MOLECULAR AND CELLULAR BIOLOGY, Jan. 2002, p. 644-656
0270-7306/02/$04.00+0 DOI: 10.1128/MCB.22.2.644-656.2002

Vol. 22, No. 2

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Germ Line Transmission of the Cdk4™**“ Mutation Facilitates
Tumorigenesis and Escape from Cellular Senescence

Sushil G. Rane,* Stephen C. Cosenza, Richard V. Mettus, and E. Premkumar Reddy*

Fels Institute for Cancer Research and Molecular Biology, Temple University School of Medicine,
Philadelphia, Pennsylvania 19140

Received 2 July 2001/Returned for modification 6 August 2001/Accepted 19 October 2001

Mutations in CDK4 and its key kinase inhibitor p16"™~%** have been implicated in the genesis and progres-
sion of familial human melanoma. The importance of the CDK4 locus in human cancer first became evident
following the identification of a germ line CDK4-Arg24Cys (R24C) mutation, which abolishes the ability of
CDK4 to bind to p16"™~%*2, To determine the role of the Cdk4*>*" germ line mutation in the genesis of other
cancer types, we introduced the R24C mutation in the Cdk4 locus of mice by using Cre-loxP-mediated
“knock-in” technology. Cdk4®**“/®?4C mouse embryo fibroblasts (MEFs) displayed increased Cdk4 kinase
activity resulting in hyperphosphorylation of all three members of the Rb family, pRb, p107, and p130. MEFs
derived from Cdk4®**“/R?4C mice displayed decreased doubling times, escape from replicative senescence, and
escape sensitivity to contact-induced growth arrest. These MEFs also exhibited a high degree of susceptibility

to oncogene-induced transformation, suggesting that the Cdk

4%24C mutation can serve as a primary event in

the progression towards a fully transformed phenotype. In agreement with the in vitro data, homozygous
Cdk4®**“R24C mijce developed tumors of various etiology within 8 to 10 months of their life span. The majority
of these tumors were found in the pancreas, pituitary, brain, mammary tissue, and skin. In addition, Cdk4*>*“/
r24c mice showed extraordinary susceptibility to carcinogens and developed papillomas within the first 8 to 10
weeks following cutaneous application of the carcinogens 9,10-di-methyl-1,2-benz[a]anthracene (DMBA) and
12-O-tetradecanoylphorbol-13-acetate (TPA). This report formally establishes that the activation of Cdk4 is
sufficient to promote cancer in many tissues. The observation that a wide variety of tumors develop in mice
harboring the Cdk4®**“ mutation offers a genetic proof that Cdk4 activation may constitute a central event in
the genesis of many types of cancers in addition to melanoma.

Orderly cell cycle progression of mammalian cells deter-
mines their ability to undergo regulated proliferation, differ-
entiation, senescence, and apoptosis (43, 44). Perturbations in
the expression and activities of proteins that regulate these
cellular phenomena determine the emergence of a cancerous
state. Two important tumor suppressor pathways, which de-
pend on the expression and activity of two key cell cycle reg-
ulatory proteins, pRb and p53, serve as critical branch points
that govern controlled cell growth (14, 17, 33, 43, 44, 49). In
concordance with this, it has been observed that a majority of
human tumors harbor mutations that debilitate the surveil-
lance function of the pRb and/or p53 pathways (43, 49). More-
over, patients with inactivating mutations in both pathways
have a much worse prognosis compared to patients with inac-
tivation in just one of the two pathways. While the conse-
quences of inactivation of p53 on cancer development has been
exhaustively studied using mice that are nullizygous at the p53
loci, it has been difficult to examine the effects of simultaneous
inactivation of the retinoblastoma (Rb) family proteins on
cancer progression, as homozygous inactivation of both Rb
alleles leads to early embryonic lethality (5, 9, 19, 27). This
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requirement of the Rb family proteins during embryogenesis
and early development has precluded the examination of their
role during adult development and on cancer predisposition by
using conventional gene disruption techniques (5, 6, 19, 25—
28). Since homozygous inactivation of Rb leads to early em-
bryonic lethality, studies focused on examination of the role of
Rb family proteins in development and cancer have been re-
stricted to characterization of mouse models that either (i)
harbor heterozygous inactivation of Rb family genes, (ii) har-
bor a heterozygous inactivation of Rb family genes in addition
to disruption of genes that code for other key cell cycle regu-
lators, such as members of the cyclin kinase inhibitor (CKI)
family, or (iii) have inactivation of the Rb family proteins via
expression of viral proteins, such as papillomavirus protein E7
or the simian virus 40 large T-antigen protein (14, 17). How-
ever, the unequivocal importance of the retinoblastoma pro-
teins in regulating cell cycle progression and cell proliferation
and its underlying effects on immortalization and tumorigene-
sis has been elucidated by studies that describe the disruption
of the retinoblastoma family gene loci in fibroblasts (7, 39).
Loss of expression of pRb, p107, and p130 proteins in fibro-
blasts resulted in increased cell proliferation, shortening of the
cell cycle, and immortalization. However, these studies do not
allow an extrapolation of the effects of simultaneous inactiva-
tion of the retinoblastoma proteins on adult development and
cancer predisposition.

Cdk4, along with Cdk6, is the chief catalytic subunit of the
regulatory cyclin D family of proteins that govern G;-to-S
phase progression of mammalian cells via phosphorylation and
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inactivation of retinoblastoma family proteins (43, 44). Mem-
bers of the INK4 family of proteins, chiefly p16™*2, are spe-
cific inhibitors of the cyclin D/Cdk4 complexes (43, 44). Mu-
tations in CDK4 and its key kinase inhibitor p16™%+* have
been implicated in the genesis and progression of familial
human melanoma (20, 31). The importance of the CDK4 locus
in human cancer was further emphasized upon identification of
a germ line CDK4-Arg24Cys (R24C) mutation, which abol-
ishes the ability of CDK4 to bind to p16™%A  predisposing
humans to hereditary melanoma (51, 53). This observation
suggests that a mutant CDK4 gene can function as a dominant
oncogene that is resistant to normal physiological inhibition by
p16™K4A To determine the consequence of the R24C germ
line mutation on mouse development and cancer susceptibility,
we introduced the R24C mutation in the Cdk4 locus of mice by
using Cre-loxP-mediated “knock-in” technology (37). The
presence of the Cdk4®**“ mutation induced hyperphosphory-
lation of all three members of the Rb family, pRb, p107, and
p130, and mouse embryo fibroblasts (MEFs) derived from
Cdk4R2*“/R24C mice escape from replicative senescence and
become insensitive to contact-induced growth arrest. More-
over, the presence of the Cdk4%2*“ mutation resulted in trans-
formation in vitro and spontaneous and chemical carcinogen-
induced tumorigenesis in vivo, suggesting that the Cdk4%*4¢
mutation can serve as the primary event in the progression
towards a fully transformed phenotype.

MATERIALS AND METHODS

Generation of Cdk4®**C/R24C mice and tumor analysis. Generation of the
Cdk4®*4C/R24C mice has been described previously (37). Cdk4™/™, Cdk4™/R*C,
and Cdk4R?*“/R24C mice were observed for 20 months for the appearance of
detectable or palpable tumors. Tumor-bearing mice were euthanatized, and
tumors were dissected and processed for histological analysis. At the end of 20
months, the remaining mice were euthanatized and grouped into tumor-prone or
tumor-free categories. The number of mice that were tumor bearing or tumor-
free was evaluated statistically using standard Kaplan-Meier survival analysis
method. Normal and tumor tissues were fixed by immersion in either 10%
neutral buffered formalin or 95% ethanol-5% glacial acetic acid overnight,
dehydrated through ethanol, and embedded in paraffin. Blocks were sectioned at
5 pm and stained with hematoxylin and eosin or prepared for immunohisto-
chemistry by mounting tissue sections on electrostatically charged slides (Pro-
beOn Plus; Fisher Scientific).

Protein analysis. MEFs were lysed in buffer (50 mM HEPES [pH 7.5], 150 mM
NaCl, 2.5 mM EGTA, 1 mM EDTA, 10 mM B-glycerophosphate, 0.1 mM
NaVO,, 1 mM NaF, 0.1% Tween 20, 10% glycerol, 1 mM dithiothreitol) in the
presence of protease inhibitor cocktail (Complete Tablets; Boehringer Mann-
heim). For Western blot analysis, 50 to 100 pg of total protein lysate was resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride membranes (Immobilon P), followed by
immunoblotting with the indicated antibodies and chemiluminescence detection.
For association studies, 500 ug of total protein lysate was immunoprecipitated
with the indicated antibodies. The resulting immunoprecipitates were resolved
by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immo-
bilon P) and subjected to Western blot analysis as mentioned above. For im-
mune-complex kinase assays, 500 wg of total protein lysate was immunoprecipi-
tated with the anti-Cdk4 antibodies (with or without the presence of competing
Cdk4 peptide). The resulting immunoprecipitates were subjected to kinase as-
says in kinase assay buffer (500 mM HEPES [pH 7.5], 100 mM MgCl,, 25 mM
EGTA, 100 mM B-glycerophosphate, 1 mM NaVO;, 10 mM NaF, 10 mM
dithiothreitol, 200 uM ATP) in the presence of 20 uM [y-*P]ATP and 0.2 to 0.5
wg of glutathione S-transferase (GST)-pRb substrate. Kinase assays were per-
formed at 30°C for 30 min, and the reaction was stopped by addition of 25 pl of
Laemmli sample buffer. The reaction mixture was resolved on SDS-10% PAGE
gels and subjected to autoradiography to visualize the phosphorylated GST-pRb
substrate. Antibodies used include rabbit polyclonal antibodies from Santa Cruz
Biotechnology: anti-Cdk4 (C-22), anti-p16 (M-156), anti-p21Cip1 (C-19), anti-
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p53 (FL-393), anti-p130 (C-20), anti-pl07 (C-18), and anti-pRb (G3-245;
14001A) antibodies were from BD Transduction Laboratories and anti-p19ARF
(NB-200-106) antibody was from Novus Biologicals.

Growth curve and cell cycle analysis. MEF cultures from Cdk4*/*, Cdk4™'
Rr24ac, and Cdk4R*C/R24C€ moyse embryos were propagated in Dulbecco minimal
essential medium (DMEM) media supplemented with 10% fetal bovine serum
(FBS). Early-passage MEFs (passage < 4) were used for growth curve and cell
cycle phase analysis. Passage 0 refers to the stage when embryos were put in
culture, and every subsequent passage is referred to as passage 1, 2, 3, etc. For
the analysis of growth curves, 3 X 10° cells were cultured and the numbers of
cells were counted using trypan blue exclusion analysis for 4 days. The population
doubling levels were calculated according to the formula 10g(Ng,a/Ninitia)/108 2,
where Ng,,; and Ny, are the final and initial (3 X 10°cells) numbers of cells
plated and counted, respectively. For the analysis of cell cycle phases, 3 X 10°
cells were exponentially cultured for 24 h, upon which cells were fixed in ethanol
at —20°C. The percentage of cells in Gy/G,, S, and G,/M were determined by
fluorescence-assorted cytometry analysis upon staining for 30 min with pro-
pidium iodide after treatment with RNase A.

Immortalization assays and colony formation assays. MEF cultures from
Cdk4*'™, Cdk4™/R?4C and Cdk4®**C/R24C mouse embryos were propagated in
DMEM supplemented with 10% FBS for 25 passages according to a modified
version of the 3T3 protocol. Then, 10° cells were cultured in 10-cm-diameter
plates, and 3 days later, the total number of cells was counted and 10° cells were
replated, which constituted one passage. This process was continued for 25
successive passages, and the cumulative increase in cell number was calculated
according to the formula 10g(Ng,ai/Ninitia1)/10g 2, where N, and N ;. are the
final and initial numbers of cells plated and counted after 3 days, respectively. To
test the ability of cells to form multiple layers (focus formation capacity), 10° cells
(passage 20) representing Cdk4™'*, Cdk4™/R?**C, and Cdk4R**“/R?4C MEFs were
plated in 10-cm-diameter dishes and grown for 2 weeks. Medium was changed
every 3 days, and at the end of 2 weeks, plates were stained with Giemsa stain to
determine the focus formation capacity.

Transformation assays. For focus formation assays, early-passage (passage <
4) Cdk4™'* and Cdk4R>*“/R24C MEFs (10° cells) were seeded in plates with a
10-cm diameter and grown in DMEM plus 10% FBS overnight. The medium was
changed 4 to 6 h before transfections began, and transfections were performed
by standard calcium phosphate procedures with DNA mixtures containing 15 ng
of the relevant plasmids plus the corresponding amount of carrier DNA plasmid,
for a total of 30 wg of DNA. After 12 to 14 h of incubation with precipitates, the
incubation medium was changed and the cultures were fed with fresh medium
every 3 days for 14 to 21 days. At day 21 posttransfection, cells were fixed and
stained with Giemsa, and foci (>2 mm in diameter) were scored visually. The
plasmids used in these assays were human oncogenic H-RasV12, pE1A, and
c-myc in pcDNA3 vector.

Two-stage chemical skin carcinogenesis experiments. For chemical carcino-
genesis studies, Cdk4™'* (n = 7), Cdk4™/R*C (n = 13), and Cdk4R**“/R2C (5 =
28) mice were shaved at 4 weeks of age and initiated by application of 25 pg of
9,10-di-methyl-1,2-benz[a]anthracene (DMBA) in 200 .l of acetone. Promotion
was carried out after 3 days of the DMBA application by a twice-per-week
application of 2 pg of 12-O-tetradecanoylphorbol-13-acetate (TPA) in 200 pl of
acetone. The regimen was carried out for 20 weeks, and the mice were observed for
the occurrence of skin tumors. At the end of the study period, the animals were
grouped into either tumor-free or tumor-bearing categories and subjected to
Kaplan-Meier survival curve analysis. At the end of 20 weeks (and in some cases
earlier if the skin tumors were very aggressive and had a large burden), mice were
euthanatized and the tumors were dissected and processed for histology.

RESULTS

Germ line targeting of R24C mutation in Cdk4 locus results
in deregulated Cdk4R24C kinase. To determine the conse-
quence of R24C germ line mutation on mouse development
and cancer susceptibility, we introduced the R24C mutation in
the Cdk4 locus of mice using Cre-loxP-mediated knock-in tech-
nology (37). This mutation was previously shown to result in
the loss of p16™%** binding to Cdk4 (37). To determine the
effects of the Cdk4®?*C mutation on kinase activity, we per-
formed immune-complex kinase assays on protein lysates from
MEFs derived from Cdk4™'™", Cdk4™/®?4C, and Cdk4R>*C/R4C
embryos by using anti-Cdk4-specific antibodies with pRb as a
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FIG. 1. Presence of the R24C mutation in Cdk4 results in a dereg-
ulated Cdk4R24C kinase. (a) Immune-complex kinase assays using
anti-Cdk4 specific antibodies without (lanes 1 to 3) or with (lanes 4 to
6) the presence of a competing Cdk4 peptide and pRb substrate were
performed with 500 pg of protein extracts isolated from Cdk4*'*,
Cdk4*/R?4C and Cdk4®**“/R?*C MEF cultures. The presence of the
phosphorylated GST-pRb substrate is indicated. (b) Increased
Cdk4R24C kinase activity results hyperphosphorylation of Rb family
proteins pRb (top), p107 (middle), and p130 (bottom). Arrows indi-
cate the phosphorylated forms of the proteins.

substrate. To this end, anti-Cdk4 immunoprecipitates from
equal amounts of cell lysates were subjected to kinase assays in
the presence or absence of a competing peptide as described in
Materials and Methods. Results of these kinase assays revealed
that the protein expressed in Cdk4"/®**“ MEFs displayed in-
creased levels of Cdk4 kinase activity compared to the control
Cdk4*'* MEFs while the Cdk4R®?*“/R24C MEFs exhibited the
highest levels of kinase activity (Fig. 1a).

We next assessed the consequence of the Cdk4®**“ muta-
tion on the phosphorylation status of the three members of the
Rb family proteins. To this end, the cell lysates from MEFs
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were subjected to Western blot analysis and probed with anti-
bodies specific to pRb or p107 or p130. Our results demonstrate
that a large percentage of the protein (pRb, p107, and p130)
exists in a hyperphosphorylated state in the Cdk4®**</R4C
MEFs, as evidenced by a slower migration of phosphorylated
bands (Fig. 1b). In the case of p107, it is difficult to conclusively
establish the presence of a hyperphosphorylated band due to
limitations of the antibody that detects both hypo- and hyper-
phosphorylated bands of p107.

Deregulated Cdk4R24C kinase leads to increased cell pro-
liferation and shorter cell cycle time. To understand the con-
sequences of deregulated activation of the Cdk4-cyclin D path-
ways on growth and cell cycle progression, we examined growth
and cell cycle characteristics of fibroblasts derived from
Cdk4*'*, Cdk4™/R?4C, and Cdk4R**“/R**C E12.5 embryos.
MEFs were cultured in media with 10% FCS, and their growth
characteristics in culture were determined. Cdk4™**“/R24€ cells
grew well in culture and displayed decreased doubling times,
indicating that the expression of Cdk4R24C caused accelera-
tion of cell proliferation (Fig. 2a). The relative increase in popu-
lation doublings achieved indicates that the Cdk4®**</R24C
cells doubled at a higher rate compared to the Cdk4™'™* cells
and Cdk4+'®**C cells (Fig. 2b). To analyze the effects of
Cdk4®**“ mutation on cell cycle progression, we performed
cell cycle analysis using flow cytometry techniques. Exponen-
tially growing Cdk4®**“/R2*C MEFs exhibited a slightly higher
proportion of cells in the S and G,/M phases (Fig. 2c). The
consistent increase in the number of cells in the S and G,/M
phases, along with a concomitant decrease in the 2n population
of cells (Gy/G,), together with the faster growth rate (Fig. 2a
and b), suggests that the Cdk4®**“R24C MEFs proliferate
faster than the wild-type MEFs. This was in contrast to our
earlier observations with Cdk4-deficient MEFs, where we ob-
served a slight delay in S-phase entry with a concomitant in-
crease in cells in Gy/G, phase (37). In agreement with this, we
have observed a decreased cell size in Cdk4R**“/R2* MEFs
compared to the Cdk4"/" MEFs. This seems to be due to a
decrease in the lengths of the G, phase, which results in a
slightly shorter doubling time. This observation is similar to
that observed by Quelle et al. upon overexpression of mouse
cyclin D1 in serum-stimulated mouse NIH 3T3 and rat-2 fi-
broblasts (36). Overexpression of cyclin D1 increased the rates
of Gy-to-S and G,-to-S phase transit times by several hours,
leading to a proportionately reduced cell cycle time. Although
such cells remained contact inhibited and anchorage depen-
dent, similar to our observations with the Cdk4R**C/R24C
MEFs, they exhibited a reduced serum requirement for growth
and were also smaller in size than their normal counterparts.

Cdk4®**CR24C MEFs escape replicative senescence and can
be readily grown continuously in culture. The proliferative life
span of most normal cells is limited by inhibitory signals that
signal cell cycle arrest after a finite number of cell divisions (1,
16, 45). Wild-type MEFs stop dividing after 15 to 30 genera-
tions and undergo replicative senescence when cultured using
a 3T3 protocol (47). Recent studies demonstrate an important
role played by the Rb family proteins in the regulation of an
immortalized phenotype. Loss of all three known members of
the Rb family, pRb, p130, and p107, in fibroblasts results in
spontaneous escape from senescence and an immortal pheno-
type that has an increased propensity to oncogene-induced
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FIG. 2. Cell growth characteristics of Cdk4R%?*“/R?*C MEFs. MEFs
(passage < 4) were used for growth curve determination (a), compar-
ison of population doublings (b), and cell cycle phase analysis (c). (a)
To determine the growth curve, 3 X 10° cells from Cdk4™'* (O),
Cdk4/R?4C (0), and Cdk4R**“/R24C (@) MEF cultures were cultivated
for the indicated number of days and the number of cells were counted
using trypan blue exclusion analysis. The figure shown is a typical
representation of the experiment that was performed two times. (b)
Population doubling times between MEFs representing the three ge-
notypes were calculated according to the formula 1og(Ng,.1/Ninitia)/10g
2, where Ng,. and Ny, are the final and initial (3 X 10°/ml) numbers
of cells plated and counted at a particular time point. (c) For cell cycle
phase analysis, 3 X 10° cells from Cdk4™'* (+/+), Cdk4/R**C (+/
R24C), and Cdk4R**“/R?C (R24C/R24C) MEF cultures were expo-
nentially cultured for 24 h and the percentage of cells in the Gy/G1, S,
and G,/M phases were determined by fluorescence-activated cell
sorter analysis upon staining with propidium iodide.
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FIG. 3. Cdk4R?*“/R24C MEFs escape from senescence. Cdk4™*'™
(O), Cdk4™/R¥C (n = 4) (O), and Cdk4R**“R4C (n = 4) (@) MEF
cultures were propagated in DMEM supplemented with 10% FBS for
the indicated passages according to the 3T3 protocol. (a) Shown is the
accumulated number of doublings that representative cultures had
undergone during 25 successive passages. (b) The relative increase in
cell number at successive passages is plotted. Cells were plated at 10°
per plate per initial plating, and the change in the number of cells after
3 days of culture was determined. As expected, the Cdk4 "™ cells (O)
stopped proliferating after passage 15, whereas the Cdk4™/R?4¢ (0)
and Cdk4R**/R24C (@) MEF cultures continued to proliferate. Error
bars indicate the standard error of the mean.

transformation (7, 39). Since the Cdk4®**“ mutation leads to a
partial or complete inactivation of all three members of the Rb
family of proteins, it was possible that the end result could be
escape from senescence, leading to increased susceptibility to
transformation. To investigate this possibility, we assessed the
long-term proliferative capacity and life span of the MEFs by
using the 3T3 protocol (47). Like most normal cells, Cdk4™*'*
cells showed a decline in the proliferation rate at about 8 to 10
passages, followed by a short growth spurt between 10 and 15
passages followed by the onset of senescence. Cdk4 ™' cells
underwent approximately 18 population doublings during the
first 25 passages in culture (Fig. 3a). In contrast to Cdk4™'*
cells that ceased to proliferate around passage 15, Cdk4™/R?4¢
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TABLE 1. Cdk4R**“/R24€ fibroblasts escape cellular senescence

No. of cells
Passage no.

+/+ +/R24C R24C/R24C
1 2.70 X 10° 4.58 % 10° 3.63 X 10°
5 6.08 x 10° 5.68 X 107 6.74 X 107
10 7.24 x 107 1.30 x 10° 3.79 X 10°
15 1.17 X 10" 3.91 x 10'° 8.88 x 10!
20 8.44 x 10'° 1.65 x 10*? 7.62 X 10*
25 2.64 X 10" 2.07 X 10" 3.36 X 10'8

and Cdk4R**“/R24C cells continued to proliferate beyond pas-
sage 25 (Fig. 3b). The continued proliferation resulted in a
dramatic increase in the total number of Cdk4R**“/R24C cells
compared to Cdk4™'" cells (Table 1). Morphological analysis
using phase-contrast microscopy revealed a similarity between
Cdk4™'™ and Cdk4R**“/R24C early-passage (passage 3) cells
(Fig. 4a and c). The induction of senescence in Cdk4*'* cells
at passage 20 was confirmed by morphological changes asso-
ciated with a senescence phenotype, i.e., flat, large nondividing
cells (Fig. 4d). To further confirm the phenotype of replicative
senescence, the activity of endogenous senescence-associated
beta-galactosidase (SA-B-Gal), a specific biomarker of senes-
cence, was examined (8). Wild-type control cells showed evi-
dence of accumulated SA-B-Gal suggestive of senescing cells
(not shown). In contrast, Cdk4®**“/®** MEFs maintained
constant proliferation rates and failed to display any morpho-
logical features of senescing cells at passage 20 (Fig. 4b). The
Cdk4R?*“/R24C MEFs underwent approximately 40 population
doublings after 25 passages in culture (compared to 18 popu-
lation doublings in control cells), indicative of a significant
escape from replicative senescence (Fig. 3a). The significant
increase in Cdk4®**“/R2%C cell numbers as a function of pas-
sage number compared to the Cdk4*'* cell numbers further
confirms the escape of senescence observed in the Cdk4R*#C/R4C
cells (Table 1). The Cdk4*/??*“ MEFs displayed an interme-
diate phenotype, with a majority of the cells maintaining a
constant rate of proliferation, with approximately 30 popula-
tion doublings in 25 passages (Fig. 3a). Approximately 50 to
60% of Cdk4/®**“ MEFs displayed morphological features of
senescent cells (not shown). These results indicate that the
expression of Cdk4R24C allows cells to escape senescence and
achieve a longer life span in culture. The difference in the
behavior of Cdk4*/R?*C and Cdk4®**“/R?*C MEFs suggests
that this phenomenon may be dependent on the levels of the
mutant Cdk4R24C protein with associated absence of
p16™%44 binding and enhanced kinase activity, which is re-
flected in the degree of inactivation of the Rb family proteins.

To determine whether the Cdk4%**“/R2*C MEFs acquired
other characteristics of transformed cells, we studied their ca-
pacity to be contact inhibited after 2 weeks of confluent cul-
turing followed by staining of colonies by Giemsa staining.
After 20 passages, Cdk4™/R**C and Cdk4®**“/R24€ fibroblasts
became insensitive to contact-induced growth arrest and
formed foci when cultured for 2 weeks (Fig. 4f and g). In
contrast, the Cdk4™'" fibroblasts (passage 20) failed to over-
come contact inhibition and form foci (Fig. 4e). However,
late-passage (20 passages) Cdk4®**“/R2*C and Cdk4™/R*C
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MEFs were unable to grow in soft agar or form tumors in nude
mice, suggesting that these cells were not fully transformed.
Also, early-passage (passage <4) MEFs from all three geno-
types were incapable of forming colonies in soft agar.

To monitor the status of other pathways that regulate the
cellular senescence program, we examined the levels of pro-
teins encoded by the INK4a-ARF locus, pl6lnk4a and
p19AREF, which have important roles in the induction of per-
manent G,/G, arrest in cells undergoing senescence (21, 46).
Levels of pl6Ink4a and pl19ARF increased in later-passage
Cdk4R?*/R24C cells similar to Cdk4™'* cells, indicating that
the Cdk4®**“/R24C cells can resist the growth arrest signals
induced by elevated levels of pl6Ink4a and p19ARF (Fig. 5).
This is virtually identical to that seen in Rb family triple-
knockout fibroblasts (7, 39).

Examination of the status of the p53 pathways in these cells
revealed that two of the four immortal Cdk4®**“/R**C MEF
clones exhibited slightly reduced levels of p53 protein at
passage 25, and three of the four immortal Cdk4R24</R24C
MEF clones had a dramatic reduction in p21Cipl, a direct
target of pS3 (Fig. 5). These data indicate that although the
loss of p53 function is not required for the immortalization of
Cdk4R?*/R24C cells, p53-deficient variant cells may emerge in
late-passage cells that have a selective growth advantage.
These results indicate that Cdk4™**“/R*C cells can readily
overcome the senescence program, establishing the impor-
tance of Cdk4-mediated phosphorylation events in determin-
ing the immortal phenotype. These results are consistent with
the observation that the disruption of all three members of the
Rb family proteins leads to the advent of an immortal pheno-
type in MEFs with a high propensity to transformation (7, 39).

Cdk4R?4C/R24C MEFs can be readily transformed by acti-
vated oncogenes. Deregulation of cell proliferation leading to
neoplastic transformation in primary rodent cells requires the
expression of two cooperating oncogenes (24). Therefore, the
susceptibility of MEFs to neoplastic transformation can be
achieved by transfection with pairs of cooperating oncogenes,
such as Ha-ras¥'? plus E14, Ha-ras¥'? plus myc, or Ha-ras"'?
plus CDC25A. More recently, it has been shown that primary
fibroblasts with disruption in all the three members of the Rb
gene family can be transformed by a single oncogene, such as
activated Ha-ras¥'2, without a need for a second cooperating
oncogene (7, 39).

Based on our observations, it was important to examine
whether the Cdk4R?*“/R24€ fibroblasts exhibit increased sensi-
tivity to oncogene-mediated transformation since constitutive
activation of Cdk4 is expected to lead to, at least, a partial
inactivation of the Rb family proteins. To test this, we analyzed
MEFs derived from Cdk4"'* and Cdk4R?*“/R?*C embryos for
susceptibility to neoplastic transformation. To this end, early-
passage MEFs derived from individual embryos were grown in
DMEM with 10% FBS overnight. Cells were transfected with
Ha-ras¥'? alone, E1A4 alone, myc alone, Ha-ras¥'? plus myc, or
Ha-ras” " plus E1A as well as control plasmids by using stan-
dard calcium phosphate procedures. On days 14 to 21 post-
transfection, cells were fixed and stained with Giemsa and foci
were scored visually. Results from these experiments showed
that the expression of Ha-ras¥'? or E1A4 or v-myc genes by
themselves was sufficient to induce transformation in

Cdk4R24C/R24C cels, suggesting that the Cdk4™**C mutation

Vi
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FIG. 4. Morphological and cell growth characteristics of Cdk4**“R**C MEFs. (a to d) Phase-contrast pictures of Cdk4®?*“/R?4C (3 and b) and
Cdk4™"* (c and g) cells at early passage 3 (a and c) and late passage 20 (b and d) are shown. Cdk4*/" cells at passage 20 underwent senescence
C

/R24C

(d) while Cdk4®

cells at passage 20 escaped senescence (b). Magnifications, X4. (e to g) To test the ability of cells to form multiple layers

(focus formation capacity), 10° cells (passage 20) representing Cdk4™'* (e), Cdk4™/%2*C (f), and Cdk4R**“/R24C (9) MEFs were plated in
10-cm-diameter dishes and grown for 2 weeks. Medium was changed every 3 days, and at the end of 2 weeks, plates were stained with Giemsa stain

to determine the focus formation capacity.

serves as the primary event in the progression towards a fully
transformed phenotype (Table 2). Furthermore, the Ha-ras¥'?
or EI1A or v-myc-expressing Cdk4®?*“/R24€ cells were found to
form colonies in soft agar and produce tumors in nude mice
(data not shown), indicating that the Cdk4%**“ mutation can
cooperate with other oncogenic mutations to exacerbate the

tumorigenic response. In contrast, Cdk4*'* cells were refrac-
tory to transformation by Ha-ras¥'? alone, E1A alone, or nyc
alone and required cooperative expression of at least two dom-
inant oncogenes. As can be expected, Cdk4*'* fibroblasts
could be transformed by Ha-ras¥'? plus myc and Ha-ras"'?
plus E1A4 oncogenes, and moreover, the transformation poten-
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tial of Cdk4R?*“/R24C fibroblasts was augmented upon expres-
sion of Ha-ras™'? plus myc or Ha-ras¥'? plus E14 oncogene pairs.

Germ line transmission of Cdk4®**“ mutation leads to spon-
taneous tumorigenesis in diverse tissue types. Results from
our in vitro experiments suggested that the Cdk4**“ mutation
might render the mice highly susceptible to spontaneous tu-
morigenesis. To evaluate the deleterious consequences of the
germ line transmission of the R24C mutation in the Cdk4 locus
on in vivo tumorigenesis, we monitored the tumor susceptibil-
ity of Cdk4®**“/*?4C mice as a function of age. Cdk4***“/R>4C
mice developed spontaneous tumors of various cellular origin
with increasing age (Table 3). By 8 to 10 months, homozygous
Cdk4R?*“/R24C mice developed tumors in multiple organs,
clearly demonstrating the consequence of deregulated Cdk4
expression (Fig. 6a). A summary of all the tumor types that
were observed in the Cdk4®**“/R24C mice is presented (Table
3). We observed single as well as multiple primary tumors in
several of the mice, and in many cases, a single primary tumor
was found to have metastasized to multiple sites, such as liver,
brain, and lung. Heterozygous Cdk4"/R**“ mice also devel-
oped spontaneous tumors, albeit at a reduced frequency and
incidence (Fig. 6a). Among the mice that were monitored for
tumor development for 18 months, 74% of Cdk4®**“/R4C
mice (25 out of 34) and 55% of Cdk4*"***“ mice (17 out of 31)
developed tumors of various etiology. Of these, 26% of the

TABLE 2. Neoplastic transformation of Cdk4R**“/R24C MEFs

No. of cells (mean = SD)

Oncogene
Cdled™'+ Cdk4R24C/R24C

Ras V12 0 47 (*6)
El1A 0 29 (£7)
Myc 0 58 (£12)
Ras + E1A 34 124 (£23)
Ras + Myc 20 67 (=11)
Control 0 0

19ARE p21€P1 "and p53 in Cdk4*'* and Cdk4R?*“/R24C early- and late-passage MEF cultures. Protein
extracts from Cdk4™/* and Cdk4R**“/R?C (n = 4) (R24C/R24C #1 to #4) early- and late-passage MEF cultures (passages 1, 5, 10, 15, 20, and 25)
were resolved by SDS-12% PAGE and subjected to Western blot analysis using antibodies to p16™4, p19ARF pn21€P1 and p53. Not enough
Cdk4*'* cells could be harvested at passage 25 for the generation of protein extracts. The migration of proteins is identified by arrows.

Cdk4®**“R24C mice (9 out of 34) developed tumors at an
accelerated rate by 10 to 12 months. In contrast, none of the 21
Cdk4™'" mice that were monitored for the same period of 18
months developed tumors. Moreover, there appears to have
been no sex bias in the extent of tumor occurrence as both

4R24C/ ‘R24C

TABLE 3. Spontaneous tumor development in Cdk: mice
Tumor pathology Anatomic site OCCE‘% )C nee
Adenosquamous carcinoma Mammary gland, 9.5
subcutaneous
Adenocanthoma Mammary gland 9.5
Adenoma Pituitary 14.3
Carcinoma Pituitary 16.7
Metastatic endocrine Brain 4.8
carcinoma
Astrocytoma Brain 2.4
Hemagiosarcoma Skin/subcutaneous 16.8
Hemagiosarcoma Mesentary 7.1
Hemagiosarcoma Liver 31.0
Hemagiosarcoma Skeletal muscle 2.4
Hemagiosarcoma Lungs 2.4
Hemagiosarcoma Spleen 7.1
Rhabdomyosarcoma Skin/subcutaneous, skeletal 4.8
muscle
Spindle cell carcinoma Kidney, liver, mesentery, 11.9
pancreas, spleen
Hepatocellular adenoma Liver 11.9
Hepatocellular carcinoma  Liver 4.8
Bronchiolar-alveolar Lungs 4.8
carcinoma
Metastatic neoplasm Lung 2.4
Islet cell adenoma Pancreas 4.8
Islet cell carcinoma Pancreas 4.8
Interstitial cell tumor Testicle 23.8
Adenoma Seminal vesicle 4.8
Hematoma Periovarian tissue 24
Fibrosarcoma Skin, subcutaneous 2.4
Melanoma Skin 2.4
Myxomatous mesothelioma Skin, abdominal muscle 2.4
Keratocanthoma Skin 4.8
Myxosarcoma Subcutaneous 2.4
Basal cell tumor Skin 4.8
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FIG. 6. Increased spontaneous tumor incidence in Cdk4®**“/R*C mice. (a) Kaplan-Meier survival curves of Cdk4™* (n = 21) (+/+),
Cdk4™ R4 (n = 31) (+/R24C), and Cdk4R2*“/R24€ (n = 34) (R24C/R24C) mice that were observed for 20 months for the appearance of detectable
or palpable tumors. Tumor-prone mice were euthanized, and tumors were dissected and processed for histological analysis. (b to e) Histological

analysis of spontaneous mammary and pituitary tumors and melanomas in Cdk

4R2AC/R2AC mice. Photomicrographs of three tumor types are

presented. (b) Cdk4R?*“/R?4€ mice are susceptible to increased mammary tumorigenesis with severe tumor burden. (c) Mammary tumors are either
mammary adenocarcinomas or adenocanthomas with squamous differentiation and keratinization (indicated by arrows). (d) Cdk4R**“/R24C mice
are susceptible to increased incidence of pituitary tumorigenesis either in the pars distalis or pars intermedia with characteristic blood-filled lakes
(indicated by arrows). (e) Cdk4®**“/R24C mijce also present a low incidence of melanoma occurrence with pigment granules and cells loaded with

pigment (indicated by arrows).
male and female Cdk4R**“/R24C mice were equally susceptible
to increased tumorigenesis (Cdk4 /%% mice: 7 females + 10
males = 17 out of 31 mice; Cdk4R**“/R?4C mice: 14 females +
11 males = 25 out of 34 mice).

Cdk4®**“R24C female mice developed severe mammary

duct dilation and a high incidence of mammary tumors, which
are often very aggressive with large tumor burden (Fig. 6b). A
majority of the mammary tumors analyzed were adenosqua-
mous carcinomas with papillary and cribiform elements or
adenocarcinomas and adenocanthomas with squamous differ-
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entiation (Fig. 6¢). The tumor cells lining the cavities under-
went squamous differentiation or metaplasia with keratiniza-
tion and formation of laminated horny pearls. This is
consistent with the observation that mouse mammary tumor
virus-cyclin D1 transgenic mice are prone to a high frequency
of adenocarcinomas and adenocanthomas (50).

Cdk4®**“/R24C mice are also susceptible to an increased
development of pituitary tumors arising either in the pars in-
termedia or the pars distalis, with characteristic angiomatous
areas or dilated “blood-filled lakes” of various sizes (indicated
by arrows) (Fig. 6d). In many cases, the pituitary tumors com-
pressed adjacent nontumorous tissues, such as the hypothalamus,
pons, and brain. Interestingly, mice that are heterozygous at the
Rb loci and those that have disruptions in CKI genes p27<P" and
p18™*4 also develop pituitary tumors (11, 13, 18, 22, 30, 48).

While the germ line CDK4-Arg24Cys (R24C) mutation,
which abolishes the ability of CDK4 to bind to p16™%*2, pre-
disposes humans to hereditary melanoma, we have observed a
low incidence of melanoma occurrence in the Cdk4R24C
mouse model. The melanomas displayed characteristic pig-
ment granules or cells loaded with pigment (Fig. 6e). This
suggests that other carcinogenic events, such as exposure to
UV radiation, could play a major role in this process. This is
consistent with recent reports that melanoma genesis is depen-
dent on the expression of H-RasV12G in a mouse melanoma
model null for the tumor suppressors p16™** and p19ARF,
due to disruption of the Ink4a-ARF locus (4). Therefore, it is
likely that cooperation between other distinct genetic alter-
ations, in addition to the Cdk4®**“ mutation, may be necessary
to induce melanoma in this mouse model.

Cdk4®**C mutation can cooperate with and exacerbate tu-
morigenic potential of activated Ras pathways. To determine
the cooperation between an activated Ras pathway and the
constitutively activated Cdk4-pRb pathway, we conducted
chemical carcinogenesis experiments using the two-step model
of skin carcinogenesis (12). This protocol involves a single
application of the well-characterized mutagen DMBA fol-
lowed by a twice-per-week administration of the tumor pro-
moter TPA. Such a treatment results in the development of
papillomas at the site of initiation and promotion with a char-
acteristic oncogenic mutation in the 61st codon of the Ha-ras
gene (12). Results from the DMBA/TPA skin carcinogenesis
experiments indicated that the Cdk4R?*“/R24C and Cdk4 /R4
mice were highly susceptible to an increased incidence of pap-
illomas with a very short latency period compared to that of the
wild-type mice (Fig. 7a and b). In contrast, topical application
of DMBA alone did not lead to the development of papillomas
in Cdk4™'™, Cdk4/R**C, or Cdk4®**“'R?*C mice. Histological
analysis of the tumors revealed that all of the tumors were
well-differentiated papillomas, with regions of hyperplasia in
the epidermis and no invasion into the underlying dermis (Fig.
7c to f). In addition to papillomas, which was the predominant

Cdk4R**C MUTATION IN IMMORTALIZATION AND TUMORIGENESIS 653

tumor type, we also observed a reduced incidence of benign
epidermal tumors classified as keratocanthomas consisting of
large keratin-filled cystic structures surrounded by a very well-
differentiated squamous epithelium. These results indicate that
the Cdk4™**“ mutation, which deregulates the Rb pathways,
can collaborate with and exacerbate the tumorigenic potential
of the activated Ras pathway.

DISCUSSION

The absolute requirement of Rb family proteins during em-
bryogenesis and early development has hindered the examina-
tion of their role in cancer predisposition using conventional
gene disruption techniques (5, 6, 19, 25-28). Most of the in vivo
studies that describe the role of Rb family proteins have been
restricted to characterization of mouse models that either (i)
carry heterozygous disruption of Rb family genes with or with-
out inactivation of other key cell cycle regulatory proteins or
(ii) inactivate Rb protein family function via expression of viral
proteins, such as the papilloma virus E7 protein or the simian
virus 40 large T-antigen protein (14, 17). Recent studies that
describe the disruption of the retinoblastoma family gene loci
in fibroblasts have clearly elucidated the importance of the Rb
family proteins in the regulation of cell cycle progression and
its underlying implication in cellular immortalization and
transformation (7, 39). To investigate the consequence of Rb
family inactivation through Cdk4-mediated phosphorylation,
we chose to introduce a germ line mutation (R24C) in the
mouse Cdk4 locus that resulted in a deregulated Cdk4R24C
kinase. The Cdk4®**C mutation that abolishes the ability of
CDK4 to bind to and be inactivated by p16™%4* predisposes
humans to hereditary melanoma (51, 53). Our results pre-
sented here show that introduction of the Cdk4®**“ mutation
resulted not only in the abrogation of p16™*** binding to
Cdk4R24C but also enhanced the kinase activity of the enzyme
which in turn leads to hyperphosphorylation of Rb family pro-
teins. This technique allows the expression of the Rb family
proteins throughout mouse development, ensuring the viability
of the mice in contrast to studies that were based on disruption
of Rb family proteins via gene targeting methods (5, 6, 19,
25-28). Expression of deregulated Cdk4R24C resulted in hy-
perphosphorylation of the Rb family proteins, suggestive of at
least a partial inactivation of Rb protein family function.

The hyperphosphorylated state of the Rb family proteins can
be regarded as a physiological inactivation of the Rb family
protein function (14, 17). This mode of inactivation is distinct
from that reported elsewhere, where the loci coding for all
three Rb family proteins were disrupted by traditional gene
disruption methods in fibroblasts (7, 39). Disruption of the
retinoblastoma family gene loci in fibroblasts leads to a com-
plete absence of Rb family proteins, whereas our studies allow
expression of Rb family proteins but lead to partial or total

FIG. 7. Collaboration between pRb and Ras-oncogenic pathways in Cdk4R**“/R?4C mice. (a) Kaplan-Meier survival curves of DMBA-TPA-
treated Cdk4™'* (n = 7) (+/4), Cdk4*/R** (n = 13) (+/R24C), and Cdk4R**“/R24C (5 = 28) (R24C/R24C) mice that were observed for 20 weeks
for appearance of detectable or palpable tumors. Tumor-prone mice were euthanatized, and tumors were dissected and processed for histological
analysis. (b to f) Treatment with DMBA plus TPA leads to the development of skin tumors (b) that are histologically characterized as papillomas
(d to f). The histology of a normal tumor-free skin is shown (c). The normal epidermis (c) and the epidermal hyperplasia and papillomas (d to f)

are indicated by arrows.
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functional inactivation of the Rb family protein function that is
dependent on regulated phosphorylation by the cyclin D/Cdk4
complex.

The observation that mice with a homozygous Cdk4%**¢
mutation were viable suggests that (i) inactivation of Rb pro-
tein family function via phosphorylation as opposed to gene
disruption (both of which may lead to deregulated E2F activ-
ity) have distinct outcomes during embryogenesis, (ii) the
Cdk4®**“ mutation which leads to hyperphosphorylation of
the Rb family proteins may result in a partial inactivation of Rb
family proteins, and (iii) functions of Rb family proteins during
embryogenesis and early development are dependent on their
interaction with proteins that are distinct from those that reg-
ulate cell cycle progression. It has been shown that Rb family
proteins interact, in addition to their well-characterized inter-
actions with the E2F family proteins, with proteins that are
important during development, such as Myo D, myogenin,
MDM2, Myc, PU.1, c-Abl, 1d-2, Pax proteins, etc. (14, 17). Rb
gene disruption using the more conventional gene disruption
approaches may abrogate these critical interactions, resulting
in embryonic lethality (5, 6, 19, 25-28). Our approach of in-
ducing a partial or complete inactivation of Rb protein func-
tion depends on the constitutive hyperphosphorylation of Rb
family proteins by the activated Cdk4R24C kinase, which al-
lows the expression of Rb family proteins and preserves their
interactions with proteins that are required during develop-
ment. Our observations that expression of activated
Cdk4R24C leads to (i) increased cellular proliferation, (ii)
shorter cell cycle time, (iii) escape of fibroblasts from senes-
cence, and (iv) increased susceptibility to oncogene-induced
transformation are similar to those observed with fibroblasts
that are nullizygous at the retinoblastoma family gene loci (7,
39). These observations highlight the importance of appropri-
ate regulation of G, cell cycle progression events that are
dependent on timely phosphorylation of the Rb family pro-
teins. Moreover, our observations suggest that inappropriate
phosphorylation events, such as that observed in the case of Rb
protein family hyperphosphorylation due to the expression of
activated Cdk4R24C, can lead to the advent of a cancerous
state.

The Cdk4®**“/R2C mice expressed normal levels of Cdk6,
and therefore, it is likely that the observed effects are restricted
to tissue and cell types in which Cdk4 is the primary D-type
cyclin-associated Cdk. The diverse spectrum of tumors ob-
served in the Cdk4R2*“/R24C mice is rather surprising taking
into consideration the relatively restricted tumorigenesis pro-
file in mice with a disruption of the INK4a-ARF locus (21, 40).
The INK4a-ARF locus encodes two proteins, p16™%4* and
p19”RY respectively (3, 15, 35). p16™** inhibits the Cdk4 and
Cdk6 kinases, influencing the pRb pathways, whereas p19®F
arrests the cell cycle in a p53-dependent manner (29, 32, 52).
p16™ K42 p19ARF_deficient mice develop primarily lymphomas
and sarcomas that are restricted to the subcutis with invasion
of the underlying musculature or a more generalized distribu-
tion that primarily involves lymphoid organs (40). Likewise,
mice lacking p19*R" alone (with intact p16™** expression)
also display increased spontaneous tumorigenesis with a pre-
dominance of lymphomas and fibrosarcomas and other rare
tumor types, such as thymomas, histiocytomas, and salivary
gland tumors (21). It is possible that the disparity between the
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tumor phenotypes displayed by the Cdk4®**“/R**C mice in
comparison with mice deficient in p16™%** and/or p19*RF is a
reflection of (i) the restricted expression pattern of the two
proteins p16™ 4+ and p19RF, (ii) the preferential expression
pattern of Cdk4 versus Cdk6 in certain tissues, and (iii) the
enhanced kinase activity of the Cdk4R24C protein.

In addition, the tumor phenotype observed may also be a
reflection of the importance of a specific negative regulation of
cyclin D/Cdk4 complexes by p16™5** since the Cdk4™**“ mu-
tation is refractory to inhibition by p16™*. Also, taking into
consideration the established role of p16™*** in regulation of
senescence pathways, in conjunction with our observations that
Cdk4®**“R24C MEFs fail to undergo senescence and can be
readily immortalized, indicates that the efficacy of the
Cdk4®**“ mutation may be more pronounced with increasing
age. In addition, it is likely that activated Cdk4R24C may (i) be
resistant to inhibition by other members of the Ink4 family of
CKls (p15™*, p18'™**¢ and p19™*) and/or (ii) deregulate
the downstream Cdk2-associated kinase activity due to redis-
tribution of p21*"P! and p27%iP? proteins from cyclin E/A-Cdk2
complexes to the cyclin D/Cdk4R24C complexes. Recent data
indicate that p21¥"P! and p27%P? proteins are specific inhibi-
tors of Cdk2-associated kinase activity, whereas they are es-
sential for stability and activity of Cdk4-associated complexes
(2, 23, 44). Based on the results presented, we speculate that
the tumor phenotype displayed by the Cdk4®**“/R2*“ mice is a
reflection of the importance of Cdk4 activity in governing G,/S
cell cycle progression via the regulation of Rb family activity
and monitoring of senescence-associated pathways in diverse
cell types. Importantly, our results present, for the first time,
the deleterious consequences of simultaneous inactivation of
members of the Rb family on cancer predisposition due to a
naturally occurring mutation.

While the germ line Cdk4%?*“ mutation predisposes humans
to hereditary melanoma, we have observed a low incidence of
melanoma occurrence in the Cdk4R24C mouse model. This
suggests that other carcinogenic events, such as exposure to
UV radiation or activation of other tumor promotion path-
ways, could play a major role in this process. Functional col-
laboration between distinct tumor promotion pathways is the
hallmark of an aggressive tumor phenotype (43, 44). Thus,
many human tumors have alterations in multiple oncogene
and/or tumor suppressor pathways. Recent evidence indicates
that the Cdk4-pRb pathway is targeted by oncogenic Ras and
Ras inactivation-induced cell cycle arrest is pRb dependent
(10). In addition, it has been shown that cells nullizygous at the
INK4 locus are permissive to Ras-induced proliferation and
transformation (21, 40). However, in wild-type MEFs, onco-
genic Ras promotes premature cell senescence (41). It has
been shown that induction of Ha-ras¥'? in rat intestinal epi-
thelial cells leads to transformation that is associated with a
sustained proliferation and accumulation of cyclin D1 (34, 42).
Furthermore, cyclin D1-deficient mice have a reduced propen-
sity to skin tumor development in response to chemical car-
cinogen treatments that activate oncogenic Ras pathways (38).
In agreement with this, results of the two-stage skin chemical
carcinogenesis experiments indicate that the R24C mutation in
the Cdk4 locus can synergize with and exacerbate the tumor
potential of oncogenic Ras pathways. Therefore, it is likely that
cooperation between other distinct genetic alterations, in ad-
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dition to the Cdk4®**“ mutation, may be necessary to induce
melanoma in this mouse model. Importantly, these results in-
dicate that the Cdk4®**“ mutation harbors the propensity to
act in concert with distinct oncogenic or chemical carcinogenic
events to further worsen the cancerous state. Therefore, the
Cdk4R2*“/R24C model would be a valuable tool to assess the
carcinogenic activity of xenobiotic agents, aiding development
of cell cycle targeted anti-neoplastic drugs or small molecules
to combat cancer. Based on the wide variety of tumors that
develop in mice harboring the Cdk4%**“ mutation, we hypoth-
esize that the occurrence of mutations, such as the Cdk4R**¢
mutation, may be the harbinger of many types of human cancers.
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