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Although oncogenic Ras commonly contributes to the development of cancer, in normal primary cells it
induces cell cycle arrest rather than transformation. Here we analyze the additional genetic changes required
for Ras to promote cell cycle progression rather than arrest. We show that loss of p53 is sufficient for oncogenic
Ras to stimulate proliferation in the absence of extrinsic mitogens in attached cells. However, surprisingly, we
find that p53 loss is not sufficient for Ras to overcome anchorage dependence or contact inhibition. In contrast,
expression of simian virus 40 (SV40) large T antigen (LT) allows Ras to overcome these additional cell cycle
controls. Mutational analysis of SV40 LT shows that this action of SV40 LT depends on its ability to inactivate
the retinoblastoma (Rb) family of proteins, in concert with the loss of p53. Importantly, we show that
inactivation of the Rb family of proteins can be mimicked by loss of the cyclin-dependent kinase inhibitor
p16INK4A. p16INK4A is commonly lost in human tumors, but its contribution to the transformed phenotype is
unknown. We demonstrate here a role for p16INK4A in the loss of cell cycle controls required for tumorigenesis
and show how accumulating genetic changes cooperate and contribute to the transformed phenotype.

The transformation of a normal cell to a cancer cell is asso-
ciated with a disruption of normal cellular controls that tightly
regulate when and where a cell may divide and survive. Many
of the genetic changes responsible for the generation of a
cancer cell have now been identified. What remains less clear
is how each of these changes contributes to the phenotype of
the tumor. The Ras oncogene is mutated in a high proportion
of many human tumor types. In vitro, Ras-transformed cells
have lost many normal checkpoint controls. These include loss
of contact inhibition and loss of the requirements for mitogens
and anchorage in order to proliferate. Each of these properties
could be envisaged to contribute to the loss of proliferative
controls seen in Ras-induced tumors.

Normal cells appear to have intrinsic mechanisms that pro-
tect against oncogenic activation. In the case of the Ras onco-
gene, it appears that most normal human and rodent cells have
checkpoints that render oncogenic Ras signals inhibitory to the
cell cycle. Signals through the mitogen-activated protein kinase
pathway via Raf result in a G1 cell cycle arrest as a conse-
quence of the induction of cyclin-dependent kinase inhibitors
(CDKIs) (38, 39, 57, 73). In fibroblasts this proliferative arrest
is associated with a senescent phenotype (57). For Ras to
signal positively to the cell cycle, further genetic changes are
required that act to abrogate the inhibitory signal to the cell
cycle and act synergistically with Ras to promote proliferation.

p53 and INK4A play important roles in mediating the signals
that constrain the cell cycle in response to hyperproliferative
signals from Ras and, furthermore, are the most frequently
inactivated tumor suppressor genes in human cancer (27, 28).

In rodent fibroblasts, Schwann cells, and keratinocytes Ras-
induced G1 arrest is dependent on p53, and cells lacking func-
tional p53 no longer undergo a cell cycle arrest in response to
Ras (39, 52, 57). The INK4A locus encodes two unrelated
proteins: p19ARF and p16INK4A. p16INK4A is a specific inhibitor
of the cyclin D-dependent kinases CDK4 and CDK6 (56) and
antagonizes their ability to phosphorylate the retinoblastoma
(Rb) family of proteins and so prevent exit from the G1 phase
of the cell cycle (59). p19ARF antagonizes the function of the
p53 negative regulator MDM2, thereby stabilizing p53 (33, 61,
72). In addition, p19ARF has functions that are independent of
p53 (9, 67). Both 19ARF and p16INK4A are induced in response
to oncogenic Ras (57; I. Palmero, C. Pantoja, and M. Serrano,
Letter, Nature 395:125-126, 1998). p19ARF is required to me-
diate the induction of p53 and the resultant cell cycle arrest.
p16INK4A�/� cells still arrest in response to Ras, making the
role of p16INK4A in cellular transformation less clear (35, 58).

In the present study we used primary rat Schwann cells to
identify additional genetic changes that enable Ras to signal
positively to the cell cycle and attribute a role to each change
in conferring the various properties characteristic of Ras trans-
formed cells. We find that loss of the inhibitory signal from Ras
by inactivation of p53, while permitting mitogen-independent
proliferation, is insufficient for Ras to confer loss of contact
inhibition and anchorage-independent growth. This requires,
in addition, inactivation of the Rb family of proteins, a function
conferred by loss of the tumor suppressor p16INK4A.

MATERIALS AND METHODS

Cell culture and BrdU incorporation. Schwann cells were purified from the
sciatic nerves of 7-day-old rats as described previously (11) and were maintained
in culture as described elsewhere (39). Cells were routinely cultured in Dulbecco
modified Eagle medium (DMEM) with 1.5 mg of glucose/ml, supplemented with
3% fetal calf serum, 1 �M Forskolin (Calbiochem), and glial growth factor (20
ng/ml; R&D Systems) on poly-L-lysine (Sigma)-coated plasticware. For culture in
defined medium, cells were first seeded in DMEM containing 0.2% serum. After
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12 h, the cells were washed twice with defined medium, which consisted of
DMEM (plus 1.5 mg of glucose/ml) with B/S supplement (6), and then cultured
in B/S-supplemented medium for 48 h. To determine the proportion of cells
entering S phase, bromodeoxyuridine (BrdU; 10 �M) was added to the culture
medium 12 h prior to fixation, and incorporated BrdU was detected by immu-
nostaining with an anti-BrdU antibody (Boehringer Mannheim) and Cy3-labeled
secondary antibody (Jackson Laboratories). Labeled nuclei were visualized by
fluorescence microscopy, and an average of 300 nuclei were counted per assay
point.

Retroviral vectors and retroviral transduction. The Val12 mutant H-Ras
cDNA in the retrovirus LXSN was a kind gift of Pablo Rodriguez-Viciana. The
simian virus 40 (SV40) large T antigen (LT) cDNA (a kind gift from James
DeCaprio) and the human p53175 cDNA were subcloned into pBabePuro. The
N-terminal SV40 LT cDNAs TN136 WT, J domain mutant TN136 5110, and
Rb-binding domain mutant TN136 K1 (as described elsewhere [60]) were a
generous gift from Jim Pipas) were subcloned into pBabeHygro. The vector
pWZL Hygro was used to express the cdk4R24C mutant. The primers 5�-CCGC
CATCGATGGCATGGAGTCCTCTGCAGATAGACT-3� and 5�-AACCCAA
GCTTGGGCCTGTATCGGGGTACGACCGAAA-3� were used to amplify rat
p16INK4A, which was subcloned into the HindIII/ClaI sites of the retroviral vector
pLHCX (Clontech) that utilizes a cytomegalovirus promoter. High-titer retrovi-
ral stocks were produced by transient transfection of Phoenix cells. To achieve
100% infectivity in order to avoid selection pressures, subconfluent cells were
infected three times in succession in a 36-h period. Cells were split 1:3 into the
relevant drug selection. In order to avoid the accumulation of any additional
genetic changes, all experiments were performed on cells in fewer than four
passages after drug selection.

Focus and soft agar assays. For focus assays, 5 � 105 Schwann cells per 9-cm
culture plate were incubated with diluted RasLXSN or LXSN viral supernatants.
At 48 h after infection the cells were treated with trypsin and replated onto two
9-cm culture plates. Cells on one plate were allowed to reach confluence,
whereas cells on the duplicate plate were cultured in the presence of 0.4 mg of
G418/ml to select for infected cells. Foci and drug-resistant colonies of cells were
stained with methylene blue 2 to 3 weeks later. For soft agar assays, 4 � 103 or
8 � 103 cells were suspended in 4 ml of normal culture medium containing 0.5%
(wt/vol) low-melting-point agarose (FMC) at 37°C and then plated onto 6-cm
dishes coated with normal culture medium containing 0.9% (wt/vol) low-melting-
point agarose. Cultures were fed twice weekly, and colonies of cells were stained
by the addition of 1 ml of neutral red solution (0.015% [wt/vol] in phosphate-
buffered saline [Sigma]).

Western blots. Cells were lysed in buffer A (1% NP-40, 50 mM Tris-HCl [pH
8], 150 mM NaCl, 20 mM NaF, 1 mM Na3VO4, 1� Complete protease inhibitor
cocktail [Boehringer Mannheim]). The concentration of the lysates was deter-
mined by using the Bio-Rad protein assay reagents. Protein lysates (30 �g) were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred onto Immobilon-P membrane (Millipore). The following antibodies were
used: p16INK4A (Ab7; Neomarkers) and tubulin (Sigma). The p19ARF antiserum
was raised against the peptide NH2-RRGPQPHPGPGDDDGQRQSGSSPC-C
OOH of the rat amino acid sequence by AbCam. The antisera were affinity
purified by using the peptide coupled to CH Sepharose. Cyclin D1 (no. 450;
Santa Cruz), cdk4 (no. 260; Santa Cruz), cdk6 (Ab3; Neomarkers), cdc25A (no.
7389; Santa Cruz), myc (Upstate Biotech), and Ras (Y13-259 [a gift from Alan
Hall]) were obtained as indicated. Immunoreactive proteins were visualized by
using the chemiluminescence detection reagent ECL Plus (Amersham Pharma-
cia)

Semiquantitative reverse transcription-PCR (RT-PCR). RNA was isolated
from cells by the method of Chomczynski and Sacchi (13), and cDNA was
synthesized by using Superscript preamplification reagents (Life Technologies).
A 350-bp product spanning exons 1a and 2 of the rat INK4A locus was amplified
with the following primers: sense, CTCCGAGAGGAAGGCGAACTCG; and
antisense, GGTGCAGTACTACCAGAGTG. A 350-bp product corresponding
to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was amplified with the
sense primer AAAAGGGTCATCATCTCCGC and the antisense primer GGA
TGCAGGGATGATGTTCT. Amplifications were carried out in the presence of
[�-32P]dCTP, products were resolved by polyacrylamide gel electrophoresis, vi-
sualized, and quantified by using a Bio-Rad molecular imager. The number of
cycles were limited so that the amplification was linear, with between 25 and 27
cycles for p16INK4a and between 16 and 18 cycles for GAPDH.

Spin-down immunofluorescence. Colonies were sucked out of the agar by
using a pipette into ice-cold phosphate-buffered saline. Cells were immediately
spun at 4°C onto poly-D-lysine-coated coverslips by using a cyclospin centrifuge.
The cells were immediately fixed in 4% paraformaldehyde and then stained for
Rb phosphorylation with the Rb (Ser-795) antibody (Cell Signaling Technology)

according to the manufacturer’s instructions, with the addition of an amplifica-
tion step using the TSA fluorescence systems kit (Molecular Probes).

Schwann cell transfections. A total of 5 � 104 cells in six-well dishes were
transfected by using the Fugene reagent according to the manufacturer’s instruc-
tions. Cells were transfected with 0.5 �g of the green fluorescent protein (GFP)-
expressing vector pBirdCME (65) and 0.1 �g of pcDNA3 Rb(NPC�) (12) or
control vector. At 30 h after transfection, the cells were labeled for 14 h with
BrdU and then fixed and immunostained.

RESULTS

Loss of p53 function is sufficient for Ras-induced prolifer-
ation in the absence of mitogens. Primary rat Schwann cells are
an ideal cell type to study the contribution of cooperating
oncogenes to the transformed phenotype since they can be
expanded indefinitely in culture while maintaining cell cycle
checkpoints normally lost during the immortalization process
(43). Oncogenic Ras expression in normal Schwann cells re-
sults in a cell cycle arrest that we have previously shown is
dependent on functional p53 (39). We wanted to establish
whether the loss of p53 was sufficient for Ras to stimulate
proliferation independently of extrinsic factors or whether fur-
ther genetic changes were required. To do this, we studied the
proliferation of normal Schwann cells expressing oncogenic
Ras and a dominant-negative mutant of p53 (dnp53) or SV40
LT (see Materials and Methods for details of the constructs).
LT, a multifunctional viral protein, has previously been shown
to cooperate with Ras in transforming primary Schwann cells
(49). Early-passage rat Schwann cells were infected with a
high-titer retroviral vector, pBabePuro, expressing either
dnp53 or wild-type SV40 LT. Large pools of early-passage,
puromycin-resistant Schwann cells expressing either a dnp53
(NSdnp53) or wild-type SV40 LT (NSLT) were then infected
with an oncogenic H-RasV12-expressing retroviral vector, Ras
LXSN. G418-resistant cells expressing Ras, together with
dnp53 or SV40 LT (NSdnp53Ras and NSLTRas, respectively)
or the empty vector LXSN, together with mutant p53 or SV40
LT (NSdnp53LXSN and NSLTLXSN, respectively), were ex-
panded in culture. In all of the infections described, the infec-
tivity rate was close to 100%, so that each infection was equiv-
alent to only a single passage of the cells. Minimal expansion of
selected cells was used in order to minimize the possibility of
the selection of additional genetic changes. Western blotting
showed that the NSdn53Ras and NSLTRas cells expressed
similar levels of Ras protein (data not shown). Both popula-
tions of Ras-expressing cells showed a dramatic change in
morphology similar to that observed in Schwann cells when an
estrogen-inducible Raf is activated (39) or when injected with
Ras protein (49) (Fig. 1A).

We initially assessed the ability of Ras in the different ge-
netic backgrounds to confer independence from extrinsic mi-
togens. These experiments can be performed in the complete
absence of mitogen since Schwann cells survive well in a de-
fined medium. We found that cells expressing Ras and dnp53
were able to enter S phase efficiently in the absence of mitogen
(Fig. 1B). Cells expressing dnp53 alone required mitogens for
proliferation, thus demonstrating that Ras is required to confer
mitogen independence. These results show that only one fur-
ther genetic change, mutation of p53, is required for Ras to
stimulate proliferation in the absence of mitogen.

Loss of p53 is not sufficient for Ras to overcome contact
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FIG. 1. Loss of p53 function is sufficient for Ras induced proliferation in the absence of mitogens. (A) Phase-contrast images of pools of
Schwann cells expressing either a dominant-negative mutant of p53 (dnp53) or the SV40 LT, together with HRasVal12 (Ras) or the empty
retroviral vector LXSN. (B) Asynchronous populations of Schwann cells were cultured in normal culture medium or defined medium containing
no mitogen for 40 h. The percentage of cells entering S phase was determined by measuring BrdU incorporation 12 h prior to fixing and staining.
The error bars indicate the standard deviations of triplicate assays.
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inhibition or for anchorage-independent proliferation. Ras
was first identified as an oncogene by virtue of its ability to
overcome cell-cell contact inhibition of proliferation to form
transformed foci of cells within a confluent monolayer of im-
mortal fibroblasts. To establish whether loss of p53 function is
sufficient for Ras expressing cells to become insensitive to
contact inhibition, Ras was expressed at low frequency within
monolayers of NSdnp53 or NSLT cells. Interestingly, although
Ras efficiently formed foci within monolayers of cells express-
ing LT (ca. 20% of infected cells), only a few foci were formed
in the monolayers of the cells expressing dnp53 (�1%) (Fig.
2A). Thus, LT abrogates additional cell cycle controls to ren-
der them insensitive to contact inhibition. However, loss of
these controls in the absence of Ras is not sufficient to over-
come contact inhibition since we never observed any foci in
either dnp53- or LT-expressing cells.

Most normal cells in culture require attachment to a sub-
stratum for proliferation. Cells that have acquired the ability to
proliferate independently of anchorage in vitro usually have
the ability to form tumors in vivo. We therefore examined the
ability of NSdnp53Ras and NSLTRas cells to proliferate in the
absence of anchorage. NSLTRas cells efficiently formed colo-
nies in soft agar with 20 to 30% of the seeded cells proliferating
to form smooth, regular-shaped colonies of more than a thou-
sand cells in a period of 2 weeks (Fig. 2B). NSLT cells, in

contrast, did not proliferate and remained as single refractive
cells even after extended periods in suspension (over 3 weeks),
demonstrating the strict requirement for a Ras signal for an-
chorage-independent proliferation. Interestingly, only a small
proportion (2 to 3%) of NSdnp53Ras cells were capable of
forming colonies, and these tended to be smaller and irregular
in shape (Fig. 2B). Thus, as for the loss of contact inhibition,
Ras requires signals provided by LT expression, in addition to
inactivation of p53, in order for the cells to proliferate in the
absence of anchorage.

Inactivation of both p53 and Rb family required for Ras-
dependent, anchorage-independent proliferation. SV40 LT
binds many proteins that play important roles in controlling
entry into and progression through the cell cycle. The N ter-
minus of SV40 LT binds and inactivates members of the Rb
family, Rb, p107, and p130 (46), whereas the large C-terminal
region of LT sequesters p53 (41) and the transcriptional coac-
tivator p300 (2, 21, 37). To define the domain of LT that
cooperates with Ras, we used a retroviral construct (pBabe-
Hygro) expressing just the N-terminal 136 amino acids of SV40
LT (N-LT), which is truncated immediately after the Rb-bind-
ing domain. The vector expressing the N terminus of LT was
introduced into early-passage Schwann cells that did or did not
express dnp53. These cells were subsequently infected with the
Ras LXSN retroviral vector. Pools of G418-resistant cells ex-

FIG. 2. Loss of p53 is not sufficient for Ras to overcome contact inhibition or for anchorage-independent proliferation. (A) Percentage of Ras
or LXSN-infected Schwann cells, expressing dnp53 or SV40 LT (LT), which proliferated to form foci in a confluent monolayer after 2 weeks, as
visualized by staining with methylene blue. A representative focus of SV40 LT cells (LT) expressing Ras is shown. (B) Percentage of Schwann cells
expressing dnp53 or LT, together with Ras or the empty vector LXSN, which proliferated to form colonies in soft agar. Pools of cells (4 � 103)
were seeded into soft agar. After 2 weeks the colonies were photographed and counted. Representative colonies of cells expressing Ras, together
with dnp53 or LT, are shown. Assays for panels A and B were carried out in duplicate and are representative of three independent experiments.
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pressing Ras or the empty vector were then seeded at low
density in soft agar.

Cells expressing Ras, together with mutant p53 and the N
terminus of LT, formed colonies in soft agar as efficiently as
the RasLT cells (Fig. 3), demonstrating that the N terminus of
LT contained a domain that was sufficient to confer anchorage-
independent proliferation to these cells. Cells expressing Ras
with just the N terminus of LT were unable to proliferate
independently of anchorage and remained as single cells, thus
demonstrating the requirement for both loss of p53 and ex-
pression of N-LT. These results show that the loss of anchor-
age independence requires additional genetic changes other
than activation of Ras and loss of p53, and these are conferred
by the N terminus of LT.

Importance of inactivation of the Rb family for anchorage-
independent proliferation. Within the N-terminal 136 amino
acids of SV40 LT are two domains that are important for
inactivating the Rb family of tumor suppressor proteins. Be-
tween residues 103 to 107 is the LXCXE motif that binds the
pocket containing proteins Rb and its two family members,
p107 and p130 (18, 20, 22, 70). Nearer the N terminus is a
region that is homologous to the J domain found in cellular
DnaJ or Hsp40 molecular chaperone proteins. This domain
has been shown to disrupt Rb family-E2F complexes (64, 71)
and regulate the specific inactivation of p107 and p130 (17, 62,
63). We therefore wanted to determine whether these domains
were required for anchorage-independent proliferation. Ret-
roviral constructs expressing the wild-type form of the N ter-
minus of LT and two mutants, one with a defective J domain
and the other with a defective LXCXE motif, were introduced
into early-passage NSdnp53 cells and then infected with the
retroviral vector RasLXSN. Western blotting of lysates pre-

pared from the N-LT-expressing cells demonstrated that all of
the N-LT constructs were expressed at equivalent levels (data
not shown). Pools of G418-resistant cells expressing Ras or the
vector LXSN were then seeded at low density in soft agar.

The results showed that cells that expressed N-LT with a
defective LXCXE motif were unable to proliferate in soft agar,
clearly demonstrating that inactivation of the Rb family was
necessary for anchorage-independent proliferation (Fig. 4).
Moreover, for the N terminus to confer anchorage indepen-
dence efficiently, an intact J domain was required, indicating a
specific role for p107 and p130. Therefore, efficient inactiva-
tion of the Rb family, rather than just Rb, appears to be
critical, in addition to p53 loss and Ras activation, for cells to
proliferate independently of anchorage. The finding that inac-
tivation of the Rb family alone is insufficient to allow Ras-
induced anchorage-independent proliferation is in agreement
with the findings of Peeper et al. (47), who showed that the loss
of Rb/p107 was sufficient to overcome the Ras-induced cell
cycle arrest but was insufficient to promote anchorage-inde-
pendent proliferation. In contrast to their report, however, we
find that p53 loss alone is insufficient to promote efficient
anchorage-independent proliferation but requires, in addition,
inactivation of the Rb family.

Spontaneous acquisition of anchorage-independent prolif-
eration is associated with frequent loss of p16INK4A expres-
sion. We were interested as to whether the small proportion of
NSdnp53Ras cells that formed colonies in soft agar had ac-
quired an additional genetic change that permitted anchorage-
independent growth or whether these cells had some ability to
proliferate in soft agar albeit at a much lower frequency. In
order to test this, single colonies of NSdnp53Ras cells were
picked from soft agar, dissociated, and expanded in culture.

FIG. 3. The N terminus of LT is responsible for abrogating the additional checkpoints that enables Ras to be proliferative in the absence of
anchorage. Pools of drug selected Schwann cells (4 � 103), expressing dnp53 and the N terminus of LT together or on their own with Ras or the
empty retroviral vector LXSN, were seeded in soft agar. After 2 weeks the colonies were stained with neutral red prior to being counted and
photographed. Assays were carried out in duplicate, and a representative result of three independent experiments is shown.
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Cells from these clones were then seeded at low density in soft
agar. Of the 10 clones examined, all 10 proliferated in soft agar
with high efficiency (Fig. 5A). This indicated that the
NSdnp53Ras cells had acquired an additional genetic change,
reiterating the finding that Ras activation and loss of p53 are
not sufficient for anchorage-independent proliferation.

Analysis of the protein levels of CDKIs expressed by the 10
clones showed that 5 of the 10 clones had lost expression of
p16INK4A (Fig. 5B). This is in contrast to clones of normal
Schwann cells (43) or to 10 clones of NSdnp53LXSN cells,
expanded as controls, all of which continue to express
p16INK4A (data not shown). The loss of p16INK4A expression
was mirrored by a reduction in mRNA levels, as determined by
semiquantitative RT-PCR (Fig. 5B). This effect would appear
to be specific, since we did not detect any loss of p19ARF

expression, a protein that is encoded by the same locus (Fig.
5B). Loss of p16INK4A would be predicted to result in the
activation of cyclin D-cdk complexes, resulting in the phos-
phorylation and subsequent inactivation of Rb, p107, and p130
(19, 25, 30). We therefore screened the p16INK4A-positive
clones for changes in the expression of other proteins that act
on this pathway and that have been shown to cooperate with
Ras and a loss of p53 in animal models of tumor formation (3).
We analyzed the expression of cyclin D1, cdc25A, cdk-4, cdk-6,
and Myc. In addition, we analyzed the levels of Ras protein in
the clones to address whether high levels of Ras expression
were able to substitute for p16INK4A loss. Our results showed
that, although the levels of cyclin D1 and cdc25A were higher
in the dnp53Ras cells compared to the normal Schwann cells,
the proteins were not expressed to higher levels in the
p16INK4A-expressing clones (Fig. 5B). Likewise, we did not find

overexpression of cdk-4, cdk-6, or Myc in any of the clones.
Ras expression did vary considerably between the clones, but
the expression levels did not correlate with the p16INK4A sta-
tus. It therefore remains unclear what additional genetic
change is responsible for anchorage independence in half of
the clones.

Our LT mutational analysis showed that inactivation of the
Rb family of proteins is required for anchorage-independent
growth. This would imply that loss of p16INK4A and subsequent
deregulation of cdk4/6 activity is sufficient to inactivate the Rb
family constraint of anchorage-independent proliferation. This
strongly indicates that loss of p16INK4A, together with loss of
p53 function, is likely to be sufficient to overcome the addi-
tional checkpoint to enable Ras to be proliferative in the ab-
sence of anchorage.

p16INK4A loss confers anchorage independence. Loss of
p16INK4A expression as the result of promoter methylation is a
major mechanism of tumor suppressor gene silencing (50). We
therefore examined whether promoter methylation was re-
sponsible for the loss of p16INK4A expression in the
NSdnp53Ras clones. Treatment of the dnp53Ras clones that
grew in soft agar with the demethylating agent 5-aza-deoxycy-
tidine resulted in reexpression of p16INK4A in all cases (data
not shown), demonstrating that promoter methylation was re-
sponsible for silencing p16INK4A expression in these cells.
These cells would no longer proliferate in the absence of an-
chorage; however, this effect was nonspecific since 5-aza-de-
oxycytidine treatment of RasLT cells also inhibited their pro-
liferation. To test whether reexpression of p16INK4A could
inhibit proliferation of the NSdnp53Ras clones, we infected
anchorage-independent NSdnp53Ras cells that had lost

FIG. 4. Inactivation of both p53 and the Rb family are required for Ras-dependent, anchorage-independent proliferation. Pools of drug
selected Schwann cells (4 � 103) expressing dnp53 with wild type (WT) or mutants of the N terminus of LT (N-LT), together with Ras or the empty
vector LXSN, were seeded in agarose. After 2 weeks the colonies were stained with neutral red prior to being counted and photographed. Assays
were carried out in duplicate, and a representative result of three independent assays is shown.
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p16INK4a expression and NSLTRas cells with a retroviral vec-
tor expressing wild-type rat p16INK4A or with the control empty
vector. Pools of hygromycin-resistant cells expressing wild-type
p16INK4A or the empty retroviral vector were expanded in
culture and subsequently seeded in soft agar. Reexpression of
p16INK4A greatly reduced the ability of anchorage-independent
dnp53Ras cells to proliferate in soft agar, whereas p16INK4A

had no effect in NSLTRas cells despite the levels being higher
(Fig. 6A). To verify that loss of p16INK4A expression is capable
of cooperating with Ras and dnp53 to confer anchorage inde-
pendence, we took two approaches: (i) expression of antisense

p16INK4A by an approach similar to one described elsewhere
(9) and (ii) expression of a tumor-derived mutant of cdk4 that
is insensitive to inhibition by p16INK4A. The cdk4R24C mutant
can no longer bind p16INK4A but can still associate and form
active complexes with cyclin D (4, 68), thereby mimicking the
loss of p16INK4A expression. Early-passage NSdnp53 cells were
infected with a retroviral vector expressing the p16INK4A-in-
sensitive cdk4 mutant (cdk4R24C) or a high-expressing retrovi-
ral vector expressing antisense p16INK4A (�/sp16) and the cor-
responding control vectors. Pools of hygromycin-resistant cells
were subsequently infected with RasLXSN or LXSN. Pools of

FIG. 5. Spontaneous acquisition of anchorage-independent proliferation is associated with frequent loss of p16INK4A expression. (A) Colonies
of cells expressing dnp53 and Ras that proliferated in soft agar were picked, dissociated, and expanded in culture. A total of 4 � 103 cells were
reseeded in agarose. Two weeks later the colonies were photographed. The parental polyclonal dnp53/Ras-expressing cells are shown adjacent to
three clones. Assays were carried out in duplicate, and a representative of three independent assays is shown. (B) Immunoblots of lysates prepared
from 10 dnp53/Ras-expressing clones that had acquired the ability to proliferate efficiently in soft agar. p16INK4A mRNA levels were determined
by semiquantitative RT-PCR.
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G418-resistant cells expressing Ras or the empty vector were
then seeded in soft agar. A substantial proportion of the
dnp53cdkR24C Ras and dnp53�sp16Ras cells proliferated to
form colonies in soft agar compared to dnp53Ras-expressing
cells (Fig. 6B). Thus, p16INK4A loss or deregulation of cdk4
activity cooperate with loss of p53 function to enable Ras to
overcome the dependence on anchorage for proliferation.

Our results predict that the dnp53Ras cells lacking p16INK4A

expression should phosphorylate Rb in the absence of anchor-
age and should maintain a requirement for Rb inactivation in
order to proliferate. To test for Rb phosphorylation in the
absence of anchorage, we made use of a phospho-specific an-
tibody that specifically recognizes Rb phosphorylated on resi-
due Ser-795. To confirm the specificity of this antibody, we
stained quiescent normal Schwann cells and Schwann cells 16 h

after refeeding with mitogen (Fig. 7Aa and b). To analyze the
Rb phosphorylation status of unattached cells, the cells were
pipetted out of the agarose and spun onto coverslips, immedi-
ately fixed, and then immunostained. The parental pools of
dnp53Ras cells that are unable to proliferate in soft agar were
consistently negative for Rb staining. In contrast, we found that
the majority of the dnp53Ras clones spun out of soft agar were
positive for Rb staining. (An example of negative and positive
staining is shown in Fig. 7Ad and e). This finding was irrespec-
tive of the p16INK4A status of the cells, suggesting that the
clones that maintain p16INK4A expression also have the capac-
ity to inactivate Rb in the absence of anchorage signals. To
demonstrate the Rb dependence of these cells, we transfected
into the clones a mutant of Rb that cannot be phosphorylated
[Rb(NPC�) (12)]. Transfected cells were monitored by co-

FIG. 6. p16INK4A loss is responsible for conferring anchorage independence. (A) Pools of LTRas and anchorage-independent dnp53Ras
Schwann clones that no longer expressed endogenous p16INK4A, expressing either wild-type rat p16INK4A or the empty vector pWZLhygro, were
seeded in soft agar. The graph is representative of two independent experiments showing the average percentage of cells seeded that proliferated
to form colonies in soft agar. The error bars represent the standard deviations of triplicate assays. The levels of p16INK4A as determined by
immunoblotting are shown in the inset panel. (B) Populations of drug-selected Schwann cells, expressing dnp53 with the p16INK4A-insensitive
mutant of cdk4 (cdk4R24C), antisense p16INK4A, or the N terminus of LT, together with Ras or the empty vector LXSN, were seeded in agarose.
After 2 weeks the colonies were stained with neutral red prior to being counted and photographed.
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FIG. 7. Anchorage-independent Ras/dnp53 cells phosphorylate Rb in suspension and maintain Rb dependency for proliferation. (A) Antibody
phospho-Rb (Ser-795) recognizes Rb in proliferating (b) but not in quiescent (a) rat Schwann cells. Cells from growing colonies in soft agar were
removed and spun onto coverslips and immediately fixed. The cells were immunostained for either a cytoplasmic protein S100 (c) or phospho-Rb
(d and e, which show examples of cells negative and positive for phospho-Rb staining, respectively). (B) BrdU incorporation of cells after
transfection with a nonphosphorylatable form of Rb (12) or control vector. Four NSdnp53Ras clones are shown. Clones 6 and 7 are p16INK4A

positive; clones 8 and 9 are p16INK4A negative. NSLT are Schwann cells expressing SV40 LT. Transfected cells were monitored by determining GFP
expression. The error bars indicate the standard deviations of triplicate assays.
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transfection with a GFP-expressing vector. We then analyzed
the ability of these cells to enter S phase by monitoring BrdU
incorporation. The dnp53Ras clones irrespective of their
p16INK4A status were inhibited in their ability to enter S phase
by the expression of the nonphosphorylatable form of Rb, thus
demonstrating that Rb inactivation is necessary for these cells
to proliferate. This was in contrast to Schwann cells expressing
LT, which were insensitive to the effects of Rb(NPC�) expres-
sion (Fig. 7B).

DISCUSSION

Many normal cell types respond to oncogenic Ras signaling
with a cell cycle arrest (49, 52, 57). This inhibitory signal ap-
pears to be the result of strong constitutive activation of sig-
naling pathways that normally mediate mitogenic signaling and
as such has been proposed to act as a tumor suppressor mech-
anism. Certainly, normal cells are resistant in vitro to onco-
genic Ras, requiring additional genetic changes provided by
so-called cooperating genes, in order for Ras to be transform-
ing. One property of a Ras cooperating gene is that it must
provide a function able to block or overcome the inhibitory
signal from Ras. Signals from oncogenic Ras are then able to
act positively on the cell cycle.

Rat Schwann cells can be cultured extensively in culture,
maintaining cell cycle checkpoints normally lost upon immor-
talization. These cells have a strict requirement for mitogens
and anchorage to proliferate and maintain contact inhibition
for long periods of time. Chromosomal analysis of late-passage
cells suggests they are relatively genetically stable (43), and the
rate of spontaneous transformation appears to be very low
since the background rates in anchorage independence and
focus formation assays are always zero. These cells thus offer
an ideal cell system for analyzing how genetic changes can
contribute to loss of normal cell cycle checkpoint controls.

We have previously shown in rat Schwann cells that the
inhibitory signal from activated Ras requires functional p53
(39). Here we show that cells expressing Ras and dnp53 are
able to proliferate in the absence of mitogen. Therefore, in
cells with defective p53 signaling, oncogenic Ras is able to
substitute for a mitogenic signal to the cell cycle. These cells,
however, maintain some extrinsic regulation of the cell cycle
since Ras/dnp53 cells are unable to proliferate in the absence
of anchorage and are unable to form colonies within monolay-
ers of contact-inhibited cells. This is in contrast to Ras/LT cells
that proliferate with high efficiency in soft agar and within
monolayers. Deletion analysis of LT showed that the amino
terminus conferred anchorage independence but only when
coexpressed with Ras and dnp53. This would indicate that
additional genetic changes are required for anchorage inde-
pendence compared to mitogen independence. This idea is
reinforced by the finding that, although LT expression is suf-
ficient for mitogen independence (Fig. 1B), additional signals
from Ras are required for anchorage-free proliferation and to
overcome contact inhibition.

Mutational analysis of LT has demonstrated an absolute
requirement for the LXCXE domain for anchorage-indepen-
dent proliferation. The LXCXE domain binds to a motif within
the conserved pocket domain of the Rb family members, Rb,
p107, and p130. Members of the Rb family bind and negatively

regulate the E2F family of transcription factors that control the
transcription of key cell cycle regulatory genes. LT binding to
the Rb family results in the release of E2Fs and the subsequent
deregulation of E2F-responsive genes (19). In addition, p107
and p130 negatively regulate the cell cycle by binding and
inhibiting cyclin E-cdk2 and cyclin A-ckd2 complexes via a
CDKI-like domain that is absent in Rb (10, 14, 69). The ability
to bind cyclin E and A complexes has been shown to be inde-
pendent from their role as suppressors of E2F-mediated tran-
scription since mutants of p130, which can bind E2Fs but are
unable to bind cyclin E-cdk2 and cyclin A-cdk2 complexes, are
defective at preventing entry into S phase (29). Therefore, for
Ras signals to be proliferative in the absence of anchorage may
involve the removal of E2F-dependent and -independent
growth suppressor functions of the Rb family.

For LT to efficiently confer anchorage independence re-
quires a functional J domain, indicating a role for p107 and
p130 (63). The J domain is required for LT to transform
wild-type and Rb�/� mouse embryonic fibroblasts (MEFs) but
is dispensable for transformation of p107�/�/p130�/� MEFs
(62). Consistent with a role for p107 and p130, E2F4 and E2F5
that primarily associate with p107 and p130 have been shown
to be required for pocket protein-induced cell cycle arrest (24).

The ability of cells expressing dnp53 and activated Ras to
spontaneously acquire anchorage independence is associated
with the acquisition of additional genetic changes. This loss is
specific to p16INK4A since we did not observe a loss of expres-
sion of p19ARF, which is encoded by the same locus (34, 36).
The mechanism of p16INK4A loss is likely to involve silencing of
the p16INK4A promoter by methylation since treatment of
these cells with a demethylating agent resulted in the restora-
tion of p16INK4A expression. We have not been able to deter-
mine the genetic change responsible for anchorage indepen-
dence in the clones that maintain p16INK4A expression;
however, since these clones also show Rb phosphorylation in
the absence of an anchorage signal, a dysregulation of this
pathway is probably involved.

The ability of antisense p16INK4A and a p16INK4A-insensitive
mutant of cdk4 to confer Ras-dependent anchorage-indepen-
dent proliferation, in conjunction with a loss of p53 function,
confirms that the loss of p16INK4A is sufficient to confer an-
chorage independence to these cells. This is substantiated by
the finding that reintroduction of p16INK4A into Ras/dnp53
cells that have lost p16INK4A inhibits anchorage-independent
proliferation. As expected, we find that these clones phosphor-
ylate Rb in the absence of anchorage and maintain a require-
ment for Rb phosphorylation in order to proliferate. Until
recently, it had been thought that Rb was responsible for
mediating the growth-inhibitory effects of p16INK4A (40, 44).
Recently, however, it has been established that p107 and p130
also play important roles in mediating p16INK4A inhibitory
signals. p107�/�/p130�/� MEFs are defective in their response
to the growth-inhibitory effects of p16INK4A (7), although they
respond normally to other types of G1 arrest (31, 32). Similarly,
MEFs lacking both E2F4 and E2F5, with which p107 and p130
primarily associate, are less sensitive to p16INK4A (24). Our
findings indicate that for efficient anchorage-independent pro-
liferation, inactivation of p107/p130 are required. This can be
achieved either by expression of the N terminus of LT or by
loss of p16INK4A expression. This demonstrates that in terms of
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regulating the anchorage dependence of proliferation, p16 loss
and inactivation of the Rb family appear to be genetically
equivalent. This result is in contrast to those of previous stud-
ies analyzing the growth properties of Rb�/�, p107�/�,
p130�/� (TKO) cells and p16�/� cells. Whereas TKO cells are
immortal and show a reduced requirement for mitogens (16,
54), p16�/� cells appear to retain normal growth controls (35,
58). Here we demonstrate a role of Rb family loss in conferring
anchorage independence and that p16INK4A loss has the same
effect. These results therefore identify how p16INK4A inactiva-
tion can contribute to the loss of extrinsic growth requirements
associated with cellular transformation.

The mechanisms by which integrin and mitogenic signals
cooperate to promote cell proliferation are still poorly under-
stood. In many immortalized cell lines, mitogen and integrin
signals cooperate to achieve sustained activation of the ERK
pathway, which has been shown to be sufficient for anchorage-
independent proliferation (15, 51). Studies in primary cells,
however, have shown that the situation is more complex and
have identified Rac as an important mediator of integrin sig-
naling to the cell cycle (45). Rac signaling appears to cooperate
with activation of the ERK pathway to induce cyclin D1 levels.
However, cyclin D1 expression is insufficient to promote pro-
liferation, indicating that other signaling pathways, as yet un-
identified, are important for cell cycle progression. The com-
plexity of the signals required for a cell to enter S phase is
reflected by our findings that indicate that multiple genetic
changes are required to overcome anchorage dependency.
These studies also reemphasize the inadequacies of using im-
mortalized cell lines to study cell cycle checkpoints since many
of the genetic changes involved in the immortalization process
appear to mediate or inactivate these checkpoints.

Removal of anchorage has also been reported to result in

the induction of CDKIs and the loss of a signal required for
cyclin A transcription (23, 26). LT expression has been re-
ported to confer insensitivity to CDKIs, and LT-expressing
Schwann cells have high levels of cyclin A (39, 42). However,
LT cells are unable to proliferate in the absence of anchorage.
This would suggest an additional checkpoint that is insensitive
to LT expression but can be overcome by Ras. Further studies
are required to investigate the mechanisms responsible.

We have demonstrated how the accumulation of specific
genetic defects leads to a progressive independence from ex-
trinsic signals (Fig. 8). Although Ras signals alone cause a cell
cycle arrest, loss of p53 abolishes the arrest and signals from
Ras confer mitogen independence to the cells. However, these
cells maintain anchorage dependence and are susceptible to
contact inhibition. Loss of the Rb family or p16INK4A, together
with p53 loss, enables Ras signals to drive proliferation in the
absence of anchorage or the presence of contact inhibition.
These results would appear to have direct relevance to human
carcinogenesis. The genetic defects required for Ras to trans-
form primary cells in vitro are paralleled by the spectrum of
genetic defects found in tumors that have a high incidence of
Ras mutations. In pancreatic carcinomas, in which the inci-
dence of Ras mutations is nearly 100% (1), mutation or loss of
both p16INK4A and p53 are commonly found (8, 53). The fre-
quency of p53 mutations has been found to be more than 60%
(5, 48), whereas mutation or loss of expression of p16INK4A, as
a result of promoter methylation, has been found in �95% of
the primary tumors (55). In contrast, Rb loss is much less
frequent, reflecting our findings that Rb loss alone is not suf-
ficient to confer full cellular transformation. Intriguingly, a
murine pancreatic tumor progression model mirrors our in
vitro findings (66). In these mice, tumor progression involves
activation of Ras, loss of p53, and loss of INK4A. Our results

FIG. 8. Contribution of the inactivation of checkpoints to Ras transformation. Model of how the progressive loss of checkpoints allows Ras to
act positively on the cell cycle. Loss of p53 activity causes Ras to be proliferative in the absence of mitogens. Inactivation of the Rb family, by loss
of p16INK4A or by inactivation by the N terminus of SV40 LT, renders the cells capable of proliferation independently of anchorage and insensitive
to contact inhibition.
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demonstrate how these genetic changes can cooperate to result
in cells that can proliferate independently of both extrinsic
mitogenic and anchorage signals.
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