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ABSTRACT
Loss of DNA mismatch repair (MMR) increases the risk of spontaneous
mutations. We sought to determine whether there was an interaction between
hypoxia and MMR deficiency that might contribute to the phenomenon of
tumor progression. Human colon carcinoma HCT116ⴙch2 (MMR-deficient)
and HCT116ⴙch3 (MMR-proficient) sublines were exposed for varying periods of time to an environment of <0.1% O2 and pH as low as 6.1. When a
population containing 5% MMR-deficient cells and 95% MMR-proficient
cells was subjected to hypoxia for 72 h, the MMR-deficient cells were enriched by a factor of 2-fold in the surviving population, whereas no enrichment was detected in cells maintained under aerobic conditions. The potential
of hypoxia to destabilize the genome was determined by measuring the
frequency of clones in the surviving population resistant to very high concentrations of 6-thioguanine or cisplatin. A 72-h exposure to hypoxia did not
increase the frequency of resistant clones in the MMR-proficient cells but
produced a 7.8-fold increase in 6-thioguanine-resistant clones and a 2.5-fold
increase in cisplatin-resistant clones in the MMR-deficient cells. Loss of
MMR increased the frequency of mutations in a reporter vector sensitive to
frameshift mutations in a microsatellite sequence. Exposure to hypoxia for a
time period as short as 48 h further increased the number of mutations in
both cell types, but the absolute number of mutants was higher in the
MMR-deficient cells. These results indicate that hypoxia and its accompanying low pH enrich for MMR-deficient cells and that loss of MMR renders
human colon carcinoma cells hypersensitive to the ability of hypoxia to induce
microsatellite instability and generate highly drug-resistant clones in the
surviving population.

INTRODUCTION
As cancers grow, they often exhibit increasingly malignant behavior, presumably as the result of the acquisition of additional genetic
alterations. The tumor microenvironment is characterized by regions
of both fluctuating and chronic hypoxia, low pH, and nutrient deprivation (1, 2). The extent of hypoxia has been reported to affect tumor
cell invasiveness, metastasis, and the risk of recurrence (3). Hypoxia
and its associated low pH have also been observed to augment the
emergence of drug resistance (4). One hypothesis advanced to explain
these observations is that the microenvironment of a solid tumor is
itself mutagenic and may be an important source of genetic instability.
Reynolds et al. (5) reported that the frequency of supF reporter gene
mutations arising in cells within in vivo tumors was 5-fold higher than
that in otherwise identical cells grown in culture and that exposure of
cultured cells to hypoxia produced an elevated mutation frequency
and a pattern of mutation similar to that observed in the in vivo
tumors. The mutation frequency in the HGPRT (hypoxanthine guanine phosphoribosyl transferase) gene in tumors was also reported to
be higher than that found in cultured cells (6). Several groups have
observed an increased frequency of specific types of drug resistance
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among cells exposed to hypoxia or low pH, effects attributed to
amplification of genes encoding the targets of these drugs (7–9).
However, the mechanisms by which the tumor microenvironment
induces genetic instability and increased mutagenesis are not well
understood.
It is known that hypoxic cells have numerous alterations in metabolic
activity (10). These metabolic changes are assumed to lead to conditions
that either cause increased damage to DNA (10) or compromise DNA
repair processes (11). Cells subjected to repeated cycles of hypoxia and
reoxygenation undergo transiently increased levels of intracellular reactive oxygen species that can damage DNA bases and may be a cause of
mutation (12). In addition to generating mutations, the hypoxic environment may favor the outgrowth of clones with specific types of genetic
defects. Graeber et al. (13) reported that hypoxia favors the expansion of
p53-deficient variants that demonstrate reduced apoptosis in response to
injury that is normally cytotoxic.
The MMR3 system is particularly important to the maintenance of
genomic integrity. Loss of MMR function results in microsatellite
instability and underlies hereditary nonpolyposis colon cancer (14 –
18). We and others have demonstrated that loss of MMR causes
resistance to the cytotoxic effects of many platinum-containing drugs
(19 –21) and also renders cells hypersensitive to the mutagenic effects
of cisplatin (22). We recently showed that loss of MMR renders cells
both resistant to the cytotoxicity of H2O2 and hypersensitive to the
mutagenic effect of this oxidative stress (23). We report here that
hypoxia, along with its associated low pH, enriches for MMR-deficient cells in the surviving population and makes cells sensitive to
some forms of hypoxia-induced genomic instability.
MATERIALS AND METHODS
Cell Lines and Materials. Clones of the human colorectal adenocarcinoma
hMLH1-deficient cell line HCT116 that had undergone chromosome 3 transfer
(HCT116/3-6, identified here as HCT116⫹ch3) and chromosome 2 transfer
(HCT116/2-1, identified here as HCT116⫹ch2) were obtained from Drs. C. R.
Boland, M. Koi, and T. A. Kunkel (24). These cell lines were maintained in a
5% CO2 atmosphere at 37°C in Iscove’s modified Dulbecco’s medium (Irvine
Scientific, Irvine, CA) supplemented with L-glutamine, 10% heat-inactivated
fetal bovine serum, and 400 g/ml Geneticin (Life Technologies, Inc., Gaithersburg, MD). All cell counts were performed in the presence of 0.1% trypan
blue. The absence and presence of hMLH1 expression in these cell lines was
verified by immunoblot analysis (data not shown). All cell lines tested negative
for contamination with Mycoplasma species. Cisplatin was kindly provided by
Bristol-Myers Squibb Co. (Princeton, NJ). A stock solution of 1 mM cisplatin
in 0.9% NaCl was stored in the dark at room temperature.
Hypoxia. Hypoxic conditions were created using plastic chambers
(AnaeroPac jar; Mitsubishi Gas Chemical Co., Inc.) modified to permit gas
flushing (25). Deoxygenation was accomplished by flushing the chamber for
15 min with a mixture of 95% N2 and 5% CO2. To further deplete oxygen, an
ascorbic acid sachet (Mitsubishi Gas Chemical Co., Inc.) was added to each
chamber just before it was flushed with nitrogen/CO2. Anaerobic conditions
were confirmed using Anaero-Indicator strips that documented the oxygen
content in the chamber to be between 0 and 0.1% in all experiments. To
prevent evaporation of medium from the dishes, dishes of distilled water were
positioned in the chamber.
3
The abbreviations used are: MMR, DNA mismatch repair; GFP, green fluorescence
protein; 6TG, 6-thioguanine.
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Enrichment Assay. A cell population containing 5% HCT116 MMRdeficient cells constitutively expressing GFP (26) and 95% HCT116⫹ch3 cells
was prepared by mixing appropriate numbers of the two cell types. Enrichment
assays were performed by plating 20,000 cells in 35-mm tissue culture dishes
for 24 h and then exposing one set of cultures to hypoxia for 72 h at 37°C while
maintaining the other under euoxic conditions. Flow cytometric analysis for
determination of the fraction of cells in the population expressing GFP was
performed at various times up to 8 days later. Each experiment was performed
using triplicate cultures a minimum of three separate times. There was no
difference in the growth rate of HCT116 and HCT116-GFP cells under euoxic
or hypoxic conditions (data not shown).
Assay for Frequency of Resistant Variants. Cells were grown in hypoxanthine-aminopterin-thymidine medium containing 0.4 M aminopterin, 16 M
thymidine, and 100 M hypoxanthine for a minimum of 14 days before the start
of the experiment to rid the population of any preexisting HGPRT mutants. Two
million cells were seeded in 10 ml of medium in 100-mm tissue culture dishes and
allowed to attach for 24 h. Cells were incubated under euoxic or hypoxic conditions for up to 72 h at 37°C. Thereafter, fresh medium was added, and the cultures
were allowed to recover under euoxic conditions for 10 days to permit full
expression of any mutant phenotypes. During this 10-day period, the cultures were
split 2:1 as needed to keep them from becoming confluent. All of the cells were
then trypsinized and seeded into each of five 100-mm tissue culture dishes at
100,000 cells/dish. A concentration of 6TG or cisplatin that resulted in a cloning
efficiency of approximately 0.0002% was added to one of the sets of five dishes.
For the HCT116⫹ch2 and HCT116⫹ch3 cells, respectively, these concentrations
were 20 M for 6TG and 20 M for cisplatin. At the same time, 250 cells were
seeded into each of three 60-mm dishes in drug-free medium for determination of
cloning efficiency. After 14 days, colonies were counted after staining with 0.1%
crystal violet. The frequency of drug-resistant variants/clonogenic cell was calculated from the following equation: resistant frequency ⫽ a/(b ⫻ 106), where a is
the number of colonies present in the five drug-treated dishes, and b is the cloning
efficiency. Each experiment was performed a minimum of three times, and the
data are presented as the mean ⫾ SD.
Host Cell Microsatellite Instability Assay. The pZCA29 vector (27) was
obtained from Dr. T. M. Runger (Department of Dermatology, University
of Gottingen, Gottingen, Germany). Two million HCT116⫹ch2 and
HCT116⫹ch3 cells were transfected with 50 g of pZCA29 by lipofection
using the LipofectAMINE 2000 Reagent (Life Technologies, Inc., Grand
Island, NY) on day 1. Starting 24 h after transfection, the cells were incubated
under euoxic or hypoxic conditions for 48 h, and replicated pZCA29 was
recovered from the transfected cells on day 7. pZCA29 plasmid DNA was
purified by a modified alkaline lysis procedure using the EndoFree Plasmid
Maxi Kit (Qiagen, Malenicia, CA). EpicurianR Coli XL1-Blue Supercompetent
Cells (Stratagene, Cedar Creek, TX) were transformed with recovered
pZCA29 and then selected on Luria-Bertani agar plates containing 5-bromo4-chloro-3-indolyl-␤-galactosidase and isopropyl-␤-D-thiogalactoside (Life
Technologies, Inc.), and ampicillin. The total number of blue and white
colonies was counted, and the mutant frequency was calculated as the mean of
the total number of blue colonies divided by the mean of the total number of
colonies.
Statistical Analysis. Frequency and rate data were analyzed by use of a
two-sided paired Student’s t test with the assumption of unequal variances.
Differences were considered statistically significant if P was ⬍0.05.

RESULTS
Hypoxia Enriches for MMR-deficient Cells. Fig. 1A shows that
when HCT116⫹ch2 and HCT116⫹ch3 cells were incubated under
hypoxic conditions for up to 72 h, the pH of the medium dropped to
6.1, whereas it remained above 7.0 in cells cultured under euoxic
conditions. Fig. 1B shows that the number of attached cells capable of
excluding trypan blue in the cultures of both MMR-proficient and
MMR-deficient cells was substantially decreased after 48 and 72 h of
hypoxia, reaching a low of 8% of that in the simultaneously plated
euoxic cultures. A population of 5% MMR-deficient GFP-expressing
cells and 95% MMR-proficient cells was prepared by mixing the
appropriate numbers of each cell type. Aliquots of the mixed population were then either subjected to 72 h of hypoxia or maintained

Fig. 1. Effect of hypoxia on pH and cell number. A, change in medium pH during
culture of a population of 5% HCT116-GFP and 95% HCT116⫹ch3 cells under aerobic
(F) or hypoxic (E) conditions. B, change in cell number during culture of HCT116⫹ch2
and HCT116⫹ch3 cells under hypoxic conditions. Each data point is the mean ⫾ SD of
three experiments performed with triplicate cultures. Where the SD bar is not visible, it is
smaller than the symbol.

under euoxic conditions. The fraction of MMR-deficient GFPexpressing cells in both treatment groups was measured at various
time points up to 8 days later. Fig. 2 shows that there was little change
in the fraction of MMR-deficient cells when they were grown under
euoxic conditions. In contrast, whereas no enrichment for MMRdeficient cells occurred during the period of hypoxia per se, 6 and 8
days later, GFP-expressing MMR-deficient cells were 1.5- and 2.0fold more abundant, respectively, (P ⫽ 0.007). Thus, although there
was no difference in the reduction in cell number in the cultures
during the period of hypoxia itself, there was substantial enrichment
for the MMR-deficient cells during the recovery phase.
Hypoxia Generates Drug-resistant Variants in MMR-deficient
Cells. As one measure of the potential of hypoxia to destabilize the
genome, measurements were made of the fraction of clonogenic cells
in the surviving population that were resistant to very high concentrations of 6TG or cisplatin 14 days after a hypoxic exposure of 48 or
72 h. At this late time point, the acute effects of the hypoxic exposure
on proliferation rate, as measured by cell cycle phase distribution, had
resolved (data not shown). Fig. 3A presents the ratio of the fraction of
resistant colonies/106 clonogenic cells in the hypoxia-exposed relative
to the euoxia-exposed populations. Neither a 48- nor 72-h exposure to
hypoxia increased the frequency of 6TG-resistant clones in the MMR-
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expected, the frequency of pZCA29 mutations under euoxic conditions was higher in the MMR-deficient cells than in the euoxic
MMR-proficient cells. Interestingly, exposure to hypoxia increased
the mutant frequency in both MMR-proficient and MMR-deficient
cells. In the case of the MMR-proficient cells, the increase could not

Fig. 2. Enrichment for MMR-deficient cells by hypoxia. A population containing 5%
MMR-deficient GFP-expressing cells and 95% MMR-proficient cells was cultured for
48 h under hypoxic (F) or euoxic conditions (E), and the fraction of GFP-expressing cells
in the population was monitored during subsequent growth under euoxic conditions. Each
point is the mean ⫾ SD of three experiments performed with triplicate cultures.

proficient HCT116⫹ch3 cells by a statistically significant amount. In
contrast, in the MMR-deficient HCT116⫹ch2 cells, a 48-h exposure
to hypoxia increased the frequency of 6TG-resistant clones by
2.3 ⫾ 0.1-fold (P ⬍ 0.02), and a 72-h exposure to hypoxia augmented
this effect further producing a 7.8 ⫾ 2.0-fold increase (P ⬍ 0.001). As
shown in Fig. 3B, a similar albeit smaller effect was observed for
cisplatin-resistant clones. In the MMR-proficient cells, neither a 48nor 72-h exposure increased the number of cisplatin-resistant clones
in the surviving population. However, in the MMR-deficient cells,
although a 48-h exposure to hypoxia did not increase the number of
resistant clones, a 72-h exposure produced a 2.4 ⫾ 0.3-fold increase
relative to the number found in concurrently plated euoxic cells. Thus,
loss of MMR function sensitized human colon carcinoma cells to the
ability of hypoxia to generate clones in the surviving population that
were highly resistant to two different classes of chemotherapeutic
agents.
Hypoxia Augments Microsatellite Instability in MMR-deficient
Cells. Another way to assess the effect of loss of MMR function on
sensitivity to the mutagenic potential of hypoxia is to measure its
ability to produce insertion/deletion mutations in a microsatellite
sequence. The effect of hypoxia on the stability of a microsatellite
sequence introduced in the form of an episomally replicating shuttle
vector was compared in the MMR-proficient and -deficient cells. The
pZCA29 vector contains a 94-bp insertion that includes a 28-bp CA
repeat tract and a 30-bp GT repeat tract arranged palindromically.
This insertion renders the coding sequences of a ␤-galactosidase
reporter gene out of frame. The vector also contains the SV40 T
antigen, origin, and enhancer to allow episomal replication in the
human cells. In the absence of a frameshift mutation generated during
replication of the vector in the tumor cell, ␤-galactosidase is not
expressed when the plasmid is rescued from the mammalian cell and
introduced into an appropriate bacterial strain. However, insertions or
deletions that correct the reading frame permit expression of ␤-galactosidase when the vector is transferred to the bacteria. The fraction of
the plasmids containing such a mutation after passage through the
tumor cells can be quantified as the fraction of blue versus white
bacterial colonies.
The pZCA29 vector was transfected into the tumor cells, and 24 h
later, one aliquot was exposed to hypoxia for 48 h, whereas the other
was maintained under euoxic conditions. The vector was recovered
from the tumor cells 7 days after transfection. Fig. 4 shows that, as

Fig. 3. Effect of the loss of MMR function on sensitivity to the mutagenic effect of
hypoxia and low pH. The histogram shows the ratio of the number of 6TG-resistant (A)
and cisplatin-resistant (B) colonies:106 clonogenic cells for the HCT116 sublines (䡺,
MMR deficient; f, MMR proficient). Each symbol represents the mean of three experiments performed with quintuplicate cultures. Vertical bars, SD.

Fig. 4. Microsatellite instability in the HCT116 sublines. The histogram shows the
frequency of blue bacterial colonies obtained after passage of pZCA29 in the tumor cells
and subsequent transduction into permissive bacteria. Plasmid DNA was isolated from the
cells at the 7 days after transfection. f, euoxic conditions; 䡺, 48 h hypoxia. Each symbol
represents the mean of at least three experiments. Vertical bars, SD.
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be quantified as a ratio because no blue colonies were obtained under
euoxic conditions; however, in the case of the MMR-deficient cells,
the increase was by a factor of 5.5-fold (P ⬍ 0.0001). Thus, whereas
hypoxia induced microsatellite instability in both cell types, the absolute number of mutants obtained was substantially larger when
MMR function had been disabled.

DISCUSSION
Marked fluctuations in oxygen availability and pH are common in
tumor microenvironments, as are cells that have lost MMR function.
In this study, we sought to determine whether there was an interaction
between hypoxia and MMR deficiency that might contribute to the
phenomenon of tumor progression. Using an assay sensitive to small
changes in the fraction of MMR-deficient cells in a population, we
found that even a single episode of hypoxia followed by reoxygenation was sufficient to produce a 2-fold enrichment for MMR-deficient cells in the surviving population. The significance of this for the
emergence of drug resistance is underscored by the fact that MMRdeficient cells are directly resistant to several classes of chemotherapeutic agents (21) and hypersensitive to the ability of both exogenous
(22) and endogenous mutagens (23) to generate clones with very high
level resistance to yet other classes of cytotoxic drugs.
The mechanism by which hypoxia-induced enrichment occurs was not
defined by the experiments reported here, but the available data are
consistent with the concept that the MMR-deficient cells recover proliferation more rapidly after the hypoxic insult. Both hypoxia itself and the
generation of reactive oxygen species during subsequent reoxygenation
are capable of triggering apoptosis. It has already been established that
cells in which the apoptotic mechanism is partially disabled due to loss of
p53 function are resistant to hypoxia-induced cell death (13). Through its
ability to function as a detector of DNA damage, the MMR system also
plays an important role in activating apoptosis through both p53-dependent and -independent pathways (28, 29). Reactive oxygen species are
formed during reperfusion of ischemic tissues (30, 31). Recently, it has
been directly demonstrated that loss of MMR function causes resistance
to the cytotoxic effect of H2O2 (23). The fact that loss of MMR substantially impaired the ability of H2O2 to signal an increase in p53 level
indicates that the MMR proteins are not only capable of recognizing an
8-oxoguanine mismatch but are also capable of generating a proapoptotic
injury signal (23).
The results reported here demonstrate that hypoxia, together with
its accompanying acidosis, induces some degree of genomic instability and that the MMR system normally serves to limit hypoxiainduced mutations. In this study, the effect of a cycle of hypoxia
followed by reoxygenation on genomic stability was measured by
both its ability to increase the fraction of clonogenic cells that are
highly drug resistant in the surviving population and its effect on
microsatellite stability. Whereas hypoxia did not increase the frequency of 6TG-resistant clones in the MMR-proficient cells, it produced a marked increase in the frequency of such clones in the
MMR-deficient cells, and this effect increased with the duration of
hypoxia. The 6TG resistance of these clones was not formally demonstrated to be due to a mutation; however, mutation in the HGPRT
gene is by far the most common etiology of very high level resistance
to 6TG, and mutations in this gene have been reported previously in
response to a hostile microenvironment (6). Hypoxia was also noted
to increase the frequency of cisplatin-resistant clones in MMR-deficient cells. The genes that mediate such high level cisplatin resistance
are not known; thus, this observation provides only indirect evidence
of a genome-destabilizing effect of hypoxia. However, it is of substantial concern from the vantage point of the chemotherapist that

such levels of cisplatin resistance can be generated by a single
exposure to hypoxia.
The ability of a cycle of hypoxia and reoxygenation to induce microsatellite instability was clearly demonstrated by use of the pZCA29
vector. This reporter system was sensitive enough to detect a significant
degree of hypoxia-induced microsatellite instability even in the MMRproficient cells, although the degree of destabilization was substantially
greater in the MMR-deficient cells. From the effects on the generation of
6TG- and cisplatin-resistant variants and the frameshift mutations reported by the pZCA29 vector, we infer that cells that survive an episode
of hypoxia and low pH exposure are likely to carry an increased burden
of mutations throughout their genome. Insertion/deletion mutations, such
as those detected by pZCA29, are particularly devastating to the cell
because when they occur in a coding sequence, they shift the reading
frame, often resulting in complete loss of function of the protein encoded
by that gene.
What is the mechanism by which loss of MMR permits hypoxia and
low pH to be more mutagenic? Deletions and point mutations such as
C:G3 A:T and T:A3 G:C transversions have been found to arise
more frequently in cells exposed to hypoxia (5, 11). Generation of
oxygen free radicals during reoxygenation can produce excess levels
of 8-oxyoguanine in DNA, and this adduct has been shown to cause
miscoding for A leading to C:G3 A:T and T:A3 G:C transversions
(32). 8-Oxoguanine plays an important role in the mutagenesis generated by H2O2 (33, 34); recently, it has been directly demonstrated
that loss of MMR function increases the mutagenic effect of H2O2
(23). MMR function prevents accumulation of DNA damage generated by oxidative stress (35, 36), and MMR can correct 8-oxoguanine:A mismatches in Escherichia coli (37). These observations indicate that the MMR system may play a role in the repair of
8-oxoguanine mismatches in DNA in addition to repairing single-base
mismatches and small mismatched loops. Thus, with loss of MMR
function, one would anticipate the persistence of these mutagenic
lesions in the DNA and fixation of mutations at the next S phase.
Recent reports have also disclosed a possible second mechanism by
which MMR may prevent hypoxia-induced mutagenesis. A series of
mammalian and lower organism DNA polymerases have now been
identified that can bypass adducts in DNA, producing mutations as
they do so (38, 39). For example, human polymerase  can efficiently
bypass 8-oxoguanine adducts, incorporating an A or a C opposite the
lesion with similar proficiency (40), and polymerase  can incorporate
A and, less frequently, C opposite such an adduct (41). There is some
evidence that the MMR system may play a role in preventing such
mutagenic bypass replication (42, 43).
Although the above discussion has focused on damage produced by
reactive oxygen species as a putative mediator of the mutagenesis
produced by a cycle of hypoxia and reoxygenation, there is evidence
that the low pH that accompanies hypoxia is also important. Low pH
can alter the structure and function of a variety of cellular proteins,
including DNA polymerases (44, 45). Several studies have reported
synergistic effects of low oxygen and low pH on cellular energy
metabolism and cell viability (46, 47). In some models, decreased
repair of damaged DNA and induction of cell death was very much
greater when hypoxia was accompanied by low pH (10, 48). It is thus
reasonable to hypothesize that in solid tumors, the influence of hypoxia and low pH on tumor progression may be even more important
than either factor alone. Additional studies directed at dissecting the
contributions of hypoxia, acidosis, and the formation of oxygen free
radicals during reoxygenation would be of particular interest.
In this study, we used the MLH1-deficient HCT116 cells and a
chromosome 3 complemented subline as models of MMR-deficient
and MMR-proficient phenotypes. Because transfer of chromosome 3
introduced other genes in addition to a wild-type copy of MLH1, some
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caution must be exercised in interpreting the results of this study.
Nevertheless, this cell system has now been used very extensively in
a wide variety of studies of MMR (24, 49 –51), and with respect to the
types of measurements made in this study, the differences between the
phenotypes do in fact appear to be attributable to the restoration of a
functional MMR system in the HCT116⫹ch3 cells.
Very hypoxic tumors often follow an aggressive clinical course (3).
The ability of hypoxia and its accompanying low pH to simultaneously select for the overgrowth of MMR-deficient cells and more
readily generate variants resistant to drugs commonly used to treat
these tumors suggests that the presence of such cells in a tumor may
predispose patients to the rapid emergence of drug resistance and
treatment failure.
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