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ABSTRACT Overexpression of the MYC protooncogene
has been implicated in the genesis of diverse human tumors.
Tumorigenesis induced by MYC has been attributed to sus-
tained effects on proliferation and differentiation. Here we
report that MYC may also contribute to tumorigenesis by
destabilizing the cellular genome. A transient excess of MYC
activity increased tumorigenicity of RatlA cells by at least
50-fold. The increase persisted for >30 days after the return
of MYC activity to normal levels. The brief surfeit of MYC
activity was accompanied by evidence of genomic instability,
including karyotypic abnormalities, gene amplification, and
hypersensitivity to DNA-damaging agents. MYC also induced
genomic destabilization in normal human fibroblasts, al-
though these cells did not become tumorigenic. Stimulation of
Rat1A cells with MYC accelerated their passage through G,/S.
Moreover, MYC could force normal human fibroblasts to
transit G; and S after treatment with N-(phosphonoacetyl)-
L-aspartate (PALA) at concentrations that normally lead to
arrest in S phase by checkpoint mechanisms. Instead, the cells
subsequently appeared to arrest in G,. We suggest that the
accelerated passage through G; was mutagenic but that the
effect of MYC permitted a checkpoint response only after G,
had been reached. Thus, MYC may contribute to tumorigen-
esis through a dominant mutator effect.

Malignant tumors arise from a sequence of events including
mutations in protooncogenes and tumor suppressor genes (1).
The accretion of these mutations is apparently facilitated by
acquired or inherited defects in “guardian” mechanisms that
maintain the integrity of the cellular genome (2). There are
many examples of these mechanisms. DNA damaged by spon-
taneous errors or by mutagens is actively repaired (3, 4).
Various “checkpoint controls” assure proper progression
through the cell cycle, reducing the occurrence of spontaneous
DNA damage (5, 6). Apoptotic mechanisms ensure that cells
with damaged DNA that cannot be repaired are destroyed (7).

The protooncogene MYC has been implicated in the genesis
of diverse human tumors (8). The product of MYC is a
transcription factor that can elicit either cellular proliferation
or apoptosis, depending on physiological conditions (7, 8). The
tumorigenic effects of MYC have been generally attributed to
sustained effects on cellular proliferation and differentiation
(8). MYC may also contribute to tumorigenesis by inducing
genomic destabilization (9-12). We report that transient ex-
cess of MYC activity can promote tumorigenesis in an immortal
rodent cell line and elicit genomic destabilization in both
immortal rodent cell lines and in normal human fibroblasts.
Our results suggest that MYC may contribute to tumorigenesis
by affecting the G,/S checkpoints for control of DNA damage.
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METHODS

Cell Lines. Rat1A is an immortal and pseudodiploid cell line
of rat fibroblasts that was recloned before the present work.
Normal human fibroblasts (NHF) were obtained from
newborn foreskin (kindly provided by Thea Tlsty, University
of California, San Francisco). Cells were infected with the
pBABE puromycin retrovirus generating Ratl1A(BABE) and
NHF(BABE) or were infected with pPBABE puromycin retro-
virus containing MYCER generating RatlA(MYCER) and
NHF(MYCER) (13).

Tumorigenicity Assays. RatlA or RatlA(MYCER) cells
were either untreated or exposed to E2 or 4-hydroxytamoxifen
(4-OHT) (10 uM) as indicated. The hormone was then with-
drawn, and the cells were maintained in culture for the
indicated number of days before testing for tumorigenicity.
Assays for tumorigenicity were performed by injecting 107 cells
subcutaneously into the flanks of BALB/c nude mice (The
Jackson Laboratory). Tumors typically appeared after 4 weeks.
Monitoring was discontinued after 10 weeks, at which time
mice were sacrificed. The frequency of neoplastic cells was
estimated by limiting dilution by using the formula: In(Tf) =
—nf, where Tf is the proportion of tumor free mice, n is the
number of cells injected into the mice, and f is the frequency
of neoplastic cells (14).

Karyotypic Analysis. To determine chromosome number,
metaphase spreads were prepared and evaluated as described
(15). To determine mitotic index, metaphase spreads were
prepared from cells without prior colchicine treatment. The
number of mitotic nuclei were counted.

N-(phosphonoacetyl)-L-aspartate (PALA) Resistance.
PALA resistance was determined at 9-fold LDs, because this
dosage routinely selects for genomic amplification of the
multifunctional enzyme that contains carbamyl phosphate
synthase, aspartate transcarbamylase, and dihydroorotase
(CAD) (15). Southern analysis was performed by using a probe
for hamster CAD cDNA (15).

Etoposide and UV Sensitivity. Ratl1A(MYCER) or NHF-
(MYCER) were irradiated with UV (1-20 J/m?) or exposed to
etoposide (0.01-10 pg/ml) and then treated with 0.1 puM
estrogen (E2). After 5 days, trypan blue-excluding adherent
and nonadherent cells were counted.

BrdUrd Incorporation. Staining with anti-BrdUrd-FITC
and propidium iodide were performed as described by the
manufacturer (Becton Dickinson).

RESULTS

Transient Excess of MYC Activity Augments Tumorigenic-
ity. We produced increases in MYC activity by using a chimeric

Abbreviations: NHF, normal human fibroblasts; PALA, N-(phos-
phonoacetyl)-L-aspartate; CAD, multifunctional enzyme that contains
carbamyl phosphate synthase, aspartate transcarbamylase, and dihy-
droorotase; E2, estrogen; 4-OHT, 4-hydroxytamoxifen.
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gene (MYCER) in which MYC is fused to the hormone-binding
domain of the human estrogen receptor (13). The MYCER
protein is active only in the presence of E2 or 4-OHT. If
overexpressed at a sufficient level, the activated MYCER
protein transforms cells in vitro (13). By withdrawing E2,
transformation is reversed.

The RatlA cell line of embryonic fibroblasts is pseudodip-
loid and morphologically normal, but is readily transformed by
MYC in vitro (16). These cells displayed little or no tumorige-
nicity after cultivation in either the absence or presence of E2
(Table 1). In contrast, RatlA cells expressing MYCER
[RatlA(MYCER)] became notably tumorigenic in mice after
in vitro exposure to E2 or 4-OHT (Table 1, Fig. 1, and data not
shown). As expected, the same treatment also elicited full
morphological transformation (data not shown, see also ref.
13). We were surprised to find, however, that withdrawal of
hormone for periods as long as 30 days did not reverse
tumorigenicity (Table 1), even though the cells resumed their
normal appearance in vitro and had undergone a minimum of
15 population doublings. Indeed, the fraction of tumorigenic
cells appeared to increase up to 50-fold over time subsequent
to withdrawal of E2 (Table 1 and Fig. 1). Similar results were
obtained with several independent clones of Ratl1A(MYCER)
cells.

We conclude that brief exposure to high levels of MYC
activity is sufficient to enhance tumorigenicity of RatlA cells
that is stable over many days and many cell divisions. We do
not believe that these results can be explained by residual
function of MYCER in the absence of E2. First,
Rat1A(MYCER) cells that had never been exposed to E2 were
only feebly tumorigenic (Table 1). Second, the serum concen-
tration of E2 in mice was measured and found to be 10-20 pm,
1,000th of that required to activate MYCER. Third, the protein
expression of MYCER and endogenous MYC were equivalent
in the cells before and after induction of tumorigenicity (data
not shown). Thus, tumorigenicity cannot be ascribed to occa-
sional clones of cells that produce exceptional amounts of MYC
or MYCER. Fourth, cell lines established from the
RatlA(MYCER) tumors were morphologically normal. E2
treatment of these cells elicited morphological transformation
in the presence of normal levels of serum and apoptosis in
reduced serum (0.5%, data not shown). Fifth, we examined
expression of the ornithine decarboxylase gene (ODC), whose
transcription is induced by MYC (17). Expression of ODC was
undetectable in cells from a tumor generated by 48-hour
exposure of RatlA(MYCER) cells to E2 but subsequently
cultivated in reduced serum (0.5%) in the absence of E2 (data
not shown). In contrast, ODC protein was readily detectable
after treatment of either the tumor cells or of the original
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FiG. 1. Brief excess of MYC activity increases the frequency of
tumorigenic cells. RatIA(MYCER) untreated (0), treated with E2 (10
uM) for 2 days (m), treated with E2 for 2 days followed by 14 days (@)
or 30 days (a) in the absence of hormone treatment. Tumorigenicity
assays were performed as described in Table 1.

RatlA(MYCER) cells with E2. These diverse observations
demonstrate that the activity of MYCER remained conditional
and was negligible in the absence of E2.

Transient Excess of MYC Activity Destabilizes the Genome.
The durable tumorigenic phenotype conferred by brief excess
of MYC activity prompted us to investigate whether MYC is
capable of inducing genomic changes in Rat1A cells. We found
that treatment of RatlA(MYCER) cells with E2 for 2 days
produced multiple karyotypic abnormalities, including marked
aneuploidy, polycentric chromosomes, double minute chromo-
somes, and chromosome breaks (Table 2 and Fig. 2). The
frequency of chromosomal abnormalities was not increased by
prolonging the exposure to E2 (Table 2). A mutation that
removed the transcriptional-activation domain of MYC from
MYCER (13) eliminated the chromosomal response to E2 by
Rat1A cells (data not shown). In addition, E2 had no effect on
the karyotype of normal RatlA cells that contained only the
vector used to express MYCER (Table 2 and data not shown).
After withdrawal of E2, the karyotype of RatlA(MYCER)
returned virtually to normal: the frequency of aneuploid cells
diminished to background levels (Table 2), and neither
polycentric nor double minute chromosomes were detected
(Table 2). A transient excess of MYC activity also induced
genomic destabilization in NIH 3T3 cells (data not shown).

Cell lines established from explanted RatlA(MYCER) tu-
mors were euploid (Table 2) but exhibited an exceptional

Table 1. Transient excess of MYC activity elicits tumorigenicity

Treatment,
& Tumors®,

Cell line +E2 -E2 % Tumors/Sitest n Frequency¥
RatlA 0 0 0 0/10 2 <1.0 X 10~8
10 0 0 0/10 2 <1.0 X 108
RatlA(MYCER) 0 0 3+ 5 2/56 8 3.0 x 10~
2 0 36+ 9 13/34 4 45x10°8
10 0 34 =10 28/72 8 42 %1078
2 2 42 5/12 1 6.9 X 10~8
10 2 30 3/10 1 3.6 X 1078
2 14 64+ 6 14/22 2 1.0 X 1077
10 14 60 6/10 1 9.2 %X 1078
2 21 58 =16 14/24 2 8.7 %1078
2 30 75 6/8 1 1.4 x 1077

Cells were exposed in vitro to E2 (10 uM) as indicated.

“Percent of sites with tumors =SD.
TData aggregated from individual experiments.
¥Estimated frequency of neoplastic cells (14).
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Table 2. Transient excess of MYC activity induces karyotypic abnormalities

Treatment,
days Karyotypic abnormality, %*
Cell line +E2 -E2 Aneuploidy’ Polycentric Double minute Chromosome break

Rat1A 0 0 3 <1 <1 <1
14 0 6 <1 <1 <1
RatlA(MYCER) 0 0 2 <1 <1 <1
2 0 22 21 7 2
14 0 20 14 5 <1
14 2 19 7 4 <1
14 14 5 <1 <1 <1
Tumor 1 0 0 28 13 <1 <1
2 0 62 44 5 4
Tumor 2 0 0 8 11 <1 <1
2 0 54 22 <1 <1
NHF 0 0 <1 <1 <1 <1
2 0 <1 <1 <1 <1
NHF(MYCER) 0 0 <1 <1 <1 <1
2 0 21 <1 <1 <1

Cells were treated with E2 as described for Table 1. Tumors 1 and 2 were explanted Ratl1A(MYCER) tumors propagated

in vitro. At least 50 metaphases were analyzed per group.
*Percent metaphases with indicated karyotypic abnormality.
TPercent metaphases with 50 or more chromosomes.

frequency of other karyotypic changes, particularly when
exposed to E2 (Table 2, Fig. 2). Presumably, tumorigenic
clones have undergone additional genetic events that make
them more susceptible to MYC-induced genomic destabiliza-
tion.

Polycentric chromosomes are thought to be precursors of
genomic amplification, and double minute chromosomes are
associated with genomic amplification (18). We found that
exposure of RatlA(MYCER) cells to E2 for 2 days increased

L -

F1G.2. Excess of MYC activity is associated with karyotypic abnormalities. Cells were treated with E2 (10 uM) for two days, followed by analysis
of metaphase spreads (15). Untreated Ratl1A(MYCER) cells displayed a normal karyotype (A4). RatlA(MYCER) cells treated with E2 displayed
aneuploidy (B), double minute chromosomes (D), and dicentric chromosomes (E). In a separate experiment, RatlA(MYCER) cells were treated

with E2 for 48 hours and then directly injected into nude mice to induce tumors. Explanted tumors were propagated in vitro and found to be euploid,
but when treated with E2 exhibited marked aneuploidy (C) and multicentric chromosomes (F).

by 100-fold the frequency of cells resistant to killing by PALA
(Table 3). PALA resistance in this assay arose from amplifi-
cation of the CAD gene, which we documented by using
Southern blotting. We found that PALA-resistant cells had
2-10 additional copies of the CAD gene (data not shown).
Resistance to PALA was still apparent when the assay was
initiated 14 days after withdrawal of E2 (Table 3). Indeed, the
fraction of PALA-resistant cells appeared to increase over
time up to 200-fold subsequent to withdrawal of E2 (Table 3).

d
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Table 3. Frequency of PALA resistance is increased by transient
excess of MYC activity

LDso, Frequency of
Cell line Treatment uM PALA-resistant clones
RatlA None 30 <1x1077
E2* 30 <1x1077
RatlA(MYCER)  None 45 <1 X 1077
E2* 45 95X 1076 *+24 X 1076
E2/None' ND 21x1075+0.1x105

ND, not determined
*E2 (10 uM) for 2 days, then selection in PALA.
TE2 (10 uM) for 2 days, then no treatment for 14 days, then selection
in PALA.

As a final parameter of MYC’s influence on genomic sta-
bility, we analyzed the effect of excess MYC activity on the
sensitivity of Rat1A cells to DNA-damaging agents. We found
that RatlA(MYCER) cells were 2-fold more sensitive to UV
radiation and 25-fold more sensitive to etoposide in the
presence of E2 (Table 4).

MYC Induces Genomic Destabilization of NHF. Because
Rat1A cells do not exhibit cellular senescence, they may have
genetic alterations that predispose them to the effects of MYC
reported here. We therefore turned our attention to NHF.
Treatment of NHF(BABE) with E2 produced none of the
abnormalities associated with genomic destabilization. In con-
trast, exposure of NHF that were expressing NHF(MYCER) to
E2 produced abundant aneuploidy (Table 2) and a 5-fold-
increased sensitivity to UV radiation (Table 4). NHF were
insensitive to etoposide even in the presence of excess MYC
activity.

E2 treatment of NHF(MYCER) failed to elicit polycentric
chromosomes, double minute chromosomes, chromosome
breaks or an increase in PALA resistance. These results
suggest that an excess of MYC activity may not produce
chromosome damage in NHF. We note, however, that normal
cells can cease to proliferate in the presence of even a single
double-strand DNA break (19), which would make it difficult
to detect chromosomal damage with the analyses employed
here.

Excess MYC Activity Prevents Cell Cycle Arrest in Response
to DNA Damage. How does MYC induce genomic destabili-
zation? MYC is known to accelerate passage through G;/S in
immortal rodent cells (20). Acceleration through the cell cycle
in itself may be mutagenic for several reasons (5). We con-
firmed that excess MYC activity in RatlA cells accelerated
passage through G;/S by 4 hours, as previously documented
(Fig. 34). However, when we analyzed individual cells for entry
into metaphase, we found that MYC accelerated the cell cycle
by as much as 16 hours (Fig. 3B). Similar results were seen for
NHF (data not shown).

Although acceleration of passage through the cell cycle
could itself be mutagenic, we wondered whether MYC might
also perturb the ability of cells to adequately respond to
conditions that promoted DNA damage. To address this issue,
we returned to the examination of NHF, which exhibit cell
cycle arrest in response to DNA damage. We exposed NHF to

Table 4. Excess of MYC activity increases sensitivity to
DNA-damaging agents

Relative sensitivity*

Cell line uv Etoposide
RatlA(MYCER) 1.9 0.1 25+173
NHF(MYCER) 4.6 =04 not sensitive

Results are from three independent experiments, expressed as
means *SD.
*LDsg in the absence of E2 divided by the LDs in the presence of E2.
TNHF did not exhibit sensitivity to etoposide at 10 ug/ml.
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FiG. 3. Excess MYC activity accelerates transit through the cell
cycle. Serum-starved RatlA(MYCER) cells were treated with serum
(10%, m) or serum and E2 (1 uM, 0O). (A4) S Phase was determined by
measuring the frequency of cells that incorporated BrdUrd. (B)
Mitotic index was measured by examining the frequency of mitotic
nuclei in metaphase spreads.

PALA in the presence or absence of excess MYC activity.
PALA inhibits CAD, thereby restricting nucleotide pools
leading to conditions that promote DNA damage in normal
rodent and human cells (15). We exposed NHF to PALA at a
concentration that we determined to be 9-fold LDsy. As
expected, when we treated asynchronously growing popula-
tions of NHF, they had difficulty completing transit through
the cell cycle, accumulating in S phase (Fig. 4). However, the
E2 treatment of NHF(MYCER) suppressed this accumulation
in S phase (Fig. 4). Instead, E2-treated NHF(MYCER) accu-
mulated in G, (Fig. 4). In contrast, E2 treatment of NHF(B-
ABE) cells had no effect. Thus, excess MYC activity may
abrogate checkpoints for DNA damage that function during
G1/S. As a result, DNA damage accumulates, and this in turn
leads to the arrest of cell cycle in Go.

DISCUSSION

We conclude that a transient excess of MYC activity can
predispose cells to tumorigenesis. Most likely this occurs
because the cellular genome has been destabilized, creating a
mutator phenotype that increases the frequency of tumors
produced by an established line of rodent cells. Tumorigenic
cells remained rare (1077 to 1078) after destabilization of the
genome, perhaps because multiple mutations are required for
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F1G. 4. Excess MYC activity causes inappropriate cell cycle entry.
NHF(BABE) or NHF(MYCER) cells were treated with PALA (50
uM) for two days and then analyzed for DNA content by fluorescence-
ativated cell sorter (FACS) analysis of propidium iodide stained cells.
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tumorigenicity even in RatlA cells. The tumorigenicity of
RatlA(MYCER) cells in which the genome has been destabi-
lized persists for at least 30 days after removal of E2 and the
frequency of tumorigenic cells may even increase over that
time (Fig. 1). In contrast, cells with karyotypic abnormalities
do not persist in the population after E2 removal, perhaps
because such cells are killed by apoptosis. Gene amplification
persists and may also increase during the two weeks after
withdrawal of E2, indicating that genetic alterations do persist
after transient surplus of MYC activity (Table 3). Our obser-
vations are consistent with several reports that indicate MYC
and other oncogenes induce genomic destabilization (9-12,
21-24).

How might a transient surfeit of MYC activity destabilize the
genome? First, abbreviation of G; may be mutagenic (5).
Indeed, Gy is curtailed in Rat1A(MYCER) and NHF(MYCER)
cells treated with E2 (20). In fact, our data suggest that MYC
may accelerate passage through G; by a greater degree than
previously described (Fig. 3). Second, excess activity of MYC
forces cells into the cell cycle under deleterious conditions such
as those imposed by treating cells with high concentrations of
PALA (Fig. 4). This too may destabilize the genome by
increasing DNA damage (25). Similar results have been de-
scribed for MYC’s ability to abrogate the cell cycle arrest of
REF52 cells that have been treated with PALA (12). Third,
MYC may reduce transcription or inhibit the function of gene
products responsible for regulating cell cycle transit (12,
26-28).

Our data suggest that MYC prevents a checkpoint response
during G,/S. Instead, a checkpoint response appears only after
G, had been reached (Fig. 4). The strict imposition of G, arrest
in NHF in response to MYC suggests that genomic damage has
indeed occurred. Thus, MYC may contribute to tumorigenesis
through a dominant mutator effect by abrogating checkpoints
during G;/S. As such, MYC exemplifies a postulated category
of a dominant-acting oncogene that generates aneuploidy (29).

Lymphomas in which MYC is overexpressed were formerly
thought to be euploid. At first glance, this appears to be
paradoxical. However, recent analyses with techniques such as
comparative genomic hybridization and spectral karyotyping
(which possess enhanced resolution over conventional karyo-
typic analysis) reveal that chromosomal abnormalities are
actually common in these tumors (30).

The results presented here provide the first indication that
MYC may in some circumstances initiate tumorigenesis by a
“hit-and-run” mechanism. In this scenario, there may be no
requirement for sustained MYC overexpression once tumor
progression has been launched by destabilization of the ge-
nome. Thus, there may be tumors in which therapeutic strat-
egies that target the inactivation of MYC will not be effective.
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