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Abstract

In vitro test batteries have become the standard approach to determine the genotoxic potential
of substances of interest across industry sectors. While useful for hazard identification, standard
in vitro genotoxicity assays in 2D cell cultures have limited capability to predict in vivo outcomes
and may trigger unnecessary follow-up animal studies or the loss of promising substances where
animal tests are prohibited or not desired.To address this problem, a team of regulatory, academia
and industry scientists was established to develop and validate 3D in vitro human skin-based
genotoxicity assays for use in testing substances with primarily topical exposure. Validation of the
reconstructed human skin micronucleus (RSMN) assay in MatTek Epi-200™ skin models involved
testing 43 coded chemicals selected by independent experts, in four US/European laboratories.
The results were analysed by an independent statistician according to predefined criteria. The
RSMN assay showed a reproducibly low background micronucleus frequency and exhibited
sufficient capacity to metabolise pro-mutagens.The overall RSMN accuracy when compared to in
vivo genotoxicity outcomes was 80%, with a sensitivity of 75% and a specificity of 84%, and the
between- and within-laboratory reproducibility was 77 and 84%, respectively. A protocol involving
a 72-h exposure showed increased sensitivity in detecting true positive chemicals compared
to a 48-h exposure. An analysis of a test strategy using the RSMN assay as a follow-up test for
substances positive in standard in vitro clastogenicity/aneugenicity assays and a reconstructed
skin Comet assay for substances with positive results in standard gene mutation assays results in
a sensitivity of 89%. Based on these results, the RSMN assay is considered sufficiently validated to
establish it as a ‘tier 2" assay for dermally exposed compounds and was recently accepted into the
OECD's test guideline development program.
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Validation of the RSMN assay

Introduction

The genotoxicity hazard of a substance is generally explored by a
battery of in vitro assays covering gene mutations, as well as struc-
tural and numerical chromosomal aberrations. Such a standard in
vitro test battery will typically consist of at least two assays, often
including the Ames assay and the in vitro micronucleus (MN) or
chromosomal aberration assay, since no single assay can detect all
genotoxicity endpoints. In some jurisdictions, showing the absence
of a genotoxicity hazard in vitro is sufficient to classify a substance as
non-genotoxic (e.g. REACH, EU Cosmetics Directive), while others
(e.g. ICH guidelines for pharmaceuticals) always require testing in
animals. As described previously in more detail by Pfuhler et al.
(1), for all jurisdictions, positive results from the standard in vitro
battery were traditionally investigated further by follow-up testing
using animals. However, a paradigm shift away from animal studies
is well under way, driven by animal welfare concerns and by ques-
tions about human relevance of rodent toxicity data. For example,
the 7th Amendment to the Cosmetics Directive of the European
Commission has prohibited the use of in vivo genotoxicity tests for
cosmetic ingredients since 2009 (2), which means that a positive re-
sult from an in vitro standard genotoxicity assay would result in
the loss of this ingredient from further development. Where in vivo
testing is still allowed, a ‘misleading positive’ (MP) finding would
trigger potentially unnecessary in vivo follow-up testing and animal
usage, and it, therefore, seems desirable to design and validate higher
tier in vitro assays that can serve the purpose of verifying results
from the standard in vitro test battery.

There are currently no validated in vitro assays to address po-
tential genotoxicity via the dermal exposure route. To close this gap,
Cosmetics Europe initiated and led the development and validation
of skin-based assays that combine classical genotoxicity endpoints
with existing 3D skin models utilising reconstructed human skin
(RS) already in use for other endpoints (3-6). 3D skin tissue con-
structs are logical follow-up tools for standard genotoxicity as-
says that utilise 2D’ cell systems for multiple reasons, including
the fact that the 3D skin tissue models are composed of primary
cells of human origin (7,8). This feature was suggested to be im-
portant to avoid the generation of MP results during a workshop
hosted by the European Union Reference Laboratory for alterna-
tives to animal testing (EURL-ECVAM) (9). In addition, the use
of primary human skin cells not only removes concerns due to ro-
dent species-specific effects, it also eliminates the need for external
metabolising systems such as rat liver S9. This is because the 3D skin
models exhibit xenobiotic metabolism capabilities similar to native
human skin, which therefore better reflects metabolism occurring by
a dermal route of exposure (10-13). These efforts resulted in the de-
velopment of the RS Comet assay (1,14,15) and the validation of the
reconstructed human skin micronucleus (RSMN) assay (7,16,17).
The MN endpoint provides a comprehensive basis for investigating
chromosome damaging potential iz vitro because both aneugens and
clastogens can be detected (18) and is complementary to the Comet
assay which can detect primary DNA damage leading to gene mu-
tation (17). The combination of these assays is thought to cover all
genotoxicity endpoints needed to follow-up on positive results from
the standard 2D in vitro genotoxicity assays (9,17).

The RSMN assay in EpiDerm was developed early in the 2000s
and prevalidation studies were conducted in mid-2000 (7,12,19).
These early studies provided the foundation for the development of
3D skin models for genotoxicity testing. Proof-of-concept studies had
shown that the cytokinesis-block methodology with cytochalasin
B (CytoB) worked effectively in EpiDerm, resulting in a low and

reproducible background frequency of MN which enabled the suc-
cessful detection of two model genotoxins (7). Prevalidation studies
in the USA demonstrated intra- and inter-laboratory reproducibility
in the RSMN assay in EpiDerm (12,19). Based on this, formal val-
idation efforts by CosEU (formerly COLIPA) with involvement of
ECVAM for the RSMN in EpiDerm started in 2007, the triggers and
context of which are described in more detail by Pfuhler et al. (20).
The validation program designed and funded by Cosmetics Europe
was steered by its Genotoxicity Task Force, together with ECVAM
and external experts involved to expand the assay to also include
European laboratories (21). Two training workshops were held to
standardise the protocol and harmonise the scoring of micronuclei,
which were published in 2011 (16). The assay was transferred to
two European laboratories and then three coded compounds were
tested by three laboratories to demonstrate transferability and ini-
tial reproducibility within and between laboratories (21). Next, the
number of chemicals tested in the RSMN was extended to include
chemicals from more chemical classes and modes of action, which
were tested in a double-blinded fashion. Initial results suggested a
high predictive capacity (22).

For both the RS Comet and the RSMN assays, the project fol-
lowed a modular validation approach (23) and was performed in
three phases: Phase O—transferability, optimisation and within-
laboratory reproducibility with model genotoxins, Phase 1—
between-laboratory reproducibility with three coded chemicals and
Phase 2—extended the reproducibility and predictive capacity of
the RSMN with a larger set of chemicals. Phase 2 for the RSMN
assay had several sub-phases which was a result of interim reviews
by the Steering Committee, based on the initial findings of the coded
testing. Here, we investigated whether the good intra-laboratory re-
producibility observed in Phase 0 and 1 with a small number of com-
pounds (21) could be confirmed with a larger dataset, in addition to
further evaluating the predictive capacity of the RSMN. Ultimately,
we aimed to establish its usefulness as a ‘tier 2’ assay that can, along-
side the RS Comet assay (1), be used to follow-up on positive results
from the standard in vitro test battery.

Materials and methods

The RSMN assay was conducted according to the protocol pre-
viously described in detail by Dahl et al. (16). The protocol was
based on the principles in the OECD (Organization for Economic
Co-operation and Development) test guideline 487 for the in vitro
MN assay (18).

Characterisation and selection of coded test

chemicals

Test chemicals were selected by external experts (Dr. Raffaella Corvi
and Prof. David Kirkland) from a master list prepared for Cosmetics
Europe by a larger group of external experts which also included
Professors Tom Slaga, Johannes Doehmer and Guenter Speit. These
chemicals had previously been tested in in vivo genotoxicity and/or
carcinogenicity studies with dermal exposure and were grouped ac-
cording to three categories: true negative (TN) and true positive (TP)
chemicals, with concordant iz vitro and in vivo data, as well as MP
for which positive in vitro findings were reported, but not confirmed
in in vivo studies. Originally, a total of 38 individual chemicals were
selected, comprising 17 genotoxicants (TP) with various modes of
action and 21 chemicals with an expected negative outcome (TN
and MP), all covering different chemical classes. During Phases 0
and 1 of the international validation of the RSMN assay (16,21),
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Phase 0
Transferability Phase 2a Steering Committee
and assay Predictive meeting: Steering Committee/Expert
optimization: capacity: bridging study meeting:
(Dahl et al., 2011) n=35,48h needed gap-filling required

Phase 1 Phase 2b
Intra- and inter- Predictive

laboratory capacity:
reproducibility: n=9,re-
n=3,48h tested, 72h

(Aardema et al., 2010)

Phase 2¢ Phase 2d
Predictive Predictive
capacity and capacity gap-

reproducibility filling:
of 72h protocol n=5,48&72h
n=12,re-

tested, 48 & 72h

Fig. 1. RSMN assay validation timeline. Progression of the RSMN assay validation project phases over the course of the project.

a detailed protocol and harmonised scoring atlas were developed
and three coded chemicals were tested in three laboratories each to
demonstrate transferability and preliminarily assess intra- and inter-
laboratory reproducibility (see Figure 1). A second phase focused on
the predictivity of the RSMN assay and is reported here. In Phase
2a, a total of 35 chemicals were tested coded in 1-3 laboratories
each using a 48-h protocol with two treatments at 24-h intervals
(48-h protocol), which had previously been shown to be optimal
for detecting direct DNA reactive chemicals (7,12,19,21). However,
although the overall specificity (>90%) was high, the sensitivity of
the 48-h protocol (65%) was lower than expected. Therefore, nine of
the expected TP chemicals were retested in a follow-up study (Phase
2b) in one lab each using an extended 72-h protocol with three
treatments at 24-h intervals (72-h protocol). Although the chemicals
tested in this phase were not coded, the slides were randomised and
coded by a separate researcher prior to scoring, so that the treat-
ments were blinded to the scorer to prevent evaluator bias (see the
section ‘Slide analysis’). The results suggested an increased sensitivity
using the 72-h protocol if concentrations were carefully selected and
precipitation of the test chemicals on the tissue surface was moni-
tored, which was also separately shown for other metabolically acti-
vated genotoxins (24) as well as by an independent validation effort
of a contract research laboratory (25). Following a recommendation
of the external experts to more thoroughly assess the performance
of the extended 72-h protocol, a Phase 2¢ study was conducted, in
which a total of 12 coded chemicals (six TP and six MP/TN) from
the previous Phases 2a and 2b were retested in two labs each. In
Phase 2c, chemicals were first tested using the 48-h protocol, and
any chemical that showed negative or equivocal results were retested
using the 72-h protocol. Finally, an additional five coded chem-
icals were later chosen for testing by the external experts (Phase 2d
study) to close a data gap with chemicals that were tested in the RS
Comet assay (1,15), bringing the number of chemicals tested in the
predictivity Phases 2a-2d of the RSMN assay validation to 40 and
increasing the total number of individual coded chemicals tested to
43 overall (for Phases 1 and 2a-2d; see Figure 1).

Literature information on the in vitro and in vivo genotoxicity
of the 43 chemicals included in the final evaluation are summarised
in Supplementary Table S1. The test chemicals were purchased from
Sigma-Aldrich or Acros Organics (Morris Plains, NJ, USA), (295%

purity), assigned a unique code for each different phase of the valid-
ation and shipped to each laboratory by independent co-workers at
either Covance Laboratories Ltd (North Yorkshire, UK), Integrated
Laboratory Systems Inc. (ILS, Morrisville, NC, USA) or VitroScreen
S.r.L. (Milano, Italy) at different stages of the project and each la-
boratory received chemicals from all subcategories (TP, TN, MP).

RSMN assay reagents

The following reagents were standardised among laboratories:
CytoB, mitomycin C (MMC), 0.25% trypsin-EDTA and acridine
orange (AO) were obtained from Sigma-Aldrich. Other reagents
were obtained from local suppliers and were not harmonised among
laboratories.

Experimental design

For each coded chemical, testing included a solubility study (assessed
by visual inspection), a dose range-finding (DRF) assay (up to a max-
imum dose of 10% w/v, 1600 pg/cm?) and at least two valid main
experiments. Test chemicals were preferably dissolved in acetone at
10% (w/v); however, if they were not soluble at this concentration,
test chemicals were carefully diluted to determine their maximum
solubility. If the solubility in acetone was below 1% (w/v), 70%
ethanol was used instead. The results of the DRF experiment de-
fined the maximum dose for the main experiments, depending on (a)
solubility (if <10%), (b) precipitation of the chemical on the tissue
surface, as seen visually at the end of the experiment or (c) excessive
cytotoxicity (>60% relative to the solvent control [SC]). The concen-
trations tested in the main assays were targeted to induce 55 = 5%
cytotoxicity [the threshold (high) cytotoxicity limit; see below], 30 =
10% cytotoxicity (intermediate) and 10 = 10% cytotoxicity (low),
unless the chemical showed insignificant cytotoxicity up to the max-
imum dose as defined by the DRF experiment. For Phases 2a and 2b,
a clear positive result in the first 48-h experiment was confirmed in
an independent second 48-h experiment. Depending on the outcome
of the first experiment, the spacing of the test concentrations in the
second experiment was modified, usually by using a tighter spacing.
Beginning with Phase 2c, if the test chemical provided negative or
equivocal results (see data evaluation section below for a definition
of equivocal), a 72-h, three-treatment experiment was performed
(Figure 2A).
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Conclusion: Positive

Confirmatory: 48h, or 72 h (phases 2b-d)
Adjust dose spacing if applicable

Positive response

Conclusion: Positive

Equivocal response

Negative response

Conclusion: Negative
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Fig. 2. (A) Decision tree for the validation exercise using exclusively 48-h protocol for Phases 1 and 2a and 48- and 72-h protocols for Phases 2b-2d. (B)
Recommended decision tree for all forward-looking work, using the 72-h protocol only. Decision tree is in line with OECD 487 where clear positive or clear

negative results do not need to be reproduced.

RSMN assay

The RSMN assay was conducted according to the protocol previ-
ously described in detail (16). EpiDerm™ EPI-200-MNA skin tissues
and new maintenance medium (NMM) were obtained from MatTek
Corporation (Ashland, MA, USA) and shipped overnight. Upon re-
ceipt, the tissues were transferred to six-well tissue culture plates
containing 1 ml NMM and cultured at 37°C and 5% CO, for a
1-h equilibration period for the 72-h protocol or overnight for the
48-h protocol. As conducted previously, the main experiments com-
prised at least three valid dose groups of a test chemical in addition
to a SC and a positive control (PC; MMC at 3 pg/ml in acetone).

All dose groups were tested in triplicate. Untreated negative control
tissues were omitted since it had been demonstrated previously that
acetone or 70% ethanol did not affect background MN levels (16).
After the 1-h or overnight equilibration period, 1 ml of fresh NMM
containing 3 pg/ml CytoB was added to the skin models and was re-
freshed every 24 h thereafter, just prior to each chemical treatment.
Test chemicals were applied topically in a volume of 10 ul (equiva-
lent to 16 pl/cm? skin surface area) to each tissue at 24-h intervals.
Solutions of the test chemicals were prepared fresh daily just prior to
each dosing. For the 48-h protocol, the first dose of the test chemical
was applied to the tissues that had been incubated overnight and
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the second dose was applied 24 h after the first dose. For the 72-h
protocol, the first dose was applied 1 h after the tissues were received
and the following two doses were given 24 h and 48 h after the first
dose. At the end of the 48- or 72-h treatment period, keratinocytes
were isolated from the skin tissues by trypsinisation and an aliquot
of the cell suspension was set aside for cell counting (see below).
The remaining cells were swollen in hypotonic KCl, fixed in cold
methanol/acetic acid, and two slides prepared from each skin tissue
as described (16).

Cytotoxicity assessment

Cytotoxicity was determined by measuring the viable cell count
(VCC) and frequency of binucleated (BN) cells. The VCC from each
tissue was determined by trypan blue dye exclusion or by differ-
ential staining with an AO/DAPI solution using a NucleoCounter
NC250 instrument (ChemoMetec A/S, Allerod, Denmark). The BN
frequency was evaluated using fluorescence microscopy of the fixed
cells after AO staining (see below). The % VCC and % BN were de-
termined by comparing the levels obtained in each treatment group
with that of the SC group. The thresholds set for excessive cytotox-
icity for % VCC and % BN as described previously (16) and per
current OECD 487 guideline (18) for the in vitro MN assay were a
60% (55 = 5%) reduction compared to the SC in either parameter. If
cytotoxicity was observed with both measurements, the more sensi-
tive parameter was used.

Slide analysis

Analysis of slides was harmonised among laboratories based on
published standards (16). To ensure similar scoring of slides was
achieved by each participating laboratory, a workshop was held
early on in the project to discuss the scoring of micronuclei. The re-
sult of the workshop was a MN scoring atlas, which was described
by Dahl et al. (16). In addition, slides from one laboratory were sent
to others for re-scoring, which showed a comparable output for the
slide analysis. Prior to scoring, the slides were immersed in an AO
solution (40 pg/ml in DPBS) for 2-3 min, rinsed three times with
DPBS and a drop of DPBS and a coverslip were placed over the
slides. The fixed cells were first evaluated for % BN using a fluores-
cence microscope equipped with a 40x objective. Subsequently, the
overall cytotoxicity of the test chemical was determined. In order to
qualify for MN scoring, there must be at least two valid tissues that
were not excessively cytotoxic according to the % BN or % VCC
per concentration and at least three valid concentrations per test
compound. If these criteria were met, then slides representing those
tissues were scored for micronuclei. Prior to MN scoring, the slides
were first randomised and coded by a separate person so that the
treatments were blinded to the scorer to prevent evaluator or selec-
tion bias. This procedure was followed for all experiments, including
the follow-up non-coded 72-h Phase 3 testing. The initial determin-
ation of % BN was measured in 500 total cells/tissue and subsequent
measurement of the % of BN cells with micronuclei (% MN-BN)
was determined in 1000 BN cells/tissue. For three tissue replicates,
this resulted in 1500 cells per tissue analysed for % BN and 3000
cells per tissue analysed for % MN-BN. Sample size and the number
of analysed cells were in line with published OECD 487 guideline
recommendations (18).

Validity criteria

Prior to statistical analysis, the validity of each experiment was first
determined (16). First, the experiment needed to follow the prede-
fined experimental design: SC, PC and at least three dose groups of

the test chemical, each represented by three valid tissues with at least
500 BN cells scored per tissue. Ideally, 1000 BN cells were analysed
for the presence of MN. Only results from tissues in which at least
500 BN cells were obtained were included in the statistical analysis.
In addition, the yield of viable cells must be higher than 5 x 10%
skin tissue and the % BN cells in the SC must be >25%. Second, the
validity criteria for the control groups (SC and PC) were applied. In
the main experiments, the PC must show a statistically significant
increase in the % MN-BN compared to the SC. Third, a dose group
was considered valid when the threshold set for cytotoxicity (i.e. a
>60% reduction in either % BN or % VCC compared to the SC) was
not exceeded. If excessive cytotoxicity in a dose group was observed,
the dose group was not considered for the evaluation of genotoxicity.
In the case of precipitation of the test chemical on top of the tissues
at the end of treatment, only the lowest precipitating concentration
was included in the statistical analysis as test material on the tissue
surface can interfere with scoring or impact tissue quality (16).

An experiment with only two valid dose groups could never-
theless be considered valid if: (1) the first two doses were positive
(in terms of genotoxicity) and the thresholds for strong cytotoxicity
were not exceeded or (2) genotoxic effects were absent in all dose
groups and cytotoxicity exceeded the thresholds in the third test
group only (because the thresholds were set to prevent MP results).
Exceptional cases, in which a single tissue may be missing (e.g. due
to issues during handling), were still acceptable if a substance was
clearly positive in the remaining two tissues or if the missing tissue
belonged to a lower dose for a substance that did not increase %
MN-BN at higher dose. Justification needed to be provided in either
of these cases.

Evaluation and interpretation of results

Raw data from each single experiment were submitted in an Excel
spreadsheet template for decoding and independent statistical ana-
lysis as previously described for Phase 1 (21). In addition to the
raw data, the laboratories provided information on the validity
of the dose groups, which could be compromised due to excessive
cytotoxicity, precipitation of the test chemical at the end of the ex-
periment on top of the skin tissues or other observations, e.g. cell
abnormalities.

Once the validity of an experiment was confirmed, the MN data
of the valid concentrations were analysed and interpreted according
to the procedure described by Dahl et al. (16), with some clarifica-
tions. In brief, the one-sided Fisher’s exact test was used to deter-
mine the statistical significance of differences between the SC and
each of the test chemical treatment group for % MN-BN, where
P < 0.05 was considered to be indicative of a statistically significant
positive response, i.e. without accounting for multiple comparison.
To help judge the dose dependence of the effect of experiments with
equivocal results, a Cochran—Armitage (CA) trend test (P < 0.05)
was used in the overall judgement within each laboratory. In the
overall analysis after finalisation of all experimental work, the trend
test from the freely available R package ‘CAATexact’, version 0.1.0
(available at http://CRAN.R-project.org/package=CATTexact) (or
equivalent) was used, which we also recommend to all other users
going forward. In addition, the biological relevance of the findings
was considered taking into account dose dependence and strength
of the effect in relation to the 95% control limit of the historical SC
data as well as reproducibility between tissues within and between
experiments.

A test chemical was called positive for genotoxicity overall if
there were two or more concentrations of the test chemical that pro-
duced statistically significant increases in the % MN-BN outside the
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upper 95% control limit of the historical SC data, as established by
the 95%-quantile. The use of the 95% control limit was added to the
previous RSMN evaluation criteria (16) to align with changes made
to OECD guidelines (18). If only the highest concentration produced
a statistically significant increase in MN induction, this effect had to
be reproduced in an independent study to call a test chemical posi-
tive. If the chemical induced a significant increase at a mid-dose, it
was considered positive overall if the increase was greater than the
upper limit of the historical control (HC) range, the trend test was
significant, and it was reproducible in an independent experiment.
These criteria on effects only at a high- or mid-dose were added to
clarify the criteria listed in Dahl et al. (16). A test chemical was called
positive overall if it fulfilled the criteria defined for a clear positive
call in either the 48-h protocol or in the extended 72-h protocol.
A test chemical was called negative for genotoxicity overall if none
of the above criteria for induction of MN were met in two inde-
pendent studies. If the results for a test of an experiment were neither
clearly positive nor clearly negative in terms of the above criteria, the
biological relevance of the results was considered and, if necessary,
further experimental work was conducted. For instance, if statistic-
ally significant concentrations were below the 95% control limit of
the historical SC data, the experiment may be considered equivocal.
Despite extensive testing, a test article may produce results that are
neither clearly positive nor clearly negative. In those rare instances,
the test article may be considered to have produced equivocal re-
sponses (Figure 2A).

Calculation of the predictive capacity of the
RSMN assay

The predictive capacity of the RSMN assay was based on the final
calls, per laboratory, for all available experimental data from all
phases of the validation exercise. The predictive parameters sensi-
tivity, specificity and accuracy were calculated from 2 x 2 contin-
gency tables summarising the results per laboratory. Equivocal calls
were considered as 0.5. The same parameters were calculated overall
from a 2 x 2 contingency table obtained by summing up the calls of
all laboratories accordingly.

Results and discussion

During the earlier Phase 1 of the validation, each chemical was inves-
tigated in three laboratories to obtain information on the intra- and
inter-laboratory reproductivity (21). As reproducibility was found to
be satisfactory, the Steering Committee instructed that each chemical
could be tested in one to three laboratories for the Phases 2a-2d de-
scribed here to expand the range of chemicals tested in the RSMN
assay.

Results of RSMN assay validation Phases
2a-2d

Chemicals with an expected positive outcome
2-Acetylaminofluorene (2-AAF)

2-AAF was initially tested only in the 48-h protocol in Lab D in
Phase 2a up to doses that caused excessive cytotoxicity. There was
no significant increase in % MN-BN observed when tested up to
doses inducing excessive cytotoxicity according to % VCC in two
separate experiments (Supplementary Figure S1A and Bj; see Table 1
and Supplementary Table S2 for an overview). Similar results were
also found for 2-AAF when it was retested in Phase 2¢ in Labs B

and C using both the 48- (Supplementary Figure S1C and E) and
72-h protocols (Supplementary Figure S1D and F). Since 2-AAF was
tested up to doses producing excessive cytotoxicity without a signifi-
cant response in % MN-BN, 2-AAF was incorrectly classified by all
labs as negative.

2-AAF is a pro-mutagen and the known metabolic pathways in-
volve both CYP1A2 and NAT, leading to the formation of genotoxic
metabolites (26,27). In regard to genotoxicity, 2-AAF is an estab-
lished mutagen and has shown positive responses in tests for both
mutagenicity and clastogenicity iz vivo in tissues with sufficient meta-
bolic capacity for 2-AAF (see Supplementary Table S1 for an over-
view). In skin, there is evidence for metabolism of topically-applied
2-AAF in human skin explants (28) and a weak, but statistically sig-
nificant and reproducible increase in DNA damage was detected in
the RS Comet assay (1). In another study, multiple treatments of RS
tissues with 2-AAF led to the induction of metabolic enzymes, gener-
ation of reactive metabolites and formation of DNA adducts, which
was associated with a significant response in the RS Comet assay, but
not in the RSMN assay (29). It was also demonstrated that the DNA
damage caused by direct treatment with known genotoxic metabol-
ites of 2-AAF, N-hydroxy-2-acetylaminofluorene and N-hydroxy-2-
aminofluorene, was more efficiently detected in the RS Comet assay
than in the RSMN assay (29).

2-Amino-3-methylimidazo[4,5-f]quinolone (IQ)

IQ was tested in Phase 2d in the 48-h protocol in Lab A up to doses
that produced excessive cytotoxicity (<20% BN at >150 pg/cm?) in all
but two doses. Since no increase in the % MN-BN was seen at either
of the non-cytotoxic doses (Supplementary Figure S2A), a second
experiment was conducted using the 72-h protocol. Significant in-
creases in % MN-BN was detected in two dose groups (257 pg/cm?)
that were below the cytotoxicity threshold (Supplementary Figure
S2B). Since the % MN-BN for both of these doses were outside the
95% control limit of the historical SC data, IQ was correctly classi-
fied as positive.

IQ has been shown to be an in vivo genotoxicant and is listed
as an [ARC class 2A carcinogen (i.e. reasonably anticipated to be
a human carcinogen). Metabolic activation of IQ is required to
cause genotoxicity and evidence suggests that IQ is sequentially
N-hydroxylated via CYP1A2 and O-acetylated by NAT (30), fol-
lowed by spontaneous degradation of N-acetoxy-IQ to an unstable
DNA reactive nitrenium ion DNA (31). IQ can be transformed to
a genotoxic metabolite iz vivo in the rat (32,33); however, studies
investigating the metabolism of IQ in ex vivo pig or human skin
(over 24 h) or by EpiSkin™ S9 (over 4 h) indicate that it was not
metabolised after a single treatment in either skin model (28). In
this study, IQ was only found to be positive in the RSMN assay in
the extended 72-h protocol, suggesting that multiple treatments are
required for metabolic enzyme induction. However, IQ was not de-
tected in the RS Comet assay after multiple treatments (15).

Azidothymidine (AZT)

AZT was initially tested in the 48-h protocol during Phase 2d in
Lab A up to doses (700 pg/cm?) that produced strong cytotoxicity.
AZT caused a significant increase in the % MN-BN at multiple non-
cytotoxic doses (Supplementary Figure S3A). However, since most of
these increases were less than the 95% control limit of the historical
SC for the lab, AZT was retested up to a higher dose (800 pg/cm?)
in the 72-h protocol. In this experiment, AZT showed significant
increases in the % MN-BN that exceeded the 95% control limit of
the historical SC at multiple non-cytotoxic doses (Supplementary
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Table 1. Overview of validation outcome of the RSMN experiments conducted within the coded validation effort in all phases

Chemical CAS No. Cat Phase Lab A Lab B Lab C Lab D BLR
2-Acetylaminofluorene (2-AAF) 53-96-3 TP 2a,c Neg Neg Neg 1
2-Amino-3-methylimidazo[4,5-f]quinolone (IQ) 76180-96-6 TP 2d Pos -
Azidothymidine (AZT) 30516-87-1 TP 2d Pos -
Cadmium chloride (CdCl,) 10108-64-2 TP 2a,b,c Pos Neg Pos 0
Colchicine 64-86-8 TP 2a Pos Pos 1
Cyclopentalc,d]pyrene (CPPE) 27208-37-3 TP 2a,b Pos Neg® -
Cytosine arabinoside 147-94-4 TP 2a,b Neg -
2,4-Diaminotoluene (2,4-DAT) 95-80-7 TP 2a,b Pos Neg Neg 0
2,3-Dibromo-1-propanol 96-13-9 TP 2a Pos -
Diethylstilbestrol 56-53-1 TP 2a,b Pos -
7,12-Dimethylbenz[a]thracene (DMBA) 57-97-6 TP 2d Neg -
Ethyl methanesulfonate (EMS) 62-50-0 TP 2a,c Pos Pos 1
N-Ethyl-N-nitrosourea (ENU) 759-73-9 TP 1 Pos Pos Pos 1
Etoposide 33419-42-0 TP 2a Pos Pos 1
S-Fluorouracil 51-21-8 TP 2a,b,c Pos Neg 0
Methyl methanesulfonate (MMS) 66-27-3 TP 2a Pos -
N-Methyl-N"-nitro-N-nitrosoguanidine (MNNG) 70-25-7 TP 2d Pos -
Mitomycin C 50-07-7 TP 1 Pos Pos Pos 1
Potassium bromate 7758-01-2 TP 2a,b,c Pos Pos Pos 1
Taxol 33069-62-4 TP 2a Pos -
4-Vinyl-1-cyclohexene diepoxide 106-87-6 TP 2a,b,c Pos® Pos Pos 1
Ampicillin sodium salt 69-52-3 TN 2a Neg -
Beclomethasone dipropionate 5534-09-8 TN 2a Neg -
N-Butyl chloride 109-69-3 TN 2a,c Neg Neg Neg Neg 1
Curcumin 458-37-7 MP 2a Pos -
Cyclohexanone 108-94-1 TN 1 Neg Neg Neg 1
2,6-Diaminotoluene (2,6-DAT) 823-40-5 MP 2a Neg -
2,4-Dichlorophenol 120-83-2 MP 2a Neg Neg 1
Diclofenac 15307-79-6 TN 2a,c Pos Pos Pos 1
Ethionamide 536-33-4 MP 2a,c Neg Neg Neg 1
Eugenol 97-53-0 MP 2d Pos -
8-Hydroxyquinoline 148-24-3 MP 2a Neg -
d-Limonene 5989-27-5 TN 2a,c Neg Neg Neg 1
d-Mannitol 69-65-8 TN 2a Neg Neg 1
Nifedipine 21829-25-4 TN 2a Neg -
Nitrofurantoin 67-20-9 MP 2a Neg -
1-Nitronaphthalene 86-57-7 MP 2a Neg -
4-Nitrophenol 100-02-7 MP 2a,c Neg Neg Neg Neg 1
Phenanthrene 85-01-8 TN 2a,b Pos Neg Neg Neg 0
Phenol 108-95-2 MP 2a Neg -
Propyl gallate 121-79-9 MP 2a Neg -
Resorcinol 108-46-3 MP 2a,c Equiv Neg 0.5
Tolbutamide 64-77-7 TN 2a Equiv Neg Neg 0.5

In Phase 1, each chemical was tested in three laboratories (21). Subsequently, in Phases 2a-2d, chemicals were each tested in 1-3 laboratories each to expand
the chemical space tested in the RSMN assay or to expand the overlap with chemicals tested in the RS Comet assay. Cat, Category, i.e. expected outcome based
on historical in vitro and in vivo genotoxicity or carcinogenicity data as provided in Supplementary Table S1; MP, misleading positive; TN, true negative; TP, true
positive; Pos, positive study outcome (printed in bold), DNA damage detected; Neg, negative; Equiv, equivocal; BLR, between-laboratory reproducibility.

*Counted for predictivity but not for between-lab concordance since Lab C did not follow-up at 72 h and Lab B showed Pos at 72 h only.

Lab A repeated the initial 48-h experiment on behalf of Lab D at 72 h, so the Lab A call was recorded as overall call.

Figure S3B). As a result of these data, AZT was correctly classified
as positive.

Cadmium chloride (CdCl,)

CdCl, was tested in the 48-h protocol in Lab B in Phase 2a up
to doses (160 pg/cm?) that showed strong cytotoxicity in the ini-
tial DRE No detectable increase in % MN-BN was observed in
two separate experiments (Supplementary Figure S4A and B).
Similarly, negative results were also observed in two subsequent
experiments with the 72-h protocol in Phase 2b (Supplementary
Figure S4C and D). In Phase 2c, Lab A tested CdCl, up to doses

that caused 50% cytotoxicity (100-160 pg/cm?) in the initial ex-
periment with 48-h protocol without any significant increase in %
MN-BN (Supplementary Figure S4E). In a subsequent experiment
in Lab A using the 72-h protocol, there was a clear increase in %
MN-BN (Supplementary Figure S4F). A second 72-h experiment was
conducted due to the loss of tissues at several of the intermediate
doses. However, the increase in the % MN-BN was not duplicated
in the repeat experiment, possibly due to higher levels of cytotox-
icity (Supplementary Figure S4G). Mixed results were also found in
Phase 2c testing by Lab C. CdCl, was negative in the 48-h protocol
and a follow-up 72-h experiment (Supplementary Figure S4H and I).
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A repeat 72-h experiment was conducted in Lab C using closer dose
spacing due to the loss of the top dose in the initial 72-h experiment
as a result of excessive cytotoxicity. A significant increase in the %
MN-BN was observed at the highest dose that did not exceed the
cytotoxicity threshold (Supplementary Figure S4]). Overall, Lab B
classified CdCl, as negative while Labs A and C called it positive.

The results in Lab A and C were in line with findings showing that
exposure to cadmium salts is linked to an increase in mutation and MN
frequencies both in vitro and in vivo, as well as to tumour formation, al-
though conflicting results have been reported (Supplementary Table S1).
Inconsistent results were observed in an in vivo comet assay validation
study in rats exposed to daily treatment with CdCL, for 3 days. Initially,
the results were considered positive for stomach and equivocal for liver
(34); however, after re-evaluation of the data, the findings for both or-
gans were determined to be equivocal (35). Furthermore, negative re-
sults were reported in multiple tissues in another in vivo comet assay
study, in which mice were treated with a single i.p. injection of CdCI,
(36). Since cadmium does not cause DNA damage in cell extracts or
isolated DNA, indirect mechanisms, including the generation of reactive
oxidative species and the inhibition of DNA repair have been suggested
for the genotoxic effects of cadmium salts (37).

Colchicine

The maximum dose of colchicine (0.03 pg/cm?) tested was limited by
excessive cytotoxicity in both Labs A and C. Colchicine was tested
in Phase 2a by both labs in the 48-h protocol and highly significant
increases in the % MN-BN were observed in two separate experi-
ments each at multiple doses below the cytotoxicity threshold in Lab
A (Supplementary Figure S5A and B) and Lab C (Supplementary
Figure S5C and D). Due to the clear increases in the % MN-BN at
doses below the cytotoxicity limit, both Labs A and C correctly clas-
sified colchicine as positive in the RSMN.

Cyclopentalc,d]pyrene (CPPE)

CPPE was tested up to the maximum dose of 1600 pg/cm? in Phase 2a
by Labs B and C without exceeding the cytotoxicity thresholds. In the
initial 48-h experiment in Lab B, none of the doses showed a significant
increase in the % MN-BN (Supplementary Figure S6A). These results
were confirmed in a repeat 48-h experiment in Lab B, in which there
was no significant increase in % MN-BN observed (Supplementary
Figure S6B). In two separate experiments, Lab C also found nega-
tive results for CPPE using the 48-h protocol (Supplementary Figure
S6D and E). CPPE was also retested by Lab B in Phase 2b using the
72-h protocol and a significant increase in % MN-BN was observed
at three doses that did not exceed the cytotoxicity limits, although
the response was not dose-dependent (Supplementary Figure S6C).
However, due to the significant increase in % MN-BN at multiple
doses, CPPE was correctly classified as positive by Lab B.

CPPE has been shown to be metabolised by several cytochrome
P450 CYPs (CYP1A1,CYP1A2 and CYP3A4) to form cyclopentalc,d)]
pyrene-3,4-epoxide,  trans-3,4-dihydrocyclopentalc,d]pyrene-3,4-
diol and other DNA reactive metabolites which form DNA adducts
(38). No other in vitro or in vivo MN test results for CPPE could
be found. However, CPPE was positive in the Ames and mouse
lymphoma assays only in the presence of metabolic activation and it
has been shown to induce skin tumours in mice after dermal appli-
cation (Supplementary Table S1).

Cytosine arabinoside
The maximum dose of cytosine arabinoside (48 pg/cm?) was limited
by excessive cytotoxicity observed at higher doses in Lab B. Cytosine

arabinoside was initially tested in the 48-h protocol in Phase 2a and
did not show a significant increase in the % MN-BN in two sep-
arate experiments (Supplementary Figure S7A and B). Negative
results were seen during Phase 2b when cytosine arabinoside was
retested using the 72-h protocol in Lab B (Supplementary Figure
S7C) and cytosine arabinoside was incorrectly classified as negative
in the RSMN assay by Lab B. Cytosine arabinoside is a nucleoside
analogue that has been shown to be positive in in vitro MN and
chromosome aberration tests in the absence of metabolic activa-
tion, as well as in iz vivo MN and chromosome aberration tests
(Supplementary Table S1).

2,4-Diaminotoluene (2,4-DAT)

The maximum dose (700 pg/cm?) of 2,4-DAT was limited by
strong cytotoxicity in Lab A. In the initial experiment conducted
in Phase 2a in the 48-h protocol, 2,4-DAT did not cause a sig-
nificant increase in the % MN-BN; however, the % MN-BN at
the two highest doses were outside the 95% control limit of the
historical SC for the lab and the CA trend test was significant
(Supplementary Figure S8A). After adjustment of the dose levels
tested, a significant increase in the % MN-BN at multiple doses
>420 pg/cm? that did not exceed the cytotoxicity thresholds was
detected in the two additional experiments with the 48-h protocol
(Supplementary Figure S8B and C). 2,4-DAT was also tested in
Lab B in Phase 2a at similar dose levels, none of which caused
a significant increase in % MN-BN in two separate 48-h experi-
ments (Supplementary Figure S8D and E). Two additional experi-
ments with 2,4-DAT in Lab B using the 72-h protocol in Phase 2b
were also negative; however, the doses tested were substantially
lower than those tested in the earlier 48-h experiments due to the
stronger cytotoxicity observed at 72 h (Supplementary Figure S8F
and G). The maximum dose of 2,4-DAT was also limited by strong
cytotoxicity observed in the DRF experiment in Lab D. In two sep-
arate experiments in Phase 2a, 2,4-DAT was negative in the 48-h
protocol (Supplementary Figure S8H and I). Based on the results
from each lab, 2,4-DAT was classified as negative in Labs B and D
and positive in Lab A.

2,3-Dibromo-1-propanol

In Lab A, 2,3-dibromo-1-propanol was tested up to a maximum
dose of ~500-600 pg/cm? based on excessive cytotoxicity at higher
doses. Two experiments were conducted with 2,3-dibromo-1-
propanol in Phase 2a in Lab A using the 48-h protocol. In the ini-
tial experiment, a significant increase in the % MN-BN was seen
only at the highest dose tested (512 pg/cm?) (Supplementary Figure
S9A). However, after adjustment of the dose levels tested, a signifi-
cant increase in the % MN-BN was seen at multiple doses without
exceeding the cytotoxicity thresholds (Supplementary Figure S9B)
and 2,3-dibromo-1-propanol was correctly classified as positive
in Lab A.

Diethylstilboestrol

The maximum dose of diethylstilboestrol (16 pg/cm?) was limited
by excessive cytotoxicity observed in Lab B. In two separate experi-
ments conducted in Phase 2a, diethylstilboestrol did not significantly
increase the % MN-BN using the 48-h protocol when tested at doses
up to or near the cytotoxicity threshold by % VCC (Supplementary
Figure S10A and B). However, when retested in the 72-h protocol in
Lab B in Phase 2b, diethylstilboestrol induced a significant increase
in the % MN-BN (Supplementary Figure S10C) and was correctly
classified as positive in Lab B.

120z Aeniga4 g0 uo 1senb Aq Z0z6219/Ssoeeab/abeinw/ce0L 0L /10p/a01le-aoueape/abeinw/woo dnoojwapeoe//:sdiy woly papeojumoq



S. Pfuhler et al.

7,12-Dimethylbenz[a]anthracene (DMBA)
In Lab A, the top dose for DMBA (240 pg/cm?) was limited by pre-
cipitation on the surface of the skin tissues. DMBA did not increase
% MN-BN in the first main experiment using the 48-h protocol in
Phase 2d (Supplementary Figure S11A). A second experiment was
then conducted using the 72-h protocol but was invalid due to ex-
cessive cytotoxicity (<40% VCC at all doses tested 264 pg/cm?, data
not shown). Based on these results, a repeat 72-h experiment was
conducted after adjustment of the test doses. Excessive cytotoxicity
(<40% VCC) was again observed at the highest test dose (64 pg/cm?)
and DMBA did not induce an increase in % MN-BN at any of the
lower valid test doses (Supplementary Figure S11B). Based on these
results, DMBA was incorrectly classified as negative in Lab A.
DMBA is a pro-mutagen that requires activation by cytochrome
P450 enzymes (CYP 1B1) to interact with DNA and form DNA
adducts (39,40). Basal expression of phase I enzymes has been
shown to be low in both native human skin and RS tissues but can
be upregulated within 24-72 h (10,41). In accordance, DMBA in-
duced DNA damage in the skin of hairless mice after a 24 h but not
after a 3-h treatment period (42). DMBA has been shown to have
clastogenic activity in vitro with metabolic activation and in vivo
(Supplementary Table S1). DMBA was also shown to be positive
in a previous RSMN study that evaluated DMBA and other pro-
mutagens, although the % VCC, which was a much more sensitive
indicator of the cytotoxic effects of DMBA, in the present study was
not used as a measure of cytotoxicity in the earlier study and allowed
higher doses of DMBA to be tested (24).

Ethyl methanesulfonate (EMS)

EMS was tested up to signs of strong cytotoxicity (360 pg/cm?) in
Lab A during Phase 2a. In the initial 48-h experiment, there were
no significant increases in the % MN-BN (Supplementary Figure
S12A). However, in both the second and a confirmatory third 48-h
experiment, EMS induced a clear and dose-dependent increase in %
MN-BN at multiple doses that did not exceed the cytotoxicity limits
(Supplementary Figure S12B and C). In later retesting during Phase
2¢ in Lab A, EMS resulted in a significant increase in the % MN-BN
at one mid-dose in the initial experiment using the 48-h protocol
(Supplementary Figure S12D), but the CA trend test was not signifi-
cant (P = 0.052). EMS was then tested in the 72-h protocol, in which
there was a significant increase in the % MN-BN at multiple doses
below the cytotoxicity cut-off threshold (Supplementary Figure
S12E). EMS was also tested up to doses inducing excessive cyto-
toxicity according to the % BN during Phase 2¢ in Lab C, in which
there was a clear and dose-dependent increase in % MN-BN in the
48-h protocol (Supplementary Figure S12F). As a result of the clear
increases in the % MN-BN at doses below the cytotoxicity thresh-
olds, EMS was correctly classified as positive by both Labs A and C.

Etoposide

The top dose of etoposide was limited to 1.6 pg/cm? due to its ex-
cessive cytotoxicity at higher doses in Labs A and B. Etoposide was
tested in both labs during Phase 2a and induced a clear and dose-
dependent increase in % MN-BN at non-cytotoxic doses with the
48-h protocol in two separate experiments in Lab A (Supplementary
Figure S13A and B) and Lab B (Supplementary Figure S13C and D).
Both Lab A and Lab B correctly classified etoposide as positive.

5-Fluorouracil
In Lab A, S-fluorouracil was tested up to the maximum dose
(1600 pg/cm?) in two experiments conducted in Phase 2a in Lab

A using the 48-h protocol. There were no increases in % MN-BN
in either experiment (Supplementary Figure S14A and B). Lab A re-
tested S-fluorouracil in Phase 2b with an adjusted dose testing range
due to a much greater cytotoxicity in the 72-h DRF experiment.
In two separate experiments, S-fluorouracil induced a significant
increase in % MN-BN (Supplementary Figure S14C and D). Lab
A also evaluated 5-fluorouracil in Phase 2c¢ testing and found no
statistically significant increases in % MN-BN in the initial experi-
ment with the 48-h protocol, although two doses exceeded the 95%
control limit of the historical SC and the CA trend test was signifi-
cant, indicating a relevant effect (Supplementary Figure S14E). In
the second main experiment with the 72-h protocol, 5-fluorouracil
induced a significant increase in % MN-BN at the two highest
doses (Supplementary Figure S14F). As a result, Lab A correctly
classified S-fluorouracil as positive. Lab B tested 5-fluorouracil in
Phase 2¢ and reported negative results in both the 48-h protocol
(Supplementary Figure S14G) and in two separate experiments with
the 72-h protocol (Supplementary Figure S14H and I) when tested
up to doses that exceeded the cytotoxicity thresholds, and incor-
rectly classified 5-fluorouracil as negative.

Methyl methanesulfonate (MMS)

MMS was tested in Phase 2a up to the limiting cytotoxic dose
(16 pg/cm?) according to % BN in Lab B. A dose-dependent increase
in the % MN-BN was induced by MMS and was significant at the
highest dose tested that did not produce excessive cytotoxicity with
the 48-h protocol (Supplementary Figure S15A). This increase was
confirmed in a repeat 48-h experiment with the same doses of MMS
(Supplementary Figure S15B). Lab B correctly classified MMS as
positive in the RSMN assay.

N-Methyl-N"-nitro-N-nitrosoguanidine (MNNG)

The top dose of MNNG (64 pg/cm?) was limited by excessive
cytotoxicity by % BN in Lab A. MNNG was tested with the
48-h protocol and caused a clear and dose-dependent increase
in % MN-BN at doses below the cytotoxicity threshold limits
(Supplementary Figure S16A). Since MNNG was tested during the
final Phase 2d stage and a clear positive response was observed, a
confirmatory experiment was not required. MNNG was correctly
by Lab A classified as positive.

Potassium bromate

Potassium bromate was tested in Phase 2a by Lab C up to the
maximum test dose (1600 pg/cm?). In Lab C, in two separate ex-
periments with the 48-h protocol, there were no significant in-
creases in % MN-BN at doses up to 1600 pg/cm?, which was
near or exceeded the cytotoxicity threshold according to % VCC
(Supplementary Figure S17A and B). In the Phase 2b retesting of
potassium bromate in Lab C using the 72-h protocol, the cytotox-
icity of potassium bromate increased significantly such that the %
VCC exceeded the threshold limit at doses 2100 pg/cm?. However,
after adjustment of the doses tested using the 72-h protocol, a sig-
nificant increase in % MN-BN was observed at the highest dose
tested (96 pg/cm?) that did not exceed the cytotoxicity threshold
(Supplementary Figure S17C). Potassium bromate was also tested
in Phase 2c in Labs A and B using the 48-h protocol, in which
there were strong dose-dependent increases in the % MN-BN
at lower doses that did not exceed the cytotoxicity threshold in
Lab A (Supplementary Figure S17D) and Lab B (Supplementary
Figure S17E). All three labs correctly classified potassium bro-
mate as positive.
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Taxol

Taxol was tested up to the limiting cytotoxicity dose (1.6 pg/cm?)
according to the % BN in Lab C in Phase 2a. Treatment with taxol
caused a clear and dose-dependent increase in the % MN-BN at
doses that did not produce excessive cytotoxicity in two separate ex-
periments with the 48-h protocol (Supplementary Figure S18A and
B). As a result of the clear and reproducible response, Lab C cor-
rectly classified taxol as positive.

4-Vinyl-1-cyclohexene diepoxide

The top dose of 4-vinyl-1-cyclohexene diepoxide was limited to 64 png/
cm? due to excessive cytotoxicity at higher doses in Lab D. In two
main experiments using the 48-h protocol during Phase 2a testing,
4-vinyl-1-cyclohexene diepoxide was negative (Supplementary
Figure S19A and B). In Phase 2b, 4-vinyl-1-cyclohexene diepoxide
was tested by Lab A in the 72-h protocol only. This was a follow-up to
the 48-h-only protocol, tested in Lab D, at the advice of the Steering
Committee, since Lab D participated in Phase 2a of the project only.
There was a significant increase in % MN-BN at the highest dose
tested in the first 72-h experiment (Supplementary Figure S19C). In
the repeat 72-h experiment, neither dose caused a statistically sig-
nificant increase in the % MN-BN, although both exceeded the 95%
control limit of the historical SC and the CA trend test was also
significant (Supplementary Figure S19D). During Phase 2¢ testing
in Lab B, 4-vinyl-1-cyclohexene diepoxide induced a significant in-
crease in % MN-BN at doses that did not exceed the cytotoxicity
limits with the 48-h protocol (Supplementary Figure S19E). Lastly,
in Phase 2c¢ testing in Lab C, 4-vinyl-1-cyclohexene diepoxide was
negative in an experiment using the 48-h protocol (Supplementary
Figure S19F). In the initial experiment using the 72-h protocol,
4-vinyl-1-cyclohexene diepoxide showed an equivocal response with
one mid-dose, resulting in a significant increase in the % MN-BN,
but the CA trend test was not significant (Supplementary Figure
S19G). However, in the repeat 72-h experiment, there was a signifi-
cant increase in the % MN-BN at multiple doses that did not exceed
the cytotoxicity limits (Supplementary Figure S19H). Labs A, which
performed the 72-h follow-up testing on behalf of Lab D, as well as
Labs B and C all correctly classified 4-vinyl-1-cyclohexene diepoxide
as positive.

Chemicals with an expected negative outcome

This section comprises chemicals considered as ‘true negative’, i.e.
those for which concordant negative results in historical in vitro and
in vivo experiments were obtained, as well as ‘misleading positive’
chemicals, which showed positive in vitro findings, which were not
confirmed in vivo.

Ampicillin sodium salt

Ampicillin sodium salt was tested by Lab A up to the maximum dose
of 1600 pg/cm? based on a lack of excessive cytotoxicity. The testing
was carried out during Phase 2a using the 48-h protocol. There were
no significant increases in the % MN-BN up to the maximum re-
quired test dose in two separate experiments (Supplementary Figure
S20A and B). Ampicillin sodium salt was correctly classified as
negative.

Beclomethasone dipropionate

Lab B tested beclomethasone dipropionate up to the maximum dose
of 1600 pg/cm? based on a lack of excessive cytotoxicity. The testing
was carried out during Phase 2a using the 48-h protocol. There were

no significant increases in the % MN-BN up to the maximum re-
quired test dose in two separate experiments (Supplementary Figure
S21A and B). Beclomethasone dipropionate was correctly classified
as negative.

N-Butyl chloride

The maximum dose of N-butyl chloride tested in Phase 2a by Labs
A, B and D varied from 160 to 1600 pg/cm? according to the level of
cytotoxicity observed in each lab. Each lab conducted two or three
separate main experiments using the 48-h protocol and in several
of the experiments, the % VCC approached or just exceeded the
threshold limit at some doses. However, no significant increases in %
MN-BN were observed up to the highest dose tested (1600 pg/cm?)
in any 48-h experiment [Supplementary Figure S22A and B (Lab A),
S22F and G (Lab B) and S22H-J (Lab D)]. N-Butyl chloride was
also re-evaluated by Labs A and C during Phase 2c testing. In the
initial 48-h experiment in Lab A, there was a significant increase in
% MN-BN only at the highest dose (1600 pg/cm?) (Supplementary
Figure S22C). However, two separate experiments in Lab A con-
ducted with the 72-h protocol with the same doses showed nega-
tive results (Supplementary Figure S22D and E). The second 72-h
experiment did show a significant increase in the % MN-BN at the
1600 pg/cm? dose, but the level was within the 95% control limit of
the historical SC for the lab (Supplementary Figure S22E). In Lab
C, there was no significant increase in the % MN-BN in either the
48- or 72-h experiments, although the maximum dose of N-butyl
chloride tested was limited to 160 pg/cm? due to excessive cytotox-
icity at higher doses (Supplementary Figure S22K and L). Due to the
lack of a significant genotoxic response or the lack of a reproducible
response, N-butyl chloride was correctly classified as negative in all
four labs.

Curcumin

The top dose of curcumin tested (160 pg/cm?) was limited by ex-
cessive cytotoxicity according to the % VCC in Lab B. In the first
main experiment during Phase 2a, there was a marked increase in %
MN-BN at three doses, although the % VCC exceeded the cytotox-
icity limit at all except one dose (48 pg/cm?) (Supplementary Figure
S23A). A similar result was seen in the repeat experiment, with a
significant increase in % MN-BN at 48 pg/cm? and excessive cyto-
toxicity (<40% VCC) at the next dose (96 pg/cm?; Supplementary
Figure S23B). The % MN-BN only exceeded the 95% control limit
of the historical SC at the lower dose, but the CA trend test was
significant. On the basis of these results, curcumin was incorrectly
classified as positive. Curcumin falls within the ‘misleading positive’
chemicals group, which has shown positive findings in the in vitro
MN tests in most cells and cell lines but was negative when tested in
an in vivo MN test (Supplementary Table S1).

2,6-Diaminotoluene (2,6-DAT)

In the first main experiment, 2,6-DAT was tested up to a max-
imum dose of 350 pg/cm? during Phase 2a with the 48-h protocol
in Lab D which was limited by excessive cytotoxicity. 2,6-DAT did
not significantly increase the % MN-BN under these conditions
(Supplementary Figure S24A). Due to a lack of strong cytotoxicity,
the doses were adjusted up to a maximum dose of 800 pg/cm? in
the second 48-h experiment, at which 2,6-DAT caused a significant
increase in % MN-BN that was outside of the 95% control limit
of the historical SC at ~50% cytotoxicity (Supplementary Figure
$24B). Since there was some inconsistency in the cytotoxicity values
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amongst experiments, two additional 48-h experiments were per-
formed. There were no significant increases in the % MN-BN in the
third experiment (Supplementary Figure S24C). In the final experi-
ment, 2,6-DAT caused a significant increase in % MN-BN at 800 pg/
cm? that was outside of the 95% control limit of the historical SC.
Two higher doses, up to 1000 pg/cm?, did not result in a significant
increase. The cytotoxicity thresholds were not exceeded and the CA
trend test was also not significant (Supplementary Figure S24D). Due
to the lack of reproducibility in the response of the % MN-BN, 2,6-
DAT was therefore correctly predicted as negative.

2,4-Dichlorophenol

The top dose tested for 2,4-dichlorophenol (50 pg/cm?) was limited
by excessive cytotoxicity according to both % BN and % VCC. In
the first main 48-h experiment during Phase 2a in Lab A, no statistic-
ally significant increases in % MN-BN were observed up to this dose
(Supplementary Figure S25A). This result was confirmed in a repeat
experiment (Supplementary Figure S25B). In Lab D during Phase
2a testing, 2,4-dichlorophenol was negative in two experiments
conducted using the 48-h protocol at similar doses (Supplementary
Figure S25C and D). Therefore, 2,4-dichlorophenol was correctly
classified as negative in the RSMN assay by both labs.

Diclofenac
The top dose for diclofenac (50-80 pg/cm?) was limited by excessive
cytotoxicity. Diclofenac was tested in Labs B and D during Phase
2a with the 48-h protocol. In the first main experiment in Lab B,
a dose-dependent increase in % MN-BN was observed, which was
significant at the highest dose (50 pg/cm?) (Supplementary Figure
S26A). This response, however, was not confirmed in a repeat experi-
ment using the same doses (Supplementary Figure S26B). In the ini-
tial experiment in Lab D in Phase 2a, there was a significant increase
in % MN-BN at the top dose (80 pg/cm?), however the cytotox-
icity threshold according to % VCC was exceeded (Supplementary
Figure S26D). A repeat 48-h experiment was conducted in which
there was a significant increase in % MN-BN at the top dose of
diclofenac (80 pg/cm?) that did not exceed the cytotoxicity limits
(Supplementary Figure S26E). Diclofenac was also tested in Labs
A and B during Phase 2¢ with the 48-h protocol up to similar max-
imum doses (80-90 pg/cm?). In these experiments, there were sig-
nificant increases in the % MN-BN at all doses >48 pg/cm? in both
labs [Supplementary Figure S26C (Lab B) and S26F (Lab A)]. Based
on these results, all labs incorrectly classified diclofenac as positive.
With regards to the other available test data, diclofenac has been
classified as non-genotoxic based on results of both mutagenicity
[Ames, hypoxanthine (guanine) phosphoribosyl transferase (HPRT)
and mouse lymphoma assay] and clastogenicity (in vitro chromo-
some aberration and in vivo MN) tests (Supplementary Table S1);
however, only limited details of the test conditions are available.
Diclofenac is a non-steroidal anti-inflammatory drug (NSAID) and
also the active ingredient in dermal drugs for treating pre-cancerous
skin lesions. The mechanism of action is not completely understood
but likely involves the induction of apoptosis and the normalisation
of metabolism and immune cell infiltration and function in actinic
keratosis lesions via cyclooxygenase (COX-1/-2)-dependent and
independent pathways (43-45). To note, Lab A reported a strong
increase of apoptotic cells alongside the increase of micronuclei, a
well-known cause of false-positive results in MN scoring. Other
proposed mechanisms for diclofenac-induced toxicity include the in-
duction of oxidative stress via metabolism of diclofenac to reactive

benzoquinone imines by CYP2C9 and CYP3A4, leading to depletion
of intracellular glutathione levels and DNA damage (46,47). Along
these lines, the in2 vitro chromosome aberration assay was performed
in whole blood (48) and erythrocytes contain catalase which can
buffer oxidative species and may explain the different outcome from
that observed in the RSMN.

Ethionamide

The top dose for ethionamide (30-160 pg/cm?) varied according
to the level of cytotoxicity observed in each lab. Ethionamide was
tested in Lab A during Phase 2a and was shown to be negative in
two separate experiments using the 48-h protocol (Supplementary
Figure S27A and B). Ethionamide was also negative in Lab B when
it was tested during Phase 2¢ up to higher doses (400 pg/cm?) that
exceeded the cytotoxicity thresholds (<40% VCC or BN) using the
48- and 72-h protocols in successive experiments (Supplementary
Figure S27C and D). The first experiment in Lab C with the 48-h
protocol in Phase 2c was also negative when tested up to doses
that exceeded the cytotoxicity cut-off limit (Supplementary Figure
S27E). The follow-up experiment using the 72-h protocol produced
equivocal results, with significant increases at two doses which were
both at the cytotoxicity threshold limit according to the % VCC
(Supplementary Figure S27F). However, in the repeat 72-h experi-
ment conducted with the same doses of ethionamide, there was no
significant increase in the % MN-BN at any dose (Supplementary
Figure S27G). All three labs correctly classified ethionamide as nega-
tive in the RSMN assay.

Eugenol

Lab A tested eugenol up to doses showing excessive cytotoxicity (80—
100 pg/cm?). In the first main experiment using the 48-h protocol
during Phase 2d testing, eugenol induced a significant increase in %
MN-BN only at one mid-dose (48 pg/cm?); however, the CA trend
test was also positive (Supplementary Figure S28A). Eugenol was
then retested using the 72-h protocol and a significant increase in
the % MN-BN was seen at the two highest doses tested without
exceeding the cytotoxicity thresholds and the response exceeded the
95% control limit of the historical SC at the highest dose (80 pg/cm?)
(Supplementary Figure S28B). Based on these results, Lab A incor-
rectly classified eugenol as positive in the RSMN assay. Eugenol also
falls within the ‘misleading positive’ chemicals group, which showed
positive findings in the in vitro MN tests and chromosome aberra-
tion test in some cell lines but was negative when tested in in vivo
MN tests and carcinogenicity tests (Supplementary Table S1).

8-Hydroxyquinoline

The top dose for 8-hydroxyquinoline (48 pg/cm?) was limited by ex-
cessive cytotoxicity. In the first main 48-h experiment during Phase
2a in Lab D, there were no statistically significant increases in %
MN-BN up to this dose, although the cytotoxicity limits were not
reached (Supplementary Figure S29A). In the second main 48-h ex-
periment, the cytotoxicity threshold was reached according to the
% BN at the top dose tested. As before, 8-hydroxyquinoline did
not show any increase in % MN-BN up to this dose (48 pg/cm?)
(Supplementary Figure S29B). 8-Hydroxyquinoline was classified
correctly by Lab D as negative in the RSMN assay.

p-Limonene
The top dose for D-limonene (64 pg/cm?) was limited by excessive cyto-
toxicity observed according to the % VCC in Lab A. In two separate
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48-h experiments conducted during Phase 2a, there were no statistic-
ally significant increases in % MN-BN up to this dose, although the
cytotoxicity limits were not quite reached (Supplementary Figure S30A
and B). p-Limonene was also tested in Phase 2¢ by Labs B and C using
higher doses. In the initial 48-h experiment in Lab B, D-limonene did
not show any increase in % MN-BN (Supplementary Figure S30C).
D-Limonene was then tested using the 72-h protocol and, in the first
experiment, showed a significant increase in % MN-BN at one mid-
dose (680 pg/cm?) that exceeded the 95% control limit of the histor-
ical SC and showed a significant CA trend test (Supplementary Figure
S30D). However, this response was not reproducible in two separate
repeat 72-h experiments at doses up to 1200 pg/cm? (Supplementary
Figure S30E and F). Lab C tested D-limonene up to doses of 160 pg/
cm? in the 48-h protocol and 72 pg/cm? using the 72-h protocol. The
initial 48-h experiment showed no evidence of an increase in response
to D-limonene (Supplementary Figure S30G). In the 72-h experiment,
only one mid-dose (32 pg/cm?) significantly increased the % MN-BN,
exceeding the 95% control limit of the historical SC. However, the CA
trend test was not significant and this response was not achieved in
three higher doses of D-limonene that did not exceed the cytotoxicity
limits (Supplementary Figure S30H). All three labs correctly classified
D-limonene as negative.

D-Mannitol

D-Mannitol was tested up to the maximum test dose (1600 pg/cm?)
without exceeding the cytotoxicity limits in DRF experiments during
Phase 2a testing in two labs. In Lab B and Lab D, p-mannitol was
tested in two separate 48-h main experiments and both showed that
there was no significant increase in the % MN-BN at any dose up
to 1600 pg/cm? in Lab B (Supplementary Figure S31A and B) and in
Lab D (Supplementary Figure S31C and D). p-Mannitol was classi-
fied correctly by both labs as negative.

Nifedipine

In Lab A, the top dose for nifedipine (51 pg/cm?) was limited by
precipitation on the surface of the skin tissues observed in the DRF.
Nifedipine did not cause an increase in the % MN-BN in two separate
48-h main experiments conducted during Phase 2a (Supplementary
Figure S32A and B). Nifedipine was classified correctly as negative.

Nitrofurantoin

In the initial 48-h experiment, nitrofurantoin was tested up to a
dose of 48 pg/cm? due to excessive cytotoxicity at higher doses. In
the first main 48-h experiment in Lab B in Phase 2a, nitrofurantoin
did not cause a significant increase in the % MN-BN at any dose
up to 48 pg/cm? (Supplementary Figure S33A). In the second main
48-h experiment, Lab B was able to retest nitrofurantoin up to the
maximum test dose of 1600 pg/cm? without exceeding the cytotox-
icity limits. None of the doses caused a significant increase in the %
MN-BN (Supplementary Figure S33B). Nitrofurantoin was therefore
classified correctly by Lab B as negative.

1-Nitronaphthalene

The top dose for 1-nitronaphthalene (50-80 pg/cm?) was limited
by excessive cytotoxicity observed according to the % VCC in Lab
A. In the initial main 48-h experiment conducted during Phase 2a,
there were no statistically significant increases in % MN-BN up
to 50 pg/em?, although the cytotoxicity threshold limits were not
reached (Supplementary Figure S34A). In the repeat 48-h experi-
ment, 1-nitronaphthalene was tested up to a higher dose (62 pg/cm?)

without a significant increase in % MN-BN. The response at this
dose just exceeded the 95% control limit of the historical SC for
Lab A and the CA trend test was significant, although the cyto-
toxicity threshold for % VCC was also just below the threshold
(Supplementary Figure S34B). A third 48-h experiment was then
conducted at doses up to 80 pg/cm? in which there were no signifi-
cant increases in % MN-BN (Supplementary Figure S34C). As a re-
sult, 1-nitronaphthalene was classified correctly as negative in the
RSMN assay.

4-Nitrophenol

4-Nitrophenol was tested up to signs of excessive cytotoxicity
(20-48 pg/cm?). Labs B and D tested 4-nitrophenol using the 48-h
protocol during Phase 2a and did not find any evidence for an
increase in % MN-BN in two separate experiments in each lab,
although the cytotoxicity limits were not achieved at the doses
tested [Supplementary Figure S35A and B (Lab B) and S35C
and D (Lab D)]. 4-Nitrophenol was also tested in Phase 2¢ in
Labs A and C using both the 48-h and follow-up 72-h proto-
cols. All experiments were negative in both labs when tested up
to doses that exceeded the cytotoxicity threshold limit by % BN
[Supplementary Figure S35E and F (Lab A) and S35 F and G (Lab
C)]. 4-Nitrophenol was therefore correctly classified as negative
by all four labs.

Phenanthrene

The top dose for phenanthrene in the main experiments was gen-
erally limited to ~200-400 pg/cm? due to precipitation on the sur-
face of the skin tissues. Phenanthrene was tested by all four labs
during Phase 2a and mixed results were found. In the initial 48-h
experiment in Lab A, phenanthrene induced a significant increase
in % MN-BN at the two highest doses tested (160 and 224 pg/cm?)
(Supplementary Figure S36A). When tested at higher doses (up to
1600 pg/cm?) in the second 48-h experiment, precipitation was seen
at all doses 2400 pg/cm? and the % MN-BN was not increased by
any non-precipitating dose up to 270 pg/cm? (Supplementary Figure
S36B). A negative result was also seen in the third 48-h experiment
at doses up to 400 pg/cm? (Supplementary Figure S36C). Additional
testing of phenanthrene later during Phase 2a in Lab A yielded sig-
nificant increases in the % MN-BN at several non-precipitating
doses in the two separate 48-h experiments (Supplementary Figure
$36D and E). Phenanthrene was found to be negative in the other
labs in Phase 2a in two separate 48-h experiments in each lab when
tested up to precipitating doses [Supplementary Figure S36F and G
(Lab B), S36I and J (Lab C) and S36K and L (Lab D)]. Finally, a 72-h
experiment in Lab B during Phase 2b also showed no evidence for
an increase in % MN-BN at doses of phenanthrene up to 480 pg/cm?
(Supplementary Figure S36H). Thus, phenanthrene was incorrectly
classified as positive in Lab A and correctly classified as negative in
Labs B, C and D.

Phenol

Phenol was tested up to signs of excessive cytotoxicity (300-440 pg/
cm?). Lab D tested phenol using the 48-h protocol during Phase 2a,
in which a significant increase in the % MN-BN was observed only
at the highest dose tested (440 pg/cm?) in the second experiment, al-
though the % MN-BN did not exceed the 95% control limit of the
historical SC for Lab D (Supplementary Figure S37A and B). On the
basis of these results, phenol was correctly classified as negative in
the RSMN assay in Lab D.
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Propyl gallate

Propyl gallate was tested up to signs of excessive cytotoxicity (48 ng/
cm?). In Lab B, using the 48-h protocol during Phase 2a, propyl
gallate did not significantly increase the % MN-BN when tested
up to doses that caused cytotoxicity just above the threshold limits
(Supplementary Figure S38A and B). Propyl gallate was correctly
classified by Lab B as negative.

Resorcinol
Lab A tested resorcinol up to signs of strong cytotoxicity (400 pg/
cm?). In the first two main experiments using the 48-h protocol in
Phase 2a, there were no statistically significant increases in the %
MN-BN at doses up to the cytotoxicity threshold (Supplementary
Figure S39A and B). Resorcinol was retested in Phase 2¢ by Lab
A using the 48-h protocol, in which there was a significant in-
crease in the % MN-BN at the two highest non-cytotoxic doses
(Supplementary Figure S39C). Resorcinol was also tested in Phase
2¢ in Lab B, initially with the 48-h protocol up to doses exceeding
the cytotoxicity limit by % BN. There was a significant increase
in % MN-BN at the highest dose tested (160 pg/cm?) but the level
did not exceed the 95% control limit of the historical SC of Lab
B (Supplementary Figure S39D). In a second experiment using the
72-h protocol, resorcinol did not induce any statistically significant
increase in the % MN-BN when tested up to doses that exceeded the
cytotoxicity limit by % BN (Supplementary Figure S39E). Resorcinol
was correctly classified as negative in Lab A in Phase 2a and Lab B in
Phase 2c, but incorrectly classified as positive by Lab A in Phase 2c.
Resorcinol falls within the ‘misleading positive’ chemicals
group and mixed results have been reported in in vitro MN and
chromosome aberration tests in several cell types (Supplementary
Table S1). Resorcinol also led to somewhat controversial results in
vivo when it tested positive in an in vivo MN test in male B6C3F1
mice (49) but showed no effects in male and female Crl:CD (SD)BR
rats (50) and was non-carcinogenic in rats and mice (49). Overall,
both the European Food Safety Authority (EFSA) and the Scientific
Committee on Consumer Safety (SCCS), the independent expert
panel mandated by the European Commission, classified resorcinol
as non-genotoxic in vivo (50,51).

Tolbutamide

The top dose for tolbutamide was limited by precipitation on the
surface of the skin tissues or by excessive cytotoxicity. Tolbutamide
was tested by Lab A and Lab B during Phase 2a and mixed results
were found. In two separate 48-h experiments in Lab A, tolbutamide
induced significant increases in the % MN-BN at two mid-doses in
the initial experiment, with a significant CA trend test, and at the
lowest non-precipitating dose in the second experiment. All of the
significantly increased % MN-BN levels were at or just exceeded the
95% control limit of the historical SC of Lab A and were also mostly

seen in conjunction with precipitation of the chemical on the tissue
surface (Supplementary Figure S40A and B). In Lab B, tolbutamide
only induced a significant increase in % MN-BN at one mid-dose
in the initial 48-h experiment. The CA trend test was significant but
the % MN-BN at this dose did not exceed the 95% control limit
of the historical SC of Lab B and was not seen in the repeat 48-h
experiment (Supplementary Figure S40E and F). Tolbutamide was
also retested later in Phase 2a by Lab A and Lab C and negative
results were found in both labs in two separate 48-h experiments
[Supplementary Figure S40C and D (Lab A) and S40 G-H (Lab C)].
Tolbutamide was incorrectly classified as positive by Lab A in early
Phase 2a, but correctly classified in later Phase 2a testing and tol-
butamide was also correctly classified as negative by both Labs B
and C.

Historical database

For all laboratories participating in Phase 2, descriptive statistics
were performed for the percentage of MN-BN for the SC (Table 2).
These data were used to obtain information on the 95% quantile
of the mean of the historical SC controls for the % MN-BN which
was determined at the end of each test phase (2a-2d) for the 48-
(two-treatment) and 72-h (three-treatment) protocols for each of the
four participating laboratories. While variable among laboratories,
each one (A, B, C, D) showed a low and reproducible level of the %
MN-BN for the SC (as well as a clear induction of MN by the PC
(MMC) across the various testing phases (2a—2d), demonstrating the
robustness of the method over time. The acceptance criterion for the
PC (a significant increase in % MN-BN above SC) was also fulfilled
in all main experiments in Phase 2.

Assessment of intra- and inter-laboratory
reproducibility

In order to assess intra- and inter-laboratory reproducibility, all data
generated within the coded validation effort were tabulated from
Phase 1 of the validation study published previously (21) and from
Phase 2 of the present study (Table 1 and Supplementary Table S2).
The reproducibility of the RSMN assay within a laboratory over
time was assessed by comparing the outcome of individual ex-
periments when more than one experiment was performed under
identical conditions (using either the 48- or 72-h protocol) in the
same laboratory. Across all four laboratories, 69 double and triple
experiments could be identified and counted towards assessing the
concordance of classification (see Table 3 and Supplementary Table
S2). The overall within-laboratory reproducibility for the valid-
ation exercise was 84% (Table 3), with values between 74 and 93%
for the individual laboratories that participated in the validation.
Reproducibility among laboratories was calculated based on the
final overall call from each lab for each chemical which was tested
in multiple labs during Phases 1 and 2a-2d. In total, 22 of 43 of the

Table 2. RSMN historical solvent control for the 95%-quantile of the mean of the historical SC control for the % MN-BN determined at the
end of each testing phase (2a-2d) for the 48- (two-treatment) and 72-h (three-treatment) protocols for each of the four participating labora-
tories (A, B, C, D; n = the cumulative number of experiments for the 48- and 72-h protocols)

48 h protocol Testing phase 72 h protocol Testing phase
2a 2b 2¢ 2d 2b 2¢ 2d
Lab A (n) 0.35 (26) 0.27 (78) 0.27 (98) 0.27 (101) Lab A (n) 0.35 (25) 0.33 (33) 0.33 (37)
Lab B (1) 0.47 (22) 0.40 (31) 0.40 (35) - Lab B (1) 0.23 (12) 0.23 (19) -
Lab C (n) 0.17 (6) 0.17 (24) 0.13 (34) - Lab C (n) 0.17 (6) 0.17 (13) -
Lab D (n) 0.35 (37) - - - Lab D (n) - - -
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Table 3. Overall reproducibility within and between laboratories
over time [within-laboratory reproducibility (WLR) and between-
laboratory reproducibility (BLR)] in Phases 1 and 2a-2d

Discordant Concordant Total %
WLR Lab A 6 17 23 73.9
Lab B 3 21 24 87.5
Lab C 1 6 7 85.7
LabD 1 14 15 93.3
All labs 11 58 69 84.1
BLR S 17 22 77.3

Table 4. Predictive capacity of the RSMN calculated based on the
evaluation criteria agreed on by the Steering Committee and other
external experts

Parameter Lab A Lab B Lab C LabD Overall
Sensitivity (%) 93.3 61.5 75.0 50.0 75.0
Specificity (%) 71.4 85.7 100 90.0 84.1
Accuracy (%) 82.8 74.1 85.7 78.6 79.8

For a per lab view, also see Supplementary Table S1.

coded chemicals were tested in two or three labs each, of which 17
resulted in identical calls and 5 led to discordant final overall calls
(Tables 1 and 3), leading to a between-laboratory reproducibility
of 77%.

Predictive capacity of the RSMN assay
The predictive capacity of the RSMN assay was calculated using the
final calls, per laboratory, for all available experimental data from all
phases of the validation exercise. Applying the approach described
in the Materials and methods section reveals an overall accuracy of
the RSMN assay of 80%, with a sensitivity of 75% and a specificity
of 84% (Table 4) (for detailed results see Supplementary Table S3).
When the RSMN assay is used in combination with the RS Comet
assay as intended, which is as a follow-up to positive results from
the standard in vitro testing battery with a choice of RSMN or RS
Comet, or both, depending on the genotoxicity endpoint(s) affected
(17,52,53), the sensitivity increases to 89% while the specificity re-
mains high. A manuscript with a detailed analysis of the predictive
capacity of these two assays in a ‘battery’ approach is in preparation.
Optimising the number of treatments and the overall treatment
time has been an important work area for the RSMN validation pro-
ject. The project initially started with a two-treatment/48-h protocol,
assuming this would provide a sufficiently sensitive assay. When the
initial data from Phases 1 and 2a were decoded and looked at by the
steering team it was found that, although the specificity was high,
the sensitivity of the 48-h protocol (65%) was lower than expected,
and it was decided to retest nine of the TP chemicals in a follow-up
study in one lab each using the 72-h protocol (Phase 2b). While not
tested double-blind in this phase, the slides were randomised and
coded prior to scoring. The results showed an increased sensitivity
using the 72-h protocol compared to the 48-h protocol. To verify
this and to assess specificity along with between-laboratory reprodu-
cibility, a double-blind study was conducted (Phase 2C). The ‘Phase
2¢” study was performed with 12 chemicals in two labs each and
confirmed the increase in sensitivity of the 72-h protocol as there
were three additional positive calls for six TPs when repeating ini-
tial negative 48-h studies (see Supplementary Figure S1, experi-
ments designated as ‘2¢’). The positive impact of the 72-h protocol

on the sensitivity is in fact quite pronounced—considering the 18
calls across all laboratories for TP substances which had negative
48-h results, 11 tested positive when using the 72-h protocol (see
Supplementary Table S2). This corresponds to an increase in sensi-
tivity of 24%. Importantly, the mandatory 72-h follow-up to nega-
tive 48-h results did not lead to any false-positive calls for the six
chemicals with expected negative outcome when tested in two labs
each, suggesting superior overall accuracy of the 72-h protocol. An
improved sensitivity of the 72-h protocol had been initially shown
by Aardema (24), suggesting that such an extended protocol is es-
pecially suited for pro-mutagens needing metabolic activation. The
improved sensitivity of the 72-h protocol observed in this formal
validation exercise is supported by other publications. The testing
of 17 chemicals of which 12 were TPs, using a different skin model
(Episkin™) and a 48-h protocol, led to a sensitivity of 83% and a
specificity of 60% with an overall accuracy of 76% (54). Applying a
72-h protocol to the pro-mutagens improved the sensitivity to 100%
and the overall accuracy to 88%. Testing of six TPs and three non-
genotoxins by a contract research lab (25) with the 48-h protocol de-
tected all but two TPs needing metabolic activation correctly. Testing
with the 72-h protocol revealed positive results also for the meta-
bolic activation requiring chemicals B[a]P and cyclophosphamide
which increased the overall accuracy to 100%. The authors suggest
that greater cell division aids the improved performance of the 72-h
protocol (25). Based on the consistent pattern observed in this valid-
ation and by other researchers, the RSMN validation team as well as
a group of independent international experts from academia, regula-
tory agencies and industry (17) recommend that going forward, the
experiments should start with the 72-h protocol.

Requirements for measurements of cytotoxicity
Potential cytotoxic activity of a test substance was determined by
measuring the VCC and the frequency of BN cells that have com-
pleted one mitosis after the addition of the actin polymerisation
inhibitor CytoB. Both are standard parameters used in the context
of the in vitro MN test as described in test guideline OECD 487
(18). A comparison of VCC to BN to determine if there was a dif-
ference in sensitivity for measuring cytotoxicity indicated that the
maximum requirement of 50-60% (OECD 487) was achieved in
as many studies by VCC as by BN (see Supplementary Figure S1),
demonstrating the value of both parameters to be included into the
protocol. As is the case for the RS Comet assay, cytokine release can
also be used to track cytotoxic properties of a test compound in the
RSMN assay, as shown by Roy et al. (55).

Strategic use of the RSMN assay

The in vitro MN assay (18) has long become a standard assay for the
detection of clastogenicity, as an alternative to the CA assay, often
preferred for its ease of performance and improved ability to de-
tect aneugenic compounds (56). This assay is typically performed
using ‘2D’ standard cell cultures which have limitations in terms of
how they can deal with stress, leading to a comparably high frac-
tion of MP results (57). 3D tissue constructs, however, are thought
to be more in vivo-like (58-62) and have also been shown to have
metabolic competency similar to native human skin (10,11,13,41).
This makes them ideal building blocks for this effort targeting re-
placement of ‘tier 2° animal follow-up assays for the dermal ex-
posure route which resulted in the development and validation of
the RS Comet and MN assays (1,7,14-17). Both skin-based assays
are considered useful tools to follow-up on positive results from the
standard 2D’ in vitro genotoxicity testing battery for regulatory
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decision making (9,17). Importantly, when used for this purpose, it
is possible to differentiate between aneugenic and clastogenic effects
by using CREST analysis, in analogy to the OECD 487 MN method,
as was shown by Roy et al. (55).

Regulatory use of the RSMN was encouraged early by the SCCS,
the European Commission’s independent expert panel ensuring safe
use of consumer products, who has added the RS genotoxicity as-
says to their toolbox in 2014 (63). Their most recent update of their
Notes of Guidance includes a weight-of-evidence approach listing
which ‘tier 2’ assays can be used to follow-up on positive results from
the standard in vitro testing battery. This ‘tier 2’ toolbox includes the
RS-based assays in the context of a dermal exposure scenario, as well
as the Hen’s Egg Micronucleus (HET-MN) test which is thought to
better reflect the oral exposure route (64). RSMN data were already
submitted and considered by the SCCS in two dossier submissions
for dermally applied chemicals, a hair dye (65) and a UV filter (66).

In the meantime, several expert groups have supported the use
of the 3D skin model based genotoxicity assays as ‘tier 2 follow-up
assays to the traditional 2D tests, including ILSI-HESI (60) and two
working groups of the International Working Group on Genetic
Toxicology (IWGT) at the 2009 (9) and 2017 (17) meetings. IWGT
has accepted the proposed endpoint-triggered follow-up strategy and
concluded that the combination of the RS Comet assay and RSMN
assays resulted in highly predictive testing of genotoxicity. As a result
of the favourable IWGT review which concludes that both assays
are sufficiently validated to move towards the development of indi-
vidual OECD test guidelines, proposals for OECD TGs for both 3D
skin-based assays were accepted into OECD?’s test guideline develop-
ment program in 2019. In this context, formal peer-review is going
through ESAC, the EURL-ECVAM Scientific Advisory Committee.

Conclusions

e A total of 43 chemicals were tested in a double-blind approach to
validate the RSMN assay.

e The overall within- and between-laboratory reproducibility for
this validation exercise was good and showed a reproducibility
of 84 and 77%, respectively, at the level of the individual experi-
ments.

e The MatTek Epi-200™ Skin model produced a reproducibly low
background MN frequency and sufficient capacity to metabolise
pro-mutagens and was therefore concluded to be suitable for the
RSMN assay.

e The RSMN assay was found to be predictive for in vivo
genotoxicity testing outcomes. The overall accuracy, summarising
data of four laboratories to predict a difficult set of chemicals,
was 80%, with a sensitivity of 75% and a specificity of 84%.
Considering endpoint specificity when following-up positives
from the standard in vitro battery, as intended, increases the sen-
sitivity to 89%.

e The 72-h, three-treatment protocol is superior to the 48-h
protocol as shown by an increased sensitivity in detecting TP
compounds.

e The RSMN is considered sufficiently validated for use as a ‘tier
2’ assay for dermally exposed compounds and was accepted into
the OECD?s test guideline development program.

e The RSMN is suggested as a follow-up tool for positive results
from standard in vitro clastogenicity/aneugenicity assays when
the expected route of exposure is dermal.

Supplementary data

Supplementary data are available at Mutagenesis Online.
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