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a  b  s  t  r  a  c  t

This  study  evaluates  an  in  vitro  biosensor  assay  capable  of  detecting  the  intracellular  levels  of  the  tri-
phosphorylated  form  of  cytarabine  (Ara-CTP)  within  one  working  day.  The  biosensor  predicted  the
response  of  seven  leukaemic  cell lines  with  varying  known  sensitivities  to  cytarabine  alone  and  in combi-
nation with  fludarabine.  High-performance  liquid  chromatography  (HPLC),  3-day  assessment  of cellular
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vailable online 7 March 2013

eywords:
cute myeloid leukaemia
iosensor
ra-CTP

viable  mass,  and  flow  cytometric  assessment  of  apoptosis  were  used  to  validate  biosensor  performance.  A
correlation  between  the biosensor  results  and  Ara-CTP  quantitation  by  HPLC  was  confirmed  (R =  0.972).
The biosensor  was  also  capable  of detecting  enhanced  accumulation  of  Ara-CTP  following  sequential
pre-treatment  of  leukaemic  cells  with  cytarabine  ±  fludarabine.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

The nucleoside analogue cytarabine (Ara-C), an effective and
idely used agent for the treatment of acute myeloid leukaemia

AML), is sometimes used as a single agent in varying doses
low dose 20 mg/m2/day, standard dose 200 mg/m2/day or high
ose 1.5–3 g/m2/day) or in combination with other agents such
s fludarabine and anthracyclines [1]. Although standard regimens
ncluding cytarabine induce high rates of initial response, relapse
s prevalent with only 70% of newly diagnosed patients achieving

 durable complete remission [2,3]. Accordingly, there is consid-
rable interest in understanding the mechanisms of resistance to
ytarabine and a validated same-day predictive test could be ben-
ficial in selecting the most effective chemotherapeutic approach.

The cytotoxic effect of cytarabine is mainly mediated via its tri-
hosphorylated metabolite Ara-CTP through its interference with
NA polymerase � and incorporation into DNA strands leading to

hain termination and synthesis arrest. Its secondary effect involves
ree radical generation and induction of apoptosis [4–6]. In vivo, the
eoxycytidine analogue cytarabine is transported into the cell via

∗ Corresponding author. Tel.: +44 1173282492; fax: +44 1173282904.
E-mail address: vyv.salisbury@uwe.ac.uk (V. Salisbury).

145-2126/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.leukres.2013.02.012
the human equilibrative nucleoside transporter 1 (hENT1) where
it is rapidly phosphorylated by deoxycytidine kinase (dCK) to its
monophosphate form (the rate-limiting step).

Ara-CMP is further phosphorylated by nucleoside kinases into
its active tri-phosphorylated form, Ara-CTP [7]. Previous studies
have suggested that reduced intracellular concentrations of Ara-
CTP are associated with clinical resistance to cytarabine [8,9] and
that intracellular Ara-CTP levels correlate with clinically observed
therapeutic efficacy following treatment with high-dose cytarabine
[10–15]. Cytarabine resistance has been attributed to a number of
factors including, impaired entry via hENT1, failure of Ara-CTP for-
mation and incorporation into DNA [16–18]. A further mechanism
is the action of leukaemic cytidine deaminase (cdd) in the conver-
sion of cytarabine to Ara-uracil and thus diversion of the agent into
the RNA pool where it is harmless [19].

This study used a bioluminescent, pyrimidine-requiring, cdd-
deficient mutant of Escherichia coli (E. coli) with enhanced
sensitivity to cytarabine. The E. coli construct has previously been
described in detail and used in an assay developed by this group to
determine uptake and phosphorylation of cytarabine by leukaemic

cells [20]. Light emission from bioluminescent bacteria results from
the activity of the bacterial luciferase enzyme, which catalyses the
oxidation of reduced flavin mononucleotide (FMNH2) and a long-
chain aliphatic aldehyde in the presence of O2 to produce FMN

dx.doi.org/10.1016/j.leukres.2013.02.012
http://www.sciencedirect.com/science/journal/01452126
http://www.elsevier.com/locate/leukres
mailto:vyv.salisbury@uwe.ac.uk
dx.doi.org/10.1016/j.leukres.2013.02.012
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nd acid with the emission of blue-green light. The high metabolic
ate of bacterial cells compared to mammalian cells allows for
ast, real-time toxicity testing. Light output from bioluminescent
iosensors can be accurately measured, with no background inter-
erence, using luminometers or low-light cameras. In this study,
even leukaemic cell lines with well-established sensitivities to
ytarabine, were treated with cytarabine as single agent or in com-
ination with fludarabine to assess in vitro response [21]. In order
o validate the biosensor, assay findings were correlated with mea-
urement of intracellular concentration of Ara-CTP by reverse phase
igh performance liquid chromatography analysis (HPLC), APO2.7
taining of apoptotic cells and assessment of cell death using a com-
ercially available 3-day in vitro assay for assessment of cellular

iable mass.

. Materials and methods

.1. Cell lines

AML  cell lines (K562, MV4-11, HEL, KG-1a, HL-60 and THP-1) and the T-ALL
ell  line (CCRF-CEM) supplied by the Health Protection Agency (HPA) or American
ype Culture Collection (ATCC) were maintained as recommended in RPMI 1640
edium containing l-glutamine (2 mM)  and foetal calf serum (FCS) (10%) at 37 ◦C
ith 5% CO2. Culture reagents were purchased from Invitrogen (UK) except FCS
hich was purchased from Biosera (UK). Cells were sub-cultured every 3 days to
aintain exponential growth and testing was  carried out between passages 5 and

5  from purchase.

.2. Biosensor assay protocol

The biosensor assay is described in detail elsewhere [20]. Briefly, 4 × 106 cells at
 concentration of 2 × 106 cells/ml were incubated in RPMI 1640 for 30 min  in the
resence or absence of cytarabine (0–50 �M).  Stock solution of cytarabine (10 mM),
issolved in sterile deionised water, was diluted in culture medium to yield doses
f 0.1–50 �M.  Stock solution of fludarabine (5 mM),  prepared in DMSO was diluted
:1000 in culture medium to yield a dose of 5 �M with 0.1% DMSO. Relevant diluent
ontrols were included throughout. Cells were exposed to cytarabine alone at an
quivalent clinical dose of 200 mg/m2 in culture (25 �M)  for 30 min  or pre-dosed
or 4 h with a clinically relevant dose of fludarabine (5 �M) equivalent to 25 mg/m2,
rior  to exposure to cytarabine.

Following exposure to drugs or control conditions, cells were washed in
PMI  and lysed using saponin (0.1%) in the presence of EDTA (1.5 mM).  Lysate
as  then mixed with the biosensor [20] in the presence of isopropyl �-d-1-

hiogalactopyranoside (IPTG) (1 mM)  with or without the addition of bovine
ntestinal mucosa alkaline phosphatase (AP) (1 unit per 200 �l reaction volume).
eagents and drugs were purchased from Sigma–Aldrich (UK).

Bioluminescence from the biosensor following exposure to lysates was mea-
ured every 15 min  for 15 h in a luminometer (Lumistar, BMG  Labtech). Results
epresent three separate experiments each performed in triplicate and are expressed
s  mean ± standard deviation (n = 3). Peak bioluminescence was noted consistently
t  5.25 h. Addition of AP to the sample allowed conversion of any Ara-CTP produced
y  cells back to cytarabine that could then enter the biosensor. Concurrent analysis
f  an AP negative control confirms adequate washing steps. The diagnostic discrim-
nator was  the maximal difference in light output between the plus AP and minus
P  curves that is representative of the level of Ara-CTP generated within the cells.
his was  expressed as a percentage sensitivity index (SI-value) using a formula that
as  provided a consistent range for samples in our previous study [20]:

iosensor response (SI%) =
[(

+AP
−AP

)
25 �M

−
(

+AP
−AP

)
0 �M

]
× 100

As the rate-limiting step in Ara-CTP formation is conversion of cytarabine to
ra-CMP [22], the assay assumes that all mono- and di-phosphorylated cytarabine
ould be converted to Ara-CTP, causing DNA chain termination and synthesis arrest

ollowing a protracted incubation [8]. SI% results from the biosensor were back-
alculated to produce Ara-CTP concentrations (nM) using a 5-point calibration curve
data not shown) produced by spiking known amounts of Ara-CTP (Jena Bioscience,
ermany) into untreated lysate.

.3. 3-Day CellTiterGloTM assay

A commercially available 3-day assay, CellTiterGloTM (Promega, UK) was used

o measure ATP generation by viable cells following exposure to cytarabine. Cells
2  × 104 per well) were cultured in the presence or absence of cytarabine (0–50 �M).
rug exposure for 72 h was determined as optimal in this assay (data not shown).
TP levels were measured using a LumistarTM luminometer (BMG Labtech, Ayles-
ury, UK). Light units were used in the calculation of the viable mass (ATP%), with
earch 37 (2013) 690– 696 691

results expressed as percentage of treated over control. Results represent three sepa-
rate experiments each performed in triplicate and are expressed as mean ± standard
deviation (n = 3). LC50 values (concentration of a given agent that is lethal to 50% of
the cells) were calculated from the dose response data (n = 3).

2.4.  APO2.7 assessment of cytarabine cytotoxicity

Apoptosis was assessed flow cytometrically using phycoerythrin-conjugated
APO2.7 monoclonal antibody (Beckman Coulter, UK). APO2.7 detects a mitochon-
drial protein, 7A6 that is expressed in early apoptosis [23]. Optimal 7A6 expression
and  commitment to apoptosis was observed after 48 h incubation with cytarabine
(25  �M).  Following incubation, 1 × 106 cells were fixed using 1% paraformaldehyde
[23] and permeabilised using digitonin (100 �g/ml), which maintains mitochondrial
integrity [24]. Results obtained using a BD Accuri C6 cytometerTM were expressed
as  the difference in percentage of positivity compared to negative controls. Samples
were concurrently analysed using a Genetix CellReporterTM.

2.5. HPLC assessment of intracellular Ara-CTP concentration

In  order to detect Ara-CTP produced by leukaemic cells using HPLC, lysate
prepared from 2 × 107 cells was required, which represents a 10-fold higher cell con-
centration than the biosensor assay. Cells were incubated with cytarabine (25 �M)
with/without pre-exposure to fludarabine (5 �M)  as described, and lysates pre-
pared. Lysates were incubated with concentrated perchloric acid for 10 min on ice
to  remove protein and high molecular weight molecules. Clarified lysates were sub-
sequently neutralised with potassium carbonate (5 M)  and the pH adjusted to 6.0,
and  stored on ice prior to analysis.

HPLC analysis was performed as described by Ahlmann et al. [25]. Briefly, a
reverse phase C18 column, 5 �m, 4.6 mm × 150 mm (Agilent, UK) fitted with a C18
pre-column (Phenomenex, USA) was  equilibrated with mobile phase containing
0.09  M phosphate buffer, 0.01 M tetrabutyl ammonium hydrogen sulphate, 0.8% ace-
tonitrile, pH6.0. Clarified lysate samples (100 �l) were injected onto the column and
separation conducted with a flow rate of 1 ml/min. Eluted Ara-CTP was detected
using a 2489 UV/vis detector (Waters, Ireland) at 270 nm. The limit of detection was
50  nm Ara-CTP. To avoid a matrix effect and due to the lack of a suitable internal
standard, an untreated lysate was spiked with a known concentration of Ara-CTP
and analysed subsequently with each test sample to serve as a suitable standard.

2.6.  Statistical interpretation

Spearman’s rank correlation was  performed on results using cytarabine (25 �M)
across the four assay types (GraphPad Prism 5®) (significance determined as
p  < 0.05). Dose response analysis was performed for cell lines treated with a range of
cytarabine concentrations (0–50 �M)  using one-way ANOVA with Bonferroni’s post
hoc  test (p < 0.05). LC50 values were calculated using log (inhibitor) versus response
curves (three parameters) with a Hill Slope of −1.0 (GraphPad Prism 5®).

3. Results

3.1. Comparison of detection of Ara-CTP production by the
biosensor assay and HPLC

Table 1 compares levels of Ara-CTP in lysates detected using
HPLC with sensitivity index values (SI%) from the biosensor assay
following 30 min  exposure to cytarabine (25 �M).  Both measure-
ments were carried out on the same lysate samples, however
lysates were diluted 1 in 10 prior to biosensor analysis. The most
sensitive cell line CCRF-CEM (T-ALL) assessed by both methods,
produced 644 nM of Ara-CTP on HPLC testing and an SI-value of
97% (equivalent to 210 nM)  with the biosensor. Of the three cell
lines least capable of generating Ara-CTP, K562 and THP-1 produced
62 and 54 nM Ara-CTP when measured by HPLC, and SI-values
of 32 and 35% (equivalent concentrations of 70 and 76 nM)  with
the biosensor. Ara-CTP production by MV4-11 cells was below
the lower limit of detection of the HPLC system (<50 nM) and
the biosensor (25 nM). Results from HPLC and biosensor analy-

sis correlated statistically across the seven cell lines between the
two  methods of analysis (R = 0.9722, p = 0.0028) indicating that the
biosensor might be capable of determining relative sensitivity to
cytarabine.
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Table 1
Comparison of Ara-CTP quantitation by biosensor assay and HPLC (Fig. S1) compared with LC50 assessment and percentage apoptosis following treatment of leukaemic cell
lines  with cytarabine (25 �M).  Incubation times and cell densities were optimised for each assay type. Results represent mean ± standard deviation for duplicate (HPLC)
and  triplicate analysis (biosensor assay, CellTiterGloTM and flow cytometry). LC50 values were calculated based on a 5-point dose response curve for cytarabine (0–50 �M)
with  95% confidence intervals in brackets. Flow cytometry results represent the percentage of cells expressing the apoptotic marker APO2.7 following cytarabine treatment
(following subtraction of untreated cell percentage) (Fig. S4).

Method HPLC Biosensor assay CellTiterGloTM assay Flow cytometry
Analysis parameter Ara-CTP (nM) Sensitivity index (%) LC50 (nM) % Apoptotic (treated minus control)
Incubation time (h) 0.5 0.5 72 48
Cell  density 2 × 107/ml 2  × 106/ml 2  × 105/ml 1  × 106/ml

Cell  line
CCRF-CEM 644 ± 5.7 97 ± 2.0 156 (5–4750) 46.6 ± 8.5
KG-1a  314 ± 11.7 91 ± 2.9 1468 (470–4600) 16.3 ± 6.7
HL-60  208 ± 21.9 82 ± 1.4 238 (170–320) 29.4 ± 15.1
HEL  140 ± 6.9 78 ± 7.0 3 (5–43) 52.6 ± 11.0
K562  62 ± 11.3 32 ± 2.2 4525 (50–421,600) 0.2 ± 0.2
THP-1 54 ± 1.4 35 ± 9.5 13,441 (8660–20,860) 5.1 ± 1.3
MV4-11 n.d.a 4 ± 4.7b 1821 (290–11,330) 28.1 ± 12.2

a Not detected, Ara-CTP was below the limit of quantitation of the HPLC system (50 nM).
b Ara-CTP was below the limit of quantitation of the biosensor system (25 nM). Back-calculation performed for HPLC to convert raw results to nanomolar concentrations

using  5-point calibration curves.
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Fig. 1. Response of leukaemic cell lines to a range of concentrations of cytarabine using the biosensor assay. Cells (2 × 106/ml) were exposed to control or cytarabine and
lysates  were produced as described in Methods. Panels A–G represent individual cell line dose responses (0–50 �M),  equivalent to in vivo dosing (10–1500 mg/m2/day).
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eration measured by HPLC and the biosensor; and cell viable
mass measured by CellTiterGloTM and APO2.7 expression respec-
tively. Significant correlation of data was observed between HPLC

Table 2
Spearman’s rank correlation of dose response data by biosensor assay (Fig. S1) and
CellTiterGloTM (Fig. S3) for each leukaemic cell line. Cell lines were ranked relative
to Ara-CTP generation at t = 30 min (biosensor) or ATP% at t = 72 h (CellTiterGloTM

assay) in response to a range of concentrations of cytarabine (0, 0.1, 1, 5, 25, 50 �M),
and correlation coefficients and statistical significance calculated (n = 3).

Cell line R-value p

CCRF-CEM 0.9559 0.017
KG-1a 0.6000 0.242
HL-60 0.8117 0.058
anel  H shows all cell lines at the in vitro equivalent (25 �M)  to the in vivo standa
eparate  experiments each performed in triplicate (n = 3). Statistical significance w
**p  < 0.001).

.2. Ara-CTP quantitation by HPLC and biosensor assays
ompared with LC50 assessment and percentage apoptosis
ollowing treatment of leukaemic cell lines with cytarabine

Cytarabine-induced cell death in the seven leukaemic cell lines
as evaluated using a commercially available viable mass assay

nd flow cytometric assessment of Apo 2.7 expression (Table 1).
ose response data are shown for biosensor (Fig. 1) and 72-h
iable mass (Fig. 2) respectively. Levels of Ara-CTP production
ollowing exposure to cytarabine (25 �M)  were highest in CCRF-
EM (644 nM), KG-1a (314 nM), HL-60 (208 nM)  and HEL cell lines
140 nM)  as measured by HPLC. These cell lines also exhibited
he lowest LC50 values in the CellTiterGloTM assay, confirming
ytarabine sensitivity. This was mirrored in the flow cytometric
ssessment of apoptosis (Fig. S2). Table 2 shows individual cor-
elations for each cell line when comparing intracellular Ara-CTP

oncentration (biosensor) and cell death (CellTiterGloTM assay),
ost-dosing with cytarabine (0, 0.1, 1, 5, 25 and 50 �M).  For CCRF-
EM, HL-60 and K562, correlations were >0.8, and for the remaining
ell lines, <0.7.
e (200 mg/m2/day). Error bars represent standard deviation calculated from three
culated using one-way ANOVA with Bonferroni’s post hoc test (*p < 0.05, **p < 0.01,

Table 3 shows the Spearman’s rank correlations of the four
assay types across the leukaemic cell lines: for Ara-CTP gen-
HEL  0.6866 0.136
K562 0.9852 0.003
THP-1 0.4658 0.356
MV4-11 0.5508 0.297
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Fig. 2. Dose response of leukaemic cell lines to ex vivo standard dose cytarabine using 3-day cell viability assay. Panels A–G represent individual cell line dose responses
(0–50  �M),  equivalent to in vivo dosing (10–1500 mg/m2/day). Panel H shows all cell lines at the in vitro equivalent (25 �M) to the in vivo standard dose (200 mg/m2/day).
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ptimised cell densities were used (2 × 105/ml) and exposed to control or cytarabin
eparate experiments each performed in triplicate (n = 3). Statistical significance w
**p  < 0.001). LC50 values (concentration of a given agent that is lethal to 50% of the

nd biosensor (R = 0.9722, p = 0.0028). Similarly there was sig-
ificant correlation between cytarabine-induced cytotoxicity and
aspase-dependent cell death (R = 0.9818, p = 0.0004). However,
he correlations between Ara-CTP generation and cell death as

easured by the CellTiterGloTM assay (R = 0.5505, p = 0.2000) and
PO2.7 expression (R = 0.4129, p = 0.3536) were not significant. This
as particularly marked in HEL cells, which following cytarabine

xposure exhibited the highest level of apoptosis (52.6%), highest
ytotoxicity (LC50 = 3 nM), but not the greatest accumulation of Ara-
TP by HPLC (140 nM)  or biosensor (SI-value of 78% equivalent to
70 nM).

.3. Biosensor detection of Ara-CTP generation augmented by
udarabine pre-treatment of leukaemic cell lines

Augmentation of Ara-CTP accumulation following 4 h pre-
ncubation with fludarabine (5 �M)  was assessed in the three cell
ines with the lowest accumulation of Ara-CTP following treatment

ith cytarabine alone. Table 4 shows biosensor, CellTiterGloTM

ssay and HPLC results. Significant enhancement in Ara-CTP con-
entration following pre-exposure to fludarabine (5 �M)  was

bserved using the biosensor for the most resistant cell lines THP-

 (p = 0.0032) and K562 (p = 0.0329). A corresponding decrease in
iable mass was observed. For THP-1, pre-treatment with fludara-
ine decreased ATP percentage from 38% to 4% (p < 0.01), and for

able 3
pearman’s rank correlation of the four assay types across the seven leukaemic cell lines
TP%  (CellTiterGloTM assay) or expression of APO2.7, and correlation coefficients and statis

biosensor assay, CellTiterGloTM assay and APO2.7 expression).

Biosensor CellTiterGloTM cytot

Biosensor R = 0.5413 

p  = 0.2357 

CellTiterGloTM cytotoxicity assay R = 0.5413 

p  = 0.2357

HPLC R = 0.9722 R = 0.5505 

p  = 0.0028 p = 0.2000 

APO2.7 expression (flow cytometry) R = 0.4312 R = 0.9818 

p  = 0.3536 p = 0.0004 
escribed in Methods. Error bars represent standard deviation calculated from three
culated using one-way ANOVA with Bonferroni’s post hoc test (*p < 0.05, **p < 0.01,
were calculated from the dose response data (n = 3).

K562 from 77% to 52% (p < 0.05). In MV-411, fludarabine caused
an augmentation in Ara-CTP generation (not detectable to 65 nM)
measured by HPLC, however the cell line was sufficiently sensitive
to cytarabine alone that no decrease in viable mass with fludarabine
was  observed (0.4% versus 0.4%).

4. Discussion

We have previously described a bacterial biosensor capable of
detecting accumulation of intracellular Ara-CTP in leukaemic cell
lines as well as blood and bone marrow specimens from AML
patients within 8 h of sample receipt [20]. The present study was
to validate the assay against established research techniques, using
leukaemic cell lines due to the finite nature of patient samples. The
ability of the biosensor to detect Ara-CTP was  compared with quan-
titation by HPLC, which has been used successfully in other studies
to monitor Ara-CTP levels [25,26]. Herein HPLC was  used to quantify
the amount of Ara CTP in samples with respect to a known inter-
nal standard whereas the biosensor assay measures the SI-value
of samples as a reflection of cell sensitivity to cytarabine. HPLC
represents a lengthy and demanding process not suited to routine

clinical laboratory practice, whereas the biosensor would be appli-
cable to that setting with a turnaround time within one working
day, enabling availability of results in a clinically useful timeframe.
The effect of exposure of leukaemic cell lines to cytarabine at in vivo

. Cell lines were ranked relative to Ara-CTP generation (HPLC and biosensor assay),
tical significance calculated. Data represents duplicate (HPLC) and triplicate analysis

oxicity assay HPLC APO2.7 expression (flow cytometry)

R = 0.9722 R = 0.4312
p = 0.0028 p = 0.3536

R = 0.5505 R = 0.9818
p = 0.25000 p = 0.0004

R = 0.4129
p = 0.3536

R = 0.4129
p = 0.3536
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Table 4
THP-1, K562 and MV4-11, the three cell lines with lowest Ara-CTP generation were tested with cytarabine alone versus pre-incubation with fludarabine (5 �M)  for 4 h followed
by  cytarabine (25 �M) for 30 min. Experimental controls contained DMSO (0.1%). Lysates were analysed for Ara-CTP production using HPLC and biosensor respectively.
Concurrent analysis of ATP% was performed over 72 h. HPLC results represent duplicate analysis, biosensor and viability assay results represent triplicate analysis ± standard
deviation.

Cell line Treatment Ara-CTP (nM) (n = 2) Sensitivity index (%) (n = 3) ATP (%) at 72 h (n = 3)

THP-1 Ara-C 54 35 ± 10 38.1 ± 2.2
FLA  76 58 ± 6 4.0 ± 0.7

K562  Ara-C 62 32 ± 2 76.7 ± 5.5
FLA  93 52 ± 9 52.0 ± 3.5

MV4-11 Ara-C n.d.a 4 ± 5b 0.4 ± 0.2
FLA  65 29 ± 6 0.4 ± 0.3
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a Not detected, Ara-CTP was below the limit of quantitation of the HPLC system (
b Ara-CTP was  below the limit of quantitation of the biosensor system (25 nM).

elevant concentrations was concurrently assessed by monitoring
evels of induced apoptosis and residual viable mass.

The cytotoxic effect of cytarabine is dependent on the ability
f cells to produce and retain Ara-CTP, with the maximal level
f Ara-CTP formation (125 pmol/106 cells) occurring within the
rst 30 min  exposure of leukaemic cells to cytarabine [27]. The
iosensor assay has been optimised for 30 min  incubation with
ytarabine, unlike other studies that have used 4 h incubation
eriods [25,28,29]. The biosensor has a limit of detection of 25 nM
20] and the HPLC system used herein achieved a limit of detec-
ion of Ara-CTP at 50 nM (equivalent to 5 pmol/106 cells), which
oncurs with other studies [10,25,26]. It is important to note that
he biosensor (requiring 2 × 106 cells) was able to discriminate
etween the different sensitivities of the various cell lines to cytara-
ine, in one tenth the number of cells of the HPLC system (requiring

 × 107 cells). The biosensor assay is currently being miniaturised,
equiring an even lower cell density, important for patient sample
nalysis.

Across the seven cell lines treated with cytarabine (25 �M)  there
as a significant correlation between Ara-CTP levels measured
sing HPLC and the SI-values from the biosensor assay (R = 0.9722,

 = 0.0028) (Table 3). Clinically, cytarabine is used at various doses
anging from low dose at 20 mg/m2/day (2 �M),  standard dose at
00 mg/m2/day (25 �M),  to high dose at 1–3 g/m2/day (400 �M)
30,31]. In this study, the biosensor was capable of quantifying Ara-
TP levels at the in vitro equivalent of low (0.1–1 �M)  and standard
ose (25 �M)  cytarabine. This was corroborated by assessment of
ell viable mass at 72 h in all seven cell lines (Fig. 2). High dose
quivalents (1–3 g/m2) equating to ≥100 �M have been previously
ested using the biosensor [20] and appear to lower the SI-value
or the more sensitive cell lines (Fig. 1B, C and G). The biosensor is
ensitive to the level of nutrient in the medium due to its require-
ent for pyrimidine starvation [20]. It is postulated that exposure

f sensitive cell lines to very high levels of cytarabine results in
ell death and hence pyrimidine release into the lysate, negatively
ffecting the SI-value by raising the control level; however this
ffect has not been observed in preliminary studies with patient
amples [20]. This is due in part to the comparatively low accu-
ulation of Ara-CTP in patient samples compared to cell lines as

reviously observed with regard to metabolism of cytarabine [32].
This study has also shown a significant correlation between

ytarabine-induced cytotoxicity and apoptosis across the seven
ell lines tested (R = 0.9818, p = 0.0004) (Table 3). Levels of apo-
tosis (Table 1) were measured using APO2.7 which detects early
aspase-dependent programmed cell death [33]. This suggests that
aspase-dependent apoptosis is significant in cytarabine-induced

ytotoxicity.

Correlation of Ara-CTP concentration (measured by HPLC) and
ell death (measured by 72 h viable mass and APO2.7 expression)
as less conclusive (R = 0.5505, p = 0.2000 and R = 0.4129, p = 0.3536
).

respectively) (Table 3). For the most resistant cell lines K562, and
THP-1, there was a consistent relationship between low Ara-CTP
generation (62 and 54 nM)  measured by HPLC, high LC50 activity
(4525 and 13,441 nM)  and correspondingly low levels of apopto-
sis (0.2 and 5.1%). However, dose response analysis (0–50 �M)
of Ara-CTP generation and residual cellular viable mass at 72 h
only produced correlations >0.8 for CCRF-CEM (p = 0.017), HL-60
(p = 0.058) and K562 cells (p = 0.003). The lack of agreement in the
remaining cell lines indicates that Ara-CTP was  not exclusive in the
cause of cell death (Table 2). This is corroborated by the previous
observations that cytarabine can induce apoptosis independently of
nuclear incorporation of the triphosphorylated metabolite [34–38].
We intend to investigate this phenomenon in future work.

The question of the prognostic value of intracellular Ara-CTP
measurement has been investigated previously with conflicting
results. In leukaemic cell lines, correlation between Ara-CTP lev-
els and sensitivity to cytarabine has been observed [10,29,39].
In patients, the correlation between outcome and Ara-CTP lev-
els has been shown to be variable. Estey et al. showed that in
patients receiving high dose continuous infusion cytarabine, signif-
icantly lower Ara-CTP were observed in resistant versus responsive
individuals (63 �M versus 122 �M)  [28]. Another study however,
showed no predictive correlation between Ara-CTP accumula-
tion and outcome when high dose bolus cytarabine was  used
[10]. Nonetheless, Ara-CTP accumulation has shown predictive
power in clinical outcome in several other studies [12–14,39],
although again dependent on dose and delivery of cytarabine
[15,40].

Treatment of relapsed and poor prognosis AML  is an important
area of current research, involving the use of compounds such as
fludarabine that potentiate the action of cytarabine by decreasing
the pool of deoxynucleotides and increasing intracellular Ara-CTP
generation [41]. Fludarabine associated potentiation of Ara-CTP
accumulation was observed using both the biosensor and HPLC in
the THP-1, K562 and MV4  11 the cell lines (Table 4). These cell lines
exhibited the lowest production of Ara-CTP following exposure to
cytarabine alone, and for THP-1 and K562 an associated decrease in
cellular viable mass after 72 h (Table 4). This finding suggests that
the biosensor has the potential to predict the modulation of Ara-
CTP metabolism by fludarabine, corroborating previous findings in
these cell lines [22,42] and performing equally well compared to
other techniques which can take considerably longer to generate
results.

Although Ara-CTP levels represent a valid index of cytarabine-
mediated cytotoxicity, it must be acknowledged that other factors
affect response to the drug. Nonetheless, the biosensor may  be a

potentially useful tool as an adjunct to other investigations such as
flow cytometry, cytogenetic analysis and molecular diagnostics for
predicting functional response to cytarabine alone and in combina-
tion with fludarabine. Further studies are planned to assess clinical



ia Res

c
R

C

o

A

(
f
t

t
l
H

f
a
S
a
m

A

f
2

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

E. Anderson et al. / Leukem

orrelations in patient samples being treated in UK National Cancer
esearch Institute (NCRI) trials.

onflict of interest statement

AM,  MR  and JL are employees of Randox Laboratories Ltd.; all
ther authors declare no competing financial interests.

cknowledgments

The authors would like to thank Andrea Gough and Genetix
New Milton, UK) for use of the CellReporterTM system, Dave Corry
or technical assistance, and Kieran O’Malley for proof-reading of
he manuscript.

Contributors. EA, MAS  and JGS wrote the paper; HA constructed
he biosensor; EA, AM and MR  performed experiments and ana-
ysed results; VS, MAS  and JL designed the research; MC  advised on
PLC; PM and JGS provided clinical expertise.

Role of the funding source.  This work was supported by grants
rom the UK Technology Strategy Board (TP/7/SAI/6/S/M1507H)
nd the National Institute of Health Research (II-3A-0409-10019).
tudy funders had no involvement in study design, collection,
nalysis and interpretation of data, manuscript preparation or sub-
ission for publication.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.leukres.
013.02.012.

eferences

[1] Robak T, Wierzbowska A. Current and emerging therapies for acute myeloid
leukemia. Clin Ther 2009;31(2):2349–70.

[2] Burnett A, Wetzler M,  Löwenberg B. Therapeutic advances in acute myeloid
leukemia. J Clin Oncol 2011;29(5):487–94.

[3] Moore JO, George SL, Dodge RK, Amrein PC, Powell BL, Kolitz JE, et al. Sequen-
tial  multiagent chemotherapy is not superior to high-dose cytarabine alone
as  postremission intensification therapy for acute myeloid leukemia in adults
under 60 years of age: Cancer and Leukemia Group B Study 9222. Blood
2005;105:3420–7.

[4]  Hu ZB, Yang GS, Li M, Miyamoto N, Minden MD,  McCulloch EA. Mechanism of
cytosine arabinoside toxicity to the blast cells of acute myeloblastic leukemia:
involvement of free radicals. Leukemia 1995;9(5):789–98.

[5] Carter BZ, Kornblau SM,  Tsao T, Wang RY, Schober WD,  Milella M,  et al. Caspase-
independent cell death in AML: caspase inhibition in vitro with pan-caspase
inhibitors or in vivo by XIAP or Survivin does not affect cell survival or progno-
sis. Blood 2003;102:4179–86.

[6] Bezombes C, Laurent G, Jaffrezou JP. Implication of raft microdomains in drug
induced apoptosis. Curr Med  Chem Anticancer Agents 2003;3:263–70.

[7]  Mancini WR.  The role of deoxycytidine-metabolizing enzymes in the cyto-
toxicity induced by 3′-amino-2′ ,3′-dideoxycytidine and cytosine arabinoside.
Cancer Chemother Pharmacol 1992;30(2):139–44.

[8]  Kufe DW,  Major PP, Egan EM,  Beardsley GP. Correlation of cytotoxicity with
incorporation of Ara-C into DNA. J Biol Chem 1980;255(19):8997–9900.

[9] Galmarini CM,  Thomas X, Calvo F, Rousselot P, Rabilloud M, El Jaffari A, et al.
In vivo mechanisms of resistance to cytarabine in acute myeloid leukaemia. Br
J  Haematol 2002;117(4):860–8.

10] Koehl U, Hollatz G, Rohrbach E, Visschedyk K, Cinatl J, Kornhuber B, et al.
Pharmacology of intracellular cytosine-arabinoside-5′-triphosphate in malig-
nant cells of pediatric patients with initial or relapsed leukemia and in normal
lymphocytes. Cancer Chemother Pharmacol 2007;60(4):467–77.

11] Plunkett W,  Hug V, Keating MJ,  Chubb S. Quantitation of 1-�-d-
arabinofuranosylcytosine 5′-triphosphate in the leukemic cells from bone mar-
row and peripheral blood of patients receiving 1-�-d-arabinofuranosylcytosine
therapy. Cancer Res 1980;40:588–91.

12] Liliemark JO, Plunkett W,  Dixon DO. Relationship of 1-�-d-
arabinofuranosylcytosine in plasma to 1-�-d-arabinofuranosylcytosine

5′-triphosphate levels in leukemic cells during treatment with high-dose
1-�-d-arabinofuranosylcytosine. Cancer Res 1985;45:5952–7.

13] Plunkett W,  Iacoboni S, Estey E, Danhauser L, Liliemark JO, Keating MJ. Phar-
macologically directed Ara-C therapy for refractory leukemia. Semin Oncol
1985;12(Suppl. 3):20–30.

[

[

earch 37 (2013) 690– 696 695

14] Iacoboni SJ, Plunkett W,  Kantarjian HM,  Estey E, Keating MJ, McCredie KB,
et  al. High-dose cytosine arabinoside: treatment and cellular pharmacology
of  chronic myelogenous leukemia blast crisis. J Clin Oncol 1986;4:1079–88.

15] Heinemann V, Estey E, Keating MJ,  Plunkett W.  Patient-specific dose rate
for continuous infusion high-dose cytarabine in relapsed acute myelogenous
leukemia. J Clin Oncol 1989;7:622–8.

16] Cai J, Damaraju VL, Groulx N, Mowles D, Peng Y, Robins MJ,  et al. Two distinct
molecular mechanisms underlying cytarabine resistance in human leukemic
cells. Cancer Res 2008;68(7):2349–57.

17] Song JH, Kim SH, Kweon SH, Lee TH, Kim HJ, Kim HJ, et al. Defective expression
of  deoxycytidine kinase in cytarabine-resistant acute myeloid leukemia cells.
Int J Oncol 2009;34(4):1165–71.

18] Dumontet C, Bauchu EC, Fabianowska K, Lepoivre M,  Wyczechowska D, Bodin
F,  et al. Common resistance mechanisms to nucleoside analogues in vari-
ants  of the human erythroleukemic line K562. Adv Exp Med  Biol 1999;457:
571–7.

19] Schröder JK, Kirch C, Flasshove M,  Kalweit H, Seidelmann M,  Hilger R, et al.
Constitutive overexpression of the cytidine deaminase gene confers resistance
to  cytosine arabinoside in vitro. Leukemia 1996;10(12):1919–24.

20] Alloush HM,  Anderson E, Martin AD, Ruddock MW,  Angell JE, Hill PJ, et al. A
bioluminescent microbial biosensor for in vitro pretreatment assessment of
cytarabine efficacy in leukemia. Clin Chem 2010;56(12):1862–70.

21] Xie C, Edwards H, Xu X, Zhou H, Buck SA, Stout ML,  et al. Mechanisms
of  synergistic antileukemic interactions between valproic acid and cytara-
bine in pediatric acute myeloid leukemia. Clin Cancer Res 2010;16(22):
5499–510.

22] Gandhi V, Plunkett W.  Modulation of arabinosylnucleoside metabolism by
arabinosylnucleotides in human leukemia cells. Cancer Res 1988;48(2):
329–34.

23] Zhang C, Ao Z, Seth A, Schlossman SF. A mitochondrial membrane protein
defined by a novel monoclonal antibody is preferentially detected in apoptotic
cells. J Immunol 1996;157:3980–7.

24] Vercesi A, Bernardes C, Hoffmann M,  Gadelha F, Docampo R. Digitonin perme-
abilisation does not affect mitochondrial function and allows the determination
of  the mitochondrial membrane potential of Trypanosoma cruzi in situ. J Biol
Chem 1991;266:14431–4.

25] Ahlmann M,  Lanvers C, Lümkemann K, Rössig C, Freund A, Baumann M,  et al.
Modulation of Ara-CTP levels by fludarabine and hydroxyurea in leukemic cells.
Leukemia 2001;15:69–73.

26] Crauste C, Lefebvre I, Hovaneissian M,  Puy JY, Roy B, Peyrottes S, et al. Devel-
opment of a sensitive and selective LC/MS/MS method for the simultaneous
determination of intracellular 1-beta-d-arabinofuranosylcytosine triphos-
phate (araCTP), cytidine triphosphate (CTP) and deoxycytidine triphosphate
(dCTP) in a human follicular lymphoma cell line. J Chromatogr B Analyt Technol
Biomed Life Sci 2009;877(14–15):1417–25.

27] Muus P, Drenthe-Schonk A, Haanen C, Wessels H, Linssen P. In-vitro studies
on phosphorylation and dephosphorylation of cytosine arabinoside in human
leukemic cells. Leuk Res 1987;11(4):319–25.

28] Estey EH, Keating MJ,  McCredie KB, Freireich EJ, Plunkett W.  Cellular Ara-CTP
pharmacokinetics, response, and karyotype in newly diagnosed acute myel-
ogenous leukemia. Leukemia 1990;4(2):95–9.

29] Köhl U, Schwabe D, Montag E, Bauer S, Mieth B, Cinatl J, et al. Formation
of  cytosine arabinoside-5′-triphosphate in different cultured lymphoblas-
tic  leukaemic cells with reference to their drug sensitivity. Eur J Cancer
1995;31A(2):209–14.

30] Ossenkoppele GJ, Wijermans PW,  Nauta JJ, Huijgens PC, Langenhuijsen MM.
Low-dose cytarabine for acute myeloid leukaemia and myelodysplastic syn-
dromes: in vivo and in vitro cytotoxicity. Eur J Cancer 1991;27:842–5.

31] Löwenberg B, Pabst T, Vellenga E, van Putten W,  Schouten HC, Graux C,
et  al. Dutch-Belgian Cooperative Trial Group for Hemato-Oncology (HOVON)
and Swiss Group for Clinical Cancer Research (SAKK) Collaborative Group.
Cytarabine Dose for Acute Myeloid Leukemia. N Engl J Med 2011;364:
1027–36.

32] Braess J, Pförtner J, Kern W,  Hiddemann W,  Schleyer E. Cytidine deaminase—the
methodological relevance of AraC deamination for ex vivo experiments using
cultured cell lines, fresh leukemic blasts, and normal bone marrow cells. Ann
Hematol 1999;78(11):514–20.

33] Nagahara Y, Tanaka M,  Shinomiya T. Mechanism of mitochondrial 7A6 antigen
exposure triggered by distinct apoptotic pathways: involvement of caspases.
Cytometry A 2007;71(4):232–41.

34] Xue L, Borutaite V, Tolkovsky AM. Inhibition of mitochondrial permeability
transition and release of cytochrome c by anti-apoptotic nucleoside analogues.
Biochem Pharmacol 2002;64(3):441–9.

35] Grazide S, Maestre N, Veldman RJ, Bezombes C, Maddens S, Levade T, et al.
Ara-C- and daunorubicin-induced recruitment of Lyn in sphingomyelinase-
enriched membrane rafts. FASEB J 2002;16(12):1685–7.

36] Lillemark JO, Plunkett W.  Regulation of 1-beta-d-arabinofuranosylcytosine
5′-triphosphate accumulation in human leukemia cells by deoxycytidine 5′-
triphosphate. Cancer Res 1986;46(3):1079–83.

37] Shao J, Zhou B, Chu B, Yen Y. Ribonucleotide reductase inhibitors and future
drug design. Curr Cancer Drug Targets 2006;6(5):409–31.
38] Meuth M.  The molecular basis of mutations induced by deoxyribonu-
cleoside triphosphate pool imbalances in mammalian cells. Exp Cell Res
1989;181(2):305–16.

39] Yamauchi T, Negoro E, Kishi S, Takagi K, Yoshida A, Urasaki Y, et al.
Intracellular cytarabine triphosphate production correlates to deoxycytidine

http://dx.doi.org/10.1016/j.leukres.2013.02.012
http://dx.doi.org/10.1016/j.leukres.2013.02.012


6 ia Res

[

[

96 E. Anderson et al. / Leukem

kinase/cytosolic 5′-nucleotidase II expression ratio in primary acute myeloid

leukemia cells. Biochem Pharmacol 2009;77(12):1780–6.

40] Plunkett W,  Liliemark JO, Adams TM,  Nowak B, Estey E, Kantarjian H, et al.
Saturation of 1-�-d-arabinofuranosylcytosine 5′-triphosphate accumulation
in  leukemia cells during high-dose 1-�-d-arabinofuranosylcytosine therapy.
Cancer Res 1987;47(11):3005–11.

[

earch 37 (2013) 690– 696

41] Gandhi V, Kemena A, Keating MJ, Plunkett W.  Fludarabine infusion potenti-

ates  arabinosylcytosine metabolism in lymphocytes of patients with chronic
lymphocytic leukemia. Cancer Res 1992;52(4):897–903.

42] Gandhi V, Plunkett W.  Cell cycle-specific metabolism of arabinosyl nucleo-
sides in K562 human leukemia cells. Cancer Chemother Pharmacol 1992;31(1):
11–7.


	A novel bioluminescent bacterial biosensor for measurement of Ara-CTP and cytarabine potentiation by fludarabine in seven ...
	1 Introduction
	2 Materials and methods
	2.1 Cell lines
	2.2 Biosensor assay protocol
	2.3 3-Day CellTiterGlo™ assay
	2.4 APO2.7 assessment of cytarabine cytotoxicity
	2.5 HPLC assessment of intracellular Ara-CTP concentration
	2.6 Statistical interpretation

	3 Results
	3.1 Comparison of detection of Ara-CTP production by the biosensor assay and HPLC
	3.2 Ara-CTP quantitation by HPLC and biosensor assays compared with LC50 assessment and percentage apoptosis following tre...
	3.3 Biosensor detection of Ara-CTP generation augmented by fludarabine pre-treatment of leukaemic cell lines

	4 Discussion
	Conflict of interest statement
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data


