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1. Introduction

Many new assays and variants of existing assays are introduced
each year for use in the discovery and development of novel prod-
ucts. In the pharmaceutical industry, early high-throughput assay
methods used to identify ‘hits’ may only be used at a single location
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the compounds required metabolic activation in order to exhibit genotoxic
atories included 2 global pharmaceutical companies, a global consumer
nix laboratory in Manchester. Each compound was tested 4 times on dif-
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nchester). Following the exclusion of data from tests with positive control
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for a particular discovery campaign. They will be designed and
validated by a small, dedicated team, and their success is defined
by their ability to identify useful new compounds with potential
efficacy. This is in contrast to assays used for the safety assessment
of ‘hits’, which have become ‘leads’ and are being considered for
development. Assays for safety assessment are applied for all
new chemical products, not just pharmaceuticals. Such assays are
used at many locations and are subjected to a rigorous process
of validation to establish scientific relevance and reliability to an
endpoint of concern. Relevance is established by the testing of
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compounds for which there are useful comparative data related to
the endpoint of concern in order to illustrate predictive capacity
and applicability. Reliability is established by demonstrating the
reproduction of results within a laboratory, as well as the transfer
of protocols to, and performance at multiple sites. The process for
the validation of new test methods has recently been reviewed
by the European Centre for the Validation of Alternative Methods
(ECVAM), which proposed a modular approach to make it a more
data-driven process [1].

Within the regulatory system to register pharmaceuticals there
is a requirement for a battery of genotoxicity tests [2,3], designed
to identify compounds that might damage or in other ways alter
the genome and hence pose a carcinogenicity and/or heritable
mutation hazard. The need for new, validated genotoxicity tests
has become apparent from recent reviews of the effectiveness of
the existing regulatory in vitro mammalian genotoxicity tests (for
example, [4–7]). It is clear that the established regulatory tests
are effective in the identification of genotoxic carcinogens. How-
ever, the in vitro mammalian tests lack specificity, which leads to
the generation of positive genotoxicity data for well over half of
the non-carcinogens tested. A new genotoxicity assay has recently
been developed, in which genotoxin-induced transcription of the
GADD45a gene drives the synthesis of green fluorescent protein
(GFP) in a human lymphoblastoid cell line (TK6; [8]). Earlier studies
on GADD45a originating from work in the Fornace lab [9,10], cou-
pled with a published validation study of the GADD45a reporter
system [11] have established the scientific relevance of this new
genotoxicity screening endpoint. A study of 75 compounds tested
with the GADD45a-GFP reporter assay revealed that it identified
genotoxins with the same high sensitivity as the regulatory tests
but, importantly, that it was far more effective in giving negative
results with non-genotoxins.

In this paper we report an interlaboratory study designed to pro-
vide insight into aspects of the reliability of the new genotoxicity
assay. The study followed the general principles of the ECVAM mod-
ular criteria [1], but with some key differences, to which attention
is drawn.

The first module in the ECVAM guidelines identifies the need
to define a new test by the following criteria: protocols; Standard
Operating Procedures (SOPs); the endpoint; a training set of data
including adequate controls; definition of the predictive model and
explanation of the mechanistic basis for the test. The GADD45a-GFP
genotoxicity test has been described in detail elsewhere by Hast-
well et al. [11] and their paper defined the test appropriately, as

well as providing a validation study based on the assessment of
75 compounds. The endpoint, which may be defined as an indi-
rect measure of genotoxic damage, is described in detail as follows.
Agents that damage DNA directly, or affect proteins involved in
the critical processes of DNA synthesis and repair, or the mecha-
nisms of chromosome segregation, lead to increased transcription
of the GADD45a gene. This in turn reflects activation of the appro-
priate cellular response to these agents, which ultimately result in
cell cycle regulation, DNA repair or apoptosis. In the context of the
DNA damage response, the role of GADD45a in these processes is
relatively well described at the mechanistic level, largely as a con-
sequence of the studies originating from the Fornace lab [9,10]. The
human lymphoblastoid cell line, TK6 has been genetically modified
to contain a reporter system in which the promoter and other key
regulatory elements of the GADD45a gene are operationally linked
to a gene encoding GFP. Following exposure to genotoxins the level
of reporter expression is assessed by measuring cell brightness:
fluorescence divided by optical density. A positive result for geno-
toxicity is recorded if the brightness increases by 50% or more. This
represents a statistically significant increase in brightness (greater
than 3 times the standard deviation in data from untreated cells)
earch 653 (2008) 23–33

and the threshold effectively discriminated between genotoxins
and non-genotoxins in the validation study. The assay endpoint
therefore reflects a biologically relevant exposure to genotoxins.
The test protocol described in the Hastwell et al. paper [11] was
reduced to an SOP for the study reported here. In one of the par-
ticipating laboratories the SOP was used as a template to define a
protocol compliant with Good Laboratory Practice (GLP).

The second ECVAM module establishes three levels of assess-
ment for reliability. The first is “within-laboratory reliability” and
involves an assessment of reproducibility of experimental data in a
single laboratory. This was demonstrated in the published study on
the training set [11]: 74 of the 75 compounds tested gave either 4
positive results or 4 negative results in repeated experiments. The
second level of assessment is “transferability”, in which it should
be demonstrated that the test can be successfully repeated in a
laboratory other than the developing or optimising centre. Trans-
ferability is seen as key in evaluating the practicability of the test
but is also necessary for determining the degree of training required
for a naı̈ve laboratory, as well as in attempting to identify poten-
tial sources of variability, both within- and between-laboratory.
The third level of assessment is “between-laboratory variability”
which entails an assessment of reproducibility of experimental data
in 3 or 4 well-trained laboratories with a relatively large number
of test compounds. The study presented in the current paper was
designed to address transferability but also incorporated elements
of a between-laboratory variability study, since experiments were
performed by ‘experienced’ users at one site and naı̈ve users at the
other three sites. This significant difference from the ECVAM guid-
ance for a between-laboratory variability study was a deliberate
strategy, since the trial presented here was intended as an enabling
study to evolve the definition of effective protocols in preparation
for a wider, independent trial as well as for the commercial release
of the assay.

2. Materials and methods

The GADD45a-GFP GreenScreen HC assay protocol, data handling, and decision
thresholds are described in full by Hastwell et al. [11]. Four compounds were tested
in a single experiment (one 96-well microplate). In this study, compounds were
coded and provided in two formats; either dissolved in 100% DMSO (13 compounds)
and hence requiring aqueous dilution (to 2% DMSO, v/v) prior to addition to the
microplate, or dissolved in 2% aqueous DMSO (v/v; 3 compounds) and ready for
direct addition to the microplate without further aqueous dilution. Each compound
was added to duplicate wells (150 �l per well) of the same microplate before serially
diluting each by transferring 75 �l from the first well into 75 �l of 2% DMSO in the
next well, mixing and then transferring 75 �l into the next well. In this way, two

series of nine serial dilutions (75 �l per well) were created for each compound.

Cells were taken from cultures that had been in passage for at least 2 weeks
since resuscitation from frozen. The protocol provided required that cells were sub-
cultured into fresh culture medium at least every 3–4 days and that cell counts
should not be allowed to exceed 1.2 × 106 cells/ml. Required volumes of cultures
were harvested, washed in PBS to remove traces of culture medium and then resus-
pended in assay medium to give a cell density of 2 × 106 cells/ml. One dilution series
for each compound on the microplate was a ‘test series’ and had TK6 cells containing
the GADD45a-GFP reporter system (test strain, “GenM-T01”) added to a final cell con-
centration of 1 × 106 cells/ml in 1% (v/v) DMSO (75 �l per well of the 2 × 106 cells/ml
culture). The repeat series for each compound was identical but had TK6 cells in
which the reporter is unable to express GFP (control strain, “GenM-C01”) added
to a final cell concentration of 1 × 106 cells/ml in 1% (v/v) DMSO. The latter allows
identification of, and correction of data from compounds that are either inherently
fluorescent or induce cellular autofluorescence.

In order to provide a measure of the maximum proliferative potential and also
the baseline GFP reporter signal, the compound dilution series were always accom-
panied by wells containing only cells in assay medium and solvent vehicle (4 wells
per strain per microplate). Each microplate experiment also included a positive con-
trol for both genotoxicity and cytotoxicity (methyl methanesulfonate, MMS; at two
concentrations, with each concentration duplicated), as well as additional controls
for dilution buffer and growth medium sterility. After microplates were filled, they
were sealed using gas-permeable membranes (Breathe-Easy; Diversified Biotech,
USA). Following incubation of the microplates in a CO2 incubator (37 ◦C, 5% CO2,
95% humidity), GFP fluorescence (excitation at 485 nm, emission at 535 nm) and
cell culture absorbance (620 or 612 nm) measurements were collected at 24 and
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48 h using Tecan Ultra384 readers (Tecan UK Ltd, Theale, UK). After data collection
at 24 h, microplates were re-sealed and incubated for a further 24 h after which
further fluorescence and absorbance measurements were made.

Absorbance data were normalised to the untreated control (=100% growth) and
used to give an indication of any inhibitory effect of a compound on cell proliferation
(“relative suspension growth”; RSG). Inhibition of cell proliferation is a recom-
mended measurement endpoint for basal cytotoxicity according to guidance issued
by the Interagency Coordinating Committee on the Validation of Alternative Meth-
ods (ICCVAMs) [12]. ‘Brightness units’ were determined for each well by dividing the
fluorescence data by the absorbance data and then normalised to the untreated con-
trol (=1). This allows discrimination between a well with a high number of weakly
fluorescing cells and a well with a lower number of strongly fluorescing cells, and
was essentially a measure of mean cellular fluorescence. These simple calculations
were performed in a Microsoft Excel data-processing template (with macro) which
also displayed the data graphically, in the form of dose–response curves. This tem-
plate allowed the generation of a report containing the genotoxicity classification
as well as the ‘toxicity’ result (from RSG). The software also reported the success or
failure of the positive control wells, an important data acceptance criterion for users
of the assay. This study presented the opportunity to assess the value of positive
control performance as a data acceptance criterion.

The decision thresholds for data interpretation were described in full by Hast-
well et al. [11]. Briefly, within the data-processing template there are defined
numerical thresholds of statistical significance to enable the classification of a test
compound by both genotoxicity and cytotoxicity parameters, as well as a data rejec-
tion threshold. The genotoxicity threshold (increase in brightness) is set at 1.5 (50%
increase) and this is greater than three times the standard deviation of the back-
ground brightness. A positive result for genotoxicity is recorded for data that reach
and cross the threshold at either 24 or 48 h. The cytotoxicity threshold (decrease in
RSG or proliferative potential) is set at 80% of the maximum extent of cell prolifera-
tion (for untreated control cells). It must be noted that mortality is not measured in
this assay: 80% RSG does not mean that 20% of the cells are dead. There is currently no
distinction between cytocidal and cytostatic effects in this assay. The data rejection
threshold for genotoxicity is set at 30% RSG, which reflects the issues of confound-
ing optical interference and the inability of the population to complete doubling
below that RSG. The optical density giving 30% RSG is approximately equivalent to
the optical density of the inoculum. Below this figure cell lysis has occurred, which
critically compromises the brightness calculation.

3. Organisation of the study

The exercise was initiated at laboratories in the University of
Manchester (UK), housing the research group of Richard Walms-
ley and Gentronix Ltd. Three further laboratories were invited to
participate. These were at GSK (Ware, UK), J&J (Beerse, Belgium)
and Unilever (Sharnbrook, UK). All three had participated in previ-
ous published [13,14] and unpublished studies of the yeast-based
GreenScreen GC assay. In this paper, each participating laboratory
has been assigned a location number, from Site 1 to Site 4. The ini-
tial aims of the study were akin to those of a ‘pre validation’ study
[15], as follows: to evaluate the protocol and SOP provided; to test

the transferability of the assay and protocol; to learn and under-
stand more about performance of the assay, in particular, with a
view to proceeding to an independent, broader between-laboratory
variability study and commercial launch of the assay.

In order to limit variation between laboratories, a number of
components were obtained or prepared as single batches then
divided and distributed between the partners. These included
the following: two sets of frozen cell cultures; growth medium
(RPMI-1640); medium supplements (sodium pyruvate, peni-
cillin/streptomycin mix, hygromycin B, heat-inactivated donor
horse serum); 96-well microplates (Matrix ScreenMates 4929 from
Thermo Fisher Scientific); microplate sealing membranes (Breath-
Easy, Diversified Biotech Inc); coded test compounds in either 100%
DMSO or 2% aqueous DMSO (v/v with respect to DMSO), along
with coded compound information sheets; assay medium; detailed
instruction sheets referring to the passage regimes and test method
to be used; MS Excel data-processing templates. The latter ensured
that the calculation, interpretation and reporting of results would
be carried out under standardised procedures, that the results were
in a standard format, and that there was no subjective interpre-
tation. The variables in the exercise were as follows: number of
earch 653 (2008) 23–33 25

laboratories (4); number of personnel involved in testing (6); num-
ber of days (4); number of compounds (16); assay duration (24 and
48 h).

The 16 compounds chosen included 8 genotoxins and 8 non-
genotoxins that were all obtained at the highest purity available
(Sigma, Aldrich, Fluka, and Riedel-de Haën); these are listed in
Table 1 along with published results from the bacterial (Salmonella
test) and mammalian cell tests (in vitro and in vivo chromosome
aberration/micronucleus test and mouse lymphoma assay) that
comprise the regulatory battery of tests for genotoxicity [2,3], as
well as rodent carcinogenicity and GreenScreen HC data. None of
the genotoxins needed exogenous metabolic activation to express
genotoxic effects in in vitro assays, as an appropriate S9 protocol
was only developed after this study [manuscript in preparation].
The highest concentrations to be tested for these compounds were
defined by assays performed with the training set of compounds in
the published validation exercise [11]. In the Hastwell et al. study,
these 16 compounds were treated as unknowns and tested at con-
centrations matching the maximum recommended doses for in
vitro mammalian cell tests according to ICH Guidelines (10 mM
or 5 mg/ml; [3]). Test concentrations were then adjusted accord-
ing to compound solubility and cytotoxicity as observed in the
preliminary assays. The 16 compounds were prepared, coded and
distributed by GSK along with assay medium for the trial. The iden-
tities of the compounds were not revealed to any of the users until
all parties had completed testing and submitted full sets of results
to the originating laboratory (Gentronix Ltd). All data were submit-
ted in the standard GreenScreen HC data-processing template Excel
files.

One of the authors (Nick Billinton from Gentronix Ltd.) was
the Trial Director. He carried out the initial 3-day training at each
site, the compilation of results and the preparation of the final
report used in the writing of this paper. Each participating labo-
ratory nominated a contact person responsible for communicating
to other participating laboratories and that person was required to
coordinate the interlaboratory trial within their own organisation.
This was achieved through e-mail and telephone communication.
The Trial Director ensured that correct test methods were used
by visiting the participating laboratories, demonstrating the pro-
tocol with 4 test compounds, observing the participants carrying
out the assay and offering advice on handling methods. This was
a minimal essential training exercise and the programme did not
require that the participating laboratories generated a ‘perfect’ data
set for the 4 compounds. This was because part of the aim of

the study was to test the independence of the protocol. For sim-
ilar reasons there was only a small excess of materials supplied.
This was restricted to materials for 6 complete repeats of the 16
compounds—accepting that there might be unintended destruc-
tion or loss of a set of samples, or handling errors due to lack of
familiarity with the protocol.

Several operational aspects had to be agreed in advance. The
timing of the study had to fit into the availability of scientists to
carry out the trial at each site, but in order to ensure the integrity
of the trial, there had to be a defined period over which it would
be carried out. In practice the limits were defined as follows. Each
compound was tested 4 times on different days at each site over a
minimum period of 2 weeks. All the laboratories completed their
testing within a 2-month period of fresh material supply. The latter
was set because preliminary studies showed that none of the sup-
plied materials had shown any detectable variation over a period
of 3 months following preparation.

It was agreed that preliminary handling of the data set would
use only original data. All results were included, even those with
obvious experimental control failure or user error, since it is nec-
essary to consider all data in the assessment of the transferability
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of an assay. At the follow-up meeting a panel decision approach
was used to determine whether for an individual compound there
was uncertainty in the results or uncertainty in the measurements.
This was necessary as it was recognised that there were a number of
factors originating from differences in test equipment and environ-
ment that would contribute to the precision of the test procedures.
Indeed this would be the case in any new laboratory setting up a
new assay. There were no procedures in place to handle outliers as
it was decided to handle these case by case at the meeting to dis-
cuss the data set. The primary decision-making tool for the assay
was the objective data-handling software—no subjective operator
judgement was used in producing the original data sets.

4. Results

Each of the 16 coded compounds was blind-tested 4 times
at each participating site. Four compounds were tested in each
microplate assay and a single compound test produced two sets
of data for genotoxicity and cytotoxicity, from nine concentrations
across a two-fold serial dilution, at both 24- and 48-h time points. In
addition, control data were collected from every microplate assay.
Due to this high-throughput format, failure of a control compro-
mises the data for the four compounds tested on that microplate.

The intention of the study was to analyse all aspects of the assay
protocol. This of course included the various in-plate controls. In
the preliminary analysis of the data set as a whole, it was clear that
there was a higher than expected prevalence of positive control
failure, i.e. the high dose of MMS did not reach a minimum two-
fold GFP induction and/or did not produce a higher induction than
the low dose. The control failures were mainly at one trial site. To
understand the contribution of the positive control to the outcome
of the test, the experimental data sets were analysed both with and
without data exclusion from tests with control failures.

The prediction model for the GreenScreen HC GADD45a-GFP
assay relies on a minimum 50% increase in relative fluorescence
induction to identify a genotoxin. Data were assessed using this
prediction model and in the initial consideration no data were
excluded, i.e. data from microplates where controls did not pass the
defined criteria were included. The overall genotoxicity results are
summarised in Table 2a for the 24 h time point and in Table 2b for
the 48 h endpoint. The summary was created using all 4 repeat tests
for each compound at each site. Three or four repeats with the same
result lead to a summary result of the same class (‘+’ for genotoxic,

‘−’ for non-genotoxic) whereas a compound divided between two
genotoxic and two non-genotoxic results was classed as an overall
equivocal result, ‘±’. In this summary, all four sites showed good
prediction in being able to identify 6 or more of the 8 genotoxins
at either the 24 or 48 h time points. At the 48 h time point, three
sites were able to identify 7 of the 8 non-genotoxins whilst ‘Site 3’
identified all 8. In fact, Site 3 also identified all 8 of the genotoxins
at 48 h.

Assessment of all data from all tests at all sites at the 48 h
time point (Table 3) revealed an overall concordance with expected
results of 86.3%. Each individual site produced concordance of >75%
from the unadulterated data set, with Site 3 performing the best.
Overall sensitivity across the trial was >80% and specificity was
>90%. Sites 1 and 2 gave the lowest sensitivities and negative pre-
dictive values from the all-inclusive analysis.

Further analysis of the complete dataset from Site 1 revealed a
preponderance of positive control failures; of the 12 (from a total of
64) microplate assays that showed positive control failures at the
24 h time point, 11 occurred at Site 1. This control failure rate at
Site 1 increased to 14 assays by the 48 h time point. This relatively
high control failure rate has not been observed by experienced
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Table 2
Overall genotoxicity results

Compounds A B C D E F G

(a)
Expected + − + + − + −
Site 1 + + + − − − −
Site 2 + + + + − + −
Site 3 + ± + ± − + −
Site 4 + + + + − + −

(b)
Expected + − + + − + −
Site 1 + ± + + − − −
Site 2 + ± + ± − − −
Site 3 + − + + − + −
Site 4 + + + + − + −

Genotoxicity results for all assays at all sites are summarised for the 24 h time poi
site were interpreted as follows: 3 or 4 tests producing the same result gave an ove
an overall ‘−’); compound data divided into 2 positive and 2 negative results produ
from the published training set for the GADD45a-GFP assay.
users of the assay (e.g. 1 user has recorded 7 positive control fail-
ures in 120 assays over 6 months, 4 of which were in the training
period of a new operator). The positive control failures were not
randomly distributed but instead they largely correlated with the
experience of the test operator. For example, Site 1, the least expe-
rienced lab both in terms of this assay and the assay format, had
the highest level of positive control failure, whereas Site 3, the most
experienced lab with this assay format, had only 1 positive control
failure.

A similar correlation was found between experience with the
assay and variation in the growth of untreated control cells (i.e.
the maximum extent of proliferation within each assay). Table 4
summarises averaged absorbance data from untreated cultures at
the 48 h time point for all assays at each site. Site 1 had the highest
variation in absorbance (Relative Standard Deviations (R.S.D.s) of
11.9% and 14.0%) and Site 3 had the lowest variation (R.S.D.s of 2.8%
and 4.3%) and only 1 positive control failure (see further discussion
below).

The overall assessment of the whole trial data set was repeated
after removal of data arising from microplate assays where pos-

Table 3
Initial assessment of assay performance

Site 1 Site 2 Site 3 Site 4 Overall

Sensitivity 75.0 62.5 100.0 90.6 82.0
Specificity 90.6 90.6 93.8 87.5 90.6
Predictive value (+) 88.9 87.0 94.1 87.9 89.7
Predictive value (−) 78.4 70.7 100.0 90.3 83.4
Concordance 82.8 76.6 96.9 89.1 86.3

Preliminary predictivity statistics for GADD45a-GFP assay performance at the 48 h
time point for all of the sites. The statistics were calculated for prediction of the
expected genotoxicity results as defined by the published training set. Calculations
for the terms used are defined elsewhere [11].

Table 4
Assay absorbance variation across the exercise

Test site Control strain Test strain

Ave. Abs. St. Dev. R.S.D. (%) Ave. Abs. St. Dev. R.S.D. (%)

1 0.0837 0.0100 11.9 0.0890 0.0124 14.0
2 0.1008 0.0060 6.0 0.0983 0.0072 7.4
3 0.1157 0.0033 2.8 0.1184 0.0051 4.3
4 0.0948 0.0064 6.8 0.0938 0.0063 6.8

The table shows the averaged absorbance (“Ave. Abs.”) reading for the untreated
control and test TK6 cells from 16 microplate assays at each site (at 48 h); the stan-
dard deviation (“St. Dev.”) in the mean absorbance at each site; and the relative
standard deviation (“R.S.D. (%)”) as a percentage of the mean value.
− + + − − − − − +
− ± + − − ± − − +
− + + − − + − − +
− + + − − − − − +

and the 48 h time point (b). The quadruplicate results for each compound at each
terpretation with the same result (e.g. 3 or 4 negative results for a compound gave

equivocal interpretation (‘±’). ‘Expected’ results are provided according to results

Table 5
Re-assessment of assay performance

Site 1 Site 2 Site 3 Site 4 Overall

Sensitivity 100.0 86.4 100.0 92.0 94.0
Specificity 66.7 94.1 93.1 88.9 90.8
Predictive value (+) 83.3 95.0 93.9 88.5 91.8
Predictive value (−) 100.0 84.2 100.0 92.3 93.2
Concordance 87.5 89.7 96.7 90.4 92.5

Predictivity statistics re-calculated for all sites using 48 h time-point data after appli-
cation of data acceptance criteria and removal of obvious data ‘spikes’.

itive controls had failed (Table 5). Four compounds were tested
per microplate assay and so control failure resulted in the removal
of the corresponding data for the four compounds. In addition,
data were removed where a positive result was recorded as a
consequence of a spike (see further comment below). This appli-
cation of data acceptance criteria resulted in the concordance with
expected results for the overall study rising from 86.3 to 92.5%. Cor-
rect identification of both genotoxins and non-genotoxins across
all sites and repeat experiments was >90%. It should be noted
that after applying the acceptance criteria, data from only 8 com-
pound tests remained of the data set from Site 1. However, if
Site 1 was completely removed from the analysis, the overall fig-
ures reported in Table 5 would only change by ≤1% (sensitivity

from 94 to 93.6%, specificity from 90.8 to 91.8%, positive pre-
dictivity from 91.8 to 92.4%, negative predictivity from 93.2 to
93.1%, and concordance from 92.5 to 92.7%). It is clear that the
positive controls provide good acceptance criteria for data anal-
ysis.

There were just three compound assays where an apparently
positive result was caused by a single spike (at one or both
time points; see for example Fig. 2c, below) and in these cases
only the individual compound’s data series was removed in the
analysis for Table 5. In tests of one compound (compound O; 2,4-
dichlorophenol) at Site 3, there was an outlier within the four repeat
tests. Visual inspection of the data (see Fig. 1) revealed an anoma-
lous downward trend in the brightness data for the control cells
(the lower line in Fig. 1a), which led to an upward trend in the
genotoxicity evaluation (control cell brightness subtracted from the
test strain brightness), and a single point at the positive threshold
(Fig. 1b).

Examples of graphical data for different outcomes of the
assay from the ring trial are presented in Fig. 2. Fig. 2a and
b show the averaged fluorescence induction data from four
tests for a genotoxin (compound C; 4-nitroquinoline-1-oxide)
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Fig. 1. Anomalous result for 2,4-dichlorophenol (compound O) at Site 3. (a) Fluorescence
the test TK6 strain (green line). (b) The resulting genotoxicity evaluation graph (control st
(For interpretation of the references to color in this figure legend, the reader is referred to

and a non-genotoxin (compound L; sodium chloride), respec-
tively, from each participating site. The averaged dose–response
curves in Fig. 2a show similar profiles at each site, with induc-
tion peaking at the same compound concentration. The averaged
curves in Fig. 2b show no dose response at any of the sites
and also reveal very little variation either within or between
sites. Fig. 2c shows data with a discontinuity in the genotoxi-
city response that crosses the genotoxicity threshold (a ‘spike’
for compound L; sodium chloride). Fig. 2d shows data from
a compound without a no-effect dose, leading to difficulty
in data interpretation (compound M; vincristine sulphate, see
below).

Fig. 2. Example data from the study (all test compound concentrations are in �g/ml). A
4-nitroquinoline-1-oxide; and a non-genotoxic compound (b) compound L, sodium chlori
4; error bars represent the standard error of the mean). (c). An example of an obvious ‘s
second test at Site 1. (d). Example cytotoxicity data (RSG) illustrating the lack of no-effec
2). (For interpretation of the references to color in this figure legend, the reader is referre
earch 653 (2008) 23–33
induction for the control TK6 strain (blue line) with unusual downward trend and
rain brightness subtracted from the test strain) with upward trend to the threshold.

the web version of the article.)

4.1. Summary of panel discussion on practical aspects of the trial

Representatives from the participating laboratories met at GSK
(Ware, UK) to discuss all aspects of the trial following the sharing
of data. The following section reports on the practical issues raised
during the round-table discussions.

All participants considered that the training was an invaluable
and essential contribution to the success of the exercise. This view
reinforces the importance of recognising that written protocols
from originating laboratories often fail to include all the detail
needed to fully define a new protocol. It was however recognised
that less experienced labs improved performance during the trial.

veraged fluorescence induction data for a genotoxic compound (a), compound C,
de, from each participating site (red = Site 1; black = Site 2; blue = Site 3; green = Site
pike’ in the genotoxicity data at 24 h for compound L (sodium chloride) from the

t dose for compound M (vincristine sulphate; extracted from the fourth test at Site
d to the web version of the article.)
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Gentronix reported that since the completion of the trial, new users
of the assay had been provided with material to allow 3 repeat plate
assays (4 compounds per plate) to be performed following training.
This addition enables users to self-certificate assay performance in-
house, subsequent to the formal training by the assay provider. The
utility of self-certification was reinforced by the observation that
experienced microplate users obtained the best results; inexperi-
enced users obtained more variable (‘noisier’) results (see Table 4).
In this trial, the operators at two of the sites were inexperienced
microplate users and at a third site a recently appointed technician
carried out the testing.

With regards to the materials supplied centrally for the trial,
the first set of frozen cells was successfully revived in the growth
medium in all laboratories except one. The second aliquot was suc-
cessfully revived at that site. The volume of assay medium plus
cells (4 ml) defined by the protocol did not provide sufficient ‘dead
volume’ for ease of handling. The assay medium contained horse
serum, which can cause frothing and adhesion to surfaces, increas-
ing the importance of the excess volume. Participants agreed that
5 ml aliquots would have been more appropriate, and that protocols
for studies following this exercise would be amended appropriately.

The panel discussed the utility of shaking the assay microplate
prior to measurement. Thirty seconds of vigorous cell disper-
sion/resuspension on a microplate shaking instrument, before
collecting fluorescence and absorbance data produces the best
results. One laboratory noted that a microplate, in which there was
the appearance of cell aggregation, produced ‘noisy’ data. The same
microplate assay subsequently gave less noisy data after shaking
sufficiently to make the well contents appear more homogeneous.
Another lab also reported occasional cell aggregation and noted
that when this occurred, microplates were shaken prior to data
collection. It was agreed that the protocol should emphasize the
need for plate shaking before reading. Fig. 3 illustrates this point
by showing the cytotoxicity (RSG) data for a compound (MMS)
before (Fig. 3a) and after shaking (Fig. 3b). These data were taken
from a single, separate experiment and not taken directly from data
produced in this study, but they clearly illustrate the impact of
microplate shaking on data quality.

Each participating site used its own pipetting devices during the
performance of the assay in this study and the question arose as
to the applicability of certain devices. One trial site where the data
were generally ‘noisier’ performed a follow-up experiment after the
completion of the trial. A set of data was produced at Site 1 using a
smaller volume pipetting device than was used during the trial. This

resulted in improved data quality. Fig. 4 shows genotoxicity data for
both a genotoxin and a non-genotoxin from parallel experiments.
One microplate was prepared using an electronic multi-channel
pipette with a large tip volume (1000 �l) (Fig. 4a and c) and a second
was prepared using a manual multi-channel pipette with a small
tip volume (200 �l) (Fig. 4b and d). It is clear from this graphical
data that the smaller volume device gave the better quality data. It
was agreed that the protocol should be prescriptive about pipette
volume or required pipetting accuracy.

4.2. Summary of panel discussion regarding results of the trial

Possible reasons for sources of variation in the trial were dis-
cussed. The differences between data sets, both within and between
trial sites, seemed to correlate most closely with growth of the cells
(including control, untreated cells) during the assay incubation.
Good microplate culture growth resulted in smooth data graphs,
with low variation between sample repeats. Lower microplate cul-
ture growth resulted in more variable results and greater variation
between test repeats (see Table 4). Discussion about how this vari-
ation might arise suggested that the passage regime recommended
earch 653 (2008) 23–33 29

in the trial SOP had been interpreted differently at individual sites.
This probably resulted in an unforeseen variability in the physiolog-
ical state of cells entering the assay. It was agreed that the protocol
should draw attention to the specific passage instructions for this
assay, which may differ from those in routine use for other cell line
assays. Conclusions such as these are anticipated from a transfer-
ability exercise, which aims to identify possible sources of error
between laboratories.

Data from 4 compounds (B, D, F and M) were less consistent
than others. Variability was largely linked to positive control fail-
ures (and hence level of experience with the assay) and the rare data
spikes. The variability was substantially reduced following rejec-
tion of data from plates with control failure, or rejection of positive
results caused by a data anomaly (Tables 3 and 5). The following
are compound-specific comments for the 4 compounds.

4.2.1. Compound B
3-Amino-1,2,4-triazole gave a formal positive result at a sin-

gle concentration for two sites, though at different concentrations
below the highest dose. This compound was a variable inducer of
cellular fluorescence which was also variable between the strains;
in some instances this type of confounding interference can be
reduced by using fluorescence polarisation [60] but this technique
was not applied in the current exercise.

4.2.2. Compound D
Paclitaxel has aneugenic effects and cells must undergo mitosis

before such effects become apparent. This is the posited reason for
the expected variability at 24 h (4/12 data points negative in the
filtered dataset) which largely disappeared by the 48 h time point
(1/10 data points negative).

4.2.3. Compound F
Aphidicolin provided several unexpected negative results in the

unadulterated dataset. However, this was not a compound-specific
effect as all of these negatives were effectively removed by apply-
ing the acceptance criteria for positive controls. The ‘false negative’
results correlated with poor growth of the cells.

4.2.4. Compound M
Vincristine sulphate revealed a different problem, relating to the

dose range chosen for the study. The cytotoxicity data from 3 of
the 4 sites did not show a no-effect dose: none of the doses tested
permitted the cultures to reach an RSG of 80% or greater. Two of the

sites obtained positive results with an apparent threshold effect.

On the whole, data from the 48 h time point identified all of the
genotoxins in the study. At two sites the results from the 24 and
48 h time points were very similar, suggesting that with a modi-
fied protocol and self-certification period, it might be possible to
successfully operate the assay at a single 24 h time point.

Positive genotoxicity control failures were more frequent than
expected, though the majority of these control failures (∼60%)
occurred at one site, and were associated with poor growth of the
target cells and the ensuing variability. The consensus view was
that this demonstrated that these controls were acting correctly
as an indicator of effective assay performance. It is, in retrospect,
not surprising that the users most unfamiliar with the assay did
not get perfect data immediately, but it is reassuring that this was
apparent from the data-handling software which is set up to give
a clear indication of control failure. It was concluded that failure of
the positive control incorporated in this assay, in its present form,
is a reasonable basis on which to reject data.

All the data generated during validation and in this study were
from assays performed using 1% (v/v) aqueous DMSO as the solvent
vehicle. This was by design, since early pharmaceutical samples for
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Fig. 3. The effect of vigorous microplate shaking prior to taking measurements on the rel
(b). Measurements for the same assay taken after shaking the microplate. Blue = control
this figure legend, the reader is referred to the web version of the article.)

screening usually come from stock held at or close to 100% DMSO,
and 1% is the practical limit of tolerance for the TK6 cells. For more
analytical studies, this would not be a constraint. It is anticipated
that for some compounds, a purely aqueous solvent would be pre-
ferred since there is evidence to suggest that DMSO can interfere
with certain compounds (e.g. cisplatin [61]).

5. Discussion

Genetic toxicology has benefited from several key collaborative
trials of new techniques and trials that have attempted to compare

Fig. 4. The importance of the choice of pipetting device in assay microplate preparation (a)
data for a non-genotoxin (aqueous DMSO, no concentration gradient). Data in (a) and (c
a large tip volume (1000 �l per channel), whilst (b) and (d) were from a microplate prep
channel).
earch 653 (2008) 23–33
ative suspension growth. (a) Measurements taken without shaking the microplate.
TK6 strain, green = test TK6 strain. (For interpretation of the references to color in

the performance of more established in vitro and in vivo meth-
ods for the detection of potential carcinogens and mutagens [62].
Such exercises have provided the basis for the use of the test bat-
teries found in current regulatory guidelines and have revealed
some surprising lessons for future trials [63,64]. With relevance
to setting up trials, the following should be noted: test chemicals
should be as pure as possible and samples should be sent to the
participating labs from the same batch; investigators should not
be informed of the identity of the test chemicals until results have
been dispatched; the genotoxicity/carcinogenicity status of the test
chemicals should be established from the literature and results

and (b) show genotoxicity data for a genotoxin (MMS), (c) and (d) show genotoxicity
) were from a microplate prepared using an electronic multi-channel pipette with
ared using a manual multi-channel pipette with a smaller tip volume (200 �l per
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should be discussed by the participating scientists after decoding.
Comparative results in other collaborative trials have shown that
there is a significant site effect with all tests, i.e. small differences
in protocol can result in a major difference in assay performance,
in particular the shape of dose–response curves and the quanti-
tative response of assays with the same compound. Indeed such
trials have resulted in better understanding of the key features of
test protocols (e.g. [65]). These lessons have been incorporated into
the current exercise.

This study set out to assess the transferability of a new geno-
toxicity assay in which genotoxin-induced GADD45a expression
drives the accumulation of GFP in a human lymphoblastoid cell
line. A transferable method is one that can be demonstrated to be
successfully repeated at a site other than the originating or opti-
mising centre. Transferability is regarded as an important criterion
in assessing the practicability of a new assay or method, and the
reasons for this are two-fold: (i) it enables the degree of training
required for successful transfer to an inexperienced centre or new
user to be determined, and (ii) such a study should allow potential
sources of both within-laboratory and between-laboratory varia-
tion to be identified. Elements of a between-laboratory variability
study were also incorporated since the trial was broadened to
include a total of four study sites. One site was the centre for the
initial transfer of the method away from the originating centre,
another was experienced in the assay format but not specifically
GreenScreen HC, a third site was the originating laboratory with a
newly appointed user, and the final site was the least experienced
with the assay format. This study design was intended to more
broadly expose areas of the assay protocol that required clarifica-
tion or amendment and inform on the level of training necessary
for naı̈ve users, whilst providing indicative data of the variability
of the assay with the SOP used both within and between laborato-
ries.

The individual sites all completed the quadruplicate testing of
16 coded compounds in the time-frame set for the study and sub-
mitted full data sets to the Trial Director before test compound
identities were revealed to the participants. All data sets were
submitted in the required format, i.e. as GreenScreen HC data-
processing template files. All further data handling and assessment
of results were performed at Gentronix Ltd.

Analysis of a summary of the complete data set (before rejection
of data for failing to meet acceptance criteria) showed that all sites
were able to identify the majority of genotoxins (≥6 out of 8 at
either 24 or 48 h) and non-genotoxins (≥7 out of 8) according to the

prediction model. The overall concordance with expected results
from this primary data set was 86.3%.

Investigation into the utility of data acceptance criteria, based
upon the positive controls included in each microplate assay,
revealed that one trial site in particular had a preponderance
of control failures. Since the performance of the study reported
here, the GADD45a-GFP assay is being commercially marketed
as GreenScreen HC and is in increasingly wider usage. Expe-
rienced users of the assay, both in this study and beyond,
have not observed this level of control failure. Indeed, obser-
vations from this study and subsequent follow-up experiments
at the specific laboratory, suggest that the control failures were
caused by a combination of inexperience with the assay and
poorer than expected cell growth, compounded by the intro-
duction of further error by the particular pipetting devices
used at that lab. The trial data set was re-examined after
rejection of compound test data from assays where the intra-
assay controls failed or clearly anomalous data points lead to
‘spikes’ in the dose responses. In this ‘filtered’ data set, the
overall concordance with expected results rose from 86.3 to
92.5%.
earch 653 (2008) 23–33 31

The assay data-processing software delivers “genotoxic” and
“not genotoxic” indications as well as clear graphical results from
the experiments. The appearance of spikes was rare in this study,
but their occasional occurrence underlines the importance of
inspecting the graphical data from compounds giving positive
results. When testing small numbers of compounds, visual inspec-
tion is unlikely to be a problem for the user. However, at high
throughputs, it would be appropriate to consider software solu-
tions for spike/anomaly identification in data sets determined to
give positive results by the software.

Assessment of the SOP used in the study suggested a number of
ways of clarifying and improving the assay protocol. It was apparent
that there needed to be a greater emphasis on usage of the specific,
optimised cell-culture instructions. Cells taken from cultures late
in the culture cycle are more likely to fail controls than those earlier
in the cycle. This is consistent with the need for cells to be in the
exponential phase of growth, and to be actively proceeding through
mitosis during the exposure phase. Further clarifications of the SOP
should include recommendations on the type of pipetting device
and tip volume suitable for performance of this assay, as well as
details on the redistribution of microplate well contents by vigorous
shaking, prior to data collection.

Minimal training (3 days) was provided to the users at each par-
ticipating trial site at the beginning of the study. This period only
allowed for basic training in setting up the assay and for the new
user to have a maximum of two attempts at the assay. It is clear from
this study and not wholly unexpected, that successful performance
of a new assay requires a strong element of experience. The experi-
ence required can be gained through repetitive practise of the assay
or from a background experience of a similar assay. All participants
in the trial agreed that whilst the minimal training programme was
essential, there is an obvious need for a new user to perform repeat
assays until reproducible data that meet the acceptance criteria are
produced.

6. Conclusions from the study

The GADD45a-GFP genotoxicity assay (GreenScreen HC) trans-
ferred effectively to new laboratories. The materials and the
practical demonstrations provided along with practical training
were sufficient for successful adoption of the protocol by 3 of the 4
participating laboratories. At the fourth site, issues resulting in data
rejection and variability were identifiable and had clear solutions.

Cells were revived and cultured successfully from the frozen state
at all sites. The SOP performed well, although minor modifications
to the written protocol are likely to improve the transferability and
reproducibility of the assay (the current version of the protocol can
be obtained from the corresponding author). However, the results
showed that there was no requirement for substantive change to
the materials supplied or methods of interpretation. Modifications
subsequently put in place include the following:

• The volumes of assay medium provided have been adjusted to
ensure the inclusion of sufficient dead volume for ease of pipet-
ting.

• Recommendations have been included regarding the optimal
pipette for microplate preparation.

• Cell cultures should not exceed a cell density of 1.2 × 106 cells/ml
in passage prior to assay.

• Microplates require vigorous shaking prior to spectrophotometric
data collection.

• New users should ‘self-certify’ by repeatedly testing 4 compounds
until reproducible data are produced that surpass the acceptance
criteria.
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The overall concordance of the trial results with expected
results was high (92.5% after application of the acceptance cri-
teria), especially given the limited training and practice time
for naı̈ve operators. Since this ring trial was performed and
subsequent improvements made to the protocol, GreenScreen
HC has been successfully transferred to more than 8 laborato-
ries in a variety of pharmaceutical, biotech and contract testing
companies. With the advent of a new protocol that allows incor-
poration of S9 metabolic activation, it is hoped that this study
will enable further larger validation studies of this assay to
occur.
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