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Abstract

We haveusedthe MMTV-myc and MMTV-ras transgenicmousemam
mary tumor models (T. A. Stewart et al., Cell, 38: 627â€”637,1984, and E.
Sian et a!., Cell, 49: 465â€”475,1987) to evaluate how the c-myc and
v-Ha-ras oncogenesinfluence tumor growth characteristicsin vivo.
MMTV-myc tumorshad much higher levelsof spontaneousapoptosis
than MMTV-ras tumors,whereasintermediatelevelswere observedin
MMTV-myc/ras tumors. Significant differences in cell cycle characteris

tics were also observed in tumors from mice of the three genotypes.

Tumorsfrom MMTV-myc micehad lowerG1 and higherS-phasefrac
tions than MMTV-ras tumors, with intermediate values again observed in

the MMTV-myclras tumors.Despitethesedifferences,however,tumor
growthratesfor the differentgroupsweresimilar.Thesefindingshigh
light the importanceof the balancebetweencellcycleregulationandcell
death in determiningthe kineticsof tumor growth and indicatethat
distinct oncogenescan have a profound influence on that balance.

Introduction

There is a growing appreciation that an interrelationship exists

between some of the cellular pathways that regulate proliferation and
those that regulate cell death. Expression of a number of genesknown
to be positive regulators of proliferation, such as myc, myb, EJA,
E2FJ, and others, also enhances the cellular susceptibility to apoptotic
stimuli (3â€”6).In contrast, expression of other genes, such as ras, raf,
src, and the presence of particular growth factors can act in an
opposite manner to inhibit the susceptibility to apoptosis (7â€”9).Inter
estingly, the ability of many of these genes to influence apoptosis
involves the p53 tumor suppressorprotein in that their expression may
modulate the outcome (growth arrest versus apoptosis) mediated by
p53 (9â€”15).Thus, it is possible that some oncogenes contribute to
tumorigenesis and progression in a dual fashion by affecting not only
proliferation but also programmed cell death.

Stewart et a!. (1) and Sinn et a!. (2) previously generated and
characterized two lines of transgenic mice in which expression of the
c-myc or v-Ha-ras oncogenes was targeted to mammary tissue using
the transcriptional regulatory elements of the MMTV5 long terminal
repeat. Both lines of mice, MMTV-myc (1) and MMTV-ras (2), were
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found to be highly susceptible to the development of mammary
tumors after several months of life. Furthermore, when the two lines

were interbred, offspring expressing both transgenes developed tu
mommuchmorerapidly thaneitherof the singletransgeniclines (2).
These transgenic mouse tumor models are particularly amenable to
studies of mammarytumorigenesisand progressionfor a numberof
reasons.The tumors arise stochastically in a background of relatively
normal mammary tissue and are palpable, thus allowing their growth
rates to be accurately monitored over time. We have used these
models to examine whether the myc and ras oncogenesdifferentially
influence the susceptibility of tumor cells to apoptosis in vivo, and to
evaluate the consequencesof any differences on overall tumor growth
rates. We found that despite similar tumor growth rates, the cell cycle
characteristics and levels of apoptosis differed significantly depending
on the oncogene(s)usedto initiate the tumors.

Materials and Methods

TransgemcMice. MMTV-myc andMMTV-ras micewereobtainedfrom
CharlesRiver Laboratories,and a breedinglicensewas obtainedfrom E. I.
DuPontdeNemoursandCo. to permit theinterbreedingof thesetwo linesof
mice. By interbreeding these mice, we generated and identified by PCR
offspring that wereeitherpositivefor theMMTV-myctransgene,theMMTV
ras transgene, or both. Animals were checked twice weekly for the presence of
tumors. Once a tumor was detected (either visually or by palpation), its growth
was monitored for the next 10â€”15days by taking caliper measurements of

tumor width (W) and length (L) in mm everyotherday. Tumor weight was
calculatedaccordingto the formula: tumor weight (mg) = (W2X L)/2 (16).
Femaleanimalsexclusivelywereusedin thisstudy,andweregenerallyhoused
with malebreederscontinuouslyfrom the time they reachedsexualmaturity
until the time of their sacrifice.The miceanalyzedin this studyhadeitheran
inbred P/B geneticbackground(someof the MMTV-myc and MMTV-ras
mice) or a hybrid background comprised of C57BL6 X Balb/c X P/B
(MMTV-myc, MMTV-ras, andMMTV-myc/rasmice).The tumor properties
examinedin this studydid not appearto be significantly influencedby these
differencesin geneticbackgrounds.

DNA usedfor PCRreactionswasextractedby standardmethodsfrom a
small piece of tail cut from each animal at the time of weaning (17). Primers
usedfor thedetectionof theMMTV-rastransgenewere5'-CCCAAGCICTTA
AGTAAG@ lGG-3' (5' senseprimer) and 5'-GCIGCATAAGCACA
GATAAAACACT-3' (3' antisense primer). Primers used for detecting the
MMTV-myc transgenewere5'-GGTGATAGTCCmCACATC-3' (5' sense
primer)and5'-GTGCCACCTGACGTCTAAGA-3(3' antisenseprimer).Both
reactionswererun for 35cyclesof 94Â°Cfor 1rain,55Â°Cfor 1mm,and72Â°C
for 1 mm.

Apoptosis Analysis. At sacrifice, samples of tumor tissue were fixed in
10%neutralbufferedformalinandembeddedin paraffin.Sections(4jxmthick)
werecut,deparaffinized,andpermeabilizedwith proteinaseK. In situ labeling
of apoptoticcells was accomplishedby the TUNEL method(18). Briefly,
DNA wasend-labeledwith biotinylated-dUTPusingterminaldeoxynucleoti
dyltransferase,andthe boundbiotin wasdetectedusinga streptavidin-horse
radishperoxidaseconjugateandvisualizedwith diaminobenzidinechromagen.
Positively stainedcells were evaluatedby light mmcroscopy.Positive cells
within a 10 x 10mm grid in theeyepiecewerecountedin 10fields at X450
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magnification.Necroticregionsof thetumorswereavoided.Thetotal number
of tumor cells in each field rangedfrom 500 to 800, dependingon the
histological pattern of the tumor. Percent apoptosis was calculated by dividing

the numberof TUNEL-positive cells in 10 fields by 6700. Overall tumor
apoptosis was also assessedby DNA ladder analysis. Tumor DNA from mmcc
of eachgenotypewasextracted(17), and3 @xgof eachsamplewereelectro
phoresedon a 1.5% agarosegel, stainedwith ethidiumbromide,andphoto
graphed.

Flow Cytometry. At the time of sacrifice, a 25â€”50-mgpiece of tumor
tissue was flash frozen in liquid nitrogen and stored at â€”80Â°Cuntil analyzed
by flow cytometry.Tissue was processedby standardtechniquesusing a
modifiedKrishantechniquein whichDNA wasstainedwith propidiumiodide
(19). All sampleswere analyzedwith an EPICS ELITE flow cytometer
(CoulterElectronics,Miami, FL) usinga 15-mWargonion laseroperatedat 6
amps of power at 488 nm. Histograms were analyzed for cell cycle compart
ments using MultiCycle-PLUS Version 3.0 (Phoenix Flow Systems,San
Diego,CA). A minimumof 50,000eventswerecollectedtomaximizestatis
tical validity of the compartmental analysis.

Statistical Analysis. Tumor growth rates were assessedby estimating the
time to tumordoublingfor eachanimalandcomparedacrossgenotypesusing
thelog ranktest(20).Animalswhosetumorsfailedto doublein sizeby theend
of the experimentwerecensoredon the lastday of measurement.Apoptosis
ratesfor eachgenotypewerecomparedby one-wayANOVA. Flow cytometri
cally determinedproportionsof cells in S and G2-M phaseswere initially
comparedby multivariateone-wayANOVA (21). After obtaininga statisti
cally significant result, separateunivariate analyses were used to determine the
natureof thedifferencesbetweengenotypes.

Results

Through appropriate matings, offspring of three different genotypic

groups were generated (MMTV-myc, MMTV-ras, MMTV-myc/ras),

identified by PCR, and monitored for the development of tumors. The
time of tumor onset was recorded as the time at which a macroscopic
tumor was first detectedeither visually or by palpation.MMTV-myc
and MMTV-ras animals generally developed tumors after several
monthsof life. The MMTV-myc micehada meantime to tumoronset
of 6.3 months (n = 7), whereas that for MMTV-ras mice was 8.8
months (n = 10). The MMTV-myc/ras double-transgenicmice de
velopedtumorsmuchmore rapidly, with a meantime to tumor onset
of 2.6 months(n = 15). This finding is consistentwith the previous
report of accelerated tumorigenesis in the MMTV-myc/ras double
transgenic mice (2).

Once a tumor was detected,its growth was monitoredfor the next
10â€”15daysby takingapproximatelydaily calipermeasurements(Fig.
1,Aâ€”C).Time to tumor doubling was estimated by linear interpolation
from daysimmediatelybefore and after doublethe baselinesize was
achieved. Median doubling times (95% confidence interval) were 8
days for the MMTV-myc tumors (n = 7; range, 6â€”14days), 7.5 days
for the MMTV-ras tumors(n = 15; range,6â€”10days),and6 daysfor
the MMTV-myc/ras tumors (n = 16; range, 4â€”8days) and were not
significantly different (P = 0.22).

To determine the prevalenceof apoptosisin tumors from these
different genotypic groups, tumor tissue was taken at the time of
sacrifice and used for TUNEL analysis (18). This method is basedon
the terminal deoxynucleotidyltransferase-mediated labeling ofthe free
DNA endsgeneratedduring the apoptoticprocessand allows for the
in situ detection of apoptotic cells in a section of tumor or other tissue.
As expected, some staining occurred in clusters that were necrotic by
light microscopy,and theseregionswere avoidedfor quantitationof
apoptosis. Otherwise, apoptotic cells were uniformly distributed.
When analyzed by this method, the differences in the levels of tumor

apoptosis between the groups were striking (Fig. 2, Aâ€”C,E). MMTV- from MMTV-myc/ras double-transgenic mice was intermediate be
myc tumorshad a mean apoptosislevel of 5.8%, more than 40-fold tween and significantlydifferent than the levelsobservedin both the
higher than the 0.12% observedin MMTV-ras tumors(P = 0.0003). MMTV-myc and MMTV-ras single transgeniclines (P = 0.002 for

the MMTV-myc-to-MMTV-myc/ras comparison and P 0.0001 for
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Fig. 1. Tumor growth rates in MMTV-myc (A), MMTV-ras (B), and MMTV-myc/ras
(C) tumors.Oncea tumor wasdetected,growth wasmonitoredby taking calipermeas
urementsevery otherday for the next 10â€”15days.Each line representsthe growth of an
individual tumor.

Interestingly, the mean apoptosislevel of 1.6% observedin tumors
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Fig. 2. Tumor apoptosis.TUNEL analysiswas
used to determine the levels of apoptosis in tumors
of each genotype. Representative TUNEL results
for MMTV-myc (A), MMTV-ras (B), andMMTV
myc/ras(C) tumorsareshown.TumorDNA (3 xg)
from three different mice of each genotype was run
on a I .5% agarosegel and stainedwith ethidium
bromide (D: Lanes 1â€”3,MMTV-myc; Lanes 4â€”6,
MMTV-ras; and Lanes 7â€”9,MMTV-myc/ras). A
quantitative comparison of the TUNEL results for
MMTV-myc tumors (n = 7), MMTV-ras tumors
(n 14), and MMTV-myc/ras tumors (it = 14) is
shown (5). Columns, mean; bars, SE.
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the MMTV-ras-to-MMTV-myc/ras comparison). When as many as 3
!.Lgof tumor DNA were analyzed by agarosegel electrophoresis, only
the MMTV-myc tumors clearly exhibited the DNA ladders charac
teristic of apoptotic cells (Fig. 2D).

The fact that MMTV-myc and MMTV-ras tumors had comparable

growth rates despite marked differences in apoptosis levels suggested
that there might also be differences in tumor cell proliferation. Tumor
cells were therefore labeled with propidium iodide and analyzed by
flow cytometry to evaluate the cell cycle distribution of the tumor
cells and to provide an indirect measure of proliferative activity.
Significant differences in cell cycle characteristics were observed in

tumor cells from each of the different genotypic groups (Fig. 3).
MMTV-myc tumors had mean G1, 5, and G2-M fractions of
68.8 Â± 6.9, 26.1 Â± 6.9, and 5.1 Â± 0.8% respectively, whereas
MMTV-ras tumors had values of 96.3 Â± 0.8, 2.6 Â± 0.4, and
1.5 Â±0.6%, respectively. The differences between the MMTV-myc
and MMTV-ras tumors for each cell cycle compartment were highly
significant, with P values of 0.003, 0.003, and 0.01, respectively. The
MMTV-myc/ras tumors had cell cycle compartment distributions
intermediateto thoseobservedin either the MMTV-myc or MMTV
ras groups, with G1, 5, and G2-M fractions of 88.8 Â±0.9, 8.5 Â±0.7,
and 2.7 Â±0.2 respectively (P = 0.016 or less for comparisons of each
cell cycle compartment between mice of each genotype.) Thus, the

cell cycle characteristics of the tumors, as with apoptosis, varied
substantially depending on whether the tumors were initiated by myc,
ras, or both.

Discussion

The findingsdescribedin this reportdemonstratethat the myc and
ras oncogenes affect tumor growth characteristics in profoundly dif
ferent ways. Although the overall tumor growth rates were compara

ble in mice of the three genotypes, the dynamics of tumor growth were
profoundly different. Tumors initiated by the myc transgene had very
high S-phase fractions but were also highly susceptible to cell death
by apoptosis,whereasthose initiated by the ras transgenehad uni
formly low S-phase fractions and low levels of apoptosis. These
findings underscore the fact that tumor growth is determined by the
relative levels of cell gain and cell loss and indicate that distinct
oncogenes can differentially influence these tumor characteristics in
vivo.

Expression of the myc proto-oncogene is deregulated in a substan
tial percentage of human cancers, and the involvement of myc in
cellular proliferation has been firmly established (for review, seeRef.
22). More recently, it has become clear that in addition to stimulating
proliferation, myc can enhance the cellular susceptibility to spontane
ous apoptosis (7), as well as apoptosis induced by a variety of stimuli
including low serum (3), the absence of certain cytokines (8), and
irradiation (23). In some settings, myc-stimulated apoptosis is p53-
dependent(11, I 3, 24); however, there are also examples of p53-
independent stimulation of apoptosis by myc (25).

The high levels of apoptosis observed in tumors from the MMTV
myc mice suggest that myc expression enhances the cellular suscep
tibility to tumor apoptosis in vivo, consistent with the many in vitro
findings of others. Furthermore, the fact that these tumors had rela
tively low G1 and high S-phase fractions compared to MMTV-ras
tumors may reflect the ability of myc expression to abrogate the
p53-dependent G1-S checkpoint, favoring instead an apoptotic re

sponse (13, 26). It is unclear at this point, however, whether the high
levels of apoptosis in MMTV-myc tumors occur via a p53-dependent
pathway.

myc

myc/ras

ras

Cell Cycle Distribution
. â€”Is I IG2/M

Fig. 3. Tumor cell cycle distribution. G,, 5, and G2-M fractions basedon flow
cytometric analysis of propidium iodide-stained tumor cells are shown for MMTV-myc
(n 5), MMTV-ras (n = 8), and MMTV-myc/ras (n = 14) mice.
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Activation of the ras signaling pathway is known to play an
important role in cellular proliferation, differentiation, and transfor
mation (27). As with myc, recent research has demonstrated that this
pathway can also influence the cellular susceptibility to apoptosis. In
contrast with myc, however, ras appears to inhibit the cellular sus
ceptibiity to apoptosis, including spontaneousapoptosis (7) aswell as
that induced by irradiation (23), EJA expression (28), doxorubicin
(29), or cytokine withdrawal (30, 31). Expression of raf, a component
ofthe ras signalingpathway(32), caninhibitp53-dependentapoptosis
while leaving the G1-S checkpointfunctionof p53 intact (9). Thus, it
is reasonable to speculate that ras might act to inhibit p53-dependent
apoptosis while leaving intact the function of the p53-dependent Ga-S
checkpoint. The MMTV-ras tumors evaluated here had uniformly low

levels of apoptosis and were associated with significantly higher G1
and lower S-phasefractions than the MMTV-myc tumors. In addition,
we have shown that p53-mediated tumor suppression in MMTV-ras
mice occurs via the G1-S checkpoint rather than through attenuated

apoptosis (33).
It was somewhatsurprisingto find that the growth rate of tumors

arising in MMTV-myc/ras double-transgenic mice was not signifi
canfly higher than tumor growth rates from MMTV-myc or MMTV
ran single transgenic mice and that apoptosis and S-phase values for
the double-transgenic mice were intermediate to those of the parental
lines. Because myc and ras clearly cooperate to accelerate tumor
onset, it might have been expected that the tumors would also have
increased growth rates, with myc contributing to an elevated rate of
proliferation and ras contributing to the suppression of apoptosis.
However, the intermediate characteristics of the myc/ras tumors sug
gest that neither gene is dominant over the other with respect to their
abilities to modulate cell cycle characteristics and apoptosis. It is
possible that elevated ras expression partially overcomes the myc
associated apoptosis by altering the p53-mediated response from

apoptosis to G1 arrest. This would be consistent with the reduced
apoptosis and the higher G1- and lower S-phase fractions in the
MMTV-myc/ras tumorsrelative to tumorsfrom MMTV-myc mice.

Whatever the mechanism, it is clear that the myc and ras
oncogenes can differentially influence tumor cell cycle character
istics and susceptibility to spontaneous apoptosis. Importantly,
apoptosis may represent the primary mechanism of tumor cell
death in response to a variety of classes of chemotherapeutic
agents (for review, see Ref. 34). Furthermore, many such agents
target cells in particular phases of the cell cycle. A better under
standing of the mechanism by which specific oncogenes contribute
to the balance between cell proliferation and cell death, and the
nature of cooperation between such oncogenes, may have impor
tant clinical implications. For example, is there an association
between the suppression of apoptosis in MMTV-ras tumors and
increased resistance to chemotherapeutic agents? This and similar
questions may be suitable for further study in these models.
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