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Genetic instability leads to tumor heterogeneity, which in turn
provides a source of cell variants responsible for drug resistance.
However, the source of resistant cells during the process of
acquired resistance is poorly understood. Our aim has been to
characterize the mechanism by which acquired resistance to methotrexate emerges during the course of cancer cell treatment in
vitro. We recently demonstrated that, in vitro, HT-29 colon cancer
cells become transiently sensitive to methotrexate by depleting the
extracellular milieu of survival factors; on the other hand, the cell
population under treatment can reversibly adapt to grow below a
critical cell density in the presence of the drug. Here, we show that
this adapted cell population gives rise to permanent resistant populations through repeated cycles of cell death and growth. This
increased cell turnover, but not merely cell proliferation, is
required for the appearance of increasing degrees of stable resistance that are progressively selected by drug pressure. Such a
process, taking place in multiple steps, is here designated
‘‘dynamic selection.’’ The analysis of sensitive and resistant HT-29
cell populations revealed that methotrexate induces genomic instability—characterized by centrosome ampliﬁcation and aberrant
chromosome recombination—leading to a low-level ampliﬁcation
of the 5q chromosome arm as one of the earliest genetic events
selected during treatment. Therefore, this model provides a mechanism by which a tumor cell population lacking resistant subpopulations before treatment is able to acquire the genetic changes
required for stable drug resistance.
' 2006 Wiley-Liss, Inc.
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The genetic instability of cancer cells leads to chromosomal
gains, losses or rearrangements, and/or elevated rates of gene
mutation that play a major role in tumor progression.1 Such instability leads to genetic heterogeneity required for the emergence of
increasingly aggressive tumor cell populations, which undergo
selective pressure following a darwinian process.2 One instance of
selective pressure impinging on tumor progression is drug treatment, so that tumor cell variants with increased drug resistance,
e.g., less prone to apoptosis, can be selected during treatment.
However, the processes that drive the appearance of drug-resistant
tumor cell subpopulations as a result of treatment are not clear. In
this respect, acquired resistance deviates from the darwinian
notion of tumor progression in that it appears as an adaptive
genetic or epigenetic response to drug treatment, analogous to the
adaptive mutation observed in bacteria.3
Increased cell survival upon drug treatment has been proposed
to occur in certain tumor microenvironments, such as in the bone
marrow in the case of some hematopoietic malignancies.4 In such
instances, a combination of cell adhesion and soluble molecules
may confer, following drug exposure, a survival advantage to
some cells—the ‘‘survival niche’’—that may facilitate the eventual emergence of acquired resistance.5 Other situations, such as
micrometastasis and/or hypoxia, might also require particular conditions for cell survival—a condition known as ‘‘tumor dormancy’’—and in response to drugs.6–10 In tumors that are uniformly drug-sensitive prior to drug exposure, adaptive cell survival would thus appear as an essential step for the eventual
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acquisition of stable resistance. We have recently reported that
during methotrexate (MTX) treatment of tumor cells in vitro, cells
overcome exposure to the drug because of the availability of survival factors that render them drug-resistant.11 However, the population dynamics that link the adaptive cell survival step with acquisition of resistance are poorly understood. The identiﬁcation of
the adaptation, mutation and selection processes associated with
drug resistance in tumors is thus of paramount importance.
We have recently shown that, in vitro, HT-29 colon cancer cells
are killed by MTX when extracellular nucleosides, a salvage
source of nucleotide precursors,11,12 are depleted from the medium
by the cell population under treatment. Thus, this effect depends
on the relationship between the population size and the amount of
nucleosides available. Accordingly, a ‘‘critical cell density’’ can
be determined under which cells are resistant to MTX. Salvage nucleotide synthesis is known to be a mechanism of intrinsic resistance—as opposed to acquired resistance—in various tumor types,
such as colorectal cancer.12,13 On the other hand, treatment with
MTX or other antimetabolites frequently leads to drug resistance,
indicating that additional changes take place during treatment. In
this respect, when HT-29 cells surviving to MTX by adaption to a
low population size—and lacking inherently drug-resistant cell
subpopulations11—are continuously treated with 0.1 lM MTX,
permanent resistance arises.14 This property can be demonstrated
because it is still retained after drug withdrawal. While the number
or nature of events responsible for the emergence of permanently
resistant populations is uncertain, it has been shown that the stepwise selection of HT-29 populations by increasing the concentration of MTX (>0.1 mM) leads to high level ampliﬁcation of dihydrofolate reductase (DHFR), the enzyme targeted by MTX.15
In this work, we analyze the cell population dynamics and
mechanisms driving the emergence of resistance within a drugsensitive tumor cell population, i.e. HT-29 cells treated with
0.1 lM MTX. We show that acquired resistance to MTX is, at
least in part, genetic in nature and that it originates de novo during
the cell density-dependent, transient resistance state by a combined process of increased cell turnover and sustained selective
pressure. Only under this dynamic state of continued cell renewal
can genetic instability give rise to variants with stable drug resistance. These variants appear stepwise with variable degrees of resistance found in particular cell clones. We therefore propose an in vitro
model that dynamically selects for drug resistance and that may
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allow to dissect the complexity of cell population dynamics during
tumor progression.
Material and methods
Cells and cell culture
HT-29 cells were obtained from ATCC and used at passages
180–200. The HT-29 M7 populations were obtained by treatment
of HT-29 cells with 0.1 lM methotrexate (MTX) during 30 days
and thereafter passaged weekly for 3 months in the continuous
presence of 0.1 lM MTX; after drug withdrawal, HT-29 M7 cells
were used at passages between 5 and 15. HT-29 cells resistant to
1 lM (1026 M) MTX, designated as the M6 population, were
kindly donated by Thecla Lesufﬂeur and Alain Zweibaum
(INSERM, France), and were obtained by subjecting an HT-29
M7 cell population to treatment with 1 lM MTX for 30 days.14
Cultures were passaged by trypsinization every 2–3 days using
Dulbecco’s Modiﬁed Eagle Medium with 10% of fetal bovine serum. All the experiments were performed in humidiﬁed incubators
at 37°C in an atmosphere of 7.5% CO2.
Drug treatment
MTX was obtained as a 2.2 M solution (Almirall, Barcelona,
Spain); stocks were prepared in culture medium at 10 mM and
stored frozen until used. Dipyridamole (DP) was purchased from
Sigma (St. Louis, MI). MTX treatment was always initiated 18–
24 hr after seeding using 0.1 ml of medium per cm2 of culture surface, and the medium was changed every 2 days. Culture media
contained standard supplements of folate and amino acids to provide metabolites required for salvage nucleotide synthesis during
cell density-dependent resistance culture situations.
Individual colony populations were obtained by treating HT-29
cell cultures, seeded at 2 3 103 cells/cm2, with 0.1 lM MTX for
60 days. Surviving colonies without signs of fragmentation were
individually isolated by aspiration with a micropipette tip and
expanded in the absence of MTX. These clones were used at passages 5–15 after drug withdrawal; no differences in MTX sensitivity were noted within this passage range (data not shown).
Conventional cytogenetic analysis
The various HT-29 cell populations were subjected to G-banding karyotype analysis according to conventional procedures.
Brieﬂy, exponentially growing cell cultures without MTX were
treated with colcemid for 1 hr; cells arrested in mitosis were harvested by gentle scraping and incubated for 15 min at 37°C in hypotonic buffer (KCl 0.075 M), ﬁxed with methanol:acetic acid
(3:1), washed 3 times with the same ﬁxative, and used immediately or stored at 220°C in the ﬁxative solution. Chromosome
extension was performed on histological glass slides by dropping
a small amount of the ﬁxed cell suspension, and chromosomes
were stained with Wright’s solution.
FISH analysis
MTX-treated populations were hybridized with a 125 kb bacterial artiﬁcial chromosome probe containing dihydrofolate reductase (DHFR) genomic DNA, which was kindly donated by J.L.
Hamlin.16 DNA was isolated using standard alkaline lysis techniques (Qiagen). One microgram of each cloned DNA was labeled
with SpectrumGreen-dUTP by nick translation (Vysis). Metaphase
spreads from cell lines were pretreated with a solution of pepsin
for 10 min at 37°C to digest cytoplasmatic membrane proteins.
After a 5-min denaturation in 70% formamide at 74°C, the probe
was hybridized to slides for 17 hr in a humidity chamber. Slides
were then washed 3 times in 50% formamide, 2XSSC and 0.1%
NP40 at 45°C. The slides were counterstained with 40 ,6-diamidino-2-phenylindole (DAPI II). Results were visualized using an
Olympus BX51 ﬂuorescence microscope, and images were cap-

tured using Cytovision software. DHFR signals were counted in a
total of 200 interphasic nuclei for each HT-29 cell population.
Immunoﬂuorescence
Cells growing on coverslips were ﬁxed with 2% paraformaldehyde in PBS for 15 min at 4°C and stored in PBS. To detect mitotic spindles, immunoﬂuorescence was performed using a monoclonal antibody against a-tubulin, clone DM 1A (Sigma; St.
Louis, MI), followed by an FITC-conjugated anti-mouse Ig.
Western blotting
Cells cultured as described above were harvested, washed with
PBS, and protein extracts obtained using lysis buffer containing
Tris-HCl 0.1 M pH 7.2 and 0.1% SDS. Ten micrograms of total
protein was loaded onto 10% acrylamide gels and subjected to
electrophoresis under denaturing conditions. Proteins were electrotransferred to nitrocellulose membranes and immunoblots performed using anti-DHFR monoclonal antibody clone 49 (BD Biosciences) and horseradish peroxidase-conjugated goat anti-mouse
(Dako) as a secondary antibody. DHFR signal was revealed by
using an enzyme chemoluminiscence reagent (Amersham).
Results
The switch from adaptive resistance to permanent resistance is
associated with extracellular nucleoside-independent growth
The HT-29 line does not contain cell subpopulations inherently
resistant to MTX. Rather, when permanently treated with 0.1 lM
MTX, HT-29 cultures maintain a cell density, designated ‘‘critical
cell density,’’ that is sufﬁciently small to permit extracellular survival factor-dependent resistance (‘‘cell density-dependent resistance’’).11 These cells often display a ﬂattened morphology. As
expected, MTX-treated cells could reach the critical cell density
either by proliferating, if seeded at a density lower than the critical
one, or by cell death, if seeded at a density higher than the critical
one (Figs. 1a–1c). After several weeks at the critical density, some
large colonies emerged regardless of the prior treatment. These
colonies could be distinguished by their larger size, lack of ﬂattened morphology and increased cell compaction, sometimes containing dome-like structures or cell multilayers (Figs. 1d and 1e).
The appearance of such colonies in the cultures was responsible
for surpassing the critical cell density. Conceivably, survival factor independence might involve a mechanism of resistance different from that involved in the ‘‘critical cell density’’ phenomenon.
To explore the basis of such mechanism, we randomly isolated
large colonies from continuously-treated cultures. Individual colonies were expanded in the absence of MTX and each of these presumably clonal populations was seeded at 2 3 104 cells/cm2 and
treated for 5 days with 0.1 lM MTX. At this concentration, parental cells display massive death. In comparison with parental HT29 cells, as well as clonal populations obtained from them by
limiting dilution, one third of the isolated colonies displayed increased resistance to MTX and reached a population size of up to
70% with respect to nontreated controls (Fig. 2a). This growth
capacity in the presence of MTX was similar to that of 2 independent HT-29 M7 populations stably adapted to MTX. Therefore, some colonies showed acquisition of ‘‘permanent’’ MTX resistance, since the continued presence of MTX was not required.
We have previously shown that HT-29 line does not contain
any MTX-resistant cell subpopulation prior to treatment with
this drug,11 indicating that the ‘‘critical cell density’’ growth phenomenon is a transient adaptation that can lead to permanent
resistance.
We next assessed whether permanent resistance involved independence from extracellular nucleosides. The number of viable
HT-29 colonies after 10 days of MTX treatment was reduced
nearly to 0 by the nucleoside membrane transport inhibitor DP
used in combination with 0.1 lM MTX for 16 additional days. By
contrast, an increasing number of MTX 1 DP-resistant colonies
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FIGURE 1 – Resistance features additional to cell density-dependent resistance to MTX are acquired after a period of transient resistance under
continuous drug treatment. HT-29 cells were seeded at 3 different culture densities, (a) 10 cells/cm2, (b) 2 3 103 cells/cm2, (c) 2 3 104 cells/
cm2, treated with 0.1 lM MTX from the following day, and samples were taken at the indicated days for cell counting. The cell survival period
that limits the cell population to a critical cell density (between 2 and 4 3 103 cells/cm2) varied slightly with the initial seeding density before
some large colonies emerged with unrestrained growth (arrowheads in (d)). These colonies were responsible for the increase in cell numbers
observed at the latest time points in (a)–(c). (e) Details of unrestrained growing colonies displaying either differentiated features (colony 1;
arrowhead pointing to a dome-like structure) or a highly packed multilayer form (colony 2), in contrast to the ﬂattened and/or fragmented
appearance of most of the colonies undergoing sensitization (colonies 3 and 4); note the heterogeneous phenotype in colony 4, which is representative of some colonies during the treatment.

emerged as the single MTX treatment was extended to 1 and 2
months (Fig. 2b). After 3 months of MTX treatment, nearly every
colony was resistant to MTX 1 DP. These results indicate that
within the cell population adapted to growth in MTX, which is
critically dependent on extracellular nucleosides, some cells acquire permanent resistance and at the same time become independent from extracellular nucleosides for survival.
Dipyridamole allows to distinguish different degrees
of permanent resistance
To characterize with more detail the acquisition of extracellular
nucleoside independence, we analyzed resistance to a 5-day
course of treatment with either MTX or MTX 1 DP in each of the
cell populations shown in Figure 2a using 2 parameters: cell sur-

vival, measured as clonogenic potential, and cell proliferation. As
shown in Figure 2c, there was a logarithmic relationship between
clonogenicity and cell growth in the presence of MTX alone for
each of the isolated populations: some of them displayed little proliferation while they were highly clonogenic, already indicating a
ﬁrst level of MTX resistance. Figure 2d shows the relationship
between clonogenic resistance to MTX and to MTX 1 DP: not all
populations with increased resistance to MTX were able to survive
upon treatment with MTX-DP, indicating that survival to MTX
does not necessarily involve independence from extracellular
nucleosides. Finally, Figure 2e shows the relationship between
clonogenicity upon treatment with MTX 1 DP and proliferative
capacity under treatment with MTX alone, revealing a linear correlation among populations showing diverse levels of resistance.
Therefore, the process leading to acquired resistance to MTX
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FIGURE 2 – Independence of salvage nucleotide synthesis during MTX treatment deﬁnes the acquisition of permanent resistance to MTX,
which involves different degrees before attaining full resistance. (a) Permanent resistance was assessed as the capability of retaining resistance
after withdrawing the drug and re-treating the resulting cell population at 2 3 104 cells/cm2 with 0.1 lM MTX; only the cell populations derived
from colonies 10–15 displayed a resistance to MTX comparable with that of 2 independently generated resistant populations obtained by chronic
treatment with 0.1 lM MTX (HT-29 M7-1 and HT-29 M7-2), which have already been characterized as stably resistant.14 HT-29, untreated cell
population; HT-29 M6, resistant cell population isolated from an HT-29 M7 population that was additionally treated with 1 lM MTX. Results
are shown as the number of cells obtained at day 5 of treatment in each population respect to its respective non-treated paired control. (b) The
emergence of permanently resistant cell colonies amid the transiently resistant population occurs concomitantly with the acquisition of independence from extracellular nucleosides as survival factors to drug treatment; the proportion of cell colonies surviving to MTX that are insensitive to combined treatment with the nucleoside transport inhibitor dypiridamole increases with the length of MTX treatment indicating that permanent resistance is acquired progressively in some cell colonies. (c)–(e) HT-29 cells and clones 1 to 15 (diamonds), M7-1 and M7-2 populations (squares), and the HT-29 M6 cell population (triangles) were subjected to 5 days of treatment with 0.1 lM MTX alone (MTX) or 0.1 lM
MTX and 1 lM DP (MTX 1 DP), and the percentages of cell growth (cell number) and cell survival (clonogenicity) were calculated relative to
non-treated paired controls. (c) Some cell populations from those isolated in the experiment shown in (a) survive to MTX treatment (increased
% clonogenicity (MTX)) but are unable to grow in the presence of MTX (low % cell number (MTX)). (d) As in (c), only some of the MTX-surviving clones are able to survive to MTX 1 DP combined treatment (% clonogenicity (MTX 1 DP)). (e) Full resistance appears to be achieved
by increasing degrees of both growth capacity in the presence of MTX (% cell number (MTX)) and survival to MTX 1 DP combined treatment
(% clonogenicity (MTX 1 DP)).

involves different degrees of permanent resistance suggesting that
full resistance (i.e., capacity to survive as well as proliferate in the
presence of the drug) is achieved in a multistep manner.
The process leading to acquired resistance consists
of cycles of cell death and cell proliferation
To gain insight into the mechanisms responsible for the gradual
emergence of resistant populations, we analyzed the growth

kinetics of those populations that acquired permanent resistance.
Cells were seeded at 2 3 104 cells/cm2, and 80 colonies surviving
after one week of MTX (0.1 lM) (see Fig. 1a) were randomly
chosen and individually followed under phase contrast microscopy. Almost all colonies displayed a growth expansion phase
from day 7 to day 10 of treatment (Fig. 3a), which was expected
after the initial wave of cell death and before the critical cell density was reached.11 Afterwards, several cycles of regression and
expansion could be revealed when considering either all colonies
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FIGURE 3 – Repeated cycles of cell death and growth recovery maintain the cell culture under treatment at a sustained critical cell density and
are required for the acquisition of permanent resistance. (a) The kinetics of cell number variation during MTX treatment in 80 cell colonies—
chosen from the experiment shown in Figure 1b—was calculated as the percentage of colonies increasing in cell number more than 10% (white
bars), with variations of less than 10% (black bars), or decreasing more than 10% (cross-hatched bars) during the time period indicated in the
ordinates respect to the size displayed in each preceding time period. (b) Representative examples of cell number variation from (a) measured as
the percentual number of cells observed under the microscope in each colony at the indicated time points respect to the number of cells at the
day seventh of treatment; two colonies perduring (left and center) and 2 colonies disappearing (right) are shown. (c) Conditioned media was collected every 2 days during the course of the treatment shown in Figure 1a, coinciding with medium changes, and clonogenic assays using
untreated HT-29 cells were performed as described in Materials and Methods; clonogenicity was calculated as the percentage of colonies grown
with each conditioned medium respect to clonogenicity with nonconditioned medium. (d) HT-29 cells were subjected to 2 series of 10-day
rounds with 0.1 lM MTX treatment, each round initiated by seeding the cells obtained from the previous round either at 2 3 103 cells/cm2
(black diamonds) or at 10 cells/cm2 (white diamonds); results show the cell density attained in each round as the mean of duplicates 6 standard
error of a representative experiment; cross-lines indicate the cell number obtained by an additional 10-day round culture without drug of some
populations of the 10 cells/cm2 seeding protocol. (e) Permanent resistance is only attained in the multiround treatment protocol by seeding at
2 3 103 cells/cm2; the untreated HT-29 cell population (HT-29), and the populations obtained from (e) using the seeding density 2 3 103 cells/
cm2 after the 9th round (R-9) or using the seeding density 10 cells/cm2 after the 9th and 15th rounds (S-9 and S-15, respectively) were grown in
the absence of MTX, subjected to a 5-day course treatment in the presence or absence of MTX at a sensitizing seeding density of 2 3 104 cells/
cm2, and the cells remaining at the 5th day counted; results are expressed as the percentage of cells remaining in MTX cultures respect to their
respective nontreated cultures.

globally (Fig. 3a) or the majority of individual colonies (see
examples in Fig. 3b). These cycles of death and proliferation led
to the disappearance of 50% of the colonies in 4 weeks. The
remaining colonies increased in size continuously over time.

As previously indicated based on our published work, the depletion of extracellular nucleosides is the critical event that renders
HT-29 cells sensitive to MTX.11 Therefore, one possibility that
might explain these regression–expansion cycles is differential
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conditioning of the culture medium in each cycle. To assess this
hypothesis, we harvested conditioned media every 2 days during
the treatment and analyzed their capacity to suppress the clonogenic growth of HT-29 cells seeded at very low density. The
results showed that the clonogenic capacity ﬂuctuated and was
associated with the colony size variation shown in Figure 3a, at
least during the ﬁrst few cycles (Fig. 3c). Increasing the volume of
fresh culture medium restored clonogenicity (data not shown).
These results, therefore, indicate that the ﬂuctuations in the availability of survival factors, among them extracellular nucleosides,
are responsible for the regression–recovery cycles. Moreover,
transient resistance involves a dynamic process, rather than a latency state, associated with the disappearance of some colonies
and the persistence of others having gone through several cycles
of cell loss and growth recovery, hence involving an elevated rate
of cell turnover.
Increased cell turnover under continuous selective pressure is
required for the acquisition of permanent resistance
Conceivably, increased cell turnover should favor both population heterogeneity and the selection of variants best adaptable to
drug treatment. To determine its putative relevance in the process
of acquisition of resistance to MTX, we designed 2 culture conditions that allow cell density-dependent resistance to MTX, but differ in the occurrence of the increased cell turnover: (i) cultures initially seeded at 2 3 103 cells/cm2 and reseeded every 10 days at
this density and (ii) cultures initially seeded at 10 cells/cm2 and
reseeded every 10 days at this density. In both cases, cultures were
continuously treated with 0.1 lM MTX. Cultures seeded at 2 3
103 cells/cm2 underwent cell proliferation and cell death from the
beginning of each round, as expected, because cell density rapidly
exceeded the critical cell density (Fig. 1b). In contrast, seeding at
10 cells/cm2 allowed exponential growth until the tenth day, without any sign of cell death, as expected, because cell density is continuously below the critical cell density (Fig. 1a; Ref. 11). The
results showed that the total cell number in cultures seeded at 2 3
103 cells/cm2 rose above the critical cell density constraint after 6
reseeding rounds. These cultures progressively augmented their
growth capacity in the presence of 0.1 lM MTX, indicating the
progressive acquisition of resistance to MTX (Fig. 3d). In contrast,
the cultures maintained using the 10 cells/cm2 reseeding protocol
displayed an inability to grow beyond the critical cell density,
even after more than 15 seeding rounds, indicating that this constraint had not been overcome (Fig. 3d). To conﬁrm that these differences in response to MTX were due to the acquisition of permanent resistance in the population undergoing the 2 3 103 cells/cm2
reseeding protocol, cultures from these different conditions were
expanded in the absence of the drug, seeded at 2 3 104 cells/cm2,
and their acute response to 0.1 lM MTX was examined. Although
cell populations from the 10 cells/cm2 reseeding protocol behaved
similar to parental HT-29 cells and underwent massive cell death,
populations from the 2 3 103 cells/cm2 reseeding protocol
escaped cell death and proliferated despite exposure to the drug,
though at a slightly lower rate than untreated controls (Fig. 3e).
This experiment demonstrates that prolonged treatment of proliferating cells is per se insufﬁcient to allow the emergence of
acquired resistance. Instead, high cell renewal under the continuous selective pressure imposed by MTX is required.
Drug-enhanced chromosome instability contributes to
the selection of resistant genetic variants
HT-29 cells are defective in the nucleotide starvation G1/S
checkpoint, probably due to their Tp53 mutant genotype (Ref. 12;
data not shown). Therefore, sensitized HT-29 cells progress
through the S phase in the presence of MTX, though with a
marked delay (data not shown). We asked whether cell cycle
events, such as centrosome duplication, would be altered during
treatment. As a measure of centrosome kinetics during the cell
cycle, we measured the number of mitotic spindles. HT-29 cultures growing for 2 days below the critical cell density in the pres-

ence of 0.1 lM displayed 14.0% of multipolar mitosis, similar to
that found in nontreated cultures (7.2%). By contrast, treatment
with conditioned medium from high-density cultures (i.e.,
depleted in nucleosides) and MTX dramatically increased the frequency of multipolar spindles to 79.5% (Figs. 4a and 4b). This
result indicates that MTX-induced abnormal cell cycle transit
through the S phase provokes centrosome reduplication with the
consequent formation of abnormal spindle structures.
Moreover, MTX is known to exert clastogenic effects involving
double-strand DNA breaks.17 Accordingly, treatment of HT-29
cell cultures synchronized in the S phase led to aberrant chromosome arm fusion detected as the cells entered mitosis (Fig. 4c).
These aberrant mitotic ﬁgures are indicative of abnormal homologous recombination between sister chromatids or nonhomologous
end joining as erroneous repair of double-strand DNA breaks.
Both types of alterations, centrosome reduplication and abnormal recombination, are known mechanisms of chromosomal instability in cancer cells. Thus, we hypothesized that MTX treatment
might facilitate genomic rearrangements and analyzed the karyotypes of clones shown in Figure 2. All permanently resistant
clones displayed an increased number of chromosome 5q arm, either due to an increased chromosome 5 modal number or due to
acquisition of a 5q isochromosome absent from the parental population (Figs. 5a and 5b; Ref. 18). Similarly, all resistant populations obtained in the experiments shown in Figure 3d contained an
isochromosome 5q, whereas nonresistant populations displayed a
chromosome pattern similar to the parental HT-29 population
(Fig. 5c). No other apparent karyotypic abnormalities or major
changes in ploidy were observed in the permanently resistant cell
clones/populations. Therefore, MTX-induced increased genomic
instability correlates with acquisition of resistance and involves, at
least in part, 5q chromosome arm gain.
Since chromosome 5q contains the DHFR gene, which is often
ampliﬁed in MTX-resistant tumor cells, we analyzed the DHFR
gene dosage in the resistant clones by ﬂuorescence in situ hybridization (FISH), using a genomic DNA probe containing the DHFR
gene. The results showed no major ampliﬁcation of the DHFR
gene in any of the isolated cell populations displayed in Figure 2a;
instead, the modal number of DHFR copies correlated with the
number of 5q chromosome arms in each cell. The modal numbers
of DHFR copies were as follows: nonresistant control clones 2
(n 5 3) and 7 (n 5 4); resistant clones 10 (n 5 7), 11 (n 5 5), 12
(n 5 5), clone 13 (n 5 5), 14 (n 5 5) and 15 (n 5 5). A metaphase
from clone 12 is shown in Figure 5d to illustrate the results. Therefore, 5q chromosome gain involves genetic alterations other than
DHFR ampliﬁcation. Moreover, we analyzed the expression of
DHFR protein by western blot to assess whether the slightly
increased DHFR gene copy number resulted in increased protein
levels that would explain resistance to MTX. As shown in Figure
5e, resistant clones displayed variable levels of DHFR protein
compared with HT-29 cells, some of them having increased
DHFR expression (clones 10, 14, and 15) and others diminished
expression (clones 11 and 13). We thus concluded that although
DHFR overexpression might be responsible for the resistant phenotype of some clones, it can not explain the resistance of other
clones, which possibly acquired alterations in genes contained in
chromosome 5q other than DHFR.

Discussion
In vitro models of drug resistance are useful to assess the mechanisms of tumor cell escape from treatment, since they allow to
dissect processes of adaptation, mutation and selection under conditions of selective pressure. We have used one of such models,
the HT-29 cell line and the resistance to MTX,14 to show that the
phenomenon of drug resistance acquisition is not simply the selection of resistant cells within an heterogeneous tumor cell population, but involves a complex and dynamic process where tumor
genetic variants with increasing survival capacity gradually
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FIGURE 4 – Dynamic selection during MTX treatment involves
increased genetic instability by centrosome reduplication and aberrant
chromosome recombination. (a) Nontreated (control) and MTXtreated (MTX) HT-29 cultures grown on coverslips were processed
for immunoﬂuorescence with antibodies against a-tubulin to reveal
mitotic spindles. An elevated fraction of multipolar mitosis is
observed in MTX-treated cells, reﬂecting centrosome ampliﬁcation
(by the effect of MTX treatment). (b) Centrosome ampliﬁcation was
estimated from the fraction of multipolar spindles by inmunoﬂuorescence as in (a); cell colonies grown at very low culture density (10
colonies/cm2) were treated either with 0.1 lM MTX (MTX), which is
a treatment situation that allows 100% cell viability, with 0.1 lM
MTX as conditioned medium from cultures seeded at 2 3 104 cells/
cm2 (MTX 1 CM), or left untreated (control), and harvested 48 hr
later. Only the treatment condition involving MTX-induced cytotoxicity (MTX 1 CM), but not the cell density-dependent cell survival situation (MTX), led to centrosome ampliﬁcation. (c) Chromosome
preparations from MTX-treated HT-29 cell cultures revealed the presence of abnormal mitotic recombination consistent with sister chromatid exchanges after DNA damage (arrows).
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emerge and overtake more sensitive preexisting populations to
give rise to full resistance.
In vitro, HT-29 cells are sensitive to low concentrations of
MTX (0.1 lM) and acquire resistance to the drug upon prolonged
treatment.14 We have shown previously that when exposed to
MTX for the ﬁrst time, HT-29 cells initially adapt by decreasing
the cell population size to a level that preserves extracellular survival factors, particularly nucleosides.11 By elaborating further on
this model, we show here that acquired resistance to MTX originates from this adaptive response in some cell clones that become
independent of extracellular nucleosides for cell survival and
growth. Therefore, these results allow to deﬁne 2 separable steps
in the process of resistance acquisition to MTX: (i) preselective
cell survival by means of low cell density adaptation to treatment11 and (ii) emergence of stably acquired resistance.
By characterizing the kinetics of cell survival, cell growth and
cell death during resistance acquisition, we describe a process designated ‘‘dynamic selection’’ through which permanent resistance
to an antimetabolite emerges from a drug-sensitive tumor cell population. Dynamic selection takes place in a multistep process,
revealing survival to MTX, and different degrees of growth
capacity in the presence of MTX and survival to the combined
MTX 1 DP treatment as hallmarks to attain full resistance. This
stepwise process suggests the occurrence of separable genetic or
epigenetic changes that must accumulate and lead to progressively
increasing resistance. We have identiﬁed one putative event
involved therein, 5q chromosome gain, which allows to distinguish all cell clones with permanent growth capacity in the presence of MTX, suggesting that 5q gain occurs at the earliest stages
of the dynamic selection process. Other events may include folate
binding protein a overexpression19 among other alterations so far
identiﬁed as being associated with acquired resistance to MTX.20
We propose that these events occur sequentially in single cell
clones; indeed, the heterogeneous appearance of some of them
during treatment suggests that clones arise, inside clones (Fig. 1c).
Nevertheless, only the detailed analysis of molecular events responsible for the degrees of resistance will reveal the molecular
chronology of the process.
Dynamic selection involves an increased capacity of the cell population under treatment to give rise to genetic heterogeneity,
which—in the continuous presence of selective pressure—may
favor the emergence of the resistant genetic variants. This heterogeneity is, at least in part, due to the direct effects of MTX on the cell
cycle. From work performed in parallel with the present study, we
have determined that HT-29 cells progress through the cell cycle
despite MTX treatment, a behavior probably related to an altered
G1/S checkpoint in response to nucleotide starvation because these
cells are p53 defective.17 Although DNA replication is dramatically
slowed, other cell cycle events such as centrosome duplication
appear to proceed uneventfully leading to centrosome reduplication
and multiple spindle formation. Since centrosome reduplication is a
typical feature of aneuploid cancer cells,21 MTX may facilitate
chromosome imbalances, thus leading to the increased number of
5q chromosomes in some resistant cell populations. Moreover,
MTX treatment of tumor cells defective in the nucleotide starvation
checkpoint is known to lead to double-strand DNA breaks by misincorporation of uridine during DNA replication.17,22 Although many
of these breaks appear to be properly repaired (unpublished results),
some may be abnormally repaired by homologous recombination
with sister chromatids, e.g., leading to bridge-breakage-fusion
cycles and chromosome ampliﬁcation,23,24 or by nonhomologous
end joining leading to chromosome translocations or deletions.25 In
this respect, we detected an isochromosome 5q present in a proportion of resistant populations. Therefore, chromosomal alterations as
a consequence of MTX effects on the cell cycle may be multiple
and are expected to be involved in the resistant genetic variants originated by dynamic selection.
Gains of the 5q chromosome arm are accomplished either by an
increase in modal number of chromosome 5 or by the presence of
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FIGURE 5 – Increased 5q chromosome dosage correlates with the acquisition of permanent resistance. (a) Karyotypic analysis of untreated
HT-29 cells (HT-29), of 2 HT-29 cell populations isolated by clonal dilution without treatment (C1 and C2), and of the 15 cell clones described
in Figure 2 (1–15). The number of 5q arms in each metaphase analyzed (white diamonds) and the 5q modal number in each cell population
(white rectangles) are represented. (b) Photomicrographs showing representative examples of chromosome 5q arm gain in the indicated cell populations. (c) Photomicrographs representative from karyotypes obtained after the 9th seeding round of the experiment shown in Figure 3D,
including a cell population under the 10 cells/cm2 seeding round protocol (S-90) and a cell population from the 2 3 103 cells/cm2 seeding round
protocol (R-90). Arrows indicate the presence of an isochromosome 5q. (d) FISH analysis on resistant clones displaying an increased number of
5q arms revealed that there were no major changes in the DHFR gene, particularly ruling out DHFR ampliﬁcation; a metaphase of clone 12 is
shown illustrating DHFR gene signals, 4 of them on 5q isochromosomes. (e) Western blot analysis of DHFR protein expression in HT-29 clones
(upper panel); DHFR signal was quantiﬁed with the Image Quant software (Molecular Dynamics) using a-actin for normalization, and values
expressed relative to DHFR expression in the untreated HT-29 cell line (lower panel).

isochromosomes 5q. Importantly, the 5q arm contains the DHFR
gene, which is the enzyme targeted by MTX, and DHFR gene
ampliﬁcation is a known mechanism of acquired resistance to
MTX in tumor cells, including HT-29 cells treated at high doses
(0.1 and 1.0 mM).15,23 Under the conditions studied in our work,
only 5q gains have been detected, possibly less than 2-fold dose
increase in most cases, which might be related to the mechanism
described in previous studies reporting PKCa effects on DHFR
ampliﬁcation and expression in cells resistant to 0.1 lM MTX.26
Overt ampliﬁcation of DHFR was ruled out by the analysis of
DHFR copy number by FISH (Fig. 5d), revealing that 5q gains
involved single copies of DHFR. Moreover, western blot analysis
of DHFR expression revealed that there was no consistent trend of
change in protein levels in relationship to gene copy number, consistent with previous data reporting no increases of DHFR enzyme
activity in 0.1 lM MTX-resistant HT-29 cells.15 These results
suggest that other genes contained in the 5q arm might have also

contributed to MTX resistance, in normal or mutated form. These
issues merit further investigation.
HT-29 cells harbor the typical genetic alterations of colorectal
cancer, i.e. loss-of-function of Tp53 and APC tumor suppressor
genes and the aneuploidy-associated chromosomal instability phenotype.1,18 In culture, HT-29 and other colorectal cancer cells
retain elevated rates of chromosomal instability, both structural
and numerical, allowing clonal divergence in the absence of drug
selective pressure.27–29 However, intrinsic genetic instability is
insufﬁcient to produce variants resistant to MTX. Rather, resistance is only attained under the high cell turnover and continuous
selection pressure of MTX-induced cell death (multiround treatment protocols shown in Fig. 3d). Whether this behavior reﬂects
the importance of cell turnover, of MTX-induced damage, or both
can not be directly inferred from our results. Interestingly, the importance of cell turnover is in agreement with the notion that
selection is at least as important as mutation to drive the progres-
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sion of cancer cells during carcinogenesis. Further analysis of
the dynamic selection model considering different types of
genomic instability as well as other types of selection pressure
may help to understand how these mechanisms operate during acquisition of drug resistance.
It is presently unclear whether the in vitro determinants that
underlie these population dynamics also occur in tumors.11 Therefore, in vivo experiments should be designed to address this issue.
The ﬂuctuating depletion of extracellular nucleosides during continuous MTX treatment in vitro imposes increased cell turnover as
a driving force of dynamic selection. This is reminiscent of the
changes within the tumor microenvironment undergoing tumor
progression. In particular, avascular tumor micrometastasis undergoes similar balanced cell proliferation and apoptosis in response
to angiogenic and antiangiogenic factors, which impose the selection pressure required for the emergence of genetic variants resistant to hypoxia.31,32 Increased cell turnover may also occur in the
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presence of an inﬂammatory or immune response in tumors.33
Therefore, our results provide an in vitro model for the study of
the tumor cell population dynamics resulting from selective pressure that might be useful to uncover the complex sequence of molecular events involved in tumor progression.

Acknowledgements
The authors thank Ms. Coral Ampurdanes and Ms. Mireia Moreno for technical assistance; Dr. Pilar Garcıa-Morales, Ms.

Angeles
G
omez-Martınez and Dr. Alfredo Carrato for collaborative support; Dr. Gabriel Gil for helpful comments to a prior version of the manuscript; Dr. Joan Vila for his helpful expertise in
statistical analysis; Ms. Elena L
opez and Dr. Roger Anglada for
help in real time PCR. X.M. was supported by a contract from the
Instituto de Salud Carlos III.

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.

14.

15.

16.

17.

Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in
human cancers. Nature 1998;396:643–9.
Cahill DP, Kinzler KW, Vogelstein B, Lengauer C. Genetic instability
and darwinian selection in tumours. Trends Cell Biol 1999;9:M57–60.
Rosenberg SM. Evolving responsively: adaptive mutation. Nat Rev
Genet 2001;2:504–15.
Taylor ST, Hickman JA, Dive C. Survival signals within the tumour
microenvironment suppress drug-induced apoptosis: lessons learned
from B lymphomas. Endocr Relat Cancer 1999;6:21–3.
Hazlehurst LA, Landowski TH, Dalton WS. Role of the tumor microenvironment in mediating de novo resistance to drugs and physiological mediators of cell death. Oncogene 2003;22:7396–402.
Luzzi KJ, MacDonald IC, Schmidt EE, Kerkvliet N, Morris VL,
Chambers AF, Groom AC. Multistep nature of metastatic inefﬁciency: dormancy of solitary cells after successful extravasation and
limited survival of early micrometastases. Am J Pathol 1998;153:
865–73.
Braun S, Pantel K. Micrometastatic bone marrow involvement: detection and prognostic signiﬁcance. Med Oncol 1999;16:154–65.
Tomida A, Tsuruo T. Drug resistance mediated by cellular stress
response to the microenvironment of solid tumors. Anticancer Drug
Des 1999;14:169–77.
Naumov GN, MacDonald IC, Chambers AF, Groom AC. Solitary cancer cells as a possible source of tumour dormancy? Semin Cancer Biol
2001;11:271–6.
Yu JL, Coomber BL, Kerbel RS. A paradigm for therapy-induced
microenvironmental changes in solid tumors leading to drug resistance. Differentiation 2002;70:599–609.
de Anta JM, Real FX, Mayol X. Low tumor cell density environment
yields survival advantage of tumor cells exposed to MTX in vitro.
Biochim Biophys Acta 2005;1721:98–106.
Kinsella AR, Smith D, Pickard M. Resistance to chemotherapeutic
antimetabolites: a function of salvage pathway involvement and cellular response to DNA damage. Br J Cancer 1997;75:935–45.
Zhen YS, Taniki T, Weber G. Azidothymidine and dipyridamole as
biochemical response modiﬁers: synergism with methotrexate and 5ﬂuorouracil in human colon and pancreatic carcinoma cells. Oncol
Res 1992;4:73–8.
Lesufﬂeur T, Barbat A, Dussaulx E, Zweibaum A. Growth adaptation
to methotrexate of HT-29 human colon carcinoma cells is associated
with their ability to differentiate into columnar absorptive and mucussecreting cells. Cancer Res 1990;50:6334–43.
Lesufﬂeur T, Barbat A, Luccioni C, Beaumatin J, Clair M, Kornowski
A, Dussaulx E, Dutrillaux B, Zweibaum A. Dihydrofolate reductase
gene ampliﬁcation-associated shift of differentiation in methotrexateadapted HT-29 cells. J Cell Biol 1991;115:1409–18.
Singer MJ, Mesner LD, Friedman CL, Trask BJ, Hamlin JL. Ampliﬁcation of the human dihydrofolate reductase gene via double minutes
is initiated by chromosome breaks. Proc Natl Acad Sci USA 2000;
97:7921–6.
Almasan A, Linke SP, Paulson TG, Huang LC, Wahl GM. Genetic
instability as a consequence of inappropriate entry into and progression through S-phase. Cancer Metastasis Rev 1995;14:59–73.

18. Corzo C, Petzold M, Mayol X, Espinet B, Salido M, Serrano S, Real
FX, Sole F. RxFISH karyotype and MYC ampliﬁcation in the HT-29
colon adenocarcinoma cell line. Genes Chromosomes Cancer 2003;
36:425–6.
19. de Nonancourt-Didion M, Gueant JL, Adjalla C, Chery C, Hatier R,
Namour F. Overexpression of folate binding protein a is one of the
mechanism explaining the adaptation of HT29 cells to high concentration of methotrexate. Cancer Lett 2001;171:139–45.
20. Banerjee D, Mayer-Kuckuk P, Capiaux G, Budak-Alpdogan T, Gorlick R, Bertino JR. Novel aspects of resistance to drugs targeted to
dihydrofolate reductase and thymidylate synthase. Biochim Biophys
Acta 2002;1587:164–73.
21. Lingle WL, Salisbury JL. The role of the centrosome in the development of malignant tumors. Curr Top Dev Biol 2000;49:313–29.
22. Lorico A, Toffoli G, Boiocchi M, Erba E, Broggini M, Rappa G,
D’Incalci M. Accumulation of DNA strand breaks in cells exposed to
methotrexate or N10-propargyl-5,8-dideazafolic acid. Cancer Res
1988;48:2036–41.
23. Ma C, Martin S, Trask B, Hamlin JL. Sister chromatid fusion initiates
ampliﬁcation of the dihydrofolate reductase gene in Chinese hamster
cells. Genes Dev 1993;7:605–20.
24. Poupon MF, Smith KA, Chernova OB, Gilbert C, Stark GR. Inefﬁcient growth arrest in response to dNTP starvation stimulates gene
ampliﬁcation through bridge-breakage-fusion cycles. Mol Biol Cell
1996;7:345–54.
25. Lundin C, Erixon K, Arnaudeau C, Schultz N, Jenssen D, Meuth M,
Helleday T. Different roles for nonhomologous end joining and homologous recombination following replication arrest in mammalian
cells. Mol Cell Biol 2002;22:5869–78.
26. Noe V, Alemany C, Nicolas M, Ciudad CJ. Sp1 involvement in the 4b-phorbol 12-myristate 13-acetate (TPA)-mediated increase in resistance to methotrexate in Chinese hamster ovary cells. Eur J Biochem
2001;268:3163–73.
27. Roschke AV, Stover K, Tonon G, Schaffer AA, Kirsch IR. Stable karyotypes in epithelial cancer cell lines despite high rates of ongoing structural and numerical chromosomal instability. Neoplasia 2002;4:19–31.
28. Ribas M, Masramon L, Aiza G, Capella G, Miro R, Peinado MA. The
structural nature of chromosomal instability in colon cancer cells.
FASEB J 2003;17:289–91.
29. Lengauer C, Kinzler KW, Vogelstein B. Genetic instability in colorectal cancers. Nature 1997;386:623–7.
30. Tomlinson I, Bodmer W. Selection, the mutation rate and cancer:
ensuring that the tail does not wag the dog. Nat Med 1999;5:11–12.
31. Holmgren L, O’Reilly MS, Folkman J. Dormancy of micrometastases:
balanced proliferation and apoptosis in the presence of angiogenesis
suppression. Nat Med 1995;1:149–53.
32. Hahnfeldt P, Panigrahy D, Folkman J, Hlatky L. Tumor development
under angiogenic signaling: a dynamical theory of tumor growth,
treatment response, and postvascular dormancy. Cancer Res 1999;
59:4770–5.
33. Bingle L, Brown NJ, Lewis CE. The role of tumour-associated macrophages in tumour progression: implications for new anticancer therapies. J Pathol 2002;196:254–65.

