MOLECULAR AND CELLULAR BIOLOGY, Aug. 2005, p. 6464-6474
0270-7306/05/$08.00+0  doi:10.1128/MCB.25.15.6464-6474.2005

Vol. 25, No. 15

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Transformation of Human and Murine Fibroblasts without
Viral Oncoproteins

Jesse S. Boehm, Meghan T. Hession, Sara E. Bulmer, and William C. Hahn*

Department of Medical Oncology, Dana-Farber Cancer Institute, and Department of Medicine,
Brigham and Women’s Hospital, Boston, Massachusetts 02115; Departments of Medicine
and Pathology, Harvard Medical School, Boston, Massachusetts 02115;
and Broad Institute of Harvard and MIT,

Cambridge, Massachusetts 02139

Received 17 December 2004/Returned for modification 25 February 2005/Accepted 7 May 2005

Murine embryo fibroblasts are readily transformed by the introduction of specific combinations of onco-
genes; however, the expression of those same oncogenes in human cells fails to convert such cells to tumori-
genicity. Using normal human and murine embryonic fibroblasts, we show that the transformation of human
cells requires several additional alterations beyond those required to transform comparable murine cells. The
introduction of the ¢c-Myc and H-RAS oncogenes in the setting of loss of p53 function efficiently transforms
murine embryo fibroblasts but fails to transform human cells constitutively expressing hTERT, the
catalytic subunit of telomerase. In contrast, transformation of multiple strains of human fibroblasts
requires the constitutive expression of c-Myc, H-RAS, and hTERT, together with loss of function of the p53,
RB, and PTEN tumor suppressor genes. These manipulations permit the development of transformed
human fibroblasts with genetic alterations similar to those found associated with human cancers and
define specific differences in the susceptibility of human and murine fibroblasts to experimental

transformation.

The study of specimens derived from human tumors has
facilitated the identification of many genetic alterations critical
for cancer development. However, the karyotypes of most hu-
man epithelial cancers are characterized by widespread alter-
ations involving the amplification, deletion, and rearrange-
ment of multiple chromosomes. As the tools to perform
whole genome analysis of human tumors become available,
further progress in understanding the mechanisms that pro-
gram the initiation and maintenance of human cancers will
require increasingly sophisticated experimental models.

The use of in vitro experimental models of murine and
human cell transformation suggests that a limited set of genetic
changes cooperate to program the malignant state. For exam-
ple, the introduction of cooperating pairs of oncogenes such as
the adenoviral E1A protein and an activated allele of H-RAS
(RAS) or c-Myc (Myc) and RAS suffices to transform rodent
cells (27, 42). Experiments involving transgenic mice engi-
neered to express Myc and RAS revealed that these oncopro-
teins also cooperate in vivo to drive tumor growth (48, 50).
Loss of function of the p53 pathway facilitates murine cell
transformation induced by these introduced oncogenes (24,
32), suggesting that a small number of cooperating mutations
suffice to transform primary murine cells.

In contrast, the coexpression of Myc and RAS fails to trans-
form human cells (49), suggesting that the experimental trans-
formation of human cells requires additional changes than are
necessary to transform murine cells (36). After extended pas-
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sage in culture (22) or the expression of an activated oncogene
such as RAS (45), primary human cells cease dividing and enter
a state termed senescence (11). The overexpression of hTERT,
the catalytic subunit of human telomerase (7, 51), or the si-
multaneous inactivation of the p53 and retinoblastoma (RB)/
p16™* 44 tumor suppressor pathways (45, 47) allows some cells
to bypass senescence. Since telomere biology differs between
human and murine cells (1, 9, 26, 30, 39), these observations
suggest that telomeres and telomerase explain, in part, this
species-specific difference in cell transformation.

Recent studies from several laboratories have identified sets
of introduced genes that cooperate to transform several types
of human cells (14, 19, 29, 40, 44, 52, 56). Such experiments
provide experimental models with which to study the contri-
butions of a particular gene of interest or signaling pathway in
experimental transformation. However, since the combination
of genetic alterations required for transformation is influenced
by the specific cell types (40) and experimental systems utilized
(14, 29, 44), further studies are necessary to identify and define
combinations of genetic changes that suffice to permit trans-
formation in particular types of cells.

Here we compare the transformation of normal diploid mu-
rine and human cells and find that whereas Myc and RAS
transform murine embryo fibroblasts in the setting of loss of
p53 function, these same alterations together with the consti-
tutive expression of ATERT fail to transform human cells.
Instead, the transformation of several strains of normal human
fibroblasts requires the additional ablation of the RB and
PTEN tumor suppressor pathways. These observations identify
specific genetic differences in the experimental transformation
of human and murine cells.
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FIG. 1. Expression of hTERT fails to cooperate with the expression of DN-p53 (DD), Myc, and RAS to transform human fibroblasts.
(A) Immunoblotting to confirm expression of DD and Myc in murine and human cells. Cell lines include MEFs and TIG3, WI38, and BJ strains
of human fibroblasts expressing #/TERT. Human cells expressing hTERT, DD, and Myc are designated TDM cells. A total of 50 wg of total cell
protein (DD) or total cell lysate corresponding to approximately 2 X 10° cells (Myc) was separated on a 7.5 to 15% gradient gel (DD) or a 10%
gel (Myc) and immunoblotted for indicated proteins. (B) Expression of A”TERT and mTert in asynchronously dividing human and murine cells,
respectively. RT-PCR for introduced A”TERT or endogenous mTert was performed on total RNA (500 ng). Since asynchronously dividing cells were
used, these experimental conditions do not permit the detection of S-phase-specific A”TERT expression in human cells. (C) Induction of
RAS-induced senescence in TIG3-TDM and WI38-TDM cells. Micrographs depict nonsenescent or senescent morphology of TDM cells infected
with pBabe-Puro (pBP) or pBabe-Puro-RAS (pBP-RAS), respectively, shown at X100 magnification. (D) Immunoblotting to confirm expression
of RAS in matched MEF-DM and BJ-TDM cell lines. Immunoblotting was performed as in panel A for DD expression. (E) Assessment of p53
function. BJ-hTERT cells expressing the indicated constructs were subjected to ionizing radiation (5 Gy), labeled with BrdU, and subjected to
fluorescence-activated cell sorting. Light gray bars indicate nonirradiated cultures, and dark gray bars indicate irradiated cultures. This experiment
was performed in duplicate, and representative results are shown. (F) Micrograph demonstrating the types of colonies scored in these experiments.
Bar, 200 wm. (G) Anchorage-independent growth of MEFs expressing the indicated genes. The data are expressed as the mean * the standard
deviation (SD) of triplicate determinations. (H) Anchorage-independent growth of BJ-hTERT cells expressing the indicated genes. No significant
colony growth of any BJ-hTERT cell lines was observed after 6 weeks, compared to transformed BJ ELR cells that express " TERT, SV40 LT, ST,
and RAS (19).

MATERIALS AND METHODS

Vectors and retroviral infection. Retroviral vectors (pBabe and pWZL) (33)
were used to introduce specific genes into human and murine cells. To ensure
that human and murine cells were infected at comparable efficiency, the eco-
tropic receptor (3) was introduced into human cells by using pBabe-Zeo-EcoR.
pWZL-BLAST-Myc was created by introducing the c-Myc cDNA into pWZL-
BLAST. We introduced RAS into cells by using pBabe-Puro-RAS (45) (Fig. 1
and 2) or pBabe-HcRed-RAS (Fig. 3 to 5), which was created by replacing the
puromycin gene in pBabe-Puro-RAS with HcRed from pcDNA3.1-HcRed1 (a
gift from H. Widlund). We introduced ST into cells by using the pBabe-GFP-ST
vector. The following vectors have been described previously: pBabe-Hygro-
hTERT (13), pBabe-Neo-DD (dominant-negative allele of p53) (20) and pBabe-
Puro-DK (56), which encodes the CDK4R?*“_cyclin D1 fusion protein (DK)
(41).

To introduce short hairpin RNAs (shRNAs), we used the pMKO.1P retroviral
vector (30) and the following oligonucleotides for RB: forward, 5'-CCGGCA
GAGATCGTGTATTGAGATTCTCGAGAATCTCAATACACGATCTCTGTTT
TTG-3'; and reverse, 5'-AATTCAAAAACAGAGATCGTGTATTGAGATTCT

CGAGAATCTCAATACACGATCTCTG-3'. Similarly, we introduced the
following oligonucleotides specific for PTEN: forward, 5'-CCGGCGTATAC
AGGAACAATATTGCTCGAGCAATATTGTTCCTGTATACGC-3'; and re-
verse, 5'-AATTGCGTATAC AGGAACAATATTGCTCGAGCAATATTGTTC
CTGTATACG-3'. The sequences specific for the 3’ untranslated region
(UTR) of RB or the coding sequence of PTEN are indicated in boldface. The
puromycin resistance gene was replaced with a simian virus 40 (SV40) pro-
moter-green fluorescent protein (GFP) cassette from pBabe-GFP to create
pMKO-GFP-PTEN. Retroviruses were generated as previously described
(20). Infections were performed serially by using drug selection or fluores-
cence-activated cell sorting to purify cell populations 48 h after infection. The
drug concentrations used were as follows: zeocin, 200 wg/ml; hygromycin, 100
pg/ml; neomycin (G418), 400 pg/ml; puromycin, 1 wg/ml; and blasticidin, 2.5
pg/ml.

Cell culture. BJ cells are human diploid foreskin fibroblasts (7), WI38 and
TIG3 cells are human diploid embryonic lung fibroblasts. BJ and WI38 cells were
obtained from the American Type Culture Collection (Manassas, VA), and
TIG3 cells were obtained from the Health Science Research Resource Bank
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FIG. 2. Perturbation of the RB pathway. (A) shRNA-mediated suppression of RB in WI38-TDM and TIG3-TDM cells, as determined by
immunoblotting. (B) Expression of the cyclin D1-CDK4R**€ fusion protein (41) (DK) in WI38-TDM and TIG3-TDM cells. The CDK4-specific
antibody detects both endogenous CDK4 and exogenous DK in immunoblotting. Molecular masses in kilodaltons are shown on the right.
(C) Proliferation of WI38-TDM and TIG3-TDM cells expressing a control vector (A), shRB (®), or DK (m). For each cell line, 10* cells were
plated and counted at the indicated time points. Each point is represented as the mean = the SD of triplicate determinations. Error bars are shown
for each point; however, in some cases the symbol covers the error bars. (D) Disruption of the G,/S checkpoint by shRB. Cells expressing the
indicated genes were serum starved (1% serum) for 48 h (WI38 cells) or 24 h (TIG3 cells). Cells were stained with PI and subjected to flow
cytometric analysis. Shaded profiles indicate parallel cultures maintained in 10% serum; open profiles represent tracings derived from starved cells.
We examined the percentage of cells with 2 N DNA content under each condition to assess the capacity of the each cell population to arrest in
Gy/G, in response to starvation. The percentage of cells with 2 N DNA content (%2N) was determined by using BD CellQuest Pro software and
A2N represents the percentage change between starved and 10% serum conditions, i.e., (%2N starved — %2N serum)/%2N serum X 100. Larger
A2N values reflect cultures retaining the capacity to arrest in response to serum, while smaller A2N values reflect cell populations that have lost
the capacity to respond appropriately to starvation. (E) shRB and DK permit cells to express RAS. RAS was introduced into TIG3-TDM and
WI38-TDM cells expressing shRB or DK. Cells that expressed shRB or DK did not undergo RAS-induced senescence as in Fig. 1C but instead
proliferated with robust levels of RAS expression. (F) Suppression of RAS-induced senescence morphology in WI38-TDM cells expressing shRB
or DK. Micrographs depict cells infected with pBabe-Puro (pBP) or pBabe-Puro-RAS (pBP-RAS), respectively, shown at X100 magnification.
Similar results were observed with TIG3-TDM cells (not shown). (G) Suppression of RAS-induced proliferative arrest by shRB or DK. A total
of 10* cells were plated in triplicate at day 0 and infected with RAS-expressing virus at both day 1 and day 2. Cells were counted as in panel C
at the indicated time points. Symbols are as defined in panel C. Proliferation of WI38 cells is shown; similar results were observed with TIG3 cells
(not shown).
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(Osaka, Japan) (31). Transformed BJ cells expressing ATERT, SV40 early region
(ER) and RAS (19) are termed BJ ELR cells. BJ fibroblasts were maintained in
a 4:1 mixture of Dulbecco modified Eagle medium to M199 medium supple-
mented with 15% heat-inactivated fetal calf serum. Murine embryo fibroblasts
(MEFs) and WI38 and TIG3 cells were maintained in Dulbecco modified Eagle
medium supplemented with glutamine and 10% fetal calf serum. Proliferation
curves were generated by plating cells in triplicate in six-well dishes and counting
cells at the indicated time points using a Z1 Coulter particle counter (Beckman-
Coulter, Miami, FL). The analysis of proliferation after the introduction of
RAS-induced senescence was performed by infecting cells in six-well dishes in
triplicate and counting at the indicated time points. For irradiation experiments,
cells were treated with trypsin, exposed to ionizing radiation (5 Gy), and replated
for 48 h. To assess the cell cycle distribution of cell populations, bromodeoxyuri-
dine (BrdU; 100 wM) was added to culture media for 6 h, and cells were
costained with propidium iodide (PI; 15 nM). For cell cycle analysis, WI38 and
TIG3 cells were maintained in media containing 1% serum for 48 h (WI38) or
24 h (TIG3). To analyze AKT phosphorylation (P-AKT) status, cells were
starved in 0.1% serum overnight, followed by stimulation with 10% serum for 1 h
before lysis and immunoblotting. To determine contact inhibition, cells were
allowed to grow for 48 h after reaching confluence, followed by BrdU incorpo-
ration and PI staining as indicated above.

Immunoblotting, telomere repeat amplification protocol (TRAP), and reverse
transcription-PCR (RT-PCR). Cells were lysed in a lysis buffer containing 1.25%
NP-40, 1.25% sodium dodecyl sulfate [SDS], 12.5 mM Na,PO, [pH 7.2], 2 mM
EDTA, 50 mM NaF, 0.5 mM sodium vanadate, and 1 pellet of Complete pro-
tease inhibitor/10 ml (Roche, Indianapolis, IN). After sonication, lysates were
cleared of insoluble material by centrifugation at 16,000 X g. Proteins (50 ng)
were subjected to 7.5 to 15% gradient SDS-PAGE, followed by immunoblotting.
For the analysis of Myc protein levels, 2.5 X 10° cells were plated, incubated
overnight, washed with phosphate-buffered saline, and lysed directly on the plate
using 2X SDS sample buffer (125 mM Tris-base, 138 mM SDS, 10% B-mercap-
toethanol, 20% glycerol, bromophenol blue [pH 6.8]). Lysates were boiled for 10
min, cleared of insoluble material by centrifugation at 16,000 X g, and subjected
to SDS-10% polyacrylamide gel electrophoresis (PAGE).

We used the following antibodies: anti-p53, monoclonal antibody 421 (a gift
from M. Ewen); anti-Myc, 9E10 (Santa Cruz Biotechnology, Santa Cruz, CA);
anti-pRB, G3-245 (BD Biosciences Pharmingen, San Diego, CA); anti-RAS, c-20
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-P-AKT (Ser473), 9271 (Cell
Signaling, Beverly, MA); anti-AKT, 9272 (Cell Signaling); anti-CDK4, H-22
(Santa Cruz Biotechnology); and anti-ST (12).

To detect telomerase activity, we performed a PCR-based TRAP as previously
described (25, 30). RT-PCR was performed on total RNA (500 ng) isolated from
the indicated cell lines by using TRIzol (Invitrogen, Carlsbad, CA). h”TERT was
detected by using WH33 and AS1310 primers (Fig. 1B) (30), which amplify
retrovirally introduced ATERT, or LT5 and LT6 primers (Fig. 5A), which amplify
endogenous ATERT (35). mTert was detected by using the following primers:
5'-ACTCAGCAACCTCCAGCCTA-3" and 5'-CAGACACCACCTTGCAGAG
A-3'.

Anchorage-independent growth and tumorigenicity assays. Growth of cells in
soft agar was determined by plating 5 X 10* cells in triplicate in 0.4% Noble agar.
Colonies greater than 100 wm in diameter were counted microscopically 6 to 8
weeks after plating. For tumor xenograft experiments, immunodeficient mice
(C.Cg/AnNTac-Foxn1""""; Taconic, Germantown, NY) were used. A total of 2
% 10° cells were injected subcutaneously into mice anesthetized with isofluorane.
Tumors were measured biweekly.

RESULTS

Transformation of MEFs. Although the introduction of Myc
and RAS transforms murine cells, several lines of evidence
indicate that the expression of these oncogenes coselects for
loss of function of the p5S3/ARF tumor suppressor pathway (16,
24). To achieve murine cell transformation without selection
for spontaneous inactivation of the pS3 pathway, we expressed
a dominantly interfering allele of p53 (DD) in MEFs (Fig. 1A).
This p53 mutant stabilizes and inactivates endogenous p53
(46). We then infected DD-expressing cells serially with retro-
viruses encoding Myc or RAS, followed by drug selection to
eliminate uninfected cells. These manipulations required ap-
proximately 50 population doublings (PDs) and generated
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polyclonal populations of cells expressing these genes singly or
in combination (Fig. 1A and D).

In parallel, we also introduced DD and Myc into human
diploid fibroblasts rendered immortal by the prior introduction
of the catalytic subunit of telomerase, hTERT. To ensure that
our results were relevant beyond a single fibroblast strain, we
used three different types of human fibroblasts: TIG3 and
WI38 embryonic lung fibroblasts and BJ foreskin fibroblasts.
We used human cells constitutively expressing hTERT for
these experiments since prior work indicated that murine cells
constitutively express mTert (39) and harbor long telomeres
(26). As shown in Fig. 1B, these human and murine cells
expressed hTERT and mTert transcripts. In these experiments,
we used human cells that stably expressed the ecotropic recep-
tor to allow us to infect murine and human cells with the same
viral particles in parallel.

We infected TIG3-hTERT, WI38-hTERT, and BJ-hTERT
cells serially with control retroviruses or retroviruses encoding
DD or Myc (cells expressing hTERT, DD, and Myc are here-
after referred to as TDM) and confirmed the expression of
each of these introduced genes by immunoblotting (Fig. 1A).
We then characterized these human diploid fibroblasts for
their capacity to tolerate RAS overexpression. As expected (45,
54), the expression of RAS in human cells expressing either
hTERT alone or "'TERT and DD yielded growth-arrested cells
that displayed morphological similarity to those undergoing
RAS-induced senescence (data not shown). Expression of Myc
in BJ cells expressing A”TERT and DD permitted these cells to
avoid the growth arrest induced by the subsequent expression
of RAS and enabled us to generate a population of human cells
expressing h'TERT, DD, Myc, and RAS (Fig. 1A and D).

In contrast to what we observed with BJ fibroblasts, the
introduction of RAS into TIG3-TDM and WI38-TDM fibro-
blasts produced cells that displayed a senescent morphology
(Fig. 1C). We attempted to stain these cells for senescence-
associated B-galactosidase (3-Gal) activity but observed signif-
icant background staining in BJ, WI38, and TIG3 cells express-
ing Myc, suggesting that Myc expression alone induces
senescence-associated B-Gal activity (data not shown). These
observations confirm recent work suggesting that BJ human
fibroblasts exhibit different responses to senescence-inducing
stimuli than other strains of human fibroblasts (4). Since abun-
dant evidence indicates that expression of RAS at high levels
induces a growth arrest unless both the p53 and RB pathways
are inactivated (38, 45), these results suggest that the expres-
sion of Myc in WI38 and TIG3 cells failed to inactivate the RB
pathway sufficiently to allow high-level RAS expression. Alter-
natively, Myc expression itself or a downstream target of Myc
may have rendered the cells unable to tolerate high levels of
RAS expression.

However, using BJ-TDM-RAS fibroblasts, we investigated
the contribution of hTERT to transformation by comparing
these cells to MEF-DM-RAS cells. We first confirmed that
expression of the DD mutant inactivated the p53 pathway, by
exposing these murine and human cells to ionizing radiation (5
Gy) and determining the subsequent proliferation of these
cells by measuring the incorporation of BrdU into DNA (Fig.
1E and data not shown). The majority of cells lacking DD
entered a proliferative arrest after exposure to ionizing radia-
tion, whereas BJ-hTERT cells expressing DD (TD cells), TDM
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cells, or TDM-RAS cells continued to proliferate at similar
rates to control, nonirradiated cells. These findings provided
evidence that the expression of DD sufficed to disrupt p53
function.

We then tested these murine and human cells for their
ability to grow in an anchorage-independent manner. After 6
weeks, we counted colonies, scoring colonies larger than 100
pm (arrowheads, Fig. 1F). Although DM-RAS MEFs showed
robust colony growth in soft agar (Fig. 1G), BJ TDM-RAS
cells failed to form colonies (Fig. 1H). These results confirm
that although constitutive expression of telomerase contributes
to the immortalization of human cells, further alterations are
necessary to achieve the transformation of human fibroblasts.

Contributions of RB pathway inactivation. Since WI38 and
TIG3 human fibroblasts expressing A”TERT, DD, and Myc re-
sponded differently than BJ fibroblasts to the introduction of
RAS, we chose to study WI38-TDM and TIG3-TDM fibro-
blasts further in order to identify cooperating lesions in human
cell transformation that were not specific to a single strain of
fibroblasts. Since prior work identified the importance of RB
and p53 pathway inactivation in permitting cells to bypass
RAS-induced premature senescence, we hypothesized that in-
activation of the RB pathway in WI38-TDM and TIG3-TDM
cells should allow such cells to tolerate RAS overexpression. To
inactivate the RB pathway in human TDM-expressing cells, we
used two complementary experimental approaches. First, we
suppressed the expression of RB by generating an RB-specific
short hairpin RNA (shRB) by targeting the 3'UTR of RB.
Introduction of a retroviral vector encoding shRB into TIG3-
TDM and WI38-TDM cells stably suppressed the expression of
RB (Fig. 2A). Alternatively, we introduced a CDK4R?*“_cyclin
D1 fusion protein (DK) that is insensitive to inhibition by
p16™X44 and constitutively phosphorylates RB (41, 56) into
TIG3-TDM and WI38-TDM cells (Fig. 2B).

To determine whether expression of shRB or DK led to
functional inactivation of the RB pathway, we first determined
the effects of shRB or DK expression on the proliferation of
TDM-expressing cells (Fig. 2C). In both cell lines, cells that
expressed shRB showed little or no proliferative advantage
over cells expressing a control vector, despite lacking detect-
able RB protein. In contrast, cells expressing the DK fusion
protein proliferated more rapidly than cells expressing a con-
trol vector or shRB (Fig. 2C). These results are consistent with
recent observations that shRNA-mediated suppression of RB
fails to affect the proliferation of human fibroblasts (52).

We then determined whether expression of shRB or DK
altered the activity of the G/G, restriction point in response to
serum starvation. We exposed WI38-TDM and TIG3-TDM
cells to normal (10%) and starvation (1%) serum conditions
for 48 h (WI38) or 24 h (TIG3) and determined the cell cycle
distribution of such cells (Fig. 2D). Since cells with an intact
G,/G, restriction point arrest in response to serum starvation,
we measured the percentage increase in cells with 2 N DNA
content (A2N) under starvation conditions compared to par-
allel cultures maintained in normal conditions. We found that
unmanipulated WI38 and TIG3 fibroblasts arrest in G,/G, in
response to starvation and calculated A2N values of 35.6 and
39.3%, respectively. Similarly, we found that a high percentage
of serum-starved WI38-TDM and TIG3-TDM cells expressing
either the control vector or DK arrested in Gy/G; (A2N >
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15%) (Fig. 2D). This result suggests that the G,/G, restriction
point remains intact in cells expressing DK. In contrast, WI38-
TDM and TIG3-TDM cells expressing shRB exhibited little or
no change in the percentage of cells with 2 N DNA content
(A2N < 7.5%). Taken together, these results suggest that sup-
pression of RB expression perturbs the G,/S-phase checkpoint
and renders TIG3-TDM and WI38-TDM cells insensitive to
serum withdrawal. In contrast, cells expressing DK retain the
capacity to respond to serum starvation.

As described previously, the introduction of R4S into TIG3-
TDM and WI38-TDM cells resulted in senescent cultures (Fig.
1C). We therefore examined whether expression of shRB or
DK permitted high levels of RAS expression. Indeed, the in-
troduction of RAS into TIG3-TDM and WI38-TDM cell lines
expressing shRB or DK resulted in a population of cells ex-
pressing high levels of RAS (Fig. 2E) without morphological
evidence of premature senescence (Fig. 2F). Although the
expression of RAS in WI38-TDM cells prevented such cells
from continuing to proliferate, cells expressing either shRB or
DK continued to proliferate after the introduction of RAS
(Fig. 2G). Similar results were observed with TIG3-TDM cells
(data not shown). These observations suggest that both shRB
and DK disabled the RB pathway sufficiently to allow such cells
to bypass RAS-induced senescence. In addition, since DK-
expressing cells retained the capacity to respond to serum
starvation, our findings suggest that ablation of RB-mediated
regulation of the response to serum starvation is not required
to bypass RAS-induced senescence.

Since suppression of RB expression more closely recapitu-
lates mutations found associated with some human cancers, we
focused on examining cell lines in which we ablated RB func-
tionality by suppressing RB expression. To determine whether
TIG3-TDM-shRB-RAS or WI38-TDM-shRB-RAS cells were
transformed, we tested whether these cells were able to form
colonies in soft agar. Despite high levels of RAS expression,
neither TIG3-TDM nor WI38-TDM cells expressing shRB and
RAS showed significant anchorage-independent growth (Fig.
3B), suggesting that further alterations were necessary to trans-
form these cells.

Transformation of human embryonic fibroblasts. We and
others have shown that both the SV40 large T (LT) and small
t (ST) oncoproteins contribute to human cell transformation
(20, 59). Since the expression of shRB and RAS in TIG3-TDM
or WI38-TDM human fibroblasts failed to allow these cells to
form a significant number of colonies in soft agar, we hypoth-
esized that the expression of ST might render such cells capa-
ble of anchorage-independent growth.

To test this hypothesis, we created TIG3-TDM and WI38-
TDM cell lines that expressed shRB, RAS and ST (Fig. 3A)
and determined whether any of these cell lines were able to
form colonies in soft agar. As described above, TIG3-TDM
and WI38-TDM cells expressing shRB and RAS formed few
colonies in soft agar (Fig. 3B). In contrast, TIG3-TDM and
WI38-TDM cells expressing shRB, RAS, and ST grew in an
anchorage-independent manner (Fig. 3B) at a frequency com-
parable to transformed BJ fibroblasts expressing ATERT, LT,
ST, and RAS (BJ ELR) (19). WI38-TDM cells expressing
shRB, RAS, and ST formed quantitatively more colonies than
corresponding control cells (Fig. 3B), whereas TIG3-TDM
cells expressing shRB, RAS, and ST formed both quantitatively
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FIG. 3. ST cooperates with RAS to transform cells expressing TDM and shRB. (A) Immunoblotting for introduced genes. Suppression of RB
and expression of ST and RAS was confirmed in TIG3-TDM and WI38-TDM cell lines engineered to express the indicated proteins by
immunoblotting for indicated proteins (50 pg). BJ ELR cells were used as a positive control. (B) Anchorage-independent growth of cell lines
expressing the indicated genes, compared to BJ ELR cells. (C) Representative micrographs are shown to demonstrate colony sizes of TIG3-TDM
or BJ ELR fibroblasts expressing the indicated constructs. (D) Contact inhibition at confluence. The indicated cells were grown to confluence and
maintained for 48 h before labeling with PI. Cell cycle profiles were analyzed by using ModFit Software, and the fraction of cells in each phase
is shown as a shaded region of each bar as indicated. (E) Cell morphology. Transformed cells display an altered morphology characterized by
irregular-sized cells with a vacuolated appearance, similar to that observed with BJ ELR cells. Representative micrographs are shown depicting
TIG3 cells expressing the indicated constructs, shown at X100 magnification. Similar results were obtained with WI38 cells.

and qualitatively more colonies than control cells (Fig. 3B and
C). We note that many colonies formed by BJ ELR cells were
larger than those formed by transformed TIG3 or WI38 cells.

To assay additional phenotypes associated with the trans-
formed state, we examined whether the cells that had obtained
the capacity to grow in an anchorage-independent manner
displayed contact inhibition. TIG3 cells were grown to conflu-
ence and maintained for 48 h. Cells were costained with BrdU
and PI to assess both proliferation and the distribution of cells
in the cell cycle. In cultures expressing A”TERT and DD (TD),
we found a high percentage of cells in G,, few cells in S phase,
and low levels of BrdU incorporation (Fig. 3D and data not
shown), suggesting that these cells exhibited contact inhibition.
In contrast, the WI38- and TIG3-TDM-shRB-ST-RAS cells

incorporated BrdU at confluence and failed to arrest in Gy,
indicating that such cells were not subject to contact inhibition
(Fig. 3D and data not shown). We note that WI38 and TIG3
cells expressing TDM-shRB-ST-RAS exhibited a sub-G, (<2N
DNA) peak of DNA content at confluence, suggesting that
these cells initiated apoptosis at confluence (data not shown).

Furthermore, TIG3-TDM-shRB-ST-RAS cells displayed an
altered morphology similar to BJ ELR cells, compared to
TIG3-TD cells (Fig. 3E). Specifically, these transformed cells
were irregularly shaped and appeared vacuolated. Similar re-
sults were obtained with WI38 cells (data not shown). We
finally assessed the tumorigenic potential of the transformed
TIG3 cells by performing subcutaneous injections in immuno-
compromised mice. TIG3-TDM-shRB cells, TIG3-TDM-
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shRB-RAS cells and TIG3-TDM-shRB-ST cells failed to form
tumors (zero tumors/six injections for each cell line). In con-
trast, TIG3-TDM-shRB-ST-RAS cells formed tumors (three
tumors/six injections), albeit at a slightly reduced frequency
compared to the control BJ ELR cells (five tumors/six injec-
tions). Importantly, the short latency of tumor growth of the
TIG3-TDM-shRB-ST-RAS cells (mean, 23 days) makes it un-
likely that the observed tumor formation was due to selection
for additional lesions in vivo. In summary, these experiments
suggest that the additional expression of A”TERT, shRB, and ST
are together sufficient to render human cells expressing DD,
Myc, and RAS transformed by several criteria.

Contribution of the PI3K signaling pathway. In late-passage
human mammary epithelial cells (HMECs), constitutive acti-
vation of the phosphatidylinositol 3-kinase (PI3K) pathway
functionally replaces ST in transformation (60). This finding
suggests that ST promotes transformation of human cells by
activating the PI3K signaling pathway. To determine whether
activation of the PI3K signaling pathway also replaces ST in
the cells described herein, we expressed a short hairpin RNA
specific for the PTEN tumor suppressor gene (shPTEN) in
TIG3-TDM and WI38-TDM cells expressing shRB. We then
introduced RAS and confirmed the expression of each of the
introduced constructs by immunoblotting (Fig. 4A). Expres-
sion of shPTEN stably suppressed the expression of PTEN in
all cell lines tested (Fig. 4A).

To determine whether expression of sShPTEN also resulted
in activation of the PI3K signaling pathway, we starved TIG3-
TDM and WI38-TDM cells expressing shRB and either
shPTEN or an empty vector control overnight in 0.1% serum
and then stimulated these cells with 10% serum for 1 h. We
observed that cells expressing a control vector showed only a
low level of AKT phosphorylation (P-AKT, S473) after serum
stimulation, whereas cells expressing sStPTEN showed a more
robust level of P-AKT after stimulation (Fig. 4B). These re-
sults are reminiscent of our prior work in human mammary
and prostate epithelial cells expressing either ST or an acti-
vated allele of PI3K (6, 60).

We then tested the shPTEN-expressing cell lines for their
ability to grow in an anchorage-independent manner. WI38-
TDM cells expressing shRB, shPTEN, and RAS formed more
colonies than WI38-TDM-shRB cells but formed fewer colo-
nies than WI38-TDM cells expressing shRB, ST, and RAS (Fig.
4C). However, TIG3-TDM cells expressing shRB, shPTEN,
and RAS formed colonies at a similar rate as TIG3-TDM cells
expressing shRB, ST, and RAS (Fig. 4C). These cells also failed
to display contact inhibition at confluence (Fig. 3D and data
not shown) and displayed an altered morphology similar to
that previously described for TIG3 TDM-shRB-ST-RAS cells
(Fig. 3E). Surprisingly, we failed to observe tumor formation
by the TIG3-TDM-shRB-shPTEN-RAS cells (zero of six).
However, since the levels of RAS overexpression correlate
with the ability of cells to form tumors as xenografts (15), we
note that we were unable to generate cells that expressed RAS
at levels comparable to TIG3-TDM-shRB-ST-RAS cells (Fig.
4C). Nevertheless, these observations corroborate previous re-
sults (60) suggesting that activation of the PI3K pathway func-
tionally replaces ST in human cell transformation. Further-
more, these manipulations generated transformed human cells
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FIG. 4. shPTEN replaces ST in transformation of cells expressing
TDM, shRB, and RAS. (A) Suppression of RB and PTEN and expres-
sion of RAS were confirmed by immunoblotting. (B) Effects of
shPTEN on AKT phosphorylation. WI38-TDM or TIG3-TDM cell
lines expressing shRB (lanes 1 and 2), shRB and RAS (lanes 3 and 4);
shRB and shPTEN (lanes 5 and 6); shRB, shPTEN, and RAS (lanes 7
and 8); or shRB, ST, and RAS (lanes 9 and 10) were starved overnight
in 0.1% serum (Stim —) and then stimulated with 10% serum for 1 h
(Stim +). Immunoblotting for P-AKT and AKT was performed on
total cell lysates (50 pg). P-AKT levels were normalized to total AKT
levels by densitometry. Lane 11 represents a control cell line express-
ing high levels of activated PI3K under stimulated conditions. (C) An-
chorage-independent growth. The results are shown as the mean * the
SD for triplicate determinations.
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solely through the use of genetic alterations associated with
human tumors.

Myc activates hTERT to transform human cells. The obser-
vations described above suggest that the additional expression
of shRB, ST, and RAS are sufficient to transform human cells
expressing hTERT, DD, and Myc (TDM). Since previous re-
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ports indicated that Myc activates A”TERT (17, 18, 53, 58), we
ascertained whether the expression of Myc obviated the re-
quirement for A”TERT expression in human cell transforma-
tion.

To address this question, we generated TIG3 cell lines ex-
pressing DD, Myc, shRB, ST, and RAS (TIG3-DM-shRB-ST-
RAS cells). Introduction of Myc induced constitutive expres-
sion of A”TERT (Fig. 5A), confirming that Myc induces A/TERT
expression in human fibroblasts (53). We next determined
whether this level of endogenous hTERT induced by Myc suf-
ficed to reconstitute telomerase activity, as measured by the
PCR-based TRAP assay (25). Although we failed to detect
telomerase activity in asynchronously dividing TIG3 cells ex-
pressing DD, we found that TIG3 cells expressing Myc exhib-
ited readily detectable telomerase activity (Fig. 5B and data
not shown). Moreover, although TIG3-DM-shRB cells failed
to grow in an anchorage-independent manner, TIG3-DM-
shRB-ST-RAS cells formed colonies in soft agar at levels com-
parable to TIG3-TDM-shRB-ST-RAS cells, in which we had
introduced ATERT (Fig. 5C). In addition, such cells failed to
exhibit contact inhibition (Fig. 3D) and displayed an altered
morphology (Fig. 3E). These results confirm that Myc activates
hTERT in TIG3 cells to levels sufficient to contribute to human
cell transformation.

DISCUSSION

Although cooperating oncogenes such as Myc and RAS ef-
ficiently transform primary murine cells (27), similar attempts
to transform human cells have repeatedly failed (36, 49). We
previously reported that human cells are converted to tumor-
igenicity through the introduction of the SV40 early region,
hTERT, and RAS (19). However, since such experiments uti-
lized the LT and ST viral oncoproteins, the specific pathways
whose disruption was necessary to achieve cell transformation
remained undefined. We show here that normal human fibro-
blasts are rendered transformed by the coexpression of Myc,
RAS, and hTERT, together with the loss of function of the RB,
PTEN, and p53 tumor suppressor pathways (Fig. 6).

Previous observations indicate that several aspects of telo-
mere maintenance differ in human and murine cells. Normal
human cells only transiently express hTERT at levels that are
insufficient to maintain telomere length (1, 9, 30). In contrast,
most murine cells constitutively express telomerase (39) and
maintain telomere lengths that are 3 to 10 times longer than
those in comparable human cells (26). Thus, we hypothesized
that the capacity of Myc and RAS to transform murine cells but
not human cells might be explained by species-specific differ-
ences in telomere maintenance. However, the observations
presented here indicate that even constitutive expression of
telomerase fails to cooperate with the expression of Myc and
RAS in a setting of loss of p53 function to achieve human cell
transformation. Thus, differences in telomere biology alone do
not fully explain the differential susceptibility of human and
murine cells to transformation.

Others have reported that overexpression of Myc activates
hTERT expression in some human cells (17, 18, 53, 58). In
TIG3 cells, we confirmed that Myc expression constitutively
activates telomerase to levels that cooperate with other genetic
alterations to transform human cells. These findings corrobo-
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FIG. 5. Myc activates ATERT in human cell transformation.
(A) Detection of hTERT in Myc-expressing cells. TIG3 cells were
infected serially with DD, Myc, shRB, ST, and RAS viruses. RT-PCR
was performed on 500 ng of RNA harvested from TIG3-DM-shRB-
ST-RAS cells (Myc +) or TIG3-D cells (Myc —) by using primers
specific for endogenous ATERT. Cells did not undergo replicative
senescence. (B) Detection of telomerase activity in TIG3-DM-shRB-
ST-RAS (Myc +) cells. The PCR-based TRAP assay was performed as
previously described (25, 30). HT, heat-treated samples; 1C, TRAP
internal control. Telomerase activity was detectable in all cell lines
after the introduction of Myc (data not shown) but not in TIG3-D cells
(Myc —). (C) Anchorage-independent growth of DM-shRB-ST-RAS
cells compared to TDM-shRB-ST-RAS cells. The results are shown as
the mean = the SD for triplicate determinations.
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rate a recent report (17). Thus, although constitutive telomere
maintenance alone does not explain the difference in transfor-
mation between human and murine cells, these observations
are consistent with the notion that expression of A”TERT con-
tributes to cell transformation.

High-level expression of RAS induces senescence in both
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FIG. 6. Summary of findings. DN-p53, Myc, and RAS suffice to transform MEFs. In contrast, the additional expression of ATERT, RB-shRNA,
and either ST or PTEN-shRNA are sufficient to transform human embryonic lung fibroblasts. Alternatively, Myc activates h”TERT to levels

sufficient to permit transformation.

human and murine cells (45). However, inhibition of p53 func-
tion permits murine cells to bypass RAS-induced senescence,
whereas human cells appear to require loss of both p53 and RB
function (45). Interestingly, we found that BJ human foreskin
fibroblasts expressing A'TERT, DD, and Myc tolerated high
levels of RAS expression (Fig. 1D), whereas RAS expression in
TIG3, WI38, or MRCS human fibroblasts expressing h'TERT,
DD, and Myc elicited a senescent-like state (Fig. 1C and 2G
and data not shown). Since Myc has been reported to activate
CDK4 (23) and cyclin D2 (8), the expression of Myc may
partially disable the RB pathway. Indeed, expression of Myc in
human prostate epithelial cells induces h”TERT expression and
disables the RB pathway, permitting cell immortalization (17).
Thus, it remains possible that the levels of Myc expression in
BJ and these prostate epithelial cells sufficed to disable RB
function and permitted cells to bypass RAS-induced senes-
cence, whereas the levels of Myc expression attained in other
cell types failed to reach a threshold necessary to inactivate
RB. Alternatively, since TIG3 and WI38 fibroblasts and BJ
fibroblasts are derived from different tissues (lung versus fore-
skin) and different developmental states (embryonic versus
newborn), intrinsic differences in fibroblasts derived from
these distinct tissues may explain this difference in susceptibil-
ity to RAS-induced senescence. Consistent with this notion, it
has recently been reported that the expression level of the
cyclin-dependent kinase inhibitor p16"™%4* correlates with the
differential response of human fibroblasts to stimuli that in-
duce senescence (4, 5).

DK expression significantly increased the proliferation of
both TIG3-TDM and WI38-TDM cells and yet failed to sig-
nificantly change the capacity of these cells to respond to
serum starvation, whereas the expression of shRB failed to
increase cell proliferation but dramatically prevented such cells
from responding to serum starvation (Fig. 2C and D). TDM
cells expressing a short hairpin RNA specific for p16™&44
behaved identically to DK-expressing cells in regard to prolif-
eration and the response to serum starvation (data not shown).
Since the DK fusion protein primarily perturbs the RB path-
way at the level of p16™ 4 and the shRB construct directly
suppresses RB, these observations corroborate recent reports
that suggest that loss of function of p16™%** and loss of RB
function are not equivalent (55).

The finding that an shRNA specific for the PTEN tumor
suppressor gene was capable of replacing ST in transformation
corroborates our recent study that showed that in late-passage
HMECG:s constitutive activation of the PI3K pathway replaced
the capacity of ST to induce transformation (60). Since the
interaction of ST with the protein phosphatase 2A (PP2A)

family of serine-threonine phosphatases is required for human
cell transformation (20, 34), these observations suggest that ST
expression modulates the activity of PI3K through its effects on
PP2A. Accumulating biochemical evidence suggests that PP2A
signaling regulates the activity of the PI3K pathway (2, 57, 60).
Short-hairpin RNA-mediated suppression of PP2A regulatory
subunits or suppression of PP2A activity by treating cells with
okadaic acid induces phosphorylation of AKT (2; W. Chen, J.
Arroyo, and W. C. Hahn, submitted for publication). The rel-
evant PP2A substrate(s) that lead to activation of the PI3K
pathway are unclear but may include AKT itself or down-
stream effector molecule(s) such as p705°% (57).

Although AKT activation may be one consequence of per-
turbing PP2A function, we did not observe a strict correlation
between the absolute levels of P-AKT and the number of
colonies formed in soft agar (Fig. 4B and C). There are several
possible explanations for this observation. One possibility is
that there exists a threshold level of AKT activation sufficient
to transform human cells and that exceeding this level of AKT
phosphorylation does not further increase the capacity for an-
chorage-independent growth. Alternatively, although PI3K
pathway activation is one consequence of expressing ST in
human cells, ST perturbs other pathways which may indepen-
dently contribute to its ability to transform human cells (43).

TIG3-TDM-shRB-ST-RAS cells formed colonies in soft
agar (Fig. 3B), failed to exhibit contact inhibition (Fig. 3D),
displayed an altered morphology (Fig. 3E), and formed tumors
in immunocompromised hosts, collectively indicating that
these cells were both transformed and tumorigenic. TIG3-
TDM-shRB-shPTEN-RAS cells formed colonies in soft agar
(Fig. 4C), failed to exhibit contact inhibition (Fig. 3D), and
displayed an altered morphology (Fig. 3E) but failed to form
tumors in immunocompromised hosts. The reasons for this
observation are unclear, but previous reports suggest that tu-
mor formation depends critically on the level of RAS overex-
pression (15). Indeed, the level of RAS overexpression we
were able to achieve in TIG3-TDM-shRB-shPTEN-RAS com-
pared to control cells was significantly less than in TIG3-TDM-
shRB-ST-RAS cells compared to control cells (Fig. 3A and 4A,
compare lanes 3 and 4 in each panel). Thus, these observations
suggest that the suppression of PTEN rendered cells unable to
tolerate sufficiently high levels of RAS to allow such cells to
form tumors in immunocompromised animals.

To determine whether other alterations in the PI3K pathway
could similarly replace ST in the transformation of human
cells, we also tested the capacity of a constitutively active PI3K
allele (myr-p110a) to transform TIG3- and WI38-TDM-shRB-
RAS cells (data not shown). Although we found constitutive



VoL. 25, 2005

phosphorylation of AKT under both starved and stimulated
conditions, these cells were unable to grow in an anchorage-
independent manner (data not shown). In summary, these
observations suggest that PTEN loss and PI3K activation by
this mutant allele do not act equivalently in this system of
human cell transformation.

Although the coexpression of DD, Myc, and RAS transforms
primary murine cells, the transformation of comparable human
fibroblasts requires the additional expression of A”TERT, shRB,
and shPTEN or ST (Fig. 6). These results corroborate and
extend a recent report in which mutant LT and RAS alleles
were used to study human and murine transformation require-
ments (40). Whereas mutant LT proteins that disable only the
p53 or RB pathways cooperated with RAS to transform murine
cells, coexpression of a wild-type LT with the expression of
hTERT, ST, and RAS was necessary to transform human cells
(20, 40). Similarly, shRNAs specific for p53 and RB cooperate
with ATERT, ST, and RAS to transform BJ fibroblasts (52).
These findings suggest that LT contributes to human cell trans-
formation solely by inactivating the p53 and RB tumor sup-
pressor pathways. However, Wei et al. (56) found that deletion
of p53 by homologous recombination failed to cooperate with
DK, hTERT, RAS, and ST to transform LF1 cells, suggesting
that the manner in which p53 inactivation is accomplished also
contributes to transformation. In the studies presented here,
we used the p53 DD mutant (46), which acts in a dominant
manner to functionally inactivate the p53 pathway. Since re-
cent work indicates that specific pS3 mutations found in tumors
derived from patients with Li-Fraumeni syndrome exhibit gain-
of-function phenotypes in addition to inactivating p53 (28, 37),
it remains possible that such mutants contribute to transfor-
mation differently than DD. Nevertheless, these observations
highlight the importance of inactivation of both the p53 and
RB pathways in human cell transformation.

Murine and human cells also show divergent requirements
with respect to the downstream RAS effector pathways that
participate in transformation. Although the activation of the
Ral-GEF signaling pathway participates in the transformation
of multiple types of human cells, activation of the Raf pathway
plays a predominant role in the transformation of MEFs (21,
40). Furthermore, although transformation of human fibro-
blasts requires the activation of the Raf and Ral-GEF RAS
effector pathways, the transformation of human embryonic
kidney cells requires the perturbation of the PI3K and Ral-
GEF pathways, whereas the transformation of HMECs re-
quires the combined activation of the Raf, Ral-GEF, and PI3K
pathways (40). These observations demonstrate that different
human cell types show disparate requirements for activation of
the pathways downstream of RAS. Taken together, these stud-
ies highlight pathways that differentially govern the transfor-
mation of human and murine cells.

The studies presented here provide a strategy for the con-
struction of additional human cell lines transformed with mu-
tations found associated with human tumors. Drayton et al.
have used a complementary approach to dissect the additional
alterations that cooperate with Myc and RAS in the transfor-
mation of human cells (14). These authors used pl6™<44-
deficient cells derived from a patient harboring a homozygous
deletion in the INK4A/ARF locus (Leiden cells). Although
these cells fail to express p16"™%*A they produce a truncated
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protein that retains many functions associated with p14~RF
(10). Coexpression of A'TERT, Myc, and RAS in Leiden cells
permitted such cells to form tumors at long latency and low
frequency (14), suggesting that an additional unknown le-
sion(s) participates in tumor formation in these cells. Both
studies, however, reinforce the notion that inactivation of the
RB pathway is necessary to achieve human cell transformation.
Taken together, these studies provide a framework for study-
ing the pathways involved in malignant transformation in can-
cer-susceptible patients.

The experimental models described here suggest that similar
manipulations in specific types of human cells will permit the
development of experimental cancer cell models that recapit-
ulate particular stages of human tumors. Because cell culture
models permit the rapid generation of closely matched cell
lines that differ by the expression of single alleles, such exper-
imental models complement efforts to develop human cancer
models in mice. Moreover, these models will facilitate both
forward and reverse genetic approaches to understanding the
combinatorial associations that lead to cancer.
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