science 259:1908-1912.

Ohtsubo, M., A. M. Theodoras, J. Schumaker, J. M. Roberts, and M. Pa-
gano. 1995. Human cyclin E, a nuclear protein essential for the G,-to-S
phase transition. Mol. Cell. Biol. 15:2612-2624.

Otsuka, H., and M. Moskowitz. 1975. Arrest of 3T3 cells in G1 phase in
suspension culture. J. Cell. Physiol. 87:213-220.

Pagano, M., R. Pepperkok, J. Lukas, V. Baldin, W. Ansorge, J. Bartek, and
G. Draetta. 1993. Regulation of the cell cycle by the cdk2 protein kinase in
cultured human fibroblasts. J. Cell Biol. 121:101-111.

Pagano, M., R. Pepperkok, F. Verde, W. Ansorge, and G. Draetta. 1992.
Cyclin A is required at two points in the human cell cycle. EMBO J. 11:961—
971.

Pardee, A. B. 1989. G, events and regulation of cell proliferation. Science
246:603-608.

Polyak, K., M.-H. Lee, H. Erdjument-Bromage, A. Koff, J. M. Roberts, P.
Tempst, and J. Massague. 1994. Cloning of p275%/, a cyclin-dependent
kinase inhibitor and a potential mediator of extracellular antimitogenic sig-
nals. Cell 78:59-66.

Quelle, D. E., R. A. Ashmun, S. A. Shurtleff, J.-Y. Kato, D. Bar-Sagi, M. F.
Roussel, and C. J. Sherr. 1993. Overexpression of mouse D-type cyclins
accelerates G, phase in rodent fibroblasts. Genes Dev. 7:1559-1571.
Resnitzky, D., M. Gossen, H. Bujard, and S. I. Reed. 1994. Acceleration of
the G,/S phase transition by expression of cyclins D1 and E with an inducible
system. Mol. Cell. Biol. 14:1669-1679.

Resnitzky, D., L. Hengst, and S. I. Reed. 1995. Cyclin A-associated kinase
activity is rate limiting for entrance into S phase and is negatively regulated
in G, by p275%!. Mol. Cell. Biol. 15:4347-4352.

Resnitzky, D., and S. I. Reed. 1995. Different roles for cyclins D1 and E in
regulation of the G-to-S transition. Mol. Cell. Biol. 15:3463-3469.
Rosenberg, A. R., F. Zindy, F. Le Deist, H. Mouly, P. Metezeau, C. Brechot,
and E. Lamas. 1995. Overexpression of human cyclin A advances entry into
S phase. Oncogene 10:1501-1509.

Rosenblatt, J., Y. Gu, and D. O. Morgan. 1992. Human cyclin-dependent
kinase 2 is activated during the S and G, phases of the cell cycle and
associates with cyclin A. Proc. Natl. Acad. Sci. USA 89:2824-2828.

Roy, L. M., K. I. Swenson, D. H. Walker, B. G. Gabrielli, R. S. Li, H.
Piwnica-Worms, and J. L. Maller. 1991. Activation of p34°?? kinase by
cyclin A. J. Cell Biol. 113:507-514.

Schlaepfer, D. D., S. K. Hanks, T. Hunter, and P. van der Geer. 1994.
Integrin-mediated signal transduction linked to Ras pathway by GRB2 bind-
ing to focal adhesion kinase. Nature (London) 372:786-791.

Schwartz, M. A., and D. E. Ingber. 1994. Integrating with integrins. Mol.
Biol. Cell 5:389-393.

Schwartz, M. A., E. E. Rupp, J. V. Frangioni, and C. P. Lechene. 1990.
Cytoplasmic pH and anchorage-independent growth induced by v-Ki-ras,
v-src or polyoma middle T. Oncogene 5:55-58.



3380

63.
64.

65.

66.

67.

68.

69.

70.

KANG AND KRAUSS

Sherr, C. J. 1994. G1 phase progression: cycling on cue. Cell 79:551-555.
Shin, S.-L, V. H. Freedman, R. Risser, and R. Pollack. 1975. Tumorigenicity
of virus-transformed cells in nude mice is correlated specifically with anchor-
age independent growth in vitro. Proc. Natl. Acad. Sci. USA 72:4435-4439.
Spitkovsky, D., P. Steiner, J. Lukas, E. Lees, M. Pagano, A. Schulze, S.
Joswig, D. Picard, M. Tommasino, M. Eilers, and P. Jansen-Durr. 1994.
Modulation of cyclin gene expression by adenovirus E1A in a cell line with
E1A-dependent conditional proliferation. J. Virol. 68:2206-2214.

Stoker, M., C. O’Neill, S. Berryman, and V. Waxman. 1968. Anchorage and
growth regulation in normal and virus-transformed cells. Int. J. Cancer
3:683-693.

Toyoshima, H., and T. Hunter. 1994. p27, a novel inhibitor of G1 cyclin-cdk
protein kinase activity, is related to p21. Cell 78:67-74.

Tsai, L.-H., E. Lees, B. Faha, E. Harlow, and K. Riabwol. 1993. The cdk2
kinase is required for the G1-to-S transition in mammalian cells. Oncogene
8:1593-1602.

Vuori, K., and E. Rueslahti. 1994. Association of insulin receptor substrate-1
with integrins. Science 266:1576-1578.

Watson, P. A., H. H. Hanauske-Abel, A. Flint, and M. Lalande. 1991. Mi-
mosine reversibly arrests cell cycle progression at the G1-S phase border.
Cytometry 12:242-246.

71.

72.

73.

74.

75.

76.
77.

78.

MoL. CELL. BIOL.

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

White, M. A,, C. Nicolette, A. Minden, A. Polverino, L. Van Aelst, M. Karin,
and M. Wigler. 1995. Multiple ras functions can contribute to mammalian
cell transformation. Cell 80:533-541.

Xiong, Y., G. J. Hannon, H. Zhang, D. Casso, R. Kobayashi, and D. Beach.
1993. p21 is a universal inhibitor of cyclin kinases. Nature (London) 366:
701-704.

Yamada, K. M,, and S. Miyamoto. 1995. Integrin transmembrane signaling
and cytoskeletal control. Curr. Opin. Cell Biol. 7:681-689.

Yang, J.-J., J.-S. Kang, and R. S. Krauss. 1995. Transformation restoring
factor: a low molecular weight secreted factor required for anchorage-inde-
pendent growth of oncogene-resistant mutant cell lines. Oncogene 10:1291—
1299.

Yang, J.-J., and R. S. Krauss. Unpublished data.

Zhu, X., and R. K. Assoian. 1995. Integrin-dependent activation of MAP
kinase: a link to shape-dependent cell proliferation. Mol. Biol. Cell 6:273-
282.

Zindy, F., E. Lamas, X. Chenivesse, J. Sobczak, J. Wang, D. Fesquet, B.
Henglein, and C. Brechot. 1992. Cyclin A is required in S phase in normal
epithelial cells. Biochem. Biophys. Res. Commun. 182:1144-1154.



