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Abstract

We have developed a ‘“comparative growth assay’’ that
complements current assays of drug effects based on
cytotoxicity. A co-culture of two cell lines, one of which
is fluorescently labeled, is exposed to a cytotoxic agent
and the proportion of fluorescent cells is compared with
that of a baseline unexposed co-culture. For demonstra-
tion purposes, two HCT116 cell lines (an hMLH1
homozygous and an hMLH1 heterozygous mutant),
altered by insertion of vector alone or the same vector
carrying an insert for the expression of enhanced green
fluorescent protein (EGFP), were exposed to numerous
‘“anti-cancer” agents. The assay was further validated in
a system of two cell lines differing only in the expression
of the breast cancer resistance protein (BRCP). The
assay allowed the estimation of the duration of action of
a particular agent. Assessment of the agent’s differential
activity over a given time in culture could be expressed
as a selection rate, which we chose to describe on an
‘“average selection per day” basis. We conclude that
this assay: 1) provides insight into the differential
dynamic effects of chemotherapeutic agents or radia-
tion; and 2) allows, through the use of matched cell
lines, the investigation of critical physiologic features
that govern cell sensitivity.

Keywords: growth assay, mismatch repair, BCRP, multiagent resistance,
chemosensitivity.

Introduction

Assaying effects of putative anticancer agents on the in vitro
growth and survival of appropriate cell populations represents
a critical tool in their pre-clinical evaluation [1,2]. Exposing
multiple cell populations simultaneously to a particular agent
(in co-culture) provides data complementary to unitary in vitro
growth assays. Co-culture experiments have become more
logistically straightforward with the recent development of
vectors expressing autofluorescent proteins [3], which allow
permanent labeling of living cells and their progeny [4]. Thus,
it has become practical to grow two or more cell populations
side by side in co-culture, expose them simultaneously to
anticancer agents, and track their differential growth rate over
time. Fink has used co-cultures to model the differential effect

of mismatch repair (MMR) proficiency on in vivo [5] and in
vitro [6] cytotoxicity of cisplatin. We developed the co-culture
technique into a comparative growth assay and report here its
ability to quantify the ability of anticancer agents to select
relatively resistant cell populations.

The comparative growth assay was evaluated extensively
in a model system of two matched cell lines differing only in a
single gene alteration, namely in the presence of the an intact
mismatch repair (MMR) hMLH1 gene [7]. The assay was
validated in a system of two cell lines differing only in the
expression of the breast cancer resistance protein (BRCP)
[8]. The hMLH1 gene belongs to the DNA MMR system [9,10]
consisting of AMSH2, hMLH1, hPMS1, hPMS2, and GTBP
(hMSHS6) proteins which correct, on average, 99.9% of all
mismatches occurring in the newly synthesized strand [11]. A
functional deficiency of the MMR system, found in 5% to 40%
of primary and metastatic human cancers [12—15] and in
most cancers of patients with the hereditary nonpolyposis
colon cancer (HNPCC) syndrome, induces a resistance, not
only toward alkylating agents as originally proposed [7,16],
but to a wide variety of other common anticancer therapies as
well [17—-22]. Comparing the effect of standard agents used
for the treatment of solid tumors on two colorectal cell lines
that differ in nucleotide MMR competence thus offers a
distinct test of the comparative growth assay. The BRCP is a
recently described adenosine triphosphate-binding cassette
halftransporter associated with resistance to mitoxantrone
and anthracyclines [8,23]. Comparing the effect of mitoxan-
trone on two breast cancer cell lines differing in the
expression of BCRP offers an independent validation of this
assay.

Materials and Methods

Cell Lines
Two sublines of HCT 116 (ATCC no. CCL-247), a poorly
differentiated human colon cancer cell line which is MMR-
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deficient due to a homozygous mutation of the h(MLH1 gene
located on chromosome 3 [7], carrying intact p53 and p21
genes [24], a mutated ras oncogene [25], and a mutated
TGF-3RIl gene [26], producing CEA [27], TGF-« [28], TGF-
£1, and TGF-52 [29], were used throughout all experiments.
One of the sublines, HCT 116+ch3 (“N”), has its MMR
deficiency corrected by introducing a single human fibroblast
chromosome 3 tagged with a neomycin resistance gene in
pSV2 and containing the AMLH1 gene (rendering it
hMLH1+). Consequently, the TGF-3RIl gene residing on
chromosome 3 is in this subline, also +. The other subline
was left uncorrected by transferring a similarly neoresistant
chromosome 2 (HCT 116+ch2="0") [7]. The cells were
grown in McCoy’s 5A modified media (Gibco BRL, Gaithers-
burg) with 10% fetal bovine serum (Gibco BRL) (=“complete
media”) and 200 pg/ml of the neomycin equivalent Geneticin
(Gibco BRL). Geneticin assured the continuous presence of
the transferred chromosomes 2 and 3, respectively. The
cells were split 1:20 once a week. After every fourth weekly
passage, a new frozen vial was thawed to avoid selection of
particular sublines.

Vectors

The vector pcDNA3.1/Zeo(+) (Invitrogen Corporation,
Carlsbad, CA), equipped with a CMV promoter/enhancer
and a bleomycin family (Zeocin) resistance gene encoding
a 13-kDa protein which binds to Zeocin, thus preventing it
from binding to DNA, was used for all constructs. The
source of the enhanced green fluorescent protein (EGFP)
gene [30] was the pEGFP-C1 vector (Clontech, Palo Alto,
CA). Constructs containing a (CA)4o repeat preceding the
EGFP gene (pcDNA3.1-(CA);>-EGFP) yielded stable
fluorescent EGFP transfectants with the highest frequency
(data not shown).

Construction of Control and Fluorescent Cell Lines

To obtain Zeocin-resistant cell lines, transfections were
done with pcDNA3.1. To obtain fluorescent and Zeocin-
resistant cell lines, cells were transfected with pcDNAS.1-
(CA)12-EGFP. In this way, Zeocin-resistant fluorescent (O™)
and nonfluorescent (O) HCT116+chromosome 2, and
fluorescent (N*) and nonfluorescent (N) HCT116+chromo-
some 3 cell lines were generated. For transfections,
plasmids pcDNA3.1 or pcDNA3.1-(CA)1,-EGFP were linear-
ized in the unique Pwul site of the Amp resistance gene,
mixed with the LipofectAmin reagent (Gibco BRL) and
transfected according to manufacturer's instructions. A
Southern blot analysis using a random-primed EGFP probe
has shown the presence of single EGFP integrations with
one or very few copies per integration in both fluorescent
lines (not shown).

BCRP Cell Lines

To evaluate the effect of the BCRP on mitoxantrone
resistance, double-transfected MCF-7 cell lines were used.
Cell lines supposed to overexpress the BCRP were
transfected with a pcDNA3 vector containing the BCRP-
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clone 8 [8] and a Geneticin resistance gene (B), whereas
sensitive cells were transfected with the plasmid lacking
BCRP (V). Each cell line was then transfected either with a
plasmid expressing the EGFP in pcDNA3.1/Zeo (+) or with
the plasmid not containing EGFP. Thus, four different cell
lines were created (B*, V¥, B, V).

The Assay

The comparative growth assay (Figure 1) was designed to
enable the evaluation of the relative sensitivity of different
cell lines to growth-retarding agents. As a model, the relative
sensitivity to antitumor agents of two sublines (O and N) of
the HCT116 colon cancer cell line differing mainly in one
primary genotypic variable, the expression of a functioning
hMLH1 gene, was evaluated. To assure an absolute identity
of conditions for both of the tested sublines, the sublines to
be compared were grown in co-culture during the experi-
ment. To be able to distinguish cells belonging to one cell line
from cells belonging to the other one, cells of one subline
were fluorescently marked (+) by the expressed product of a
stably integrated EGFP gene. The proportion of cells
belonging to the marked cell line could then be evaluated
by flow cytometry and expressed as odds marked/unmarked.
To focus on the effect of the drug or radiation, odds marked/
unmarked in co-culture experiments influenced by the
studied agent were compared to the same odds of baseline
co-culture experiments in which the cells were exposed to
media only — thus yielding an odds ratio. To exclude the
possibility of an interaction between the EGFP and genes
differentially expressed in the compared cell lines, each
experiment was additionally performed in an inverted
schema in which the originally unlabelled cell line was
labeled and vice versa. Co-cultures of the same sublines
differing only in the presence of the EGFP (O*/O and N*/N)
served as controls for “clonal variation” and EGFP influence
on cell line growth. Thus, up to four different kinds of co-
cultures were evaluated in each experiment and compared to
appropriate unexposed baseline co-cultures, but in every
case evaluating the effect of an agent, at least the O*/N and
N*/O combinations were tested. Similarly, B*/B and V*/V co-
cultures served as controls for the BCRP experiment and V*/
B, B*/V co-cultures were used to indicate the differential
effect of mitoxantrone.

Cells of each of the four sublines (N, N*, O, and O*) to
be examined were grown to subconfluency then washed
twice with Ca®*, Mg®* free PBS, removed from culture
dishes by Trypsin-EDTA (Gibco BRL) and strained through
a sterile 40 um cell strainer (Becton Dickinson, Franklin
Lakes, NJ) to achieve a single cell suspension. Cell
numbers were adjusted and the abovementioned cell line
combinations mixed at the intended seeding ratio. One
hundred thousand cells of the co-culture in 2 ml of
complete media with Zeocin and Geneticin were seeded
per well of a six-well plate, or 4x10* cells in 1 ml of
complete media with antibiotics were seeded into one well
of a 12-well plate (Becton Dickinson). The cells were
incubated at 37°C in a 5% CO, air mixture. After 24 hours,
the media were replaced by complete media containing
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Figure 1. A schematic depiction of a typical comparative growth assay. The comparative growth assay was designed to measure the differential growth inhibition, or
the selective pressure cytotoxic agents exert on two distinct cell populations. Co-cultures of a nonfluorescent cell line (—) mixed with a cell line tagged with a
fluorescent marker (+) are seeded. One day later, one of two identical co-cultures is exposed to a study agent and the other one (baseline) is not. After a period of
exposure (e.g., 1 hour), the agent is washed away and the co-cultures are grown for 3 more days. The ratio of fluorescent-to-nonfluorescent cells is determined by
flow cytometry (insets). If the studied agent is more growth-inhibitory against one cell type than against the other, then the ratio of fluorescent-to-nonfluorescent cells
becomes different in the exposed co-culture compared to the ratio in the undisturbed baseline co-culture. The selection rate expressed as an average selection per
day is calculated for the given example. The calculation assumes a 3-day observation period (see Appendix A for derivation of this equation).

the antibiotics and the drug to be tested and incubated for
a specific exposure time. After the exposure time had
elapsed, individual wells were washed once with the
complete media not containing the tested drug, and grown
in the same media for an additional 1 to 4 days. Baseline
co-cultures had their control media changed in the same
intervals. After the total 2- to 5-day incubation period, cells
of both the exposed and baseline co-cultures were
washed with PBS and detached by Trypsin-EDTA (Gibco
BRL) not containing phenol red. The cells were then
strained through a 35-um strainer cap mounted on top of a
12x75 mm flow tube (Becton Dickinson) and subjected
to flow cytometry. Three replicas were used for each co-
culture.

Flow Cytometry

Flow cytometry was performed on a FACSort (Becton
Dickinson Immunocytometry Systems, San Jose, CA)
equipped with a 20-mW Argon laser tuned to 488 nm.

Fluorescence amplifiers were in logarithmic mode. The
trigger threshold was set on forward scatter. No compensa-
tion was used. Five to ten thousand cells of each co-culture
were analyzed for every data point. The HP Reader 2.04
program (Verity Software House, Inc., Topsham, ME)
facilitated the transfer of “listmode” files to an IBM-
compatible computer. Listmode data were analyzed by
WinList 3.0 (Verity Software House) under Windows 95.
The population of fluorescent cells was distinguished from
that of nonfluorescent cells in a correlation diagram with
pulse height of green fluorescence plotted against pulse
height of red fluorescence. Nonfluorescently transfected
healthy as well as dying cells (which were yellow autofluor-
escent) projected into the diagonal of the scatter diagram
distinct from the population of fluorescent EGFP-transfected
cells which were more green and less red, thus projecting off
the diagonal (Figure 1, insets). In such an arrangement, one
EGFP-expressing cell can easily be detected among 10,000
cells not expressing the EGFP (unpublished observation).
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Figure 2. Log odds ratio plotted against time depicts the duration of the
selective effect (N*/O co-culture). To establish the duration of agents’
selective effects on two cell lines differing in their MMR proficiency, the
logarithm of the ratio of odds of finding a green cell in a N*/O co-culture
exposed to MNNG at different concentrations and compared to an unexposed
N*/O co-culture was plotted against the MNNG concentration. All co-cultures
were exposed to MNNG for 2 hours and further incubated for 48 to 120 hours.
The selective effect, evident as a downward slope of the line (see Appendix)
lasts for at least 120 hours for the MNNG concentration of 3 uM (triangles) and
at least 72 hours for the MNNG concentration of 1 uM (triangles).

The proportion of fluorescent cells was recorded as a
percentage. These percentages were automatically stored
in an Excel (Microsoft Corporation, Redmond, WA) file by
Verity Winlist software.

Evaluation

The percentage of fluorescent cells in each co-culture was
expressed as the odds of fluorescent versus nonfluorescent
cells using the formula o0ddsny=%f/(100—%f). The odds
value for the co-culture exposed to a drug was divided by the
average odds values of unexposed baseline co-cultures
yielding an odds ratio. An odds ratio of 1 states that the growth
rates relative to each other, of two cell lines exposed to a given
drug, do not differ from the relative growth rates obtained
when the cell lines were exposed only to the diluent of the
given drug (for derivation, see Appendix). Using odds ratios
makes the results independent of the seeding ratio (of the two
compared cell lines) as long as the same seeding ratio is used
in both the exposed and unexposed co-cultures and is in the
optimal range. Using odds ratios also allows determination of
the duration of the selective effect. In a plot depicting the log of
the odds ratios against time, a plateau suggests loss of
differential drug effect (Figure 2), whereas a constant slope
suggests a continuing differential effect at the evaluated time
points (for rationale, see Appendix).

For time intervals of sustained continuous differential drug
effect, the daily selection rate (S) can be calculated as D root
of the odds ratio, where D is the number of days following
initial exposure to the tested agent. (S) is a measure of
selection expressed as an average selection per day. In
cases where a specific agent exerts a constant effect, this
measure will be a precise reflection of the selection process.
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In these cases, computation of this “daily” selection rate
allows comparison of the most prolonged experiment with
other experiments of shorter durations to a reasonable
approximation (Figure 3). In cases where the selection is
“discontinuous” (e.g., all the differential effects occur in the
first or last day of co-culture), this measure will only represent
an average value of the effect over the entire length of the
observation period. Using selection rates also creates a
framework for comparison of the effect of different agents on
the same cell line combinations.

A selection rate S0+ /n) of 1.06 (=1+0.06) states that the
fluorescent O cell line (HCT116+ch2=MMR-deficient) tagged
with EGFP (+) grew, on average, 6% per day faster than the
nonfluorescent MMR-proficient N cell line. An S+ /n)0f 0.94
(=1-0.06) shows that the tagged proficient cell line grew
slower by an average of 6% per day of the experiment. When
the dose—effect relationship was examined, the daily
selection rates (S) were plotted for each co-culture combina-
tion against drug concentrations.

Statistics

It was reassuring to see dose—effect relationships
obtained for O*/N co-cultures to be roughly mirror images
(or at least mirror “trends”) of those for N*/O co-cultures. The
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Figure 3. The comparative growth assay allows for estimates of the
differential growth inhibitory effect of an agent that can be independent of
the interval since initiation of exposure. Co-cultures of two cell lines, “N”
(MMR-competent) and “O” (MMR-defective), differing in the status of their
hMLH1 gene were exposed for 1 hour to varying concentrations of MNNG or
media containing only diluent. They were subsequently grown in the absence
of the cytotoxic agent. N was carrying a vector-expressing EGFP rendering the
cell line fluorescent green (N*, see Materials and Methods section). The odds
of finding a green cell in the exposed culture was compared to the odds of
finding a green cell in the control culture and expressed as an odds ratio. The
co-cultures were assayed 2, 3, 4, and 5 days after initiating exposure and the
odds of fluorescent/nonfluorescent established. The D (days elapsed since
exposure) root of the odds ratio is the selection rate per day, S. The data show
selection by MNNG against the MMR-competent fluorescent cell line (N*) (the
comparative chance of finding a green cell in the exposed co-culture
decreases as the concentration of MNNG increases). S depends on the
concentration of MNNG and not on the time of evaluation (at least over the
course of this 5-day experiment) with the possible exception of 3 pM
concentration of MNNG analyzed at 48 hours following exposure. Using
selection rate (S) expressed as an average on a per day basis allows
comparisons of experiments done with different follow-up times and reflects
the time span of the drug’s selective activity.
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Figure 4. Establishing the optimal ratio of fluorescent/nonfluorescent cells in
co-cultures for reproducible flow cytometry analyses. The comparative growth
assay, which is based on co-culture of fluorescent and nonfluorescent cell
lines, uses their ratio (expressed as odds) for evaluation. The odds at
evaluation are obviously dependent not only on the differential growth rate of
the observed cell lines but on the initial (seeding) ratio as well. To establish a
range of odds at the time of FACS analyses associated with a low variation,
data from preliminary experiments with a 1 hour MNNG exposure of an O*/N
co-culture done in triplicates were utilized. The variation coefficient
(CV=100x standard deviation+—mean) of triplicate odds was plotted against
its average odds. The scatter diagram shows that the lowest variation (1% to
6%) is achieved when the odds fluorescent/nonfluorescent at the time of
evaluation by flow cytometry are above 0.18. There was more variation within
the measurement if the ratio of the fluorescent cells to the nonfluorescent ones
at the time of flow cytometry was below 0.18. As the same variation can be
expected in the inverse situation of scarce nonfluorescent cells, the same
restriction applies on the upper end of the scale. To generate results with low
variation, the experiment has to be set up (by adjusting the seeding ratio) to
keep the odds ratio at evaluation in the range of 0.18 to (1-0.18).

same was true for B*/V and V*/B. Simple t-tests (assuming
equal variances) were used to rule out the null hypothesis
stating that the ratio of the labeled and unlabeled cells in co-
cultures under a given drug concentration has not changed
from that of baseline (no drug added).

Drugs Used

Drugs were diluted in either the supplied diluent or in
dimethylsulfoxide (Sigma, St. Louis, MO). N-methyl-N'-
nitro-N-nitrosoguanidine (MNNG) (1-methyl-3-nitro-1-nitro-
soguanidine; Aldrich, Milwaukee, WI) is a carcinogenic
DNA alkylator capable of forming O®-methylated purines.
Gemcitabine (Eli Lilly, Indianapolis, IN) is a dCyd antagonist
that incorporates into DNA, interferes with DNA chain
elongation, and inhibits ribonucleotide reductase. 6-Thio-
guanine [20], a purine antimetabolite which is prone to
methylation after incorporation into DNA [20], was pur-
chased from Glaxo Wellcome Co. (Research Triangle Park,
NC). The antimetabolite, fludarabine phosphate, was
obtained from Berlex Laboratories (Wayne, NJ); 5-fluorour-
acil from Roche Pharmaceuticals (Nutley, NJ). Doxorubicin
hydrochloride, an intercalating topoisomerase I, inhibitor
was obtained from Pharmacia, Inc. (Columbus, OH).
Etoposide, a nonintercalating topoisomerase Il inhibitor,
was obtained from Bristol-Myers Squibb (Princetown, NJ).
Paclitaxel (Bristol-Myers Squibb) is a microtubule-stabilizing

agent. Cisplatin is a bifunctional platinum complex forming
intrastrand or interstrand cross-links or adducts (Bristol-
Myers Squibb). Irinotecan, a prodrug with a low genuine
activity of a topoisomerase | inhibitor, was obtained from
Pharmacia and Upjohn (Kalamazoo, MI). Mitoxantrone
(Immunex Corp., Seattle, WA), a DNA intercalator, was
used in the BCRP experiments.

Radlation Used

The cell lines were irradiated by a Co®° source to the
stated dose of 2.5, 5, 7.5, 10, and 12.5 Gy at a dose intensity
of 20 Gy/hour.

Results

Establishing the Optimal Seeding Ratio

To optimize the comparative growth assay, the effect of
the actual seeding ratio of both cell populations participat-
ing in the co-culture was assessed in terms of the ability
to follow the growth of each line accurately. The relation-
ship between the reproducibility of measurements and the
actual odds (fluorescent versus nonfluorescent) at the
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Figure 5. Dose—effect relationship for MNNG. The differential growth
inhibitory effect of MNNG was studied by utilizing the comparative growth
assay in which the growth of fluorescently labeled cells (+) is compared with
unlabelled cells in the presence or absence (baseline) of the tested agent.
Four different co-cultures, two experimental, O*/N, N*/O, and two control, N*/
N and O*/0, were exposed for 1 hour to different concentrations of MNNG and
compared after 3 days to the same co-cultures which were left untreated.
Means of the calculated selection factor averaged per day (S) with 95%
confidence limits are plotted against concentrations of MNNG. MNNG favors
the growth or survival of MMR-deficient O cells, so that fluorescently tagged O
cells become more prevalent in a co-culture (O*/N) (solid line with triangles)
as compared to the baseline unexposed co-culture. Inversely fluorescently
tagged N cells (N*) decrease in prevalence in a N*/O co-culture (solid line
with squares). The prevalence of fluorescent cells in a mix of fluorescent and
nonfluorescent MMR-deficient cells (O*/0) (dashed line with triangles)
changed orders of magnitude less significantly. The same was true for the
prevalence of fluorescent cells in a mix of fluorescent and nonfluorescent cells
MMR-competent cells (N*/N) (dashed line with rectangles). MNNG is
ineffective at 0.1 uM and effective between 1 and 10 .M. At high concentration
(10 uM), the differential sensitivity is diminished, as the cytotoxic effect of the
agent for each individual cell line is more pronounced. *p<.0001. A possible
negative selective interaction of EGFP and MNNG is suggested by the N*/N
combination at 1 uM MNNG and the O*/O combination at 10 uM MNNG.
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time of evaluation was assessed in preliminary experi- coefficients of odds of triple replicas were plotted against
ments with MNNG exposure of a co-culture of fluorescent the average odds (Figure 4). The scatter diagram shows
“O” cells and nonfluorescent “N” cells (O*/N). Variation that the lowest variation (1% to 6%) is achieved if the
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Figure 6. Drugs selecting in vitro for MMR-deficient cells and drugs selecting for MMR-proficient cells. The differential growth inhibitory effects against MMR-
deficient and proficient cells of cytotoxic agents that are components of common anticancer regimens were investigated by the comparative growth assay. Co-
cultures of fluorescently labeled MMR-deficient O cells and unlabelled MMR-proficient N cells (O*/N, continuous line) and vice versa (N*/O, dotted line) were
exposed to 6-thioguanine for 2 hours at the indicated concentrations and to all other drugs for 48 hours. Assay times varied between 48 and 72 hours. The selection
factor averaged per day (S) with 95% confidence limits was plotted against the drug concentration. Drugs selecting for MMR-deficient cells: MNNG and 6-thioguanine
were evaluated after a 1-hour incubation and cisplatin, doxorubicin, paclitaxel, etoposide, irinotecan, 5-fluorouracil evaluated after a 48-hour exposure. Drugs
selecting for MMR-deficient cells: Fludarabine (rectangles) at a concentration of 10 .M and gemcitabine (triangles) at concentrations of 100 M. *p <. 005; *p <. 05.
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odds fluorescent/nonfluorescent at the time of evaluation
by flow cytometry is above 0.18 (demarcated by a dashed
line) and less than 0.82. Seeding co-cultures at a ratio of
fluorescent cells to nonfluorescent cells of 1:1 turned out
to be satisfactory in most cases, as odds at evaluation
usually fell within this range. Experiments with long follow-
up times sometimes necessitated changing the seeding
ratio by initially under-representing the cell population that
is more resistant to the studied agent to assure that the
odds at evaluation of both the exposed and baseline co-
cultures would fall into the range of minimal variation (i.e.,
there would still be enough measurable cells of the more
sensitive cell line).

Effect of MNNG

The assay was first tested using MNNG, reported to be
less toxic to MMR-deficient than MMR-proficient cells [31].
A 1-hour exposure of MNNG inhibited the growth of MMR-
proficient HCT-116+ch3 (N) cells more than that of the
MMR-deficient HCT-116+ch2 (O) cells. The dose—effect is
shown in a graph in which the estimated average selection
rate per day S is plotted against the drug concentration
(Figure 5). The lowest MNNG concentration, the effect of
which can be documented, is 0.3 M (data not shown)
added to the co-culture for 1 hour and evaluated after 48 to
96 hours. Compared to the baseline unexposed co-culture
of O*/N cells, O*/N co-cultures, exposed to MNNG at the
concentration of 1 uM for 1 hour and assayed after a 3-day
interval incubation, demonstrated a relatively increased
survival of O cells (by 27% per day) compared to N cells
(selection rate SNy was 1.27). The selection rate
decreased with higher concentrations of MNNG; Sio./n)
was 1.12 at 10 M of MNNG. That the effect is not due to
the presence of EGFP is suggested by the inverse (N*/O)
co-culture. Under these circumstances, MNNG at 1 uM
decreased the relative presence of N cells by 39% per
day and at 10 uM by 31% per day. However, a possible
negative selective interaction of EGFP expression and
MNNG is suggested at 1 uM for the N*/N combination and
at 10 uM for the O*/O combination. MNNG has been used
as quality control in assessing the differential effect of
anticancer agents on “N” and “O” cell lines throughout
further experiments.

Duration of the Differential Effect

The comparative growth assay can be used to estimate
the duration for which a single exposure to a studied drug
exerts its differential growth effect on the co-culture. A
compound that exerts a constant selective pressure on the
co-culture yields a straight line in a log (odds ratio) versus
time plot. If the compound favors the unlabeled cell line, the
plot has a downward slope. The time point in which the
selective pressure has ceased is evident in such a plot as the
point at which the slope becomes parallel with the x-axis (for
rationale, see Appendix). Using this feature of the compara-
tive growth assay, we could show, e.g., that the selective
effect of a 2-hour exposure to 1 uM MNNG lasts at least 72

hours but for a 3-uM concentration, it appears to last for at
least 120 hours (Figure 2).

6-Thioguanine and Cisplatin

6-Thioguanine present in the co-culture for 2 hours was
more toxic for the MMR-proficient cell line (N) than for the
MMR-deficient cell line (O). At 20 M, O cells were selected
for by approximately 5% per day (S0 /Ny Was 1.05). So./n)
was 1.07 at 30 M, and 1.06 at 40 M of 6-thioguanine. N
cells were selected against by 19% a day (S+,0) was 0.81)
at 20 pM of 6-thioguanine. Sy o) was 0.80 at 30 M and
0.81 at 40 M. The lack of apparent mirror image effect of 6-
thioguanine at 20, 30, and 40 uM on S suggests an influence
of the co-culture type (O*/N versus N*/0), e.g., an effect of
clonal variation or EGFP/6-TG contributory interaction. A 1
hour exposure to cisplatin at a concentration of 10 M but not
1 M selected for MMR-deficient cells in the O*/N co-culture
by 4% a day and analogously in the N*/O co-culture, it
decreased the number of labeled N* cells by 6% a day (not
shown). A 48-hour exposure to cisplatin at a 1 uM
concentration selected for O cells by 27% a day in the O*/
N combination and by 33% a day in the N*/O co-culture. At a
dose of 10 uM, the effect was less prominent with 14% per
day selection in the O*/N co-culture and 20% per day in the
N*/O co-culture (Figure 6). Thus, our results obtained with
the comparative growth assay support the notion that
alkylators and cisplatin select for hMLH1-deficient cells.

Other Agents Selecting for Mismatch-Repair-Deficient Cells

Representative nonalkylating cytotoxic drugs were ex-
amined in the comparative growth assay for differential effect
on the growth of MMR-deficient (O) and proficient (N) cells. A
1-hour exposure to etoposide at a concentration of 10 M
evaluated after 72 hours demonstrated a selection for MMR
deficient cells, So./n)=1.05 and S, 0)—0.94 (P<.002) (not
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Figure 7. Differential effect of radiation on co-cultures of MMR-deficient (O)
and MMR-proficient (N) cell lines. The differential effect of radiation on a
MMR-deficient and a MMR-proficient cell line was determined by the
comparative growth assay. The cell lines were cultured for 72 hours after
the radiation exposure. The selection rate is shown plotted against the
radiation dose. Control co-cultures (dashed lines), O*/N co-culture (rectan-
gles), N*/O co-culture (triangles). A selection for MMR-deficient cells is
observed with irradiation. A dose — effect relationship is seen. *p <.0001.
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shown). Doxorubicin, etoposide, paclitaxel, and irinotecan,
each individually exposed for 48 hours at concentrations of 1
and 10 pM, increased the prevalence of MMR-deficient cells
evaluated after 72 hours in the O*/N co-cultures and
decreased the prevalence of mismatch proficient cells in
N*/O co-cultures (Figure 6). The selective effect for
doxorubicin was most pronounced at 10 uM (S0 /N)=1.21
(N+/0)=0.75), for etoposide at 1 uM (So4/N)=1.19;
(N+/0)=070), for paclitaxel at 1 uM (S04 /N)=129;
(N+/0)=0.50), and for irinotecan at 1 uM (Sioi/n)=1.08;
(N+/0)—0.68)- Fluorouracil, at evaluated concentrations and
a 48-hour exposure, was to a lesser extent (see 10 uM
concentration) toxic to MMR-proficient cells. The compara-
tive growth assay showed no mirror image trend, crossing of
the dose—effect curves obtained with incremental drug
concentrations for the two co-cultures, and a highly
significant difference from baseline only for the N*/O
combination at the highest concentration tested (Figure 6).

nnhnon

Drugs Selecting Against MMR-Deficient Cells

Fludarabine and gemcitabine had a marginal effect in
preferentially slowing down the growth of MMR-deficient
cells. Fludarabine, at a concentration of 10 uM and a 48-hour
exposure, selected against the MMR-deficient cells by an
estimated 18% a day in the O*/N co-culture and for MMR-
proficient cell by 21% a day in the N*/O co-culture (p<.001).
Gemcitabine, at 100 M for a 48-hour exposure, induced a
growth advantage for MMR-proficient cells of 5% a day,
SNt /0)=1.05, S(0+/N)=0.95 (Pp<.05) (Figure 6).

Effect of lonizing Radiation

Gamma irradiation slowed the growth of the population of
MMR-proficient cells significantly more than that of MMR-
deficient cells. The selective advantage of MMR-deficient
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Figure 8. Relative resistance to mitoxantrone provided by BCRP over-
expression. Using a quadruplet of cell lines either overexpressing the breast
cancer resistance protein (B) or transfected with a control vector only (V),
made either to express the EGFP (+) or no fluorescent proteins, differential
toxicity to mitoxantrone was studied. Whereas control combinations not
differing in the expression of BCRP show no selection for green cells by
mitoxantrone, green cells overexpressing BCRP (B*) are selected for, and
green cells transfected with the vector only are selected against (V).
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cells estimated on an average per day basis was, at the
lowest radiation dose used (2.5 Gy), 18% per day in the O*/N
combination and 7% per day in the N*/O combination. It
reached 27% per day and 20% per day at the dose of 10 Gy.
The differential dose-related effect thus increased with the
dose used (Figure 7). The differential effect exerted by
radiation at increasing doses was highly statistically sig-
nificant (p<.001).

Effect of BCRP on Mitoxantrone Resistance

To verify the validity of the comparative growth assay in a
different system, MCF-7 breast cancer cell lines made to
overexpress BCRP (B) were compared to vector control lines
(V) in the comparative growth assay. Mitoxantrone at
concentrations 0.1, 1, and 10 nM was present for 48 hours
of co-culture (Figure 8). Mitoxantrone at concentrations of 1
(p<.01) and 10 (p<.001) mM selected for BCRP-transfected
fluorescent cells and against vector-transfected fluorescent
cells, thus supporting the notion that BCRP is involved in
mitoxantrone resistance.

Discussion

Overview

The comparative growth assay was developed to enable
the examination of the differential effects cytotoxic agents
exert on cell populations or cell lines differing in a clearly
defined trait often driven by the expression or mutation of a
single gene. Advantage was taken of the ability to stably
label one of the cell lines with the green fluorescent protein
and thus recognize its progeny in co-culture. The assay is
complementary and supplementary to clonogenic, cytotoxic
dye exclusion, and metabolic assays. The sensitivity of the
assay is due to uniformity of experimental conditions: both
cell types are exposed together in the same cultures with one
unlabeled cell line contrasted with a fluorescently labeled cell
line. The resolution between the fluorescent and nonfluor-
escent cell lines is provided by the very high intensity of
fluorescence of EGFP-marked cells and the wavelength of
the emitted fluorescent light (green) which is easily distin-
guishable by flow cytometry from the autofluorescence of
sick or dying cells (yellow) (unpublished observation).

Using odds instead of percentages streamlined all
calculations. Using an odds ratio (the ratio of odds of finding
a green cell in the exposed co-culture to the same odds in the
unexposed co-culture) offers the additional advantage of
making the assay relatively independent of the seeding ratio
and allowing for an estimate of the duration of the differential
effect in an odds ratio time plot. For example, in our model of
matched cell lines differing predominantly in expression of
the hMLH1 gene, the differential effect of a 1-hour exposure
to MNNG lasts from 3 to 5 days, depending on the
concentration of MNNG.

The direct relationship between the odds ratio and the
estimated average selection rate (S) (for experiments with
sustained differential effect for the whole duration of the
experiment) facilitated: 1) the comparison of experiments



” 364

The Comparative Growth Assay Hausner et al.

with different incubation times (Figure 3), and 2) pre-
sentation of the results in a potentially clinically mean-
ingful way. In comparison to other published assays,
greater sensitivity was achieved. For example, differential
effects of MNNG and cisplatin could be easily documen-
ted at one order of magnitude lower concentrations than
in published reports [31].

Overexpression of EGFP itself might change the growth
rate of the fluorescently marked sublines. This would not
change the results of the assay as odds ratios with baseline
co-cultures are evaluated. To evaluate the possibility that the
expression of the EGFP protein specifically changes drug
sensitivity of tested cell lines in the context of hMLH1
presence or absence, the assay was also done in mirror
image in which the originally labeled cell line is unlabeled and
vice versa. The lack of a precise mirror image between the
results obtained for O*/N and N*/O co-cultures exposed to
some drugs might be due to random variation, evaluation at
less then optimal conditions (odds not in the interval of 0.18—
0.82), and additional mutations that occurred during the
selection of GFP expressing sublines. Performing the assay
with identical subline co-culture combinations O*/O and N*/N
also provides information relevant to interpretation of EGFP
effects and clonal variation.

The validation of the comparative growth assay in
mitoxantrone-treated co-cultures containing BCRP-overex-
pressing cells points toward the general utility of the assay.

MMR and Sensitivity to Chemotherapeutic Agents and
Radiation

As an initial test for the ability of this assay to distinguish
between the responses of different cell types placed in co-
culture, we investigated the response to some current
standard chemotherapeutic agents and ionizing radiation of
two colorectal cancer cell lines that differ primarily in a single
gene function (hMLH17) that defines one pathway of
malignant transformation. Thus, the interplay of the action
of different cytotoxic drugs with MMR deficiency could be
studied in this model and compared to data generated by
other laboratories often using the same cell lines but different
assays. About 15% of primary sporadic colorectal tumors
[18,32—-40] and most tumors arising in patients with HNPCC
demonstrate MMR deficiency [12,41]. In this assay, most
cytotoxic drugs believed to cause DNA damage and induce
G2-arrest and apoptosis through the MMR system and
radiation were more toxic to cells expressing a functional
hMLH1 (MMR competent). Two agents, gemcitabine and
fludarabine, elicited a modest preferential slowing of the
growth of MMR-deficient cells.

Small volume co-cultures of MMR-proficient and -deficient
cells exposed to ionizing radiation demonstrate differential
radiation sensitivity in a dose-related manner. These
features of the comparative growth assay could possibly be
used to develop systems for biologic dosimetry.

Possible Implications of the Selection for MMR Deficiency
Our data, as well as data from many other laboratories
[6,7,19,42], suggest that cytotoxic agents used in the

treatment of malignancies can be divided into three groups:
1) agents that are preferentially cytotoxic for MMR-proficient
cells and thus might select for MMR-deficient cells (6-
thioguanine [6,20,43], carboplatin, cisplatin [14,22], busul-
fan, procarbazine, and MNNG [44], temozolomide [44],
etoposide [45,46], doxorubicin [18,22,46], irinotecan, pacli-
taxel, fluorouracil, and ionizing radiation [47]); 2) agents that
are neutral (oxaliplatin [19] and BCNU [44]); and 3) agents
that select for MMR-proficient cells (fludarabine and gemci-
tabine). Whereas our data were derived from the compara-
tive growth assay, other studies used clonogenic assays
[19], established the MMR status of cell lines selected for
resistance to different agents [44], or used animal models [5].

While we did not attempt, in this initial study, to
duplicate particular chemotherapeutic regimens in terms of
dose intensity or duration, if selection for MMR-defective
cells were to occur at the clinical level, it would have clear
implications for the design of drug combinations for front
line therapy, adjuvant therapy, and salvage therapy. So
far, few clinical findings support the prediction that MMR
deficiency contributes to chemotherapy and radiotherapy
resistance and that recurrent tumors following such
therapy are more often MMR-deficient than primary
tumors. The replication error (RER) status [48] of
recurrent tumors following radiotherapy or chemotherapy
with a selective agent compared with the RER status of
the primary tumor has not been extensively reported even
though such a study is in progress for a specific
malignancy [49]. A three-fold, though statistically insignif-
icant, increase in the proportion of hMLH1-defective
ovarian tumors was observed in samples taken at second
look laparotomy after chemotherapy compared to samples
taken before chemotherapy [14]. Decreased expression of
MMR genes was found by reverse transcription polymer-
ase chain reaction in the majority of gliomas [50]. While in
this study we have looked at the effect of a number of
standard agents, an equal utility of this assay might be
found in the screening for “lead” compounds that
demonstrate a profound differential effect on the growth
of MMR-defective versus MMR-competent cells (or on any
other cell combinations that differ in a definable and
clinically relevant way).

Furthermore, while we have demonstrated the utility of
this assay on cell lines differing in their ability to recognize
and repair nucleotide mismatches and in cell lines differing in
the expression of a drug transporter protein, we believe that
this assay is well-suited for assaying different responsive-
ness to cytotoxic agents of any two cell lines differing in a
clearly defined way.
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Appendix

Let us assume that two populations of cells, one white
(nonfluorescent) with white progeny and the other fluores-
cently marked (green with green progeny), grown under
identical conditions in co-culture. The number of green cells,
Nggy, after G, generations of green cell division can be
written as:

Nag = No - Py - (2 £5)%

and the number of white cells, Ng,,, after G, generations of
white cell division, as:

New = No - Pu - (2 )"

where N is the total number of cells plated, P4 and P, are
the proportions of green and white cells, respectively, at
seeding, and fg and f,, are the fractions of green and white
cells, respectively, that are undergoing cell replication. The
odds of finding a green cell in a co-culture are then:

_Nog_No-Py-(2-£5)%
" Naw No-Py - (2 f,,)"

The odds of finding a green cell in an unexposed (baseline)
co-culture can be written as:

Py (2-fgr)®
Py (2 fup)®

where fg, is the growth fraction of green cells and f,; is the
growth fraction of white cells under baseline (b) conditions.
The odds of finding a green cell in the co-culture exposed (e)
to the agent of interest is similarly given by:

Py (2: o)™
Py (2 fue)®™’

e=

assuming (for computational simplicity) that the fraction of
cycling cells rather than the generation time is changing
under the influence of the drug.

The odds ratio (OR) exposure/baseline, i.e., the ratio of
the odds of finding a green cell in the co-culture exposed to
the studied agent compared to the odds of finding a green
cell in the uninfluenced baseline co-culture, is:

P (2 fge) fge Gg
Oe Py (2F o)™ (é)
Ob - p (2 fgb)Gg Fue Gw
ot ()

Pu' @fu)®™  \Iw

OR =

The odds ratio is obviously independent of the seeding ratio
(P4/P,) if both the baseline and exposed co-cultures are
seeded at the same seeding ratio (with the same cell mix).

One can assume, for computational convenience, that:
Gy =Gw =G,

as any deviation from this assumption is accommodated for
in the ffactors. It follows then that:

5 _(5)
f foo
OR=-"%2/_ — |2]| =fC
Gw fwe
fwb

where fis the ratio of the drug effect exerted on green cells
(fge/fgp) to that exerted on white cells (fue/fus), i.e., the
drug-induced selection factor per generation.

As the number of generations is a linear function of time:
G = kt,

where tis time, it can bewritten:
t
OR = @ — fkt — <f"> s

where S is the selection rate, and for time given in days
(t=D), the selection rate’s unit is selection per day:

S =VOR.

If a given drug exerts its effect evenly over the whole
observation time, an assumption that can only be validated
by direct observation and plotting as described below, then
selection averaged over a period of time ¢(S;) is independent
of the number of days of observation.

In the absence of any differential effect of the tested agent
against green and white cells:

Toe %:1

fgb B be
and therefore:
f=1and S=1.

Depiction of the duration of the selective effect is achieved
by plotting log(OR) against time. As:

log(OR) = t - log(S)
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log(S) is the slope of the plotted line. It becomes horizontal
(log(1)=0) when the selection effect ceases to exists.

The generation time might differ for different cell popula-
tions. This does not create a fundamental obstacle as the
growth fraction of the individual cell populations can be
altered in (f)© to reflect changes in G in order to keep the
calculation limited to a single variable (f).

Estimation of the selection rate (S) (expressed as
selection per day) from experimental data is straightforward.
First, odds of drug exposed and baseline co-cultures are
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calculated from percentages of fluorescent cells according to
the formula:

odas(y) = ﬁ ’

then the odds ratio is calculated as the ratio of the odds of the
exposed co-culture and the odds of the baseline co-culture.
The daily selection rate (S) is calculated as the “D” root of
the odds ratio, where D is the time after initiation of exposure
in days.



