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The immortalization of human cells is a critical step in multistep carcinogenesis. Oral-esophageal
carcinomas, a model system to investigate molecular mechanisms underlying squamous carcino-
genesis, frequently involve cyclin D1 overexpression and inactivation of the p53 tumor suppressor.
Therefore, our goal was to establish the functional role of cyclin D1 overexpression and p53 inacti-
vation in the immortalization of primary human oral squamous epithelial cells (keratinocytes) as an
important step toward malignant transformation. Cyclin D1 overexpression alone was found to
induce extension of the replicative life span of normal oral keratinocytes, whereas the combination
of cyclin D1 overexpression and p53 inactivation led to their immortalization. This study also demon-
strates that immortalization of oral keratinocytes can be independent of telomerase activation,
involving an alternative pathway of telomere maintenance (ALT).

J. Clin. Invest. 108:725-732 (2001). DOI:10.1172/JCI1200111909.

Introduction

Oral-esophageal squamous epithelial cells share major
structural and functional features with the well-char-
acterized skin keratinocyte systems and provide a good
model to study basic keratinocyte biology as well as
processes of immortalization and malignant transfor-
mation. Keratinocytes undergo an exquisite program
of proliferation and differentiation in vivo. Insights
into underlying molecular mechanisms in oral-
esophageal keratinocytes have been gained through in
vitro and in vivo models (1, 2).

Normal or primary keratinocytes display a restricted
replicative life span in cell culture. Those cells initially
proliferate but eventually enter a state of permanent
growth arrest, called replicative senescence (3), which is
clearly distinct from terminal differentiation. Senes-
cence is accompanied by several genetic changes includ-
ing an increase in expression of several inhibitors of
cyclin-dependent kinases (cdk’s), as well as telomere
shortening (4, 5). It has been suggested that senescence
forms a barrier against tumorigenesis and that acqui-
sition of the ability to proliferate an unlimited number
of times, termed immortalization, is an essential step

in the malignant transformation of normal cells (6).
Tumor cells escape this growth control checkpoint and
therefore can provide some insight into the mecha-
nisms involved in the pathway from senescence to
immortality. Furthermore, some of the most common
known genetic changes in cancer development, such as
the inactivation of the p53 and pRb pathways, play a
critical role in cellular immortalization (7). As a sepa-
rate consideration, cell culture conditions may con-
tribute to immortalization (8).

In addition to changes in oncogenes and tumor sup-
pressor genes, the gradual loss of DNA from the ends of
telomeres has been implicated in the control of the pro-
liferative potential of cells (9). Shortened telomeres at a
critical length are thought to provide the signal to acti-
vate the program of cellular senescence. Telomerase is an
enzyme that restores telomeric DNA sequences, and
expression of its activity is thought to be involved in
immortalization of human cells in vitro and eventually
tumor progression in vivo (10). Telomerase activity has
been detected in the majority of different tumor types,
including oral squamous cell carcinoma (11). Presenes-
cent human cells lack telomerase, and ectopic expression
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of hTERT (the catalytic subunit of telomerase) in prese-
nescent human fibroblasts or retinal pigment epithelial
cells was found to immortalize these cell types (12). By
contrast, it has been shown that ectopic expression of
hTERT is not sufficient to immortalize normal human
epithelial cells and that additional loss of the
pRb/p16(INK4a) cell cycle control is required (13, 14).
Generally, one can also bypass senescence through inac-
tivation of the pRb and p53 tumor suppressor pathways,
e.g., by SV 40 large T antigen (15). Such cells remain
telomerase negative and eventually enter crisis charac-
terized by cell death. Activation of telomerase will permit
such cells with critically short telomeres to become
immortal. Therefore, the most common method to gen-
erate immortalized cells is with oncogenic viruses such
as SV 40 or human papillomavirus (HPV) (16, 17).
Recently, it has been demonstrated that telomerase can
cooperate with SV 40 T antigen and ras to induce malig-
nant transformation in normal human cells (6, 18).

Overexpression of the cyclin D1 oncogene is associat-
ed with human cancer and is the most common genetic
alteration in human oral-esophageal squamous cell car-
cinomas (19, 20). Furthermore, cyclin D1 induces dys-
plasia in the oral-esophageal epithelia of transgenic mice
(21). Cyclin D1 associates with cdk 4 and 6, and the com-
plex phosphorylates and inactivates pRb; inactivating
mutations of pRb are not observed in oral-esophageal
squamous cell carcinomas. By contrast, p53 mutations
are frequently found in oral-esophageal cancer. Further-
more, p53 is inactivated in a high proportion of oral dys-
plastic lesions, implicating a role in the initiation of
immortalization in this cell type (22). Following these
patterns of genetic events seen during in vivo tumor
development, we sought to identify the role of cyclin D1
overexpression and functional pS3 inactivation in the
immortalization of human oral squamous epithelial
cells or keratinocytes. Cyclin D1 alone or in combination
with dominant-negative p53 was ectopically overex-
pressed in normal human oral keratinocytes in culture
using retroviral transduction. Whereas cyclin D1 over-
expression extended the replicative life span of primary
human oral keratinocytes, the combination with domi-
nant-negative p53 resulted in immortalization of these
cells. Importantly, immortalization under these condi-
tions was independent of telomerase activity.

Methods

Cell culture and retroviral infection. Normal diploid
human oral keratinocytes (OKF6) were established
from a biopsy of normal floor of the mouth of clini-
cally and genetically normal tissue. OKF6 cells have
been cryopreserved within their first two serial passages
in culture and characterized extensively (23). OKF6 and
the lines generated thereof (OKF6-LacZ, OKF6-D1,
OKF6-Ap53, OKF6-D1/ApS53) were grown in defined
keratinocyte-SFM with defined growth supplement
(Life Technologies Inc., Rockville, Maryland, USA) and
final Ca?*-concentration of 0.4 mM. The medium was
supplemented with antibiotics. To assess mitogen

dependence, cells were plated in defined keratinocyte-
SEFM supplemented with a reduced concentration
(10%) of growth factors. The amphotropic packaging
cell line Phoenix A was grown in supplemented DMEM
(Sigma Chemical Co., St. Louis, Missouri, USA) and
then transiently transfected with the respective retro-
viral vector to generate amphotropic retroviruses.
Retroviral supernatant was harvested 48 hours after
transfection and filtered through a 0.45-um filter, and
fresh retroviral supernatant was used for infection of
exponentially growing OKF6 cells. Medium containing
puromycin (1 pg/ml) and/or G418 (400 mg/ml) was
exchanged to start selection 48 hours after infection. In
each set of experiments, multiple clones were pooled
for further processing after 1-2 days of puromycin
selection and/or 5 days of G418 selection. The retrovi-
ral expression vectors pBPSTR-D1 and pBABE-LacZ
were obtained from S.A. Reeves (Massachusetts Gener-
al Hospital, Boston, Massachusetts, USA) (24). The
inducible retroviral vector pBPSTR-D1 contains both
elements of the tetracycline-regulated system and has
been described previously by us and others (25). The
gene of interest is expressed in the absence of tetracy-
cline (TET-OFF vector system). The puromycin resist-
ance gene under the control of the promoter within the
5’-LTR is present in both retroviral vectors. The LXSN
vector containing the p53 coding sequence with a
V143A mutation was used to generate a dominant-neg-
ative version of p53 (26).

Determination of replicative life span. Serial cultures of
the different OKF6 lines (OKF6, OKF6-LacZ, OKF6-
D1, OKF6-Ap53, OKF6-D1/Ap53) were performed in
10-cm dishes by plating 105 cells, refeeding the cells
every 2nd day, and subculturing every 4-5 days. The
doubling number of each passage was calculated
using the formula PD = (nf/n0)/log2, where nO is the
initial number of cells and nf is the final number of
cells. Cellular immortalization was defined as cell
growth of at least three times beyond the life span of
the parental cells.

Flow cytometry. Exponentially growing cells were col-
lected at different population doubling (PD) times and
centrifuged at 300 g for 4 minutes. The cell pellet was
resuspended in 0.5 ml of PBS, fixed in 5 ml 70% ethanol,
and stored at -20°C overnight. The cells were then
washed twice with PBS and resuspended in a 1-ml solu-
tion containing 3.8 mM sodium citrate and 10 pg/ml
propidium iodide. After 10 mg/ml of RNase treatment
at 37°C for 20 minutes, the samples were analyzed by a
fluorescence-activated cell sorter (FACScan; Becton
Dickinson & Co., Franklin Lakes, New Jersey, USA).

Western blot analysis. Lysates from exponentially grow-
ing cells were harvested in a buffer (50 mM HEPES
[pH 7.4], 0.1% Nonidet P-40, and 250 mM NaCl) with
1 mM protease and 10 mM phosphatase inhibitors. A
total of 10 pg of total protein was separated on 10%
SDS-polyacrylamide gels and transferred to Immo-
bilon membranes (Millipore Corp., Bedford, Massa-
chusetts, USA). Blocking was performed in 5% milk, 10
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a o >Qé?’ Figure 1
o 6&5’ . "Q’, N Effects of cyclin D1 overexpression and/or dominant-negative p53 expression in oral ker-
o‘{i< o‘ig o“g 0‘15< atinocytes (OKF6). (a) Equal amounts of protein for parental OKF6, OKF6-Ap53, OKF6-
CyclinD1 — -—— D1, and OKF6-D1/Ap53 were separated on a 10% SDS-PAGE. The level of cyclin D1 over-
expression was compared by subsequent immunoblot analysis using polyclonal cyclin D1
Cyclin D1 — 1.0 1.6 133107 antibody (H295) and monoclonal cyclin D1 antibody (HD11) (data not shown). (b) Equal
overexpression amounts of protein for parental OKF6, OKF6-D1, OKF6-Ap53, and OKF6-D1/Ap53 were
b o b&fb separated on a 10% SDS-PAGE. Subsequent immunoblot was done with two different con-
o & \Q),on’bg)"\ formational p53 antibodies: the monoclonal p53 antibody 421 and the monoclonal p53
o*go*g o‘lg o‘g( ?P?’\ antibody 122. The human epidermoid cancer cells A431 served as positive control.
p53 — == mAb 421
p53 — = . qpAb122

mM Tris-HCI (pH 7.4), 150 mM NacCl, and 0.2%
Tween-20 for 1 hour, followed by incubation with pri-
mary antibodies as indicated (1:3,000). The secondary
antibody was either peroxidase-conjugated anti-mouse
or anti-rabbit Ig (1:2,500; Amersham Corp., Burling-
ton, Massachusetts, USA). Detection was by chemilu-
minescence (ECL; Amersham Corp.). Primary anti-
bodies used were monoclonal cyclin D1 antibody
(HD11), polyclonal cyclin D1 antibody (H295), mon-
oclonal p53 antibody 421, monoclonal p53 antibody
122, and monoclonal p16 antibody (JC8). Quantifica-
tion was done using Image software (National Insti-
tutes of Health, Bethesda, Maryland, USA).

TRAP assays/telomeric-length assays. Cellular extracts of
all generated oral keratinocytes were assayed for telom-
erase activity using the PCR-based telomerase repeat
amplification protocol (TRAP) assay (27). Cellular
extracts (50 and 500 ng), along with a heat-inactivated
controls, were used for TRAP assays. Telomere length
was measured by hybridizing a 32P-labeled telomeric
(CCCTAA) probe to 10 ug of Hinfl- and Rsal-digested
genomic DNA as described previously (27).

Karyotypic analysis. Exponentially growing cultured
OKF6 and OKF6-D1/Ap53 cells were incubated with
107 M Colcemid (Life Technologies Inc.) for 1 hour,
resuspended in warm hypotonic buffer (0.075 M KCl),
allowed to swell for 10-15 minutes at 37°C, fixed by
addition of cold ethanol/acetic acid, and applied to
chilled microscope slides. Chromosome preparations of
cultured cells were counted for the number of
metaphase spreads. Metaphase spreads (> 10) were then
analyzed at different PD times at the University of Penn-
sylvania Cytogenetics Core Facility.

Subcutaneous tumorigenicity assays. Six- to eight-week-old
immunocompromised athymic nude mice (NIH III;
Charles River Laboratories, Wilmington, Massachusetts,
USA) were injected with a cell suspension containing
2 % 10° exponentially growing cultured OKF6, OKF6-
D1/Ap53,SCCL1S (oral squamous cancer cell line), or TE
12 (esophageal squamous cancer cell line) cells. Tumor
size was measured every 3 days. The time of initial tumor
formation was defined as the time when the tumor had
reached a diameter of 3 mm. Mice were sacrificed when
the tumors grew to 1 cm in diameter or after 12 weeks of
monitoring and were subsequently analyzed.

Results
Ectopic cyclin D1 overexpression in normal human oral ker-
atinocytes induces cell-cycle abnormalities and extension of
replicative life span. To elucidate the role of the cyclin D1
oncogene in the immortalization of oral squamous
epithelial cells, we ectopically overexpressed cyclin D1 in
normal human oral keratinocytes. To overexpress cyclin
D1, we used a tetracycline-regulated retroviral vector sys-
tem, pBPSTR-D1, containing the human cyclin D1
cDNA, to infect the normal human oral keratinocytes
(OKF6). OKF6 cells have been described previously and
shown not to bear any genetic alterations (14, 23).

A tetracycline-inducible system was used for infection
in order to prevent any potential toxic effects of cyclin D1
overexpression. Given that no toxicity was observed,
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Cell-cycle pattern of the parental and derived oral keratinocytes. Cell-
cycle analysis of OKF6, OKF6-D1, OKF6-Ap53, and OKF6-D1/Ap53
cells was done under standard conditions using FACScan. Cell-cycle
analysis is displayed either as a histogram or as a table. (a) OKF6;

(b) OKF6-D1; (c) OKF6-ApS53; and (d) OKF6-D1/ApS3.
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Figure 3

Replicative life span of the parental and derived oral keratinocytes.
(a) The growth characteristics of the parental and derived OKF6 cells
are depicted as follows: OKF6 (circles), OKF6-D1 (triangles), OKF6-
Ap53 (squares), and OKF6-D1/Ap53 (diamonds). (b) The replica-
tive life span of OKF6, OKF6-lacZ, OKF6-D1, OKF6-Ap53, and
OKF6-D1/Ap53 was assessed by calculating the PDs of each cell line.
Immortalization was assessed if cells grew at least three times beyond
the life span of the parental cells.

cyclin D1 was constitutively expressed (TET off) in the
ensuing experiments (25). Infection efficiency was mon-
itored and confirmed with a lacZ gene containing retro-
virus (pBabe-lacZ). Infected OKF6 cells were selected with
the appropriate antibiotic, and the selected clones were
pooled to ensure polyclonality. Cells used for further
studies were designated OKF6-D1. The levels of endoge-
nous and ectopically expressed cyclin D1 in parental
OKEF®6 and cyclin D1-infected cells (OKF6-D1 cells) were
determined using Western blot analysis (Figure 1a).
Because cyclin D1 plays an important role in the G1-
phase progression of the cell cycle, we investigated the
effects of cyclin D1 overexpression on cell-cycle
dynamics in these cells. Flow cytometry analysis
revealed pronounced cell-cycle redistribution in
OKF6-D1 cells, with a 20% increase in cells
cycling in S-phase compared with parental

We next investigated the growth of these cells on
extended passage in culture. Both OKF6 cells and OKF6
cells transduced with the control vector (OKF6-LacZ)
senesced at 40 PDs, as evidenced by growth arrest and
enlargement of cells in culture (Figure 3). By contrast, the
replicative life span of OKF6-D1 cells was significantly
and reproducibly extended to 80 PDs, at which time the
OKF6-D1 cells eventually senesced (Figure 3). Of note, the
p16 tumor suppressor protein product was downregu-
lated in early passages, but expression was high in prese-
nescent passages of OKF6-D1 cells (data not shown).

Ectopic expression of dominant-negative p53 in OKF6-D1
cells results in immortalization. Given that inactivation of
pS53 appears to be important in the early phases of oral-
esophageal carcinogenesis, we investigated the func-
tional consequences of p53 inactivation in combina-
tion with cyclin D1 overexpression in human oral
keratinocytes. Independent transduction experiments
were done to express a dominant-negative version of
the tumor suppressor gene p53 (V143A) in OKF6-D1
cells. Clones from each experiment were pooled and
established as OKF6-D1/Ap53 oral keratinocytes. To
exclude the possibility that changes occurred as a con-
sequence of specific genetic selection in one generated
cell strain, a second strain from a different transduc-
tion experiment was established. Both strains revealed
identical genetic features and growth properties.

The effect of the dominant-negative p53 mutant was
demonstrated by stabilization of the p53 protein in
infected cells as assayed by Western blot analysis using
two different conformational p53 antibodies (Figure 1b).
Both strains of OKF6-D1/Ap53 cells revealed stabilized
pS3 protein as did OKF6-Ap53 cells compared with
OKF6-D1 cells or the parental oral keratinocytes, where
no p53 signal was detected (Figure 1b). FACS analysis of
OKF6-D1/ApS3 cells revealed a cell-cycle redistribution
comparable to that of the OKF6-D1 cells, whereas the
OKF6-Ap53 cells showed no significant cell-cycle redis-
tribution (Figure 2, ¢ and d). The FACS analysis was
done at different PD times (early PD and late PD), but
no major differences were observed (data not shown).

The OKF6-D1/ApS53 cell strains revealed an extension
of their replicative life span to more than 160 PDs and

OKEF6 cells (Figure 2, a and b). Similar results parental _ LacZ D1 Ap53  D1/Ap53  hTERT

were observed in five separate cyclin D1 trans- HT + = = + = = 4 = = + = = 4+ - = 4 - -

duction experiments (data not shown).

|l

Figure 4 o
Telomerase activity in the parental and derived oral ker-
atinocytes. Cellular extracts (500 ng and 50 ng) of OKF6, we
OKF6-lacZ, OKF6-D1, OKF6-Ap53, and OKF6-D1/Ap53 -

cells were assayed for telomerase activity using the PCR-
based TRAP-assay. Heat-treated (HT) samples served as
negative control, and OKF6 cells transduced to express

'-
|C — —— Wy NP — o —— D — e —— T, S —
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hTERT (13) were used as positive control. IC is an inter-
nal PCR-control to demonstrate the absence of PCR
inhibitors in the cellular extracts. 1
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Telomere length in the parental and derived oral keratinocytes. (a)
Telomere length for OKF6, OKF6-D1, OKF6-Ap53, and OKF6-D1/Ap53
(120 PDs) cells was analyzed by hybridization of genomic DNA with a
specific oligonucleotide probe. OKF6-hTERT cells served as control. (b)
Telomere length for OKF6-D1/Ap53 (120 PDs) and OKF6-D1/Ap53
(160 PDs) cells. Size standard is indicated at the left. The broad smear
in OKF6-D1/Ap53 (160 PDs) starts at a telomere length of 40 kb.

continue to grow in culture (Figure 3). Thus, overex-
pression of both cyclin D1 and dominant-negative p53
reproducibly immortalizes human oral keratinocytes.
It is conceivable that indefinite passage in culture will
eventually result in the acquisition of other genetic
alterations and frank transformation. We did not
detect the onset of any widespread cell death while pas-
saging the OKF6-D1/Ap53 cell strains as observed dur-
ing crisis in SV 40 immortalized cells. Apoptosis was
not observed by light microscopic evaluation or by
DNA-laddering (Figure 3 and data not shown) in spite
of a small sub-G1 peak in the FACS analysis. Thus, the
sub-G1 peak observed in the OKF6-D1/ApS3 cells does
not appear to be consistent with apoptosis.

OKF6-Ap53 cells showed an extension of the replica-
tive life span (100 PDs), which was slightly more pro-
nounced than that in the OKF6-D1 cells, but they ulti-
mately senesced (Figure 3). Interestingly, there was only
a minimal increase in the polyploid cell population in
OKF6-ApS53 cells during serial passage (data not
shown). Although p16 was downregulated in early-pas-
sage OKF6-D1 cells and then expressed in presenescent
cells, it was continuously expressed in OKF6-D1/ApS53
cells (data not shown).

Mechanism of immortalization in OKF6-D1/ApS53 cells.
Immortal human cells maintain their telomeres by
one of two known mechanisms: activation of telom-
erase or activation of an alternative pathway in
lengthening telomeres (ALT).

To further investigate the mechanisms of immortal-
ization in oral keratinocytes, we assayed the parental
OKF6 cells and derivatives for telomerase activity.
Telomerase activity was absent in all OKF6 cells (OKF6,
OKF6-LacZ, OKF6-D1, OKF6-Ap53, OKF6-D1/ApS3),
including the immortal OKF6-D1/ApS3 cell strains
(Figure 4). Telomere length measurements by Southern
blotting with a probe specific for mammalian telomeric
repeats (TRF) revealed a progressive shortening of telom-
eres that correlated with the replicative life-span exten-
sion of oral keratinocytes. Parental OKF6 cells showed a
longer average telomere length than did OKF6-D1 and
OKF6-ApS53 cells, which retained longer telomeres than
OKF6-D1/ApS53 cells at 120 PDs (Figure 5). Interesting-
ly, the OKF6-D1/ApS3 cells at 160 PDs revealed an elon-
gation of telomere length as measured by TRF with a
heterogeneous lengthening including very long telom-
eres of up to 40 kb (Figure 5). Thus, the OKF6-D1/ApS53
cell strains acquired the ability to maintain their telom-
eres in the absence of telomerase activity at PD 120-160.

To assess for chromosomal recombination events in
the OKF6-D1/Ap53 cells, karyotypic analysis was per-
formed at different PD times. This revealed aneuploidy
and consistent chromosomal rearrangements compat-
ible with the selection of chromosomal changes in cells
with critically short telomeres (Table 1).

Growth characteristics of immortalized OKF6-D1/Ap53 cells.
Next, we determined whether the process of immortal-
ization in OKF6-D1/Ap53 cells impaired specific ker-
atinocyte growth control mechanisms. We investigated
the ability of OKF6, OKF6-D1, OKF6-ApS53, and OKF6-
D1/Ap53 cells to grow in growth factor-reduced medi-

Table 1
Karyotype in oral keratinocytes

Cells Karyotype

OKF6 Normal/100% diploid

OKF6D1/Ap53  Modal number = 47-49, XY: tetraploid
chromosome rearrangements:

. Deletion or translocation of ch 3q.

. Extra copy or fusion of ch 5.

. Extra copy or fusion of ch 7.

. Deletion or translocation of ch 8.

(& I N B S

. Extra copy of ch 9.
6. Extra copy or fusion of ch 7.

7. Abnormal ch 11q; translocation/fusion (11:23q),

possible inverted duplication of 11q. Does not
appear to involve locus of cyclin D1 at 11q13.

8. Extra copy of ch 14.
9. Abnormal ch 16: 3p:16q
10. Extra copy of ch 20.

Karyotypic analysis was done at different population doubling times by the
University of Pennsylvania Cytogenetics Core Facility on at least ten metaphase
spreads. Chromosomal changes displayed occurred in the majority of the

spreads. Sporadic changes are not displayed. ch, chromosome.
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tion that these pathways are frequently altered in pri-
mary tumors and tumor-derived cell lines (28, 29). In
this context, cyclin D1 overexpression or loss of
p16/INK4A may be viewed as equivalent to loss of pRb
function. Cyclin D1 overexpression is observed in dif-
ferent cancer types, especially of squamous origin, indi-
cating a critical role of the cyclin D1 oncogene in car-
cinogenesis of this cell type (19, 20). Cyclin D1
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overexpression is not only a frequent genetic event in
the majority of oral cancers, but its expression is corre-
lated with reduced disease-free and overall survival in

0.1 this cancer (30). The oncogenic role of cyclin D1 was
initially established in murine cells as cooperating with

OKF6 OKFéD1 OKF6-Ap53 OKF6D1/Ap53 the ras, E1A, and neu oncogenes (31-33).
Figure 6 P53 is frequently mutated in oral squamous cell car-

Growth factor dependence of the parental and derived oral ker-
atinocytes. OKF6, OKF6-D1, OKF6-Ap53, and OKF6-D1/ApS53
cells were plated at low density either in growth factor-supple-
mented (+ growth factors) or reduced (- growth factors) medium.
Cells were counted 7-9 days later, and growth under these condi-
tions was calculated as PDs per day. Results shown are an average
of three experiments.

730

um. Nonimmortalized oral keratinocytes (OKF®6,
OKF6-D1, OKF6-Ap53) completely retained depend-
ence on growth factors (Figure 6) and did not grow in
growth factor-reduced medium. By contrast, the
immortalized OKF6-D1/ApS3 cell strains displayed a
proliferative capacity, albeit reduced to 40% (Figure 6).

To assess whether the immortalized oral ker-
atinocytes might have undergone malignant trans-
formation, we injected the OKF6-D1/Ap53 cell strains
into immunodeficient nude mice. As with OKF6 cells
serving as negative controls, no tumors were observed
with the OKF6-D1/Ap353 cell strains after 3 months
of observation (Table 2). As positive controls, the
human squamous epithelial cancer cell lines SCC15
(oral) and TE 12 (esophageal) readily formed tumors
in this assay (Table 2).

Discussion

One major difference between normal mammalian cells
and cancer cells is their proliferative potential. Normal
mammalian cells proliferate for alimited number of PDs
and then enter a nondividing state known as senescence
(3). Cancer cells are able to proliferate indefinitely and
are therefore referred to as immortalized. Cellular
immortalization is an essential step toward malignant
transformation of normal cells. Important genetic
changes associated with immortalization are loss of p53
and pRb functions, and activation of a telomere main-

cinomas. In oral premalignant lesions, expression of
pS3-positive cells in the suprabasal layers of the epithe-
lium has been seen as an indication of impending
malignant development. The prognostic significance
of p53 gene mutations in these tumors has been
demonstrated (34). That the loss of p53 function is
directly associated with escape from senescence was ini-
tially demonstrated through the introduction of a
dominant-negative p53 gene in fibroblasts (35). Dom-
inant-negative p53 permits fibroblasts to proliferate for
a limited number of PDs, beyond the point at which
their normal counterparts become senescent. Evidence
that this was attributable to loss of wild-type p53, and
not gain of p53 function, was provided by studies with
Li-Fraumeni fibroblasts (36).

Telomerase activity has been associated with many
different tumor types. Up to 80% of primary head and
neck squamous cell cancer specimens possessed telom-
erase activity, and its activity in oral rinses was pro-
posed as a potential molecular marker (11). Several
lines of evidence have implicated telomere erosion as
the major checkpoint in limiting the proliferative
potential of human cells (9). With each cell division, a
portion of telomeric DNA is lost. Once the telomeres
shorten to a critical length, the signal for the senes-
cence program is activated. This telomere signal that
activates the program of senescence could operate
through the pRb and p53 pathways. Viral oncopro-
teins HPV E6 and E7 reverse the senescence program
by inducing telomerase activation and targeting p53
and pRb (37). By contrast, expression of the catalytic
subunit of telomerase independently was implicated

Table 2
Formation of tumors in immunodeficient nude mice

tenance mechanism, typically telomerase (7). Cells No. of tumors/no. of injections
Thatviral oncoproteins such as HPV16 E6 and E7,as  okF6 0/8

well as SV 40 large T antigen, contribute to immortal-  OKF6D1/ApS3 0/8

ization already indicates that both p53 and pRb path- ‘SI'E(1]2 5 gjg

ways are involved (15, 16). Regardless of the precise
mechanism by which the disruption of the p53 and
pRb pathways induces immortalization, their impor-
tance is further supported by the well-known observa-

Results are shown for polyclonal populations. Analysis of two individual
clones derived from each population gave identical results. 2 X 106 cells were
injected in each experiment. Tumor formation was scored as negative after 3

months of monitoring.
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in extension of the replicative life span in a subset of
cells without involving pRb and p53 pathways (12).
Other cells, including keratinocytes, appear to require
at least additional loss of the pRb-mediated cell-cycle
control mechanism as a major event toward immor-
talization (13, 14). Recently, it has been demonstrated
that the nature of the cell culture conditions might
also be an important factor in this cell type-specific
process of immortalization (8).

We have demonstrated that OKF6 can extend their
limited replicative life span by overexpressing the cyclin
D1 oncogene. Combining this with inactivation of p53
leads to immortalization of the oral keratinocytes. Fur-
thermore, the immortalized epithelial cells (OKF6-
D1/Ap53) show reproducibly no increase in telomerase
activity. Thus, the immortalization of oral ker-
atinocytes induced by overexpression of cyclin D1 and
inactivation of wild-type p53 appears to be independ-
ent of telomerase activation. pRb/p53 inactivation per-
mitted continuous cell division beyond senescence and
progressive telomere shortening. This result does not
involve selection of cells with rare genetic alterations,
which was confirmed through independent transduc-
tion experiments. In contrast to the results presented
here, immortalization of epithelial cells using viral
oncoproteins HPV E6 and E7 involves E6-dependent
activation of telomerase (13).

Expression of SV 40 large T antigen in primary cells
leads to inactivation of the pRb and p53 tumor sup-
pressor pathways and allows such cells to grow beyond
senescence. Such post-senescent cells lose telomeric
sequences corresponding to continued cell division
until they reach crisis, when telomeres are critically
short and cells experience marked genetic instability
(38). Surviving cells maintained telomere length
through either activation of telomerase or utilization
of ALT thought to involve a recombination based
mechanism. Here we show that the combination of
cyclin D1 overexpression and p53 inactivation leads to
immortalization of oral keratinocytes without activa-
tion of telomerase. Telomeres in these immortalized
cells are long and heterogeneous, suggesting that such
cells maintain telomere length through ALT. Although
most immortal cell lines and human tumors are
believed to maintain telomere length through activa-
tion of telomerase, 10%-15% of tumors (39) and up to
40% of SV40-immortalized cell lines lack detectable
telomerase (40). The mechanism of ALT in mammalian
cells is not yet understood, whereas in yeast, ALT is
accomplished through recombination involving RAD
52-mediated DNA recombination (41, 42).

The fact that telomere length, not telomerase activa-
tion, is the biochemical feature most closely associated
with immortalization is illustrated by the telomerase-
negative immortalized cells (39, 40) and is further sup-
ported by studies with telomerase dysfunctional mice
(43). Although telomere biology may be different in
mice, cells from late-generation telomerase-deficient
mice are also forced to use alternative mechanisms capa-

ble of maintaining telomeres. Studies on mouse embryo
fibroblasts (MEFs) from telomerase- and p53-deficient
mice demonstrate that p53 mediates the adverse effects
of critically short telomeres (44). Coincident with severe
telomere shortening and associated genetic instability,
p53 is activated, thereby leading to growth arrest and/or
apoptosis (45). Progressive telomere shortening in oral
keratinocytes may induce the p53 and likely the pRb
pathways. High levels of p16 expression in presenescent
OKF6-D1 cells in our study support this notion, as it
has been shown that senescence is accompanied by
increased pl6 expression (4, 46). Disruption of p53
function in concert with cyclin D1 overexpression
reproducibly enables oral keratinocytes to overcome
senescence, thereby leading to immortalization despite
maintained p16 levels.

Telomere shortening in cells from telomerase-defi-
cient mice results in loss of telomere function and con-
sequently genetic instability with chromosomal end-to-
end fusions (47). Cells with short telomeres and intact
P53 response may be efficiently eliminated from the
culture by apoptosis or growth arrest. Consequently,
cells from telomerase-deficient and pS3~/~ or pS3*/-
mice display increased chromosomal instability (44,
48). Although these mice may not represent the ideal
model for human carcinogenesis owing to the differ-
ences in telomere biology (49, 50), it is compelling that
mice deficient for telomerase and p53, which acquire
genetic instability and force cells to use ALT, notably
develop squamous epithelial cancers among other
tumor types (48). By analogy, disruption of p53 func-
tion in combination with cyclin D1 overexpression in
human oral keratinocytes induces the same type of
genetic instability, including end-to-end fusions and
translocations. These chromosomal rearrangements
are consistent with the selection of chromosomal
changes in cells containing critically short telomeres,
which could also have led to the selection of ALT.

Surprisingly, we did not detect widespread cell death
or apoptosis characteristic of crisis during the passage
of OKF6-D1/Ap53 cells. Instead, we observed that
telomere length shortened in these cells until PD 120.
We subsequently observed striking telomere lengthen-
ing by PD 160. Although we did not detect evidence for
crisis, karyotype analysis of these immortal cells
showed clear evidence of end-to-end fusions often seen
in cells that have survived crisis. We suspect that the
expression of cyclin D1 and dominant-negative p53
permitted the activation of ALT at high frequency in
our cultures; however, we cannot yet determine
whether the expression of these genes merely created a
milieu that fosters the activation of ALT or if it direct-
ly induced ALT. Importantly, although ALT cell lines
have been derived from cells expressing SV40 large T
antigen, the immortalized cells presented here are the
first of human epithelial origin to have been generated
using genes known to be altered in human cancers.
This implies that similar mechanisms may operate dur-
ing squamous cell carcinogenesis.
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In summary, overexpression of cyclin D1 together with
a dominant-negative form of p53 led to the immortal-
ization of oral keratinocytes at high frequency through
a telomerase-independent ALT mechanism. This system
represents the first model in which ALT was generated
using genetic alterations commonly observed in human
cancers. We anticipate that this model system will enable
us to understand not only the mechanism of ALT acti-
vation but also to delineate further the discrete steps that
lead to squamous cell malignant transformation.
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