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Summary

Recent evidence suggests that human cells require more genetic changes for neoplastic transformation than do their
murine counterparts. However, a precise enumeration of these differences has never been undertaken. We have determined
that perturbation of two signaling pathways—involving p53 and Raf—suffices for the tumorigenic conversion of normal
murine fibroblasts, while perturbation of six pathways—involving p53, pRb, PP2A, telomerase, Raf, and Ral-GEFs—is
needed for human fibroblasts. Cell type-specific differences also exist in the requirements for tumorigenic transformation:
immortalized human fibroblasts require the activation of Raf and Ral-GEFs, human embryonic kidney cells require the
activation of PIBK and Ral-GEFs, and human mammary epithelial cells require the activation of Raf, PI3K, and Ral-GEFs.

Introduction

Much of our current understanding of how cell transformation
occurs in human tissues derives from studies undertaken in
rodent cells. However, emerging evidence has begun to indicate
fundamental differences in the behavior of rodent and human
cells, specifically in certain biological traits relevant to the trans-
formation process. For example, whereas prolonged culturing
of mouse embryonic fibroblasts (MEFs) under regular culture
conditions results in their spontaneous immortalization, compa-
rable treatment of human fibroblasts leads instead to replicative
quiescence. Furthermore, introduction of combinations of onco-
genes such as E1A+Ras or myc+Ras readily induces transfor-
mation of primary rodent cells, while introduction of the same
combination of oncogenes fails to transform primary human
cells (Hahn and Weinberg, 2002a; Rangarajan and Weinberg,
2003). These observations indicated that mouse and human
cells indeed have quite distinct requirements for cellular trans-
formation.

We have previously found that the introduction of three
genetic elements—specifically, the SV40-early region (encoding
both the LT and small T antigens, which together inactivate p53,
pRb, and some activities of protein phosphatase 2A), a gene
encoding the hTERT catalytic subunit of the human telomerase
holoenzyme (which helps to maintain the telomeric ends), and
a gene specifying an oncogenic allele of Ras (which provides
both mitogenic and survival signals)—causes a variety of normal

human cell types to undergo transformation to a tumorigenic
state (Hahn et al., 1999; Hahn and Weinberg, 2002b). These
observations further substantiated that human cell transforma-
tion requires perturbation of several additional pathways beyond
those required for murine cell transformation.

We subsequently demonstrated that the functions of SV40
LT oncoprotein in these experiments can be phenocopied by
using a dominant-negative oligomerization mutant of p53 and
an INK4a-resistant mutant of CDK4 plus overexpressed cyclin
D1 (Hahn et al., 2002). More recently, short-interfering (siRNA-
mediated suppression of p53 and pRb has been shown to re-
place LT in similar experiments (Voorhoeve and Agami, 2003).
Taken together, these data indicate that LT contributes to exper-
imental human cell transformation primarily through its actions
on p53 and pRb. The precise mechanistic functions of the SV40
ST oncoprotein in this process have remained unclear. However,
it has been shown very recently that the ST oncoprotein may
exert its oncogenic potential by preventing dephosphorylation
of c-Myc, thereby resulting in c-Myc stabilization (Yeh et al.,
2004).

Signaling by the Ras oncoprotein itself activates multiple
downstream signaling pathways (Campbell et al., 1998), and
differing requirements for the activation of these Ras “effector”
pathways have also been reported (Shields et al., 2000). More
specifically, the three major Ras-downstream effectors known
to have important functions in Ras-mediated transformation are
Raf, PI3K, and the Ral guanine nucleotide exchange factors

SIGNIFICANCE

Substantial differences exist in the requirements for the transformation of rodent cells compared to human cells. The 6 changes
required for the experimental transformation of cultured human fibroblasts, when compared with the 2 required by mouse fibroblasts,
as described here, are likely to be reflected in the complexities of multistep tumor progression in the two species. This, in turn, may
affect the ability of certain rodent models of carcinogenesis to accurately mimic tumorigenesis in humans. Furthermore, the differing
requirements for transformation of different human cell types—fibroblasts, embryonic kidney cells, and mammary epithelial cells—
suggests that their intrinsic biological differences must be taken into account when attempting to exirapolate transformation mecha-

nisms of one cell type to those governing others.
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(Ral-GEFs) (Shields et al., 2000). While sole activation of the
Raf pathway has been shown to suffice for Ras-mediated trans-
formation of NIH3T3 immortalized mouse fibroblasts (Campbell
et al., 1998; Rodriguez-Viciana et al., 1997), activation of this
pathway alone did not transform immortalized human BJ fibro-
blasts, MCF-10A human breast epithelial cell lines, or RIE rat
intestinal epithelial cells (Hamad et al., 2002; Shields et al., 2000;
Oldham et al., 1996). These data suggest that both species-
and/or cell type-specific differences are likely to exist in the
requirements of Ras-pathways for transformation.

While various studies indicate the existence of differences
in the mechanisms of transformation of mouse and human cells,
none has systematically enumerated these differences. Some
studies have compared cells of the two species at different
ages, such as adult cells from one species versus embryonic
cells from the other. Yet other studies have been undertaken
using different cells originating in different tissues, such as fi-
broblasts of one species versus epithelial cells of the other
(Drayton et al., 2003; Hamad et al., 2002; Oldham et al., 1996).
Moreover, different experimental methods have been employed
to introduce foreign genes.

In the present study, we have attempted to overcome many
of these limitations. To do so, we have employed fibroblasts
originating from the same tissue compartment and of compara-
ble developmental ages in the two species. We also explored
the requirements for transforming human cells derived from
distinct cell lineages. These studies indicate substantial differ-
ences in the genetic elements required for cell transformation
in the two species and from different tissue compartments and
suggest possible limitations of some rodent experimental sys-
tems for modeling human cancer pathogenesis.

Results

Species-specific differences regulate immortalization

In order to compare murine and human cellular requirements
for transformation in a well-controlled way, we obtained very
early passage human dermal fibroblasts from newborn foreskin,
hereafter referred to as hFS fibroblasts. To obtain tissue- and
developmental stage-matched murine fibroblasts, we prepared
dermal fibroblasts from the skin of newborn (day 3) male pups
of the C57/BL6 inbred mouse strain, which we term mNBS
fibroblasts. Since the restricted replication potential of human,
but not murine, primary cells in vitro has been suggested to
represent a barrier to immortalization and transformation (New-
bold et al., 1982; Sager, 1991), we first compared the in vitro
long-term growth properties of these two types of cells.

In keeping with prior observations made with mouse embry-
onic fibroblasts (MEFs) (Todaro and Green, 1963), mNBS fibro-
blasts grown in standard tissue culture conditions showed a
widespread senescence-like phenotype (enlarged, flattened
morphology) and associated acidic B-galactosidase enzyme ac-
tivity by passage 6 (Figure 1A). After passage 8 (P8), however,
clones of spontaneously immortalized mouse fibroblasts began
to emerge (Figure 1B). In contrast, and also consistent with
previous observations (Hayflick and Moorhead, 1961), hFS fi-
broblasts proceeded to proliferate until passage 53 (P53), when
they first showed signs of widespread replicative senescence
(Figure 1). The senescent hFS fibroblasts remained in this
growth-arrested state for prolonged periods of time (up to six

months) without generating any spontaneously immortalized
clones.

Since introduction of the gene encoding the catalytic subunit
of human telomerase (hTERT) into presenescent human BJ der-
mal fibroblasts has been shown to bypass replicative senes-
cence and cause immortalization (Vaziri and Benchimol, 1998),
we introduced a retroviral vector expressing hTERT into hFS
fibroblasts. In agreement with prior observations, introduction
of hTERT rendered hFS fibroblasts immortalized, as they contin-
ued to proliferate beyond P70 without any signs of growth retar-
dation (Figure 1B). In contrast, ectopic expression of mTERT
into presenescent mouse fibroblasts did not prevent their early
entrance into senescence (Figure 1B), despite the induction of
greatly enhanced telomerase activity (data not shown). Thus,
the mechanisms controlling entrance into senescence of human
and mouse cells in culture appeared to be quite different, in
that one was prevented by ectopic telomerase expression while
the other was not.

Escape from Ras-induced senescence

Although oncogenic Ras mediates transformation of immortal-
ized MEFs, its expression in either primary MEFs or human
primary fibroblasts has been shown to cause a senescence-
like growth arrest (Serrano et al., 1997). The p53 and pRb tumor
suppressor pathways have been shown to be intimately involved
in regulating this form of senescence; they are in turn regulated
by the Arf and Ink4a proteins, respectively, both of which are
encoded by the Ink4a/Arf locus (Sherr, 2001). MEFs lacking Arf
or p53 (Harvey et al., 1993; Kamijo et al., 1997), but not Ink4a
or Rb (Krimpenfort et al., 2001; Sage et al., 2000; Sharpless et al.,
2001), have been reported to evade Ras-induced senescence,
whereas adult human fibroblasts lacking functional Ink4a (Huot
et al., 2002), but not p53 (Wei et al., 2001), avoid Ras-induced
senescence. This suggests that the p53 pathway plays a central
role in regulating Ras-induced senescence of murine cells, while
the Rb pathway appears to play the predominant role in human
cells. Since escape from Ras-induced senescence is likely to
be essential for Ras-mediated cell transformation, we sought
to determine the respective roles of these two pathways in side-
by-side comparisons of mMNBS and hFS fibroblasts.

To do so, we introduced retroviral vectors encoding SV40
LT cDNA and its mutant derivatives into these two cell types.
Wild-type LT binds to and inactivates both p53 and the family
of “pocket proteins” (i.e., pRb, p107, and p130). Its mutant
derivative LTK1 binds and inactivates only p53, while another
mutant form LTA434-444 binds and inactivates only the pocket
proteins (Hahn et al., 2002). We assessed the functional efficacy
of the LT K1 mutant by measuring the p53-dependent upregula-
tion of p21 protein in response to DNA damage, and that of
LTA434-444 by measuring E2F-activity in confluent cultures,
and found it to be comparable in both mouse and human cells
(data not shown).

Since primary human fibroblasts differ from their murine
counterparts in that they lack readily detectable endogenous
telomerase expression and activity, we reasoned that we should
compare the requirements of primary hFS fibroblasts expressing
ectopic hTERT and primary mNBS fibroblasts to escape Ras-
induced senescence.

We infected early passage primary mNBS fibroblasts with
retroviruses specifying the cDNAs of LT, LTK1, or LTA434-444,
or alternatively with control retroviruses. Parallel cultures of early
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Figure 1. Senescent and immortalization pheno-
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passage hFS fibroblasts were serially infected with one of the
LT-encoding retroviruses followed by hTERT-encoding retrovi-
rus, and drug-resistant clones were selected. The resultant cells
were subsequently infected with a retrovirus specifying onco-
genic V12 H-Ras (hereafter referred to as Ras) or a control
retrovirus, and drug-resistant colonies were then selected. The
passage number of these cells following infection with Ras-
encoding or corresponding control retrovirus is denoted as P’.

Immunoblot analysis was performed at P’1 to confirm ex-
pression of both LT and Ras proteins (Figure 2A). Very low
protein levels of the LTA434-444 protein were detected in both
murine and human cells, consistent with prior observations indi-
cating that mutations in this domain of the protein render the
protein product metabolically unstable (Tevethia et al., 1988).
Introduction of the Ras-encoding vector resulted in a >10-fold
elevated oncogenic Ras expression compared to endogenous
Ras expression levels in both mouse and human cells (Fig-
ure 2A).

Like WT-MEFs (Serrano et al., 1997), primary mNBS fibro-
blasts succumbed to Ras-induced senescence at P'2 following
Ras infection and drug selection. These cells scored positive
for senescence-associated B-galactosidase (SA-B-gal) activity,
whereas control retrovirus-infected cells did not (Figure 2B, left
panel). Similar to MEFs derived from Arf 7~or p53~'~ embryos,
the LTK1-expressing mNBS fibroblasts escaped Ras-induced
growth arrest (Figure 2B). It has previously been shown that
MEFs obtained from Ink4a~/~ or pRB~'~ embryos fail to recover
from Ras-induced growth arrest (Krimpenfort et al., 2001; Sage

200 300

Days

hFS Fibroblasts

et al., 2000; Sharpless et al., 2001). However, we observed that
LTA434-444-carrying murine cells also escaped Ras-induced
growth arrest, consistent with the behavior of triple knockout
MEFs (i.e., pRb™~, p130~'-, p107~"") (Sage et al., 2000). Taken
together, these observations indicate that inactivation of either
p53 or the Rb family of pocket proteins enables murine fibro-
blasts to evade Ras-induced senescence.

Consistent with prior reports (Wei and Sedivy, 1999), Ras
induced the senescence of hTERT-immortalized hFS fibro-
blasts, as assessed by change in morphology and SA-B3-galac-
tosidase activity (Figure 2B, right panel). It has been shown
previously that inactivation of either p53 or pRb alone is not
sufficient to overcome Ras-induced senescence in human fi-
broblasts (Serrano et al., 1997), whereas inactivation of both of
these pathways allows escape from this growth arrest (Hahn et
al., 2002). In consonance with these results, we observed that
the hTERT- and LTK1- or LTA434-444-expressing fibroblasts
showed senescence-like responses at P’2 following introduc-
tion of the ras oncogene, whereas LT-WT-expressing cells es-
caped (Figure 2B). However, by P’4, the LTK1 and LTA434-444
cultures that contained a high proportion of senescent cells
spontaneously gave rise to colonies of Ras-tolerant cells (Figure
2B, right panel). Immunoblot analysis confirmed that these colo-
nies continued to express greater than 10-fold elevated levels
of oncogenic Ras compared to endogenous Ras (Figure 2C).
Furthermore, immunoblot analysis revealed elevated expression
levels of Ink4a in LTK1-expressing cells following Ras infection,
indicating that Ink4a downregulation did not play a role in the
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Figure 2. Effects of different LT mutants on Ras-induced senescence

A: Immunoblot analysis of large T antigen (LT) and Ras proteins expressed in mNBS and hFS fibroblasts. Primary fibroblasts were serially infected with
refroviruses specifying the different LT forms (LTK1, LTA434-444 [lacking either the pRb or p53 binding domains, respectively], LT-WT, or SV40-ER [the cDNA
or genomic forms of large T antigen, respectively]), hTERT (in the case of hFS fibroblasts), and oncogenic Ras (Ras) or confrol viruses (V). The passage
number of cells following introduction of Ras or corresponding control vector is designated as P’. Represented immunoblot analysis was undertaken
at P'1.

B: Phase contrast or bright-field images of histochemical staining for SA-B-galactosidase activity in mNBS and hFS fibroblasts. Primary fibroblasts expressing
the different LT forms (LTK1, LTA434-444, or LT-WT), hTERT (in the case of hFS fibroblasts), and oncogenic Ras (Ras) or control vector (V) were stained at P'2
and P’4. Scale bar = 250 pm.

C: Immunoblot analysis of Ras expressed in hFS fibroblasts. hTERT-expressing cells infected with a control retrovirus (V) or a retrovirus encoding oncogenic
Ras were analyzed at P’6, and different forms of LT antigen (LTK1 or LTA434-444) plus hTERT-expressing cells infected with a refrovirus encoding oncogenic
Ras were analyzed at P'4.

D: Immunoblot analysis of endogenous Ink4a expressed in hFS fibroblasts. hTERT-expressing cells infected with a control retrovirus (V) or a retrovirus encoding
oncogenic Ras were analyzed at P’'1, and LTK1 (the mutant form of LT which does not bind pRb) plus hTERT-expressing cells infected with a retfrovirus
encoding oncogenic Ras were analyzed at P'1 and P’4.

emergence of Ras-tolerant clones in LTK1-expressing cells (Fig-
ure 2D). These results are consistent with a recent study demon-
strating that siRNA-mediated suppression of p53-expression in
human BJ-hTERT fibroblasts enabled them to escape from Ras-
induced senescence (Voorhoeve and Agami, 2003).

By P’6, clones of cells began to emerge even from hFS-

hTERT plates infected with Ras; nevertheless, Western blot
analysis revealed that these cells expressed low levels of ectopic
Ras compared to cells at P’1 (Figures 2A and 2C), suggesting
the selection of clonal outgrowths of cells that managed to shut
down Ras expression deriving from the retroviral vector. Taken
together, these data demonstrated that in both hFS-fibroblasts
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(expressing hTERT) and primary mNBS fibroblasts, the pres-
ence of either LTK1 or LTA434-444 enables escape from Ras-
induced senescence, indicating that inactivation of either p53
or Rb-family proteins (pRb, p107, and p130) alone suffices to
enable escape from Ras-induced growth arrest in these human
cells. Thus, both mouse and human neonatal dermal fibroblasts
have essentially identical requirements for tolerating oncogenic
Ras-expression.

Requirements of SV40 functions

for Ras-mediated transformation

We next determined the transformation-related phenotypes of
these Ras-expressing cells. Oncogenic Ras enabled mNBS fi-
broblasts expressing LTK1, LTA434-444, or WT LT to form large
and robust colonies in soft agar with comparable efficiencies
(Figure 3A), while the empty vector-containing cells failed to
generate any colonies. Furthermore, when injected into mice
subcutaneously, all cell types that generated anchorage-inde-
pendent colonies also formed tumors in vivo with comparable
growth kinetics (Figure 3B). Thus, consistent with prior observa-
tions demonstrating that MEFs derived from p53- or pRb/p107/
p130 null mice (Sage et al., 2000) can be transformed by onco-
genic Ras, our results demonstrated that inactivation of either
p53 or the family of pRb-related pocket proteins is sufficient
for Ras-mediated tumorigenesis of primary mouse fibroblasts.

Ras+ST Ras+ST

hFS Fibroblast

2500, MNBS Fibroblast

o
LTK1+hTERT+Ras (319) > §()

(=]

Figure 3. Anchorage-independent growth and
tumorigenicity of Ras-expressing mNBS and hFS
fibroblasts

A: Soft agar colony formatfion of mNBS (left
panel) and hFS fibroblasts (right panel). Cells ex-
pressing different forms of the LT antigen, onco-
genic Ras (Ras) or vector control (V), and hTERT =
ST (in the case of hFS fibroblasts) were analyzed.
Figure shows representative photomicrographs
of colonies generated by mNBS cells seeded at
1 X 10* cells/plate and hFS cells seeded at 5 X
10* cells/plate. Scale bar = 500 pm; last panel,
100 pm.
B-D: Tumor growth curves formed by mNBS and
hFS fibroblasts. 2 X 10¢ cells were injected subcu-
taneously into nude mice and tumor growth was
monitored. Graphs represent growth curves of
tumors formed by mNBS fibroblasts overexpress-
ing different forms of LT antigen (LTK1, LTA434-444,
or LT-WT) and oncogenic Ras (open symbols) or
control vector (filled symbols, represented by @)
(B). Growth curves of tumors formed by hFS fi-
broblasts overexpressing SV40-ER+hTERT+onco-
genic Ras (<), or different forms of LT antigens
(LTK1, LTA434-444, or LT-WT), hTERT, and onco-
genic Ras or control vector (represented by @)
(C). Growth curves of tumors formed by mNBS
fibroblasts expressing either LT-WT (O, the cDNA
form of LT) or SV40-ER (<, the genomic fragment
of SV40 that specifies both LT and ST), and onco-
genic Ras (open symbols) or confrol vector (filled
gy o symbols, represented by @) (D). In all tumor
growth curve experiments, the error bars repre-
sent mean tumor volume + SEM. The numbers in
parenthesis indicate number of tumors formed/
number of injection sites.
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Additional expression of mTERT did not further the transformed
phenotype of these cells (data not shown).

In the same experiment, however, Ras failed to elicit efficient
colony formation from hFS human fibroblasts expressing LTK1,
LTA434-444, or LT-WT, together with, in all cases, hTERT (Fig-
ure 3A). Very small, microscopic clumps containing 5-10 cells
were observed at a very low frequency compared to vector
control cells (data not shown). These cells also failed to form
tumors in mice (Figure 3C), indicating that inactivation of p53
or Rb family members alone or in concert is not sufficient for
Ras-mediated transformation of human fibroblasts, even in the
presence of ectopically expressed hTERT.

We have previously demonstrated that hnTERT-immortalized
human BJ fibroblasts require the additional actions of the small
T (ST) oncoprotein, along with loss of pRb and p53 functions,
to undergo Ras-mediated transformation (Hahn et al., 2002).
To test whether hFS fibroblasts also required ST functions for
transformation, we serially introduced the SV40-early region
(which encodes both LT and ST; henceforth SV40-ER), hTERT,
and oncogenic ras into primary hFS fibroblasts. We additionally
introduced a retroviral vector encoding the cDNA version of ST
in trans in cells already expressing LTK1, LTA434-444, or LT
together with hTERT. The resultant drug-resistant cells were
subjected to transformation assays.

As anticipated, hFS fibroblasts expressing SV40-ER+
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hTERT +Ras formed robust colonies in soft agar (Figure 3A) and
also generated tumors when injected subcutaneously into nude
mice (Figure 3C). We observed that the SV40-ER-encoding ret-
rovirus resulted in higher expression of the LT oncoprotein
compared to the LT cDNA-encoding retrovirus (Figure 2A). Also,
ST-expressing human fibroblasts expressed higher levels of Ras
oncoprotein compared to non-ST expressing fibroblasts (Figure
2A). Nonetheless, introduction of ST in trans in hFS fibroblasts
already expressing LT-WT+hTERT+Ras resulted in efficient
colony formation (Figure 3A) and tumor growth (in all 6 out of
6 injections), thus confirming the essential role of ST in this
transformation.

In the same experiment, introduction of ST in both LTK1
and LTA434-444 plus hTERT-expressing hFS cells resulted in
the generation of small and abortive colonies in contrast to the
large and robust colonies formed by SV40-ER+hTERT+Ras
expressing cells (Figure 3A). These ST-expressing cells also
failed to form tumors in mice (in all 6 out of 6 injections), demon-
strating that even though inactivation of either p53 or pRb-family
is sufficient to escape from Ras-induced growth arrest, neither
of these changes, on its own, suffices for transformation to a
tumorigenic state.

Together, these experiments demonstrated clearly that
human fibroblasts require the inactivation of both p53 and pRb-
family plus expression of hTERT, ST, and Ras, whereas inactiva-
tion of either p53 or pRb-family members suffices for Ras-
mediated transformation of murine fibroblasts. Accordingly, five
alterations were required to transform human fibroblasts, while
two were required for their murine counterparts.

Immortalized human fibroblasts require activation

of Raf and Ral-GEFs for tumorigenic transformation

While acquisition of a mutant ras allele or introduction of a
ras oncogene represents a single genetic alteration, the Ras
oncoprotein that results actually controls a number of distinct
downstream signaling pathways (Campbell et al., 1998; Shields
et al.,, 2000). We therefore sought to dissect the respective
contributions of these effector pathways to Ras-mediated trans-
formation of mouse and human cells. The three Ras effector
pathways known to play major roles in cellular transformation
have been shown to involve the Raf, PI3K, and Ral-GEF proteins
(Shields et al., 2000). In order to explore which of these pathways
is required for transformation of mouse and human fibroblasts,
we employed effector-loop mutants of oncogenic Ras (Rodri-
guez-Viciana et al., 1997). These mutants are single amino-
acid substitutions in the effector loop domain of oncogenic V12
H-Ras that cause each of them to preferentially activate only
one of the three above-mentioned effector pathways. Thus, the
V12H-Ras™® mutant binds and activates Raf, but not PI3K or
Ral-GEF, the V12H-Ras®™’¢ mutant binds and activates only Ral-
GEFs, and the V12H-Ras'¥® mutant binds and activates only
PI3K (Rodriguez-Viciana et al., 1997). These mutants of onco-
genic Ras are hereafter referred to as S35, G37, and C40 respec-
tively.

The cDNAs specifying these various Ras mutants were intro-
duced into LT-expressing cultures of mNBS fibroblasts and
SV40-ER+hTERT-expressing hFS fibroblasts. Polyclonal popu-
lations of cells expressing the various Ras mutants were found
to express levels of H-Ras oncoprotein comparable to those
expressing oncogenic Ras with a wild-type effector domain

(Figure 4A). Specific activation of downstream pathways by
different Ras effector mutants was verified as described in Fig-
ure 5 (data not shown).

We proceeded to determine which of these cell populations
were capable of anchorage-independent growth. In contrast to
control vector cells, mNBS fibroblasts expressing the S35 Ras
mutant and LT formed colonies with maximum efficiency,
whereas cells expressing G37 or C40 plus LT generated only
afew, very small colonies (Figure 4B). When injected subcutane-
ously into nude mice, the S35-expressing cells generated tu-
mors in 8 out of 9 injections, albeit with a slightly increased
latency compared to cells expressing oncogenic Ras bearing
a wild-type effector domain (Figure 4C). The G37-expressing
cells failed to initiate any tumors, while only 1 out of 9 injections
of the C40-expressing cells generated a small tumor. These
observations indicate that activation of the Raf pathway alone
suffices for both anchorage-independent growth and in vivo
tumorigenicity of LT-immortalized mouse primary fibroblasts,
consistent with prior studies performed in spontaneously im-
mortalized NIH3T3 MEFs (Campbell et al., 1998; Rodriguez-
Viciana et al., 1997).

In contrast, none of the Ras effector loop mutants, when
expressed on its own, induced robust colony formation by
SV40-ER+hTERT-expressing human fibroblasts, although a low
number of small colonies was observed in cells expressing C40
when compared to vector control cells (Figure 4B). These results
contrast with those described in a recent report demonstrating
the ability of SV40-ER+hTERT-immortalized human BJ fibro-
blasts expressing only the G37 mutant to efficiently form anchor-
age-independent colonies (Hamad et al., 2002). The reasons
for this discrepancy are unknown. On the basis of our experi-
ments, we conclude that activation of any one of the three major
Ras effector pathways, on its own, is insufficient to mediate
efficient anchorage-independent colony formation by SV40-
ER+hTERT-expressing hFS fibroblasts.

We next determined whether concurrent activation of any
two Ras-downstream pathways might cooperate in the transfor-
mation of human fibroblasts. To do so, we generated SV40-
ER+hTERT-expressing hFS fibroblasts carrying pairs of Ras
mutants (S35+G37, S35+C40, or G37+C40) by introducing a
second Ras effector mutant expressed by a retroviral vector
encoding a different drug resistance marker. The expression
levels of Ras and Ras mutants generated by this vector were
tested and found to be similar to those expressed in the previous
experiments from a different retroviral vector (data not shown).

We observed that the pairwise expression of S35+G37 and
S35+C40 into human fibroblasts enabled efficient colony for-
mation, although not as robust as those induced by oncogenic
Ras bearing the wild-type effector domain (Figure 4B). In con-
trast, the combination of G37+C40 failed to generate robust
colonies. When injected into nude mice, however, only those
cells expressing the combination of S35+G37 formed tumors
in vivo, albeit with an increased latency when compared with the
tumors induced by oncogenic Ras bearing a wild-type effector
domain (Figure 4E). Cells expressing G37 +C40 formed 1 tumor
out of 9 injections with a further increased latency. Taken together,
these results demonstrate that SV40-ER-+hTERT-immortalized
human fibroblasts specifically require the activation of Raf and
Ral-GEF pathways for tumorigenicity, while activation of Raf alone
was sufficient for transforming LT-immortalized murine fibro-
blasts.
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Figure 4. Requirements of Ras pathways for
fransforming mNBS and hFS fibroblasts

A: Immunoblot analysis of Ras protein expression
in MN