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Abstract
Purpose RH1 is a novel anticancer agent with potent
DNA-cross linking activity. RH1 has the potential to
be activated within tumors over expressing NQO1, giv-
ing maximal antitumour activity with reduced toxicity
in normal tissues. RH1 has recently completed a Can-
cer Research UK sponsored phase I clinical trial at two
diVerent centers in the United Kingdom. The comet-X
assay was a secondary endpoint in this trial and assay
validation was necessary. We describe here this valida-
tion process. Whilst it is impossible to cover all varia-
tions/conditions of a pharmacodynamic assay, we have
strived to evaluate and demonstrate that this assay con-
forms to the three R’s of validation, that is robustness,
reliability and reproducibility.
Methods K562 and peripheral blood mononuclear
cells were treated with either radiation alone, or with a
combination of radiation and drug. These samples
were then embedded in low melting point agarose and
subjected to a modiWed version of the alkaline single
cell gel electrophoresis (Comet) assay, described here
as the comet-X assay. Variations in the preparation,
electrophoresis, storage and scoring of these samples
was investigated. In addition radiation and drug dose

response curves were constructed. Finally stability of
QC standards was investigated over a 30-month period.
Results We have demonstrated a linear radiation-dose
response in cells up to 20 Gy and drug induced DNA
cross-linking up to 50 nM. From the radiation dose
response curves we were able to show that the relative
inaccuracy measured against a global mean value was
less than 25% and the relative (within day) imprecision
was less than 30% over all doses. Between day runs pro-
duced an intra assay imprecision of 21.2%. Variables
involved in the electrophoresis process showed the volt-
age across all slides in the tank ranged from 3.1 to ¡2.0
(mV) whilst the current ranged from 0.8–5.5 mA. QC
standards were prepared from PBMCs of healthy
donors and frozen at ¡80°C. The stability of these fro-
zen QC standards was measured over a 30-month
period. No signiWcant deterioration in any of the con-
trol, irradiated or drug treated samples was observed.
Conclusions The comet-X assay has been shown to
be a robust, reliable and reproducible assay. It is ide-
ally suited for the evaluation of the pharmacodynamic
eVects of DNA cross-linking agents undergoing early
clinical trials. Furthermore, this assay may provide
valuable data, in conjunction with pharmacokinetics,
when measuring toxicity and eYcacy as part of the
RH1 phase I clinical trial.

Keywords Comet-X assay · SCGE · RH1 · 
DNA cross-linking · Validation

Introduction

The single cell gel electrophoresis (SCGE) or comet
assay was Wrst described by Ostling and Johanson [1].
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This assay can be used for direct visualisation and
quantiWcation of DNA damage to individual cells in a
population. With this assay rapid generation of data
from low numbers of almost any cell type can be
achieved independent of cell proliferation and the
reader is directed to an extensive review of applica-
tions by Fairburn et al. [2]. More recent citations
include a number of studies such as assessment of
DNA damage secondary to ionising radiation [3, 4],
cytotoxic agents [3, 5–9], genotoxins [10–12] and DNA
repair activity [10, 13]. This basic alkaline assay was
modiWed by Ward et al. [14] to measure DNA cross-
linking and is referred to as the comet-X assay. We
and others have shown that this assay is a sensitive
semi quantitative method of determining DNA inter-
strand cross-links [14–16]. Central to the assay is the
introduction of a Wxed number of random strand
breaks into the DNA of cells post-drug treatment.
DNA cross-linking drugs eVectively retard the migra-
tion of this fragmented DNA in a dose-dependent
manner. We have previously used the comet-X assay
extensively as a pharmacodynamic end point in the
pre clinical study of the in vivo eYcacy of the novel
DNA-cross linking diaziridinylbenzoquinone RH1
(2,5-diaziridinyl-3-[hydroxymethyl[-6-methyl-1,4- ben-
zoquinone) [14, 16].

RH1 is a novel anticancer agent with potent DNA-
cross linking activity. It is an excellent substrate for
and can be activated by the two electron reductase
enzyme DT-diaphorase (DTD, EC 1.6.99.2;
NAD(P)H:quinone oxidoreductase). RH1 has the
potential to be activated within tumors over expressing
NQO1, giving maximal antitumor activity with
reduced toxicity in normal tissues. Preclinical studies
showed good activity in a number of xenograft models
[17–21]. Activation of RH1 is not conWned exclusively
to NQO1 expression [20, 22]. Whilst one electron
reduction of RH1 can occur this does not enhance
cytotoxicity under hypoxic conditions [20]. It is clear
however that in those cells and tissues that over
express NQO1, enhanced cytotoxicity is observed.
Consequently, NQO1 is pivotal for a more rapid and
extensive activation of RH1.

In order to establish its tolerability in human sub-
jects with advanced solid tumours RH1 has recently
entered a Cancer Research UK sponsored phase I clin-
ical trial at two diVerent centers in the United King-
dom.

The potential use of the comet assay as a biomarker
of DNA breaks and the use of comet X as a biomarker
of DNA cross linking has been recognised for many
years. However, there are multiple points at which var-
iability can be introduced, consequently the comet

assay in general is more successful in the hands of some
groups than others. This has prompted the publication
of guidelines [23, 24] although such guidelines may not
be universally applicable.

An integral component of the RH1 clinical trial is
that pharmacodynamic (PD) assays are performed on
patient-derived samples (plasma, peripheral blood
mononuclear cells and tumour biopsies) in order to
provide evidence of drug target interaction. In this
instance the comet-X assay is used as a DNA cross-
linking assay to monitor drug eVects on peripheral
blood mononuclear cells and tumour.

All assays when used in clinical trials are now sub-
jected to more stringent regulatory requirements
within the EU [25]. Cancer Research UK policy
requires that the degree of validation is dependent on
the order of priority designated to the pharmacody-
namic assay. The comet-X assay is a secondary end-
point in this trial and assay validation was necessary.
We describe here such a validation process for the
assay. Whilst it is impossible to cover all variations/
conditions of a pharmacodynamic assay, we have
strived to evaluate and demonstrate that the assay con-
forms to the three R’s of validation, that is, it is reli-
able, reproducible and robust. To achieve this we have
concentrated on three main areas. Firstly the slide elec-
trophoresis, slide stability, storage and analysis, sec-
ondly sample transport and processing radiation/DNA
cross-linking dosimitry and Wnally the generation and
stability of internal quality control (QC) samples.

Materials and methods

RH1

RH1 was synthesised as previously described [17] and
was dissolved in DMSO and diluted as necessary prior
to use.

Cell culture

The human erythroleukaemic blast K562 cell line was
obtained originally from the European Collection of
Animal Cell Cultures (ECACC, UK). Cells were
grown in RPMI 1640 medium supplemented with 1%
L-glutamine and 10% heat inactivated foetal calf serum
(Invitrogen) at 37°C in a humidiWed atmosphere with
5% carbon dioxide. They were maintained in log phase
growth by weekly serial dilution. Cells were routinely
screened for mycoplasma contamination by PCR and
remained negative throughout the experiments
described.
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K562 cells were used for most validation experi-
ments. BrieXy cells were diluted to 2 £ 104 cells/ml in
RPMI medium in a total volume of 0.5 ml.

Peripheral blood mononuclear cell (PBMCs) 
preparation

PBMCs were harvested from Wve healthy volunteers
with informed consent. From each, 6 ml of blood was
collected into tubes containing EDTA. The blood was
layered over 5 ml of lymphoprep (Invitrogen) and spun
at 800g for 20 min. The buVy layer was removed and
washed in 15 ml of ice cold Hanks Balanced Salt Solu-
tion (HBSS) (Sigma). Cells were Wnally re-suspended
in ice cold HBSS, counted and diluted to a Wnal con-
centration of 4 £ 104 cells/ml prior to treatment. A
sixth sample was prepared by pooling cells from each
of the Wve volunteers.

Both K562 cells and PBMCs were transferred to
bijou tubes (Sterilin, StaVordshire, UK) and placed on
ice. Drug treated and control irradiated samples were
then subjected to irradiation using a Cesium-137
source (0.4 Gy/min). All samples were maintained on
ice to prevent repair. All experiments consisted a mini-
mum of both control non-irradiated and irradiated
cells.

External QC samples

Pooled PBMCs were isolated and prepared as
described above then treated with either 10 or 25 nM
RH1 for 2 h. Cells were then washed in ice cold HBSS
and re-suspended at 4 £ 104 cells/ml in plastic Bijou
tubes and irradiated at 20 Gy. Samples were either
analysed immediately or dimethyl sulfoxide (DMSO,
Sigma) was added to a Wnal concentration of 10% and
samples were stored at ¡80°C for various lengths of
time.

Slide preparation and electrophoresis equipment

Super frost slides (76 £ 26 mm, BDH) were wiped with
a 0.1% solution of poly-L-lysine (Sigma) and allowed to
air dry. Once dry, 1% molten normal agarose (BMA,
Rockland, US; dissolved in ddH2O) was spread evenly
over each slide and allowed to dry overnight. Pre coat-
ing the slides in way prevented the top agarose layer
containing cells from slipping oV during electrophoresis.
Purpose made electrophoresis tanks with lids were con-
structed from black plastic with a single stretched plati-
num electrode at each end. The dimensions of the tank
(W £ L £ D) were such that 1 l of electrophoresis
buVer was needed to completely cover the slides which

themselves were accommodated on purpose built trays.
These trays were use to hold and transfer the slides dur-
ing lysis and washing steps accomplished in tanks of
similar dimensions to that of the electrophoresis tanks.

Two electrophoresis tanks were used throughout the
study.

Comet-X assay

To 0.5 ml of cell suspension in bijou tubes 1 ml of mol-
ten (50°C) 1% low melting point (LMP) agarose (USB,
Cleveland, US; dissolved in PBS) was added. This sus-
pension was gently mixed then placed onto a micro-
scope slide prepared as described above. A slide length
borosilicate coverslip (50 £ 22 mm, BDH) was placed
onto each slide to spread the sample evenly and the
slide was then transferred to an ice tray. When the aga-
rose had cooled and set, the coverslip was removed;
each slide was placed on a tray. Up to 24 slides were
placed on each tray, using blank slides if necessary to
Wll in the gaps. The trays were then placed into a wash-
ing tank. Cells were lysed for 1 h in ice-cold comet lysis
buVer (CLB, 2.5 M NaCl (Sigma), 10 mM Tris (BDH),
100 mM EDTA, pH 10.5–11 (BDH), 10 ml of 10%
DMSO and 10 ml Triton X-100 (Sigma). CLB was
made up and stored at 4°C prior to the experiment
without DMSO and Triton, which were then added just
before use. Following lysis the slides were washed
thrice with ddH2O for 15 min each time and then cov-
ered with 1 l of alkali unwinding buVer (50 mM NaOH
(BDH) and 1 mM EDTA (BDH), pH 12.5). The slides
were left in the unwinding buVer for 30 min and then
electrophoresed at 21 V (0.6 v/cm) for 25 min. The
slides were washed with a neutralising solution of
500 mM pH 8.0 Tris–HCl (BDH), rinsed with PBS and
left to air-dry overnight. The slides were then stored in
lightproof boxes prior to analysis. Prior to scoring, the
slides were rehydrated and stained with the a 1/10,000
dilution of the Xuorochrome SYBR GOLD (Molecular
Probes, Eugene, US). The slides were viewed using
Xuorescence microscopy (Zeiss-Jenamed, Oberko-
chen, Germany) at 250£ magniWcation. Fifty cells, 25
each on duplicate slides were captured and the data
quantiWed using a computer package (Komet Version
6, Kinetic Imaging). The percentage DNA present in
each comet was recorded and the % DNA cross-linked
calculated [14]. Representative images of comets
scored during these experiments are shown in Fig. 1.

Statistical methods

The basic parameter used in analysing the comets was
% tail DNA. This Wgure was used to calculate % DNA
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cross-linked [14]. Statistical analysis was performed
using two tailed t tests.

Results

Electrophoresis

Six slides, without cells, were placed at regular intervals
within the electrophoresis tank. The slides were just
covered with alkali unwinding buVer and electrophore-
sis performed for 25 min. During electrophoresis, using
a modiWed probe, both the current and the voltage were
measured in-gel on three diVerent areas of each slide.

Initiation of both current and voltage was rapid and
equalised within 5 min. Graphical representation of
variations in both the current and the voltage within
the gel during electrophoresis are shown in Fig. 2. The
voltage across all slides ranged from 3.1 to 2.0, (mean
2.5 § 0.3 SD) whilst the current ranged from 0.8 to
5.5 mA (mean 3.1 § 1.4 SD).

K562 cells (unirradiated and irradiated) were
embedded in agarose on slides. One slide of each was
placed in the left upper quadrant, left lower quadrant,
right upper quadrant, right lower quadrant and in the
centre of the electrophoresis tank. The samples were
then processed as described previously. Each experi-
ment was repeated twice in each of the two tanks.
Comparison of the means between slides in any of the
four quadrants and the centre of the tanks are shown in
Table 1. In irradiated samples some statistical diVer-
ence (P < 0.05) between slide positions in experiments
performed on diVerent days was observed. When
experiments were run on the same day no such diVer-
ences were observed Furthermore, these diVerences in

Fig. 1 Typical comets obtained from control and treated PBMCs
using the comet-X assay. a Control nondrug nonirradiated comet.
b No radiation drug only (10 nM) demonstrating little or no DNA
damage from RH1 alone. c No drug, irradiation (20 Gy) alone,
showing a substantial comet tail of fragmented DNA. d Irradia-
tion following drug treatment (10 nM, RH1). Note the distinct
retardation of DNA migration resulting in a shortened comet tail

Fig. 2 The extent and duration of both current and voltage pass-
ing through each of six individual cell free agarose gels placed on
slides as described in Materials and methods. The diVerent posi-
tions in the electrophoresis tank include those listed in Table 1.
(Each proWle is the mean of three readings per time point; error
bars are omitted for clarity)
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comet tails on slides in diVerent positions were not
reproducible for any given position in any tank
between diVerent experiments. No statistical diVer-
ences in control slides were observed in any of the
experiments performed.

Stability

K562 cells (10 unirradiated controls and 10 irradiated
samples) were embedded in LMP agarose on slides.
Half the slides were placed in CLB immediately and
the others were kept on ice for 2 h and then placed in
CLB. Then the samples were processed as described
previously. There were no statistically signiWcant diVer-
ences between samples, which were processed immedi-
ately, and those, which were placed on ice for up to 2 h
(P > 0.05). The CLB buVer can be made up without
detergent or DMSO and stored at 4°C prior to use. It
was necessary therefore to determine the eVect of stor-
age time on this buVer. A single large batch of CLB
buVer was produced and stored at 4°C. Freshly pre-
pared control and irradiated K562 cells were used to
produce test slides, which were subsequently lysed and
processed in this buVer. Samples of CLB were used
fresh, 1, 4 and 8 weeks old and the results are shown in
Table 2. Comparisons of means between control sam-
ples processed in either fresh CLB or stored CLB
buVer just showed statistical signiWcance (P = 0.04)
after 8 weeks storage but not at 4 weeks. Irradiated
samples however showed no such diVerences (P = 0.2).

Scoring

Slides from these stability experiments were allowed to
air dry, scored immediately and then left in lightproof
cardboard boxes for 1 month. After this time, the slides
were rehydrated and scored again using the same soft-
ware. Four slides from each of the two experimental
runs were scored and analysed separately by two ana-
lysts. There was no statistical diVerence between fresh
and stored sets of slides (P = 0.075). Likewise there
was no statistically signiWcant diVerence between the
scores derived from either analyst (P > 0.05).

Radiation calibration curves for K562 cells

The comet-X assay requires the introduction of a Wxed
number of strand breaks the degree of retardation of
which acts as a surrogate measurement of DNA cross
linking. The introduction of a Wxed number of breaks
must be reproducible and accurate. The within day and
between day variation of such a step needs to be deter-
mined. K562 cells were subjected to 5, 10, 15 and 20 Gy
of radiation at 0.4 Gy/min using Cesium-137 source.
Radiation calibration curves were constructed and are
shown in Fig. 3. Two complete sets of experiments
were performed on each of two diVerent days. Both the
inter- and intra-experimental variation was measured.

The measured response to ionising radiation was
found to be linear up to 20 Gy. There were no signiW-
cant diVerences between any of the radiation calibra-
tion curves (P > 0.05). Inter assay imprecision was
found to be 31.8% whilst the Intra assay imprecision
was 21.2%. The r2 range was 0.98 § 0.02. The highest
mean control (no radiation) value was 18.05 § 9.5 SD.
The lowest level of quantiWcation (LLOQ) was there-
fore set at 1 SD above this value and was shown to be
5 Gy.

Radiation calibration curves for PBMCs

Biological response to ionising radiation can be cell
type dependant so it is essential to demonstrate, for
each cell type used in this assay, a linear DNA damage
response curve to ionising radiation. Blood from Wve
healthy volunteers was collected with informed con-
sent and processed to yield PBMCs as described above.
A sixth pooled sample consisting of equal numbers of
cells from all Wve donors was also created. The cells
were irradiated at doses 0, 5,10,15 and 20 Gy.

The radiation calibration curves for each individual
sample and for the pooled sample are shown in Fig. 4.
All curves were observed to be linear. There was no
statistical diVerence (P > 0.05) between any of the

Table 1 % Tail in the tail of control or irradiated PBMCs at var-
ious positions in the electrophoresis tank

Each point represents the mean and SD of 25 comets scored on
each of two slides from each of two tanks on two independent as-
say runs

Position Control Irradiated

Upper right quadrant 5.1 (5.1) 78.8 (4.7)
Upper left quadrant 4.0 (4.3) 77.1 (5.9)
Centre 5.8 (5.4) 78.2 (6.5)
Lower right quadrant 4.8 (4.4) 79.5 (7.1)
Lower left quadrant 5.4 (4.9) 81.3 (6.2)

Table 2 The stability of comet lysis buVer (CLB) determined by
processing control or by irradiated K562 cells though the comet
assay following lysis in fresh buVer or buVer stored without
DMSO or Triton X-100 for up to 8 weeks

Each point represents the mean and SD deviation of 25 comets
scored on each of two slides

* P = 0.057, ** P = 0.032

Fresh buVer Four weeks 4°C Eight weeks 4°C

Control 4.62 (0.16) 5.05* (1.2) 6.0** (0.81)
Irradiated 72.9 (4.3) 76.7 (0.06) 73.3 (3.4)
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individual response curves and the pooled sample
response curve. The r2 range was 0.97 § 0.017 SD. The
LLOQ was between 2.5 and 3 Gy measured at 1 SD
above the highest control (no radiation) dose. The
inter assay variation using the mean of all radiation
doses was 19.2 § 4.2 SD.

Stability and transport of blood peripheral mononu-
clear cells

Free radical damage of DNA can occur on transport
and storage of cells. Due to inherent delays of blood
sampling in a clinical setting the stability of PBMCs
with or without the addition of the free radical

scavenger/cryo-preservation agent DMSO was inves-
tigated.

Peripheral blood was collected and processed as
described. The resultant blood was counted then sus-
pended in HBSS with or without the addition of
DMSO (Wnal concentration 10%). The eVect of storage
at room temperature or at 4°C and immediate or
delayed (24 h) processing in the comet-X assay was
investigated. The percentage of DNA in the comet tail
and qualitative description of the cells is shown in
Table 3. All samples processed either at room temper-
ature or without DMSO present showed crenulation of
the cells with >20% DNA present in the tail. Con-
versely samples run fresh or stored overnight at 4°C in

Fig. 3 Radiation calibration 
curves for K562 cells. Percent-
age of DNA in the tail of the 
comet was measured follow-
ing increasing doses of irradia-
tion. Each point represents 
the mean and SD of 25 comets 
scored on each of two slides 
from each of two tanks on two 
independent assay runs. Sym-
bols represent individual 
experiments consisting of 25 
comets scored from each of 
Wve slides
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the presence of DMSO showed less than 20% DNA in
the tail and in the spherical morphology. Statistical
comparison of samples with and without DMSO pro-
cessed either fresh or stored overnight at 4°C showed a
signiWcant statistical diVerence (P < 0.05).

Minimum and maximum limits of detection 
of DNA cross-linking by RH1

The purpose of these experiments was to determine
both the minimum and maximum amount of detectable
DNA cross-linking produced by the drug RH1. In
addition, the optimum irradiation dose to detect mini-
mum and maximum cross-linking was determined.
Pooled PBMCs from the previous experiment were
treated at 0, 5, 10, 25, 50 and 100 nM RH1 for 2 h at
37°C. The samples were then chilled on ice and irradi-
ated at either 15 or 20 Gy and subsequently processed
with an unirradiated control.

The maximum and minimum range of DNA cross-
linking for each concentration of RH1 for both radia-
tion doses was determined and the results shown in
Fig. 5. A linear dose response curve was obtained up to
50 nM RH1 resulting in 90% or more of the DNA
cross-linked. Further treatment above 50 nM did not
signiWcantly increase the level of DNA cross-linking
observed. Pooled PBMCs (Wve donors) treated with

RH1 concentrations (10 and 25 nM) designed to pro-
duce low (circa 20%) and high (circa 40%) levels of
DNA cross-linking were used to create quality control
(QC) standards. These QC standards were intended to
be used alongside clinical samples each time the assay
is run. A radiation dose of 20 Gy was selected as stan-
dard for this assay for this trial.

Accuracy and precision

Accuracy is the closeness of agreement between the
value that is accepted as a reference value and the mea-
sured value. There are no quantitative reference stan-
dards available for the comet assay and therefore it is
not possible to derive truly meaningful accuracy values
for this assay. We were able to derive relative accuracy
values by comparing the results derived from the
pooled PBMC sample slides compared to those
obtained from each of the individual sample slides. In
total Wve individual samples were compared to the
mean value derived from the pooled PBMC sample. A
relative inaccuracy value (the % CV of these measure-
ments) of less than 30% was achieved at all radiation
doses used (Table 4).

Precision is the closeness of agreement (degree of
scatter) between a series of measurements obtained
from a multiple sampling of the same sample. Relative

Table 3 Short-term stability of samples

Percentage of DNA found in the tail of the comet when PBMCs were treated with or without DMSO and then processed immediately
or left overnight at either room temperature or at 4°C

Immediate processing Overnight at room 
temperature

Overnight at 4°C

DMSO + ¡ + ¡ + ¡

Mean tail DNA 7.8 (5.0) 20.2 (12.5) 22.0 (10.2) 20.1 (9.5) 6.2 (4.8) 20.3 (10.3)
Description of cells Spherical Crenulated Crenulated Crenulated Spherical Crenulated

Fig. 5 Extent of DNA inter-
strand cross-linking in PB-
MCs following RH1 
treatment. Assays were run 
using either 15 Gy (Wlled dia-
mond) or 20 Gy (Wlled square) 
to introduce a Wxed number of 
simple DNA strand breaks 
against which drug induced 
retardation of migration could 
be measured
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precision could be determined by comparing the mean
values derived from eight slides (two slides per sample
in each of two tanks on each of two separate days)
derived from each of Wve individuals. A relative impre-
cision (the % CV of these measurements) of less than
25% was achieved at all radiation doses used (Table 4).

Reference standard preparation

Each comet-X assay performed in the trial will have
four QC standard included. Since there was no authen-
ticated analytical reference standard, these primary
QC standards were prepared at the start of validation.
BrieXy PBMCs from healthy volunteers were collected,
pooled and then treated for 2 h at two concentrations
of RH1 (low 10 and high 25 nM) and irradiated at
20 Gy to create the positive standards. Non-drug
treated PBMCs were designated as positive control for
cross-linking (no tail) as well as for absolute controls
(no background DNA breaks) and irradiated PBMCs
as both radiation standards and negative cross-linking
(maximum tail length). All QC standards were frozen
in 1 ml aliquots at ¡80°C in the presence of 10%
DMSO. The stability of these frozen QC standards was
determined before the trial started (fresh to 6 months
storage) and subsequently as the clinical trial pro-
gressed (12–30 months). The results are shown in
Table 5. Control untreated un-irradiated samples all
had less than 10% DNA present in the comet tail
(mean 3.8 § 1.7). The irradiation alone controls
showed between 45 and 77% DNA in the tail (mean of
61.3 § 12.3 SD). The low dose RH1 controls (10 nM)
showed between 7 and 18% DNA cross-linked (mean
11.3 § 3.9 SD) whilst the high dose RH1 controls
(25 nM) showed between 23 and 55% DNA cross-
linked (mean 39 § 10 SD).

Discussion

In early clinical trials proof of principle or of mecha-
nism of action is often sought by evaluation of molecu-

lar pharmacodynamic (PD) endpoints [26]. Thus, the
incorporation of robust PD endpoints into the drug
development process is often the key to successful
development of new agents [27]. Clinical and transla-
tional cancer research continues to be subjected to
increasing regulatory requirements. In 2001 the Euro-
pean Parliament issued a directive on clinical trials in
order to harmonise regulations throughout the Euro-
pean community, with the express aim of protecting
the rights and safety of the individual [25], and this
directive became law in the United Kingdom from the
1st of May 2004 (Statutory Instrument 1031, HMSO).
According to these regulations trials will have to be
conducted to Good Clinical Practise (GCP, as broadly
deWned by the ICH and recently published by the EU);
while patient sample analysis will have to be performed
to a quality system (as yet poorly deWned) analogous to
Good Laboratory Practise regulations as deWned by
the FDA (21 CFR part 58).

For Cancer Research-UK sponsored trials PD assays
analysing critical biomarkers and molecular endpoints
will be deemed acceptable (Cancer Research-UK Policy
Document, 2001) if these laboratory-based methods can
be demonstrated to pass stringent criteria for bioassay
method validation according to internationally accepted
performance criteria [28, 29]. These regulations require
that such assays demonstrate an acceptable level of
reproducibility (precision and accuracy), can be per-
formed utilising quality control samples and that the sta-
bility of the samples and reagents is fully characterised at
sample storage and analysis temperatures.

Table 4 The mean percentages of accuracy and precision at each
point along the PBL calibration curve

Each measurement represents the individual sample means when
compared to the pooled sample mean

Dose (Gy)

0 5 10 15 20

Imprecision (%) 24.6 29.7 13.3 11.5 8.4
Inaccuracy (%) 17.63 22.5 10.3 2.3 2.8

Table 5 Long-term stability of quality control (QC) standards
froze at ¡80°C for up to 30 months

Pooled PBMC samples treated with low and high doses of RH1
along with control and irradiation alone samples were analysed
using the standard Comet-X assay. Each value represents the
mean and SD of 25 comets analysed from each of two slides from
each of two electrophoresis tanks. The units of measurement for
the irradiated controls are % DNA in the comet tail whilst that of
the RH1 treated samples is % DNA cross-linked

Time Control 
irradiated

10 nM 
(RH1)

25 nM 
(RH1)

Immediate 45.0 8.5 37.1
24 h 61.2 7.4 31.9
7 days 54.0 12.3 34.4
1 month 48.7 14.6 55.4
3 months 49.8 14.6 31.4
6 months 56.0 7.0 23.4
1 year 74.8 13.5 49.8
12 months 77.0 10.2 38.2
18 months 70.9 18.1 50.3
22 months 75.4 6.5 37.6
30 months 45.0 8.5 37.1
Mean 61.3 11.3 39.0
SD 12.3 3.9 10.0
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RH1 (2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-
1,4-benzoquinone) is a water soluble bioreductive
agent which upon reduction, forms diYcult to repair
DNA interstrand cross-linked adducts [17]. This novel
agent is currently in phase I clinical trial and the comet-
X assay is being used as a PD assay to detect DNA
interstrand cross-links in peripheral blood mononu-
clear cells and tumour tissue. Before this assay could
be used it was necessary to validate it in a laboratory
setting. In this paper, we have described such a process
of validation and conWrmed that the comet-X assay is a
robust, reproducible, and reliable assay capable of gen-
erating informative semi-quantitative results.

Our initial experiments using K562 cells focused on
aspects of the lysis and subsequent electrophoresis of
slides, including preparation, position in the tank, slide
storage and scoring. We have shown that samples even
after irradiation to produce high levels of DNA dam-
age may be left embedded in LMP agarose on slides on
an ice tray for up to 2 h prior to immersion in comet
lysis buVer (CLB). This buVer itself may be stored for
up to 8 weeks without signiWcantly aVecting the assay
results. It has previously been suggested that inter-
experiment variability exists due to diVerences in elec-
trophoresis of individual samples and that such varia-
tion would be reduced by ensuring that slides are
randomly distributed in the tank [23]. Our results sug-
gest that the slide position does not cause any signiW-
cant diVerences in the results obtained and that the
samples can be placed in any position in the tank.
Whilst some slides do produce statistically diVerent
results from the majority of the slides within the elec-
trophoresis box, this is a random occurrence and more
likely due to the gel preparation of individual slides
than the actual position in the box. The measurements
of both current and voltage within gels described in
Fig. 2 are quite revealing. Little variation in voltage is
observed between individual gels as expected as this is
simply a measure of the electric potential passing
through each gel. However, the measured current is
much more variable between gels; consistent with the
fact that current is a product of the resistance of the
medium through which the voltage is passed. Conse-
quently, individual gels should be cast so as to mini-
mize potential diVerence. For this reason we choose to
use a single layer of LMP gel to cover the entire slide.
Such casting methods ensure an even distribution and
thickness of agarose across the entire slide. Using this
approach cells are much more widely distributed from
each other ensuring ease of measurement. It has been
suggested previously [23] that slides can be dried and
scored some time after staining. Dried slides enable
operators to score slides some time after electrophoresis.

More importantly in the context of a clinical trial, the
slides themselves will constitute raw data and as such
must be archived. In such cases the ability to dry slides
and store them would be an advantage. In this study,
we can conWrm that slides can be simply dehydrated
and stored in lightproof cardboard boxes for up to at
least one month or more prior to scoring without dete-
rioration. Whilst this study conWned itself to short term
storage, slides within our laboratory have been stored
without deterioration for several years. Additionally,
we found no signiWcant diVerences in inter-operator
scoring such that several trained individuals are able to
score slides from diVerent experiments and derive sim-
ilar results. We believe that the reason we achieve such
low inter-operator variation is twofold. Firstly each
operator is trained using a standard operating proce-
dure, and secondly the parameter we choose to gener-
ate our primary data is % tail DNA. This measurement
is felt to be most useful because it is the most simple
and direct measurement possible with a variety of anal-
ysis packages as well as when scoring by eye. We
believe along with others [12, 30] that this parameter is
associated with less inter-electrophoresis or inter-
experimenter variation than other contrived units of
measurement such as tail moment [31].

Tissue collection and transport from the clinic to the
laboratory should be accomplished as rapidly as possi-
ble to minimise damage associated with storage. Blood
is the most readily available tissue for serial sampling
and analysis. Blood is collected in EDTA tubes to min-
imise nuclease activity and it is preferable to isolate
whole white cell populations [24]. In this study, we
have demonstrated that once isolated, PBMCs samples
can be stored at 4°C overnight provided they have 10%
DMSO added to the storage media.

Since the radiation step is critical in this assay, a lin-
ear radiation-dose response had to be conWrmed and
the optimum dose of radiation selected for use in the
assay.

It is well documented that variation in tissue samples
from diVerent individuals can be marked [5, 10]. For this
reason we evaluated the radiation dosimitry using both
normal and cancer cells. The inter assay variation was
19.2 for PBMCs from healthy volunteers, compared to
6.02 for K562 leukaemia cells reXecting possibly the clo-
nogenic nature of cultured cells compared to the varia-
tion in DNA integrity found in lymphocytes from
healthy volunteers [5, 10]. With both cell types a linear
dose response curve was generated up to 20 Gy. The
lower limit of detection was found to be 5–6 Gy. Higher
sensitivity may well be possible using a higher pH alkali-
unwinding buVer such as the commonly used pH 13
buVers. However, this would certainly increase the level
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of basal DNA damage detected. In the case of phase I
cancer patients who have diVerent tumour types, stages
of disease and have received a selection of treatments
such basal damage could be quite substantial [6, 8].
Since only simple frank DNA breaks are required for
this assay in order to measure the degree of retardation
of DNA induced by cross-linking agents, there is little to
be gained by increasing the sensitivity at the lower end
of the radiation dosimitry. Twenty gray induces suY-
cient DNA damage against which cross-linking can be
measured therefore in the trial, we have elected to use
an irradiation dose of 20 Gy to introduce a Wxed number
of DNA strand breaks.

Similarly it was important to demonstrate a linear
DNA cross-linking dose response following RH1 treat-
ment. We have previously shown that RH1 induced
DNA cross-links are detectable at nanometer doses
using the Comet-X assay [21]. Here, we were able to
demonstrate a linear dose response up to concentra-
tions of 50 nM. This is within the pharmacokinetic
range of plasma concentrations we expect to determine
during the trial [21].

In our validation, intra-assay and inter-assay varia-
tions were not signiWcantly diVerent from which has
been demonstrated previously [10, 12]. However, the
use of internal standards is recommended as it controls
for inter-experiment variation and so allows compari-
son of data between diVerent experiments [12]. The
use of such standards in a clinical trial that may last
over two years calls in to question issues of stability
and reproducibility. For long-term stability, it has pre-
viously been noted that storage of comet slides in CLB
and cryo-preservation of blood and tissue in liquid
nitrogen can lead to increases in DNA breakage [11].
Others have demonstrated the stability of patient sam-
ples after storage at ¡70/80°C for several months [6,
10]. In this study, we have been able to show that con-
trol, drug treated and irradiated QC samples can be
cryo-preserved and stored at ¡80°C prior to analysis
for up to 30 months without signiWcant deterioration
(Table 5). We believe that these rigorously conducted
stability studies have been conducted for a much
longer period than any reported so far. Whilst the CV
for both the irradiated and high dose RH1 treated sam-
ples are low (<25%) and that of the low RH1 treated
QC samples is quite high at 34%. This may reXect a
combination of pharmacokinetic (drug concentration)
and drug induced DNA damage contributing to the
radiation induced strand breaks. Indeed this high vari-
ability is seen at the lower end of the RH1 dose
response curve shown in Fig. 5 At higher doses of
cross-linking agents the DNA would be more stable
and such eVects masked.

This study has considered many variables that have
been addressed by a number of groups in the past [23,
24]. We have sought to look at the impact of all these
variables in a detailed, statistically sound manner. Our
validation has conWned itself to variables considered to
be most likely to inXuence reproducibility and accuracy
in this assay. It does not however claim to have exhaus-
tively covered all parameters. The basic alkaline comet
assay being used by others in clinical trials [32] has
shown a signiWcant correlation between the comet
assay data and those patients developing an elevated
skin reaction to radiotherapy following breast-conserv-
ing surgery for breast cancer. Braybrooke et al. [6]
showed that, in patients with melanoma treated with
dacarbazine and tamoxifen, PBL strand breaks
occurred with a peak at 48 h following chemotherapy
and there was incomplete repair at 24 h. They also
showed that a correlation between the comet assay
data obtained and toxicity seen in patients as drug-
induced emesis correlated with the percentage of DNA
in the tail of the PBLs. The comet-X assay described
here has previously been used to demonstrate DNA
cross-linking in primary tumour material derived from
patients [14] and has been shown to be robust and
reproducible both in vitro and in vivo pre-clinical stud-
ies [21]. It is now validated for use in a phase I trial
with the novel antitumour agent, RH1. Analysis of the
data generated from the clinical trial will inform on
how useful is the comet-X assay in determining both
toxicity and alkylating activity of drugs in patients with
cancer. It will be interesting to see how well this assay
is able to delineate eVects on lymphocytes compared to
tumour cells. This correlative data will be collated and
will be published on completion of the trial. We believe
that a validated comet-X assay will be invaluable as a
PD assay in future clinical trials. Furthermore, since it
is the radiation step, which distinguishes this assay
from the standard alkaline comet assay, then the vali-
dation of such a standard assay for clinical trial use
should be more straightforward.
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