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It has been proposed recently that the type of genetic instability in
cancer cells reflects the selection pressures exerted by specific
carcinogens. We have tested this hypothesis by treating immortal,
genetically stable human cells with representative carcinogens. We
found that cells resistant to the bulky-adduct-forming agent 2-
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) exhibited a
chromosomal instability (CIN), whereas cells resistant to the meth-
ylating agent N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) ex-
hibited a microsatellite instability (MIN) associated with mismatch
repair defects. Conversely, we found that cells purposely made into
CIN cells are resistant to PhIP, whereas MIN cells are resistant to
MNNG. These data demonstrate that exposure to specific carcin-
ogens can indeed select for tumor cells with distinct forms of
genetic instability and vice versa.

G enetic instability and chemical carcinogens represent two
central themes of modern cancer research. It appears that
most, if not all, human cancers are genetically unstable, and that
there are several distinct types of instabilities. It is also widely
accepted that endogenous or exogenous mutagens contribute to
most human cancers. But how are these two themes related?
Breivik and Gaudernack (1) have recently proposed that the type
of instability in cancers may reflect the selection pressures
exerted by specific carcinogens. In particular, they predicted that
cells exposed to bulky-adduct-forming agents will develop a
chromosome instability (CIN), whereas cells exposed to meth-
ylating agents should develop a mismatch repair (MMR) defect
and consequent microsatellite instability (MIN).

Colorectal cancers (CRCs) provide an excellent system to
examine the relationship between carcinogens and genetic in-
stability (2). Dietary carcinogens are thought to play a major role
in colorectal tumorigenesis (3, 4), and most CRCs manifest
either CIN or MIN but not both (5). To evaluate whether specific
carcinogens could cause specific forms of instability, we used a
CRC line (H3) that was immortal but completely stable in terms
of both maintenance of chromosome number (6) and nucleotide
sequence (7). This line was derived from a MIN primary cancer
with a mutation of the AIMLHI MMR gene (8). A chromosome
3 (containing the wild-type AMLHI gene) was transferred into
this line, rendering it MMR proficient (7). To test whether
carcinogen exposure could select for cells with different forms of
instability, we treated these cells with either 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine (PhIP) or N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG). PhIP is the most abundant hetero-
cyclic amine in typical Western diets, and is found in well done
cooked beef and chicken (9-11). PhIP has been shown to cause
avariety of cancers in experimental animals and is representative
of bulky-adduct-forming agents (12-15). MNNG represents a
standard alkylating agent that preferentially methylates the O°
position of deoxyguanosine residues in DNA and also is a potent
carcinogen in rodent models (16). There is much epidemiological
evidence indicating the relevance of these two compounds to
human cancer (4, 17-20).

Methods

Cell Culture. HCT116 and DLD1 cells were obtained from the
American Type Culture Collection. HCT116 cells comple-
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mented with chromosome 3 (H3) were a generous gift of R.
Boland (University of California at San Diego, La Jolla) and
have been described elsewhere (7). Cells were cultured in
McCoy’s SA medium (Life Technologies, Rockville, MD) sup-
plemented with 10% (vol/vol) FBS (HyClone), 100 units/ml
penicillin and 0.1 mg/ml streptomycin.

Carcinogen Treatment. For treatment with PhIP (Toronto Re-
search Chemicals, Downsview, ON, Canada) and with MNNG
(Aldrich, Milwaukee, WI), cells were detached, centrifuged,
counted, and resuspended in serum-free RPMI medium 1640
(Life Technologies). PhIP was dissolved in dimethyl sulfoxide
and activated in serum-free RPMI medium 1640 containing 0.4
mg/ml Aroclor 1254-induced S9 rat liver extracts (Moltox,
Boone, NC), 0.23 mM NADP, 0.28 mM glucose 6-phosphate,
0.45 mM MgCl,, 0.45 mM KCl, and 200 mM Tris-HCI (pH 7.5).
Cells were treated 2—4 h at 37°C. After treatment, the cells were
resuspended in complete McCoy’s SA medium and reseeded.
PhIP- and MNNG-resistant cell lines were established by two
successive treatments with 50 uM PhIP or with 5 uM MNNG
and 25 pM O°Sbenzylguanine. Between 1073 and 107° of the
parental cells survived treatments with either regimen. The
treatment was repeated after cells surviving the first round of
treatment had recovered exponential growth, and single-cell
clones were obtained by limiting dilution.

Carcinogen Resistance. The relative resistance of isolated clones
was evaluated by treatment of 103 cells with appropriate con-
centrations of carcinogens. After exposure to drugs, cells were
grown in 25-cm? tissue culture flasks (Costar) until colonies were
visible (7-15 days), then washed with Hanks’ balanced salt
solution (Life Technologies) and stained with 2% (vol/vol)
crystal violet in buffered formalin. Relative resistance of the
treated cultures was normalized to the plating efficiency of the
untreated controls.

Fluorescence in Situ Hybridization (FISH). Methods for FISH analysis
with chromosome-specific centromeric probes and quantitative
analysis of chromosome loss rates have been described (6). In
some experiments, two hybridization probes were applied, one
hybridizing to the centromere of chromosome 12 (labeled with
biotin, detected with fluorescein) and the other to the distal part
of chromosome 12q (labeled with digoxigenin, detected with
tetramethylrhodamine B isothiocyanate). The plasmid D12Z1
was obtained from the American Type Culture Collection. The
chromosome 12 BAC clones AC002375, AC002351, and
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Resistance to MNNG and PhIP. (a) Approximately 10° cells of control H3 clones (not previously exposed to carcinogens) or clones derived after exposure

to carcinogens (see Table 1 for enumeration) were exposed to either 50 uM PhIP or 5 uM MNNG as described in Materials and Methods, and cells were stained
with crystal violet 14 days later. Untreated cells served as a plating control (Untreated). (b) BUB-DLD1 cells, inducibly expressing a dominant mutant hBUB1 gene
were exposed to PhIP or MNNG and stained as in a. As DLD1 cells are MMR deficient, they are resistant to MNNG, irrespective of induction.

AC002978 were obtained from Research Genetics (Huntsville,
AL). FISH analysis was restricted to cells that showed the same
number of signals for both probes, thereby excluding cells that
appeared to have lost a chromosome because one hybridization
signal overlapped another. Clones were grown for 25 to 50
generations, and cells were analyzed with a Nikon E-800 fluo-
rescence microscope. Pictures were acquired with a charge-
coupled device camera (Princeton Instruments, Trenton, NJ)
and the IP LAB software program (Scanalytics, Billerica, MA).
Most of the controls—MNNG-resistant and PhIP-resistant
cells—were pseudodiploid, although a low fraction of tetraploid
clones was observed after limiting dilution of cells of each of
these phenotypes. The tetraploid clones behaved identically to
the diploid clones of the same type with respect to MMR gene
expression, drug resistance, and chromosomal stability.

Multiplex-FISH analysis of metaphase chromosome spreads
was performed according to standard procedures.

Immunoblotting. Cell lysates were prepared in Laemmli sample
buffer. Immunoblotting was performed on Immobilon P mem-
branes (Millipore). Anti-MLH1 antibody (PharMingen), and
anti-MSH?2 antibody were used according to the manufacturer’s
instructions or as described (21). Signals were developed by using
the Renaissance Plus Enhanced chemiluminescence reagent
(New England Nuclear).
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hBUB1 Expression. To generate BUB-DLDI1 cells, a mutant
hBUBI gene found in a human cancer (C-to-A transversion at
codon 392 in line V429; ref. 22) was inserted into the pBI-GFP-
derived vector and transfected into DLD1 cells that were engi-
neered to constitutively express a modified tTA transcriptional
activator (DLD1-TET; ref. 23). Expression of mutant #BUBI
and green fluorescent protein (GFP) was repressed by 20 ng/ml
doxycycline, and induction was obtained by growing cells in the
presence of 0.33 ng/ml doxycycline. The level of expression of
mutant hBUBI transcripts induced by this treatment was very
similar to the endogenous level of wild-type hBUBI, as assessed
by reverse transcription-PCR and sequence analysis. GFP-
DLD1 cells stably transfected with the pBI-GFP-derived vector
without any #BUBI gene served as a control.

Results

To test whether H3 cells could develop resistance to PhIP, we
treated cells with activated PhIP at concentrations that killed
most of the cells. The cells that survived this treatment were
expanded as clones. Of 14 clones tested, 9 showed increased
resistance to PhIP (Fig. 1 and Table 1). The other clones that
survived treatment did not acquire a true carcinogenic resistance
when reexposed, and were therefore not analyzed further. To
determine whether the resistant cells exhibited chromosomal
instability, we grew the clones for a defined number of gener-
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Table 1. Carcinogen-specific induction of genetic instability

Clone name Description Parental cells CIN,* % PhIP* MNNG*
H3 Parent culture H3 3 <1 1
Control 8 unselected control subclone H3 1 2 <1
Control 14 unselected control subclone H3 3 4 2,3
Control 17 unselected control subclone H3 1 3 <1
P1 Cloned after treatment with PhIP H3 16 73, 63 60
2P1 Cloned after treatment with PhIP H3 42 44, 39, 47 <1
2P2 Cloned after treatment with PhIP H3 33 49, 21 8
2P4 Cloned after treatment with PhIP H3 30 10 5 6
2P7 Cloned after treatment with PhIP H3 12 21,12 5
P2 Cloned after treatment with PhIP H3 20 10 3
P3 Cloned after treatment with PhIP H3 22 50 <1, <1
2P9 Cloned after treatment with PhIP H3 25 45, 33 5, <1
A6 Cloned after treatment with MNNG H3 1 31 58
5N Cloned after treatment with MNNG H3 5 <1 37
N68 Cloned after treatment with MNNG H3 3 7 27
N70 Cloned after treatment with MNNG H3 2 <1 62, 80
N74 Cloned after treatment with MNNG H3 5 <1 42, 65
A2 Cloned after treatment with MNNG H3 10 <1 70, 68
A5 Cloned after treatment with MNNG H3 5 18 63
GFP-DLD1, uninduced no exogenous expression DLD1-TET 2 <1 ND
GFP-DLD1, induced express GFP only DLD1-TET 1 <1 ND
BUB-DLD1, uninduced* no exogenous expression DLD1-TET 4 <1 51
BUB-DLD1, induced* express GFP + mutant hBUB1 DLD1-TET 34 17, 38 47

Representative clones derived from treatment with the indicated agents were studied for chromosomal instability (CIN) and
resistance to carcinogens. H3 cells are an HCT116 derivative carrying an extra copy of chromosome 3 that contains the wild-type hMLH1
gene (7). DLD1-TET cells are a derivative of DLD1 cells that constitutively express tTA, a modified tet-based transcriptional activator (23).
*Chromosomal instability was measured by FISH analysis, with the numbers indicating the fraction of cells whose chromosome 12 copy

number was different from the modal number of the clone, analyzed 25 generations after single cell dilution. The modal number was
2 in the diploid clones and 4 in tetraploid clones (see Materials and Methods). Boldface numbers indicate values of CIN, % > 10.
The number of colonies arising after treatment of the indicated clones with PhIP or MNNG relative to the number of colonies arising

in control flasks in the absence of treatment. ND, not determined.

*GFP-DLD1 and BUB-DLD1 cells were derived from DLD1 cells engineered to inducibly express genes under the control of a tet operon.
GFP-DLD1 cells inducibly express GFP, while BUB-DLD1 cells inducibly express a dominant mutant hBUB1 gene in addition to GFP. As
DLD1 cells are MMR deficient, they are resistant to MNNG, irrespective of induction.

ations and assessed chromosome losses and gains by using FISH
(Fig. 2). We developed an improved method for performing such
FISH analyses by including two hybridization probes in each
experiment; one hybridized to the centromere of chromosome 12
(detected with fluorescein), and the other hybridized to the
distal part of the long arm of chromosome 12 (detected with
tetramethylrhodamine B isothiocyanate). The dual signals from
the same chromosome provided very high signal-to-noise ratios
and an unambiguous determination of gains or losses of whole
chromosome arms. By using this procedure, parental cells were
found to be completely stable (Fig. 2a), with chromosome loss
or gain rates that were identical to those found in normal
lymphocytes (<1073 losses or gains of chromosome 12 per
generation; Table 1). In contrast, all nine PhIP-resistant clones
exhibited striking degrees of CIN, averaging 10~2 losses or gains
of chromosome 12 per generation (Fig. 2 d and e; Table 1).
Similar degrees of CIN were found by using hybridization when
probes from other chromosomes were used (data not shown).
When extrapolated to the whole genome, this instability trans-
lates to the loss or gain of one chromosome for every five cell
divisions. This degree of CIN was comparable to that observed
in many CRC lines derived from primary tumors (6).

The underlying hypothesis for this study was that different
mutagens should cause different forms of instability. Several
previous experiments have demonstrated that alkylating agents
can select for cells with MIN, a characteristic of MMR deficiency
(24, 25). To test whether alkylating agents induce MIN in H3
cells, and to provide a control for PhIP, we treated H3 cells with
MNNG. Of 15 clones that survived this treatment, 13 were
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resistant to MNNG, demonstrating that we had selected for cells
that were intrinsically resistant to this compound (Table 1). Two
of seven MNNG-resistant clones were resistant to PhIP, whereas
one of ten PhIP-resistant clones was cross-resistant to MNNG.
Cross-resistance to DNA-damaging agents has been previously
observed in MMR-deficient cells (26).

Western blots were then used to assess MMR gene expression
in MNNG- and PhIP-resistant clones, focusing on expression of
the two genes (WMLH1 and hMSH2) most commonly altered in
MMR-deficient cells. All of the PhIP-resistant clones expressed
hMLH1 and hMSH2 proteins of the expected sizes (Fig. 3a). In
striking contrast, the MNNG-resistant clones were found to lack
either full-length hMLH1 or hMSH2 proteins (Fig. 3b). Impor-
tantly, every MNNG-resistant clone expressed either full-length
hMLH1 or hMSH2, but none expressed both, demonstrating a
highly specific mechanism for the loss of MMR gene activity in
each clone. Most human cancer cells with MIN similarly lack
expression of one of the MMR genes (generally htMLHI; ref. 27).
In contrast to the PhIP-resistant clones, none of the MNNG-
resistant clones exhibited high levels of CIN when examined by
FISH (Fig. 2 b and c; Table 1). To confirm and extend these
studies, we employed Multiplex-FISH analysis to paint entire
metaphase spreads. Analysis was restricted to near-diploid met-
aphases to eliminate possible errors caused by misinterpretation
of tetraploid cells. Multiplex-FISH analysis confirmed an ele-
vated rate of chromosomal loss in PhIP-resistant clones com-
pared to MNNG-resistant clones (data not shown).

It is known that cells with MMR gene mutations are resistant
to alkylating agents like MNNG (7). However, it was not
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Fig.3. Expression of hMLH1 and hMSH2 proteins in clones surviving carcin-
ogen exposure. Western blotting was performed with anti-hMLH1 and anti-
hMSH2 antibodies. H3 cells expressed full-length forms of both hMLH1 and
hMSH2, as did every PhIP-resistant clone (a). In contrast, each MNNG-resistant
clone expressed either a full-length hMSH2 or a full-length hMLH1 protein,
butnotboth, demonstrating a highly specific mechanism for loss of MMR gene
activity in each clone (b). The asterisk (*) indicates a nonspecific band cross-
reacting with the anti-hMLH1 antibody.
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Fig. 2.  FISH analysis of chromosomal
instability in clones surviving carcinogen
exposure. A chromosome 12-specific
centromeric probe was labeled with
FITC (yellow), and a contig of three bac-
terial artificial chromosome clones map-
ping to the distal part of chromosome
12q was labeled with tetramethylrho-
damine B isothiocyanate (red). Cells
were counterstained with 4/,6-
diamidino-2-phenylindole (blue). Nuclei
of control cells (a) and MNNG-resistant
clones (b and c) exhibited two yellow
and two red signals in virtually every
nucleus (a and ¢) and metaphase spread
(b). In contrast, cells of PhlIP-resistant
clones (d and e) often exhibited more or
less than two copies of chromosome 12.

known whether CIN cells were resistant to bulky-adduct-
forming agents. To evaluate this issue, we sought to generate
a CRC line rendered chromosomally unstable by inducibly
expressing a dominant-negative mutant of the A/BUBI gene.
Such mutant ABUBI genes can disrupt the mitotic-spindle
checkpoint and lead to aneuploidy (22). As H3 cells were not
conducive to the establishment of an inducible expression
system, we used another CRC line, DLD1, for these purposes.
DLDL1 is a MIN cell line and, as expected, displays resistance
to MNNG (Table 1). Expression of the mutant ZBUBI gene in
the engineered DLDI1 cells, called “BUB-DLD1”, was re-
pressed by tetracycline and could be induced by the removal of
tetracycline (Fig. 4a). Coexpression of a GFP gene that was
regulated by the same promoter as the mutant A/ BUBI gene
facilitated the analysis of these cells and ensured homogeneous
expression patterns (Fig. 4 b and ¢). Uninduced BUB-DLD1
cells were found to be chromosomally stable (Fig. 4d; Table 1)
but manifested CIN after induction of the mutant hBUBI gene
(Fig. 4e; Table 1). As expected from their CIN phenotype, the
BUB-DLDI1 cells were karyotypically aneuploid after induc-
tion of ABUBI (data not shown). Finally, BUB-DLD1 cells
exhibited increased resistance to PhIP only after induction of
the hBUBI gene (Table 1). The magnitude of resistance was
similar to that observed in clones of H3 cells that were derived
by exposure to PhIP (Table 1).

Discussion

We have shown that cells selected for resistance to different
carcinogens have strikingly different forms of instability. Con-
versely, cells with naturally occurring MIN or engineered CIN
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Inducible expression of a mutant hBUBT allele confers CIN. (a) Sequence of hBUBT transcripts assessed by reverse transcription-PCR analysis of RNA from

BUB-DLD1 cells. The exogenous mutant hBUBT gene contained a C-to-A transversion at codon 492 (marked by *), resulting in a substitution of tyrosine for serine.
Before induction, there was no mutant hBUBT transcript detectable, whereas after induction, the level of mutant hBUBT1 expression was similar to that of the
endogenous wild-type hBUBT gene. (b) Fluorescence microscopy showed no detectable expression of the coexpressed GFP gene before induction, but (c) uniform
expression of GFP after induction. (e) Cells expressing mutant hBUBT after induction were chromosomally unstable, as indicated by an abnormal number of FISH
signals in a high fraction of cells, whereas uninduced cells (d) were stable. The red and yellow dots represent centromeric probes specific for chromosomes 7 and

12, respectively.

are resistant to the drugs that can lead to selection for these
phenotypes. The mechanisms underlying the resistance of
MIN cells to alkylating agents are well known (28, 29), but the
mechanisms underlying the development of CIN after expo-
sure to PhIP are not yet clear. Bulky-adduct-forming agents
like PhIP induce chromosome breaks through nucleotide
excision—-repair processes (30), leading to the suggestion that
cells with defects in DNA repair or mitotic checkpoints might
be selected after exposure to PhIP (1). We evaluated our
PhIP-resistant clones for checkpoint defects after irradiation
or microtubule disruption, but found none in standard assays
(data not shown). Either more subtle forms of checkpoint
defects are present in these clones, or other mechanisms are
involved. The concordance between PhIP resistance and CIN,
however, suggests a mechanistic link between these two phe-
notypes. Some of the MMR gene defects responsible for MIN
were discovered through investigation of the genetic defects in
cell lines resistant to MNNG (31). By analogy, the PhIP-
resistant lines described here may provide critical clues to the
nature of the genes that underlie CIN.

These results have obvious implications for the mechanisms
underlying development of instability in human cancers. In the
gastrointestinal tract, for example, cells are constantly exposed
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