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Oncogenic stimuli are thought to induce senescence in normal cells in order to protect against transforma-
tion and to induce proliferation in cells with altered p53 and/or retinoblastoma (Rb) pathways. In human
fibroblasts, RAS initiates senescence through upregulation of the cyclin-dependent kinase inhibitor p16INK4A.
We show here that in contrast to cultured fibroblast strains, freshly isolated normal fibroblasts are resistant
to RAS-induced senescence and instead show some characteristics of transformation. RAS did not induce
growth arrest or expression of senescence-associated �-galactosidase, and Rb remained hyperphosphorylated
despite elevated levels of p16. Instead, RAS promoted anchorage-independent growth of normal fibroblasts,
although expression of hTert with RAS increased colony formation and allowed normal fibroblasts to bypass
contact inhibition. To test the hypothesis that p16 levels determine how cells respond to RAS, we expressed
RAS in freshly isolated fibroblasts that expressed very low levels of p16, in hTert-immortalized fibroblasts that
had accumulated intermediate levels of p16, and in IMR90 fibroblasts with high levels of p16. RAS induced
growth arrest in cells with higher p16 levels, and this effect was reversed by p16 knockdown in the hTert-
immortalized fibroblasts. These findings indicate that culture-imposed stress sensitizes cells to RAS-induced
arrest, whereas early passage cells do not arrest in response to RAS.

Normal cells have several mechanisms in place to protect
against uncontrolled proliferation and tumorigenesis. One line
of defense is cellular senescence, a permanent growth arrest
that occurs after extended periods of cell division, exposure to
oxidative stress, or expression of activated oncogenes (26, 40).
Senescent cells remain alive and metabolically active but are
arrested in the G1 phase of the cell cycle, are resistant to
growth factor stimulation, and show common biochemical
markers such as expression of an acidic senescence-associated
�-galactosidase (SA-�-Gal) activity (6). In addition, senescent
cells show altered differentiation functions that are cell type
specific. For example, human fibroblasts secrete growth factors
and extracellular matrix-remodeling enzymes upon the induc-
tion of senescence (6). While senescence has been character-
ized primarily in cultured cells, there is also evidence that it
occurs in vivo. Cells expressing markers of senescence such as
SA-�-Gal have been identified in normal tissues (7), and se-
nescence can be induced following some types of chemother-
apeutic treatments (38).

The best-characterized example of oncogene-induced senes-
cence is the response of normal fibroblasts to expression of an
activated allele of H-ras (H-rasV12). Normal ras proteins are
important for transducing mitogenic signals in the cell and are
mutated to constitutively active forms in approximately 20% of
human cancers (4). These activated alleles contribute to trans-
formation by increasing proliferation, angiogenesis, and inva-
sion of tumors, as well as desensitizing cells to apoptosis (8).

All normal cells with intact p53 and retinoblastoma (Rb)
pathways are thought to senesce in response to RAS. Expres-
sion of viral oncoproteins that disrupt these pathways, such as

simian virus 40 (SV40) T Ag (27), human papillomavirus E6 or
E7 (25, 34), or adenovirus E1A (37), block senescence and
cooperate with RAS to transform cells. In murine cells, an
intact p53/Arf pathway is required for both RAS- and passage-
induced senescence (18, 32, 41). In human cells, the p16/Rb
pathway plays a more significant role. Levels of p16 increase in
response to either culture (3, 35)- or oncogene (41)-induced
stress, and high levels of p16 cause cell cycle arrest by inhib-
iting the G1 cyclin-dependent kinases Cdk4 and Cdk6. Inhibi-
tion of these kinases by p16 prevents phosphorylation and
inactivation of Rb, resulting in repression of E2F-dependent
promoters and a G1 cell cycle arrest (36). Recent studies have
suggested that loss of p16 renders human fibroblasts resistant
to RAS-induced senescence, since fibroblasts established from
individuals carrying inactivating mutations in the p16 gene do
not arrest in response to RAS (5, 14). However, it is contro-
versial whether p16 loss is sufficient to prevent RAS-induced
senescence. Data from several groups indicate that IMR90
(41), BJ (12), and LF1 (45, 46) fibroblasts require disruption of
both the p16/Rb and p53/p21 pathways in order to prevent
senescence induced by RAS. Moreover, another group has
reported that p53 disruption is sufficient to prevent RAS-in-
duced senescence (44). Further investigation to clarify these
issues is needed.

It has been proposed previously that RAS-induced senes-
cence in cultured cells models what happens when a normal
cell acquires a RAS mutation in vivo and that senescence
protects cells against RAS-mediated transformation. However,
there is little evidence that expression of activated RAS in vivo
leads to a senescence response. Several lines of transgenic mice
expressing activated alleles of RAS have been generated, and
the tissues in these mice proliferate normally (1, 11, 16). This
discrepancy raises the question of whether cultured cells accu-
rately represent cells in vivo or if the process of establishment
in culture somehow sensitizes cells to RAS-induced arrest.
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In this study, we demonstrate that normal fibroblasts iso-
lated directly from primary tissue are resistant to RAS-induced
senescence because, unlike other cultured fibroblasts, they lack
p16 expression at early passages. Furthermore, exposing nor-
mal fibroblasts to the stress of extended passaging in culture
leads to an accumulation of p16, and increased p16 levels
sensitize cells to RAS-induced senescence. We also show that
fibroblasts expressing RAS alone are capable of anchorage-
independent growth and that coexpression of hTert increases
the frequency of colony formation in soft agar and is required
for cells to be able to bypass contact inhibition. These data
suggest that expression of RAS in early passage normal fibro-
blasts is similar to what happens when a cell acquires an acti-
vating RAS mutation in vivo and that RAS only causes senes-
cence in cells that have been exposed to additional stress.

MATERIALS AND METHODS

Cell culture. Human foreskin fibroblasts (HFF1 and HFF2) were isolated from
neonatal human foreskins and infected with retroviruses within the first 20
population doublings. IMR90, BJ, and WI38 fibroblasts were obtained from the
American Type Culture Collection and used within 10 population doublings.
Extended-passage HFFs expressing hTert have been described previously (19)
and were infected with pBABE or 16-1 retroviruses at population doubling level
180 after selection. SV40-transformed Cl39T cells have also been described
previously (29). All cells were cultured in Dulbecco’s modified Eagle’s medium
that was supplemented with 10% fetal bovine serum and penicillin-streptomycin.

Retroviral infections. Retroviruses were produced and concentrated as previ-
ously described (2). H-rasV12 was provided in pBABE-puro and pWZL-hygro
retroviral vectors by Manuel Serrano (Spanish National Centre of Biotechnol-
ogy) and subcloned into LXSN (LXSN/H-rasV12). pBABE-puro, LXSN, LXSH,
and LXSN/p16 have been described elsewhere (3). The hTert cDNA was cloned
by PCR from a HeLa cDNA library (Clontech) and was subsequently transferred
into LXSN for retroviral expression. The p16 short hairpin RNA vector (16-1)
was provided by Scott Lowe (Cold Spring Harbor Laboratory). Twenty-four
hours after infection, cells were expanded 1:2 into complete media containing 1
mg of G418 per ml, 1.5 �g of puromycin per ml, or 200 �g of hygromycin per ml,
as appropriate. Selection in G418 or puromycin was usually complete within 3 to
5 days, and selection in hygromycin was usually complete within 1 week. In all
experiments, the day on which a parallel plate of uninfected target cells was
completely killed in selective media is referred to as day 0. On day 0, cells were
photographed, labeled with bromodeoxyuridine (BrdU) and fixed for immuno-
fluorescence, and lysed for Western blot analysis. Also on day 0, cells were split
and replated for analysis at later time points. In each case, experiments were
repeated multiple times, and a representative experiment is shown.

BrdU staining. Cells were labeled with 40 �M BrdU for 4 h, fixed in 4%
paraformaldehyde, and permeabilized with methanol-acetone. Fixed cells were
then stained for immunofluorescence by using either mouse anti-BrdU antibod-
ies provided with DNase I from the manufacturer (Amersham-Pharmacia Bio-
tech) or mouse anti-BrdU (BU-33; Sigma) in blocking buffer (5% goat serum,
5% horse serum, 0.2% Tween 20 in phosphate-buffered saline) and 20 U of
DNase I (Sigma) per ml. Nuclei were also stained with 4�,6�-diamidino-2-phe-
nylindole (DAPI) (Sigma) in order to determine the total number of cells in a
given field. One hundred to 500 nuclei per condition were photographed, and the
percentage of BrdU-positive cells was determined. Typically, 30 to 50% of nuclei
in LXSN control populations were BrdU positive. For comparison, we show at
each time point the percentage of BrdU-positive cells in p16- and RAS-express-
ing populations relative to that of LXSN control cells.

Western blotting. Preparation of whole-cell lysates and Western blotting were
performed as previously described (3). Forty to 80 �g of protein was analyzed
with antibodies to H-ras (F235; Santa Cruz Biotechnology), p16 (BD PharMin-
gen), actin (I-19; Santa Cruz Biotechnology), APA-1 (3), p53 (antibody 6; On-
cogene Research Products), p21 (Waf1 antibody 1; Oncogene Research Prod-
ucts), Rb (BD PharMingen), p130 (C-20; Santa Cruz Biotechnology), and p27
(clone 57; BD Transduction Laboratories).

SA-�-Gal staining. Acidic �-Gal staining was done as previously described (7).
p16 immunofluorescence. Cells were grown on glass coverslips, fixed in 2%

paraformaldehyde, and permeabilized with methanol-acetone. Fixed cells were
then stained with mouse anti-p16 (E6H4; molecular tools in medicine) and
rhodamine-conjugated goat anti-mouse secondary antibody (Jackson Immu-

noResearch). Nuclei were visualized by DAPI (Sigma) staining. The anti-p16
E6H4 antibody was developed specifically to detect p16 in tissue sections and is
accepted as a tool for diagnosing cervical interepithelial neoplasia (20, 21).
Staining patterns were confirmed by using mouse anti-p16 antibody 2 from
Pharmingen (clone ZJ11).

Telomerase activity. Telomerase activity was measured by using the TRAPeze
telomerase detection kit (Serologicals Corporation).

Quiescence and cell cycle analysis. To arrest cells in G0, confluent cultures
were incubated in complete growth medium for 3 days and then refed with
low-serum medium (Dulbecco’s modified Eagle’s medium containing 0.1% fetal
bovine serum) and incubated for an additional 3 days. Cells were then replated
at approximately 50% confluence in low-serum medium and incubated for an
additional 2 days. At this stage (density-low serum [DS] arrest), three plates of
each cell type were labeled with 10 �M BrdU for 4 h, followed by fixation in 70%
ethanol for flow cytometry. In addition, cells were harvested for Western blot
analysis as described above. Remaining plates were refed with complete medium
containing 10% serum and harvested in the same way after 24 h. For cell cycle
analysis, nuclei were isolated from fixed cells and stained with fluorescein iso-
thiocyanate-conjugated anti-BrdU antibodies (Becton Dickinson) and pro-
pidium iodide, as previously described (3). Cell cycle fractions were quantitated
with CellQuest software (Becton Dickinson).

In vitro transformation assays. To assay anchorage-independent growth,
HFFs transduced with the indicated retroviruses were seeded into soft agar. A
total of 50,000 cells were resuspended in 0.3% Noble agar-growth medium and
plated in triplicate in six-well dishes on top of solidified 0.6% Noble agar-growth
medium. Fresh top agar was added every 4 days, and cells were photographed
and counted after 3 weeks. Three fields of cells were counted in each of three
wells per cell type. To assay contact inhibition, we plated cells in six-well dishes
at a concentration of 100,000 cells/well. Cells were trypsinized and counted in
triplicate 4, 7, and 10 days after plating.

RESULTS

HFFs do not senesce in response to RAS expression. While
characterizing the response of freshly isolated HFFs to senes-
cence induced by different signals, we found that, unlike other
human fibroblasts, HFFs did not arrest following expression of
RAS. These experiments were repeated in HFFs obtained
from different donors, with similar results (Fig. 1 and 5 and
data not shown). We therefore decided to investigate the re-
sponse of HFFs to RAS in greater detail.

Early passage HFFs were infected with retroviruses express-
ing empty vector (LXSN), p16, or RAS, and cells were ana-
lyzed immediately following selection (day 0) as well as 5 and
13 days after selection. LXSN-transduced cells resembled un-
infected HFFs, and mitotic cells were evident in the population
throughout the experiment (Fig. 1A). In contrast, no mitotic
cells could be detected in p16-infected cultures on day 0, and
by day 5 most cells in the culture had adopted an enlarged and
flattened shape, indicative of senescence. However, by day 13,
the majority of p16-expressing cells appeared to have bypassed
the senescent arrest and were indistinguishable from LXSN
control cells. As reported previously by others, RAS-expressing
cells appeared smaller and more refractile than did controls
immediately following selection—a finding similar to cells that
were transformed by RAS (23). However, unlike other fibro-
blasts that arrest approximately 5 to 6 days after selection (23),
RAS-expressing HFFs did not appear senescent on day 5. A
large number of small dividing cells persisted in the culture
throughout the experiment. Notably, the population was het-
erogeneous and large, flat cells were also present. This heter-
ogeneity may be due in part to the heterogeneous nature of the
population of fibroblasts that were established from the pri-
mary tissue.

We next labeled cells with BrdU and analyzed them by
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immunofluorescence. This type of analysis allowed us to de-
termine if the flat, apparently senescent cells in the RAS-
expressing cultures were truly arrested or if they were capable
of entering S phase (BrdU positive). On day 0, most of the cells
in the p16-infected culture were arrested, while RAS-infected
cells continued to proliferate (Fig. 1B). As suggested by their
appearance, the p16-expressing cells remained arrested on day
5, while a large percentage of the RAS cells remained BrdU
positive. BrdU incorporation in RAS cells persisted through
day 13 and, consistent with their visual appearance, a large
fraction of the p16 cells were also BrdU positive and appeared
to have escaped cell cycle arrest on day 13. We also found that
many of the senescent-looking flat cells in the RAS-infected
population stained positive for BrdU (Fig. 1C). Since senes-
cence is defined by a G1 cell cycle arrest, we concluded that
RAS-expressing HFFs were not senescent.

Western blotting confirmed that RAS protein levels were
similar at each time point and showed the presence of p16
protein in RAS-expressing cells by days 5 and 13 (Fig. 1D).
Importantly, the amount of p16 expressed in RAS cells was

significantly lower than the amount expressed directly from the
p16 retrovirus, a finding consistent with the fact that RAS-
expressing cells were not arrested in the cell cycle. In addition,
on day 13 when the p16 cells appeared to resume cycling, the
levels of p16 protein were decreased to levels similar to that in
RAS cells. One possibility for the observed decrease in p16
levels on day 13 is that p16 expression levels may have been
heterogeneous following retroviral infection and that cells ex-
pressing insufficient levels of p16 to cause cell cycle arrest had
overtaken the culture. No similar decrease in RAS protein
levels was observed in RAS-infected cultures, a finding sup-
porting the argument that there was no selection against cells
expressing high levels of RAS and supporting the observation
that RAS does not arrest HFFs. These data raised the possi-
bility that RAS does not induce senescence in HFFs because
p16 is not expressed at levels high enough to arrest the cell
cycle.

The transcription factor APA-1 regulates transcription of
extracellular matrix-remodeling genes during senescence and
was examined as a marker of the functional changes that ac-

FIG. 1. HFFs do not senesce in response to RAS expression. (A) Early passage HFF1 cells were infected with LXSN-, p16-, or RAS-expressing
retroviruses. Cells were photographed immediately after selection (day 0) as well as 5 and 13 days later. (B) LXSN cells, p16 cells, and RAS cells
from panel A were labeled with BrdU, fixed, stained with anti-BrdU antibody, and counted. The percentages of BrdU-positive cells, relative to
those of LXSN controls, are shown. (C) Representative BrdU staining in RAS-expressing HFFs on day 5. As seen in panel A, RAS cultures were
a heterogeneous population consisting of large, apparently senescent nuclei (large arrows) and smaller nuclei (small arrowheads). A fraction of
both large and small nuclei were BrdU positive. (D) LXSN (L)-, p16 (P)-, and RAS (R)-expressing cells from panel A were harvested on days 0,
5, and 13. Levels of RAS, p16, and APA-1 proteins were examined by Western blot analysis. Actin is shown as a loading control.
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company senescence in human fibroblasts. As described pre-
viously (3), induction of premature senescence following p16
expression led to elevated levels of APA-1 protein (Fig. 1D). In
contrast, RAS expression led to a reduction in APA-1 levels, a
result similar to what is observed in fibroblasts transformed by
SV40 (3). This pattern of APA-1 expression supported the
model that RAS does not lead to senescence of HFFs but
instead causes changes that are indicative of transformation.

High levels of p16 in IMR90 cells correlate with sensitivity
to RAS-induced senescence. In order to understand the rea-
sons that HFFs were resistant to RAS-induced senescence, we
repeated infection experiments in IMR90 fetal lung fibroblasts
for comparison. We found that, consistent with previous stud-
ies (23, 41), IMR90 cells did undergo RAS-induced senescence
(Fig. 2). Similar to HFFs, RAS-expressing IMR90 cells were
still cycling and appeared refractile immediately following se-
lection (Fig. 2A and B). However, on days 5 and 11, RAS cells
appeared senescent and were arrested in the cell cycle, similar
to the p16-expressing cells. IMR90 cells also differed from
HFFs in their ability to bypass the growth arrest induced by
p16 expression. On day 11 following selection, the majority of
p16-expressing IMR90 cells still appeared senescent and were
BrdU negative (Fig. 2A and B), whereas in HFF populations,

cells expressing lower levels of p16 grew out at later time points
(Fig. 1).

Expression of RAS and p16 in IMR90 cells was confirmed by
Western blotting (Fig. 2C). Unlike HFFs, which did not ex-
press any detectable p16 prior to infection, control IMR90 cells
expressed p16 protein whose levels increased after infection
with the p16 retrovirus. RAS expression also led to increased
p16 levels on day 5 and day 11; however, the increases were not
as dramatic as those occurring in HFFs, probably due to their
high levels of p16 prior to RAS infection. As with HFFs,
APA-1 was increased in IMR90 cells in response to p16 ex-
pression (Fig. 2C). Surprisingly, APA-1 levels were again re-
duced following RAS expression in IMR90 cells, a finding
suggesting that downregulation of APA-1 by RAS overrides
the upregulation of APA-1 in response to senescence.

Recent studies have shown that human fibroblasts with in-
activating mutations in the p16 gene fail to undergo RAS-
induced senescence (5, 14). This finding suggested that HFFs
may have failed to arrest in response to RAS because p16 was
not induced to sufficient levels. Direct comparison of HFF and
IMR90 cells 5 days after selection supported this model. As
shown in Fig. 3A, a comparison of cells transduced with empty
vector revealed that IMR90 control cells expressed p16 pro-

FIG. 2. IMR90 cells arrest following RAS expression. (A) IMR90 cells were infected with LXSN-, p16-, or RAS-expressing retroviruses. Cells
were photographed immediately after selection (day 0) as well as 5 and 11 days later. (B) LXSN cells, p16 cells, and RAS cells from panel A were
labeled with BrdU, fixed, stained with anti-BrdU antibody, and counted. The percentages of BrdU-positive cells, relative to those of LXSN
controls, are shown. (C) LXSN (L)-, p16 (P)-, and RAS (R)-expressing cells from panel A were harvested on days 0, 5, and 13. Levels of RAS,
p16, and APA-1 proteins were examined by Western blot analysis. Actin is shown as a loading control.
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tein, while none was detectable in HFFs. As noted above, p16
increased in both HFF and IMR90 cells following RAS expres-
sion. However, RAS-expressing HFFs had much lower levels
of p16—even lower than those of control IMR90 cells. These
data suggested that since IMR90 cells had high initial levels of
p16, RAS expression increased p16 past a threshold that re-
sulted in cell cycle arrest. The difference in p16 induction
between cell types could not be accounted for by differences in
RAS expression, as both expressed equivalent levels of RAS
protein.

Rb expression was also compared in infected HFF and
IMR90 cells 5 days after selection. During senescence induced
by p16 or RAS, Cdk4/6-associated kinase activity should be
inhibited and Rb should be present in a hypophosphorylated,
active form. Consistent with this model, Rb was exclusively
hypophosphorylated in IMR90 cells expressing p16 or RAS
(Fig. 3A). Expression of p16 in HFFs also caused a shift in Rb
phosphorylation to primarily the hypophosphorylated form. In
contrast, the majority of Rb in RAS-expressing HFFs was
hyperphosphorylated, similar to vector-transduced controls, al-
though overall levels of Rb were reduced.

The cyclin-dependent kinase inhibitor p21 increases in re-
sponse to RAS in human fibroblasts (41, 45). We examined p21
and p53 levels in HFF and IMR90 cells and found little dif-
ference between the cell types (Fig. 3A). p21 increased slightly
in both RAS-expressing HFFs and IMR90 cells; however,
HFFs were not arrested. This finding supported the model that
p21 was not the critical factor leading to RAS-induced growth
arrest.

Finally, we compared the expression of SA-�-Gal in HFFs
and IMR90 cells on day 5 following selection. IMR90 cells
induced robust SA-�-Gal staining following expression of ei-
ther p16 or RAS (Fig. 3B). In HFFs, p16 expression also
induced SA-�-Gal, albeit to a lesser extent than that occurring

in IMR90 cells (19 and 38%, respectively). We found that,
consistent with other experiments, HFFs expressing RAS were
primarily SA-�-Gal negative. Approximately 1% of HFFs with
RAS stained positive, compared to 48% in IMR90 cells. These
data supported the conclusion that RAS does not induce se-
nescence in HFFs.

p16 levels sensitize HFFs to RAS-induced senescence. p16
levels increase when human fibroblasts are exposed to ex-
tended passaging in culture or to stress from suboptimal
growth conditions (3, 35). Since high p16 levels correlated with
sensitivity to RAS-induced senescence, we hypothesized that in
vitro aging may sensitize HFFs to RAS-induced senescence
and provide a mechanistic explanation for the resistance seen
in early passage cells. To address this possibility, we decided to
examine the consequences of RAS expression in hTert-immor-
talized HFFs that were approximately 150 population dou-
blings past the time when control HFFs reached replicative
senescence and had elevated levels of p16 (Fig. 4A, EP HFF).
p16 immunofluorescence confirmed that p16 levels were in-
creased in extended-passage HFFs (Fig. 4B, EP HFF/pB),
whereas early passage HFFs appeared completely p16 nega-
tive. Overall, p16 levels appeared to increase in all cells in the
population, although some variability in intensities was ob-
served. Staining for p16 appeared to be specific, since levels
were high in WI38 fibroblasts as previously reported (15) and
were reduced in extended-passage cells expressing a short hair-
pin RNA that silenced p16 expression (28) (EP HFF/16-1, Fig.
4A and B). In addition, similar staining patterns were obtained
by using two different p16 monoclonal antibodies (Fig. 4B;
data not shown).

The effects of RAS expression were next analyzed in extend-
ed-passage HFFs and extended-passage HFFs with reduced
levels of p16 due to expression of the p16 short hairpin RNA.
Control (pB) or p16 hairpin (16-1)-expressing cells were trans-

FIG. 3. Comparison of HFF1 and IMR90 cells 5 days after selection. (A) Shown are Western blots of lysates from LXSN (L)-, p16 (P)-, and
RAS (R)-expressing HFF1 and IMR90 cells harvested 5 days after selection. Blots were probed with antibodies to RAS, p16 (short and long
exposures are shown), Rb, p21, p53, and actin. The corresponding cell cycle arrest is indicated beneath the blots. (B) HFF1 and IMR90 fibroblasts
infected with LXSN, p16, or RAS were fixed 5 days after selection and stained for SA-�-Gal expression. Representative fields are shown.
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duced with retroviruses expressing a second empty vector
(LXSH) or RAS. Cells were selected in hygromycin and ana-
lyzed immediately following selection (day 0) as well as 6 and
11 days later. As shown earlier, all cells were cycling on day 0
(Fig. 4C). However, on days 6 and 11 there were obvious
differences between pB/RAS and 16-1/RAS cells. While small
dividing cells were continually seen in the 16-1/RAS popula-
tion, pB/RAS cells took on a senescent shape and arrested in
the cell cycle (Fig. 4C, data not shown). Western blot analysis
confirmed that pB control cells had increased levels of p16
protein on days 6 and 11 following RAS expression. In con-
trast, 16-1 cells had a reduced level of p16 protein at all time
points, and the protein level did not increase following expres-
sion of RAS (Fig. 4D). These data demonstrated that p16
levels were the critical factor in determining whether HFFs will
senesce in response to expression of RAS.

Growth properties of RAS-expressing HFFs. In most cell
types, disruption of the p53 and Rb pathways allows cells to
bypass RAS-induced senescence (41). When RAS is expressed
in these cell types, they exhibit properties that are indicative of
transformed cells, such as the ability to grow in an anchorage-
independent manner and to bypass contact inhibition. In hu-
man cells, telomerase (hTert) is also often required for trans-

formation, as the proliferation of many cell types is quickly
limited by telomere length. Since early passage HFFs did not
undergo senescence in response to RAS, we wished to test
whether cells expressing RAS exhibited any properties of
transformed cells. Although telomere length is not limiting in
early passage HFFs, cells expressing hTert were also tested in
order to determine if telomerase could contribute to transfor-
mation by RAS.

Directly following isolation from the primary tissue, HFFs
were infected with retroviruses expressing an empty vector
(LXSN) or hTert. Following selection in G418, cells were in-
fected with retroviruses expressing a second empty vector (pB)
or RAS, selected in puromycin, and analyzed as described
above. As described earlier, small dividing cells were observed
immediately following selection (day 0) as well as on days 5 and
11 (Fig. 5A). All cells incorporated BrdU into their DNA at
similar levels (Fig. 5B), and RAS expression led to increased
p16 levels by day 5 following infection (Fig. 5C). In addition,
RAS expression had no effect on the amount of active telom-
erase in the cell (Fig. 5D). All four cell types were continually
passaged in culture until LXSN/pB and LXSN/RAS cells
reached senescence after approximately 46 population dou-
blings following selection. Therefore, RAS expression did not

FIG. 4. Expression of RAS in extended-passage, hTert-immortalized HFFs. (A) Western blot of p16 protein in IMR90 fibroblasts, early passage
HFFs (early HFF), hTert-immortalized HFFs at 195 population doublings after selection (EP HFF), BJ fibroblasts, WI38 fibroblasts, and
extended-passage HFFs transduced with empty vector (EP HFF/pB) or a short hairpin RNA-targeting p16 (EP HFF/16-1). Actin is shown as a
loading control. (B) p16 immunofluorescence in WI38 fibroblasts, early passage HFFs (early HFF), and extended-passage HFFs expressing a
control vector (EP HFF/pB) or p16 short hairpin RNA (EP HFF/16-1). Nuclei were visualized by corresponding DAPI staining. Overall p16
protein levels from cells at the identical passages are shown in panel A. (C) pB/LXSH, pB/RAS, 16-1/LXSH, and 16-1/RAS cells were labeled with
BrdU, fixed, stained with anti-BrdU antibody, and counted. The percentages of BrdU-positive cells, relative to those of LXSN controls, are shown.
(D) pB/LXSH (BL), pB/RAS (BR), 16-1/LXSH (16L), and 16-1/RAS (16R) cells from panel C were analyzed by Western blotting on days 0, 6,
and 11. Levels of RAS, p16, and actin are shown.
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affect the life span of HFFs. hTert/pB and hTert/RAS cells
were passaged for approximately 20 additional population
doublings and showed no signs of senescence when the exper-
iment was ended.

We next determined whether RAS expression had an effect
on the ability of cells to enter quiescence in response to contact
inhibition and serum starvation. LXSN/pB, LXSN/RAS, hTert/
pB, and hTert/RAS fibroblasts were first held at confluence for
3 days in 10% serum and were then refed with medium con-
taining 0.1% serum for 3 days; finally, they were replated at
subconfluent densities in 0.1% serum. Cells were harvested for
Western blotting and labeled with BrdU and fixed for cell cycle
analysis. At the same time, a second set of cells was stimulated
to reenter the cell cycle with 10% serum and analyzed 24 h
later. All four cell populations had approximately 2% of cells
in S phase after this protocol, a result indicating that all cells
could be arrested by a combination of density and serum star-
vation (Fig. 6A). By comparison, approximately 20% of cells in
all populations were in S phase 24 h following serum addition.

Although RAS-expressing cells arrested following density
and serum starvation, RAS altered the cell cycle profiles of the
arrested cells. While 79% of the LXSN/pB control cells ar-
rested with a 2N DNA content, consistent with a G0-phase
arrest, only 56% of the LXSN/RAS cells arrested with 2N
DNA. Instead, 42% of LXSN/RAS cells arrested with a DNA
content typical of the G2/M phase compared to 19% in con-
trols, a finding suggesting that RAS expression may allow cells
to bypass G0 arrest and to instead arrest in G2/M. Surprisingly,
it appeared that expression of hTert reversed the effects of
RAS. hTert/RAS cells contained 84% of cells arrested in G0

and only 13% in G2/M, a result that was more similar to
LXSN/pB and hTert/pB cells than to cells expressing RAS
alone. An increased fraction of cells in G2/M was also observed
in normally cycling LXSN/RAS cells that had reentered the
cell cycle following serum addition; however, the differences
were more apparent following DS arrest. RAS and p16 expres-
sion was similar in all cells, regardless of whether they were
cycling (Fig. 6B). In addition, all four cell types were found to

FIG. 5. Expression of RAS in early passage HFF2 cells. (A) Early passage HFF2 fibroblasts expressing LXSN or hTert were infected with
retroviruses expressing pB empty vector or pB/RAS. Cells were photographed immediately after selection (day 0) as well as 5 and 11 days later.
(B) LXSN/pB (LB), LXSN/RAS (LR), hTert/pB (TB), and hTert/RAS (TR) cells from panel A were labeled with BrdU, fixed, stained with
anti-BrdU antibody, and counted. The percentages of BrdU-positive cells, relative to those of LXSN controls, are shown. (C) RAS, p16, and actin
protein levels were examined in cells described in panel A on days 0, 5, and 11, as indicated. (D) Telomerase activity in cells from panel A was
analyzed 14 days after selection by using the TRAPeze kit. For each cell population, 0.2 and 2 �g of protein lysate was analyzed and compared
to a buffer-alone control (�), the positive control provided with the kit (�), and 0.1 �g of HeLa extract.
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have reduced Rb, increased p130, and increased p27 proteins
following DS arrest. These changes are expected in quiescent
cells (9, 13).

Early passage RAS-expressing cells were next seeded into
soft agar and tested for their ability to grow in an anchorage-
independent manner. After 21 days in culture, both LXSN/
RAS and hTert/RAS cells formed colonies of similar size (Fig.
7A). However, hTert/RAS cells formed approximately twice as
many colonies as did LXSN/RAS cells (Fig. 7B), suggesting
that hTert contributed to anchorage-independent growth. Soft-
agar assays were initiated with cells at an early time point after
selection and with cells that had been passaged for approxi-
mately 20 population doublings, with similar results.

RAS-transformed cells can also bypass contact inhibition
and form foci in culture dishes. To determine if RAS-express-
ing HFFs could bypass contact inhibition, cells were seeded
into culture dishes and counted in triplicate on the indicated
days. All cells appeared near confluent on day 4, although a
few mitotic cells could be seen. HFFs expressing RAS alone
were similar to vector-alone controls (Fig. 7C), demonstrating
that expression of RAS alone did not allow cells to bypass
contact inhibition. Surprisingly, hTert/RAS cells were consid-
erably denser at every time point than were cells expressing
either hTert or RAS alone. Cells expressing hTert alone
reached higher densities than did controls at each time point;
however, they were always less dense than were hTert/RAS
cells and were more similar in appearance to controls than to
hTert/RAS cells (Fig. 7D). By day 13 after plating, hTert/RAS
cells did not form distinct foci but had grown in multiple layers
on top of one another and came off the plate in a sheet
following trypsin treatment. It was not possible to achieve an
accurate cell count at this time point, since hTert/RAS cells

could not easily be dissociated. This result indicated that the
hTert/RAS cells had not only bypassed contact inhibition but
also were capable of growing in the absence of adherence to a
substratum. These growth characteristics were in striking con-
trast to those of control cells and cells expressing either RAS
or hTert alone, which remained in monolayers. We observed
that all HFF lines did not easily undergo contact inhibition,
since even on day 13 mitotic cells were found in all cultures
(Fig. 7D). Experiments were repeated in cells at an early pas-
sage following selection and in cells at approximately 24 pop-
ulation doublings after selection with similar results. These
data demonstrated that although RAS-expressing HFFs have
the ability to grow in an anchorage-independent manner, co-
expression of hTert increases the frequency of colony forma-
tion in soft agar. In addition, expression of hTert was required
for RAS-expressing HFFs to bypass contact inhibition.

DISCUSSION

In this study, we examined the response of freshly isolated
HFFs to expression of RAS and demonstrated that, in contrast
to other isolates of normal cells, HFFs are resistant to RAS-
induced senescence. While RAS arrests IMR90 fibroblasts by 5
days following selection, HFFs continue to proliferate. Consis-
tent with this observation, RAS-expressing HFFs are capable
of entering S phase, have hyperphosphorylated Rb, and are
predominantly negative for SA-�-Gal expression. In addition,
these cells are capable of anchorage-independent growth—one
hallmark of transformed cells.

Experiments performed with other strains of human fibro-
blasts have demonstrated that the cyclin-dependent kinase in-
hibitor p16 is important for RAS-induced senescence. RAS

FIG. 6. Quiescence in RAS-expressing HFFs. (A) Triplicate plates of the cells described in the legend of Fig. 5 were arrested by density and
serum starvation as described in the text, labeled with BrdU, and fixed for cell cycle analysis (DS arrest). A second set of plates was stimulated
to reenter the cell cycle by the addition of 10% serum and was then harvested 24 h later (10% serum). The percentages of cells in corresponding
phases of the cell cycle are indicated; G0/G1 cells have a 2N DNA content, BrdU-positive cells are in S phase, and cells in the G2/M phase have
a 4N DNA content. (B) An additional set of plates from panel A was harvested and analyzed by Western blotting for RAS, p16, Rb, p130, p27,
and actin.
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expression activates the mitogen-activated protein kinase path-
way, which leads to induction of the Ets1 and Ets2 transcrip-
tion factors and to activation of p16 transcription (23, 31, 48).
However, in fibroblasts that carry inactivating mutations in the
p16 gene, RAS does not induce senescence and cells are able
to grow in soft agar (5, 14). Our finding that HFFs are resistant
to RAS-induced senescence is consistent with this model. Al-
though p16 levels did increase in HFFs following RAS expres-
sion, our results suggest that the level of p16 was not sufficient
to cause growth arrest. It is known that human fibroblasts vary
in their basal level of p16 expression (15), and it is therefore
likely that fibroblasts will have variable responses following
RAS expression. Similarly, the mechanism of passage-induced
senescence in human fibroblasts varies depending on p16 lev-
els. Some strains of human fibroblasts, such as WI-38 and
IMR90, express high levels of p16, and p16 limits the life span
of these cell types (15; Benanti and Galloway, unpublished
results). In contrast, strains such as BJ as well as HFFs express

lower levels of p16, and their life spans are limited primarily by
telomere length (15).

One proposed explanation for these differences between
fibroblast strains is that they are derived from different tissue
types. Both IMR90 and WI-38 cells were derived from lung
tissue, whereas BJ cells, like HFFs, were derived from neonatal
foreskin. However, the tissue of origin cannot account for the
differences in response to RAS expression. BJ cells are known
to senesce following RAS expression (39), yet HFFs do not and
are derived from the same tissue type. A more likely explana-
tion is that BJ cells, like WI-38 and IMR90 cells, have been
exposed to a greater amount of culture-induced stress when
established. In support of this supposition, early passage BJ
cells have higher levels of p16 than do HFFs (Fig. 4A) and are
sensitive to RAS-induced senescence. Freshly established
HFFs have not been exposed to prolonged stress, do not ex-
press any detectable p16, and are therefore resistant to RAS-
induced senescence. This idea is supported by our finding that

FIG. 7. In vitro transformation of RAS-expressing HFFs. (A) Cells described in Fig. 5 were seeded into soft agar at a concentration of 50,000
cells/well and fed every 4 days. Cells were photographed after 21 days. (B) Quantitation of colonies from panel A. Colonies in three representative
fields per well were counted for LXSN/pB (LB), LXSN/RAS (LR), hTert/pB (TB), and hTert/RAS (TR) cells, and the results were averaged.
Average values from triplicate wells are represented in the graph. (C) Cells from Fig. 5 were plated in six-well dishes at a concentration of 100,000
cells per well and fed every 3 days. Triplicate wells were counted on days 4, 7, and 10 after plating. Average cell numbers are indicated for LB,
LR, TB, and TR cells. (D) Photomicrographs of cells from panel C on day 13 after plating. LB, LR, and TB cells all appeared to be monolayers,
while TR cells grew in multiple layers.
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extended passaging of HFFs leads to increased levels of p16
and sensitizes cells to RAS-mediated arrest. Some evidence
suggests that this effect may be mediated by increased mito-
chondrial activity and levels of oxidative stress during passage-
and RAS-induced senescence (22, 47). It is possible that dif-
ferences in mitochondrial function will explain the variable p16
levels in different fibroblast strains.

It is noteworthy that there is much controversy concerning
the relative roles of the p16/Rb and p53/p21 pathways in RAS-
induced senescence of human fibroblasts. Although we and
others (5, 14) find that p16 is the key mediator of RAS-induced
senescence, other groups have found that both the p16/Rb and
p53/p21 pathways need to be disrupted in order to prevent
RAS-induced arrest (12, 41, 45). Moreover, a recent report
claims that disruption of p53 alone is sufficient for human
fibroblasts to bypass RAS-induced arrest (44). There are two
important factors that contribute to these differences. First, as
described above, different strains of fibroblasts have variable
levels of p16. It is likely that in cases when disruption of the
p16/Rb pathway has been required to render cells resistant to
RAS-induced arrest, cells had higher initial levels of p16. The
other major factor contributing to the differing results appears
to be whether the p53 pathway is activated following RAS
expression. Other groups have found that expression of RAS in
IMR90, LF1, and BJ fibroblasts (41, 44–46) activates the p53
pathway; however, we and others (5) see no evidence for p53
activation by RAS. The reason for this discrepancy remains
unclear. However, because the p53 pathway is not strongly
activated following RAS expression in our system, it therefore
follows that disruption of the p53 pathway would not be re-
quired to prevent RAS-mediated arrest. We believe that HFFs
have an intact p53 pathway, as p53-mediated arrest following
DNA damage has been characterized in great detail previously
(33).

In other types of human fibroblasts, disruption of the p16/Rb
pathway and expression of RAS are sufficient to induce the
ability to grow in soft agar; however, these conditions are not
sufficient to permit cells to form tumors in nude mice (5, 39).
Consistent with these reports, early passage HFFs expressing
RAS were capable of growth in soft agar. Surprisingly, we
found that hTert expression increased the frequency of soft-
agar colony formation and appeared to be required for RAS to
promote the bypass of contact inhibition. Although these cells
show characteristics of transformation in culture, it is likely
that they would not be tumorigenic in vivo. When compared to
soft-agar colonies formed by the transformed 293T cell lines
(data not shown), RAS-expressing HFFs formed relatively
small colonies. In addition, expression of RAS and hTert in
Leiden fibroblasts lacking functional p16 protein allows growth
in soft agar and the bypass of contact inhibition; however,
these conditions are not sufficient for tumorigenicity in vivo
(5). Moreover, LF1 and BJ fibroblasts expressing RAS along
with disruptions in the p16 and p53 pathways are capable of
producing small colonies in soft agar but cannot produce tu-
mors in mice (39, 46). In BJ and LF1 cells, expression of
another cooperating gene such as SV40 ST is required for cells
to be able to form tumors in vivo (12, 46), and it is likely that
this would be the case for HFFs as well.

There is a growing body of evidence supporting a role for
hTert in transformation that is independent of its ability to

lengthen telomeres and immortalize cells. Evidence from mice
that overexpress mTert in skin or cardiac myocytes argues that
forced telomerase expression can promote cell growth (10, 30),
and telomerase has been shown previously to affect transcrip-
tion of growth-promoting genes in human cells (24, 42). In
addition, human fibroblasts that are immortalized by a telom-
erase-independent mechanism are not transformed by RAS
unless hTert is also expressed (43). Early passage HFFs should
provide a good system with which to study the contribution of
hTert to transformation, since these cells proliferate for 70 to
90 population doublings in culture before telomere length be-
comes limiting. A second advantage to studying transformation
in HFFs is that the p16/Rb pathway does not need to be
inactivated to study the effects of RAS. We have found that
RAS expression affects the cell cycle distribution of HFFs but
that it does not impair the ability of cells to enter quiescence.
Moreover, coexpression of hTert modifies this cell cycle effect.
It will be of considerable interest to determine the mechanism
of these cell cycle alterations and how hTert interacts with
RAS in this setting.

In conclusion, we have shown that normal human fibroblasts
do not undergo senescence in response to RAS expression.
Our findings are also consistent with what is known about RAS
expression in vivo. Several cancer models have been developed
by generating mice that express activated alleles of RAS. The
tissues in these transgenic animals proliferate normally, sug-
gesting that RAS may not in fact induce senescence in vivo (1,
11, 16). In addition, there is no evidence that RAS can cause
senescence in human tissues. Activating mutations in RAS are
believed to be early events during the development of human
cancer (4). RAS mutations are thought to cause a burst of
hyperproliferation, allowing for clonal expansion and an in-
creased chance of acquiring additional mutations in tumor
suppressor gene pathways. If a cell were to undergo senescence
within a few population doublings after RAS activation, it
would be improbable that additional growth-promoting muta-
tions would arise and that RAS would have a tumor-promoting
effect (17). In this way, early passage human fibroblasts may be
representative of cells in vivo and provide a good system with
which to study the effects of RAS expression in human cells.
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