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Background: Non-invasive serial imaging is desirable to detect processes such as necrotic and apoptotic cell death in cancer
patients undergoing treatment. This study investigated the use of diffusion-weighted (DW-) magnetic resonance imaging (MRI) for
imaging cell death induced by either a cytotoxic drug (irinotecan), or the apoptosis-inducing agent birinapant, in human tumour
xenografts in vivo.

Methods: Nude mice bearing human SW620 colon carcinoma xenografts were treated with vehicle, irinotecan (50mg kg� 1) or
birinapant (30mgkg� 1) for up to 5 days. DW-MRI was performed prior to and on days 1, 3 and 5 during treatment. Assessment of
tumour apoptosis and necrosis ex vivo was used to validate the imaging findings.

Results: Both irinotecan and birinapant induced significant tumour growth delay. Irinotecan induced a small increase in the
tumour apparent diffusion coefficient (ADC) after 1 day, with a 20 and 30% increase at days 3 and 5 respectively. ADC was
unchanged in the vehicle- and birinapant-treated tumours despite a growth delay in the latter. Histological analysis showed that
irinotecan increased necrosis at days 3 and 5, and induced apoptosis after 1 day, compared with vehicle. Birinapant induced
apoptosis after day 3, but had no effect on tumour necrosis.

Conclusions: Tumour ADC changes after irinotecan treatment were associated with the induction of a mixture of necrotic and
apoptotic cell death, whereas induction of apoptosis alone with birinapant was not sufficient to induce changes in tissue
microstructure that were detectable with DW-MRI. ADC is a useful non-invasive biomarker for early detection of response to
cytotoxic drugs, but false negatives may arise while detecting apoptotic response to birinapant.

Effective tumour therapy necessitates the induction of cell death,
which can occur through a variety of mechanisms. In particular,
newer targeted agents may induce apoptosis or mitotic catastrophe
rather than necrosis (Morse et al, 2007). Because of its non-
invasive nature and ability to interrogate the whole tumour,
imaging is crucially important in recognizing these processes while
determining a therapeutic response, particularly when testing new
agents in the clinic where longitudinal assessments are essential
(Waterton and Pylkkanen, 2012).

Diffusion-weighted magnetic resonance imaging (DW-MRI),
which measures water mobility within tissues and indirectly relates

to extracellular space, has been used to provide a quantitative
imaging biomarker, the apparent diffusion coefficient (ADC), of
tumour response (Valonen et al, 2004; Charles-Edwards and
deSouza, 2006). The low ADC, which is typical of tumours because
of their high cellularity, increases in response to successful
treatment as a result of tumour cell loss and extracellular expansion
(Huang et al, 2008; Rozel et al, 2009). In a variety of tumour types
treated with standard cytotoxic agents, for example, ovary (Kyriazi
et al, 2011), and lung, esophageal, gastric, rectal cancer or liver
metastasis (Sun et al, 2011), an early ADC increase after one cycle
or as early as after 1 week of treatment has indicated a positive
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response to treatment. Clinical studies with targeted therapies have
also shown that an ADC increase may be a potential biomarker of
favourable response to treatment: a marked ADC rise at 1 week
after therapy has been associated with response to the tyrosine
kinase inhibitor imatinib in patients with gastrointestinal stromal
tumours (Tang et al, 2011).

The mechanisms responsible for the increase in ADC following
a successful therapeutic response remain poorly understood. An
increase in ADC has been correlated with necrosis (Thoeny et al,
2005) and it also has been demonstrated in some studies that ADC
increases as a result of morphological changes associated with
apoptosis, such as cell shrinkage and membrane blebbing
(Patterson et al, 2008). However, a direct comparison of the
changes in ADC following cell death induced by different
mechanisms has not been established. The purpose of this study,
therefore, was to compare ADC changes in two different types of
treatment, one a cytotoxic (irinotecan) predominantly causing
necrosis and the other a novel apoptosis-inducing agent, birinapant
(formerly called TL32711). SW620 tumour xenografts were imaged
longitudinally, once prior to treatment, and then every other day
following the treatment on up to three occasions, and imaging data
validated against ex vivo analysis and histopathology.

MATERIALS AND METHODS

Cell culture. Human SW620 colorectal adenocarcinoma cells
derived from lymph node metastasis were obtained from American
Type Culture Collection and maintained in Dulbecco’s Modified
Eagle’s culture medium (Sigma-Aldrich, Dorset, UK) supplemen-
ted with 2mM L-glutamine, 100Uml� 1 penicillin, 0.2mgml� 1

streptomycin and 10% (v/v) fetal bovine serum in a humidified
atmosphere with 5% CO2 at 37 1C.

Tumour xenograft model. Animal experiments were performed
in accordance with the local ethical review panel, the UK Home
Office Animals (Scientific Procedures) Act 1986, and with the UK
National Cancer Research Institute Guidelines for the Welfare and
Use of Animals in Cancer Research (Workman et al, 2010). Female
(6–8 weeks old) NCr nude mice were injected with 4� 106 SW620
cells in 0.1ml serum-free medium subcutaneously into the flanks.
Callipers were used to measure the tumour length (L), width (W)
and depth (D). Tumour volume was then calculated using the
formula for an ellipsoid volume: (p/6)� L�W�D, and used to
plot tumour growth curves. Approximately 2.5–3 weeks after cell
inoculation, when tumours reached a calliper volume between 200
and 250mm3, MRI was performed (day 0) and tumour volume was
confirmed based on MRI measurements. Mice were randomly
divided into three cohorts for treatment with vehicle (n¼ 12),
irinotecan (n¼ 11) or birinapant (n¼ 12).

Each mouse was treated either with 50mg kg� 1 irinotecan
hydrochloride (Camptosar, Pfizer, Surrey, UK), 30mg kg� 1

birinapant (Selleck Chemicals, Houston, TX, USA) dissolved in
citrate buffer, or same volume of vehicle (citrate buffer).
Treatments were administered intraperitoneally on a bi-daily basis
for a maximum of three doses (one dose on day 0, one dose on day
2 and one dose on day 4). Tumours were excised on day 1 (one
treatment dose), 3 (two treatment doses) or 5 (three treatment
doses) (n¼ 4 per time point for each treatment, except for n¼ 3
for day 5 for the irinotecan-treated cohort).

Magnetic resonance imaging. MRI measurements were per-
formed in all mice on day 0 prior to the treatment (baseline)
and on days 1 or 3 for mice killed on days 1 and 3, respectively. In
mice killed at day 5, MRI was performed at baseline and at days 1,
3 and 5. The short-term treatment of 5 days was chosen as the
main aim of this study was to find early MRI indicators of cell
death in response to treatment. A 7-T horizontal bore Bruker

Micro-Imaging system (Bruker Instruments, Ettlingen, Germany)
by using a 3-cm birdcage coil was used. Anaesthesia was induced
by intraperitoneal injection of a mixture of fentanyl citrate
(0.315mgml� 1) plus fluanisone (10mgml� 1 (Hypnorm; Janssen
Pharmaceutical Ltd., High Wycombe, UK)), midazolam
(5mgml� 1 (Hypnovel; Roche Applied Sciences, Burgess Hill,
UK)) and water (1 : 1 : 2). Mice were positioned with the tumour at
the isocentre of the magnet bore and their core temperature was
maintained at 37 1C with a flow of warm air through the bore.
Anatomical T2-weighted axial images were initially acquired using
a rapid acquisition with refocused echoes (RARE) sequence from
20 contiguous 1-mm-thick slices (TE¼ 36ms, TR¼ 4500ms, four
averages, 128� 128 phase encoding steps, 3� 3 cm2 field of view)
for identifying the tumour centre and for quantitation of the
tumour volume. A spin-echo-planar DW sequence (TE¼ 32ms,
TR¼ 1500ms, b-values¼ 200–1000 smm� 2, 5 b-values, four
averages) was used to determine the tumour ADC from three
1-mm-thick axial slices through the centre. After the last scan
(days 1, 3 or 5) tumours were rapidly excised, cut axially into two
parts, snap frozen on dry ice and stored at � 80 1C to be used for
ex vivo analysis.

MRI data analysis. Regions of interest (ROI) outlining the
tumour were drawn on T2-weighted images in order to calculate
the tumour volume at all the time points. DW-MRI data were
fitted on a pixel-by pixel basis using in-house software (Image-
View, developed in IDL, ITT Visual Information Systems, Boulder,
CO, USA) using a Bayesian maximum a posteriori approach that
took into account the Rician noise distribution to allow calculation
of ADC maps (Walker-Samuel et al, 2009). The mean, median and
25th and 75th percentile ADC values were calculated from three
contiguous and central tumour slices at each time point for each
individual mouse.

Western blot analysis. Western blot analysis was used to measure
the cleavage of the DNA repair protein poly (ADP-ribose)
polymerase (PARP), which is cleaved by active caspase-3 and
indicates the middle-to-late phase of apoptosis. Tumours were
homogenised in RIPA buffer (Cell Signaling, Boston, MA, USA)
supplemented with protease and phosphatase inhibitors (Roche
Applied Sciences). Whole and cleaved PARP were detected in the
homogenates by using a rabbit anti-PARP antibody (Cell Signaling,
1 : 1000). A rabbit anti-b-actin antibody (Cell Signaling, 1 : 2000)
was also detected to be used as loading control. Subsequently, an
anti-rabbit horseradish peroxidise-conjugated secondary antibody
(Sigma-Aldrich; 1 : 2000) was used and signal was detected by
using an enhanced chemiluminescence substrate (GE Healthcare,
Buckinghamshire, UK).

Immunohistochemical analysis and in situ hybridization. Acti-
vation of caspase-3 was used to indicate the early phase of
apoptosis, whereas DNA fragmentation was used as a marker of
the late/pre-necrotic phase of apoptosis.

Frozen tumour sections (10 mm thick) were cut axially from two
regions for each tumour, one in the centre of the tumour and one
1mm apart, in the same orientation as the one used during MRI.
Acetone fixed sections were blocked with 10% (w/v) normal goat
serum (Vector Laboratories, Peterborough, UK) in phosphate-
buffered saline for 30min, followed by overnight incubation with a
rabbit anti-cleaved caspase-3 antibody (Abcam, Cambridge, UK,
1 : 20). A non-immune-specific rabbit IgG was used in the same
concentration with the anti-cleaved caspase-3 antibody, as a
negative isotype control. The following day, slides were washed
twice and incubated for 1 h with an Alexa-Fluor 546 goat anti-
rabbit secondary antibody (Invitrogen, Paisley, UK, 1 : 1000).
Fluorescent staining was visualised at 556–573 nm on a BX51
microscope (Olympus Optical, London, UK) and a motorised
scanning stage (Prior Scientific Instruments, Cambridge, UK)
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driven by image analysis software CellP (Soft Imaging System,
Munster, Germany) to record digital composite images of whole
tumour sections.

DNA double strand breaks were detected with an in situ cell
death detection kit (Roche Applied Sciences) using a Terminal
deoxynucleotidyl Transferase (TdT)-mediated deoxyuridine tri-
phosphate (dUTP) nick end labelling (TUNEL) approach.
Paraformaldehyde fixed and permeabilized sections were incubated
with a mixture of enzyme (TdT) and fluorescein labelled
nucleotide (dUTP) for 1 h. Sections were also incubated with label
solution without the terminal transferase, as a negative control.
Fluorescent staining was detected at 515–565 nm and composite
whole tumour sections were recorded.

Sections were also stained with haematoxylin and eosin (H&E),
dehydrated through a series of alcohols and xylene and visualized
under light. Composite images of whole tumour sections were
recorded.

The image analysis software ImageJ (Schneider et al., 2012) was
used for post-processing of all digital composite tumour images.
Post-processing was blinded to the type and duration of treatment.
For cleaved caspase-3 and TUNEL staining, ROIs encompassing
the whole tumour sections were defined and fluorescent particles
detected above a constant intensity threshold across all tumour
sections, and the area of tumour with fluorescent staining
expressed as a percentage of the whole tumour section area. The
intensity threshold was set above background staining to associate
with positive staining only; the background fluorescent intensity
staining was defined initially by using negative control stained
sections. Digital composite images from the H&E sections were
used to quantify the degree of tumour necrosis. Using ImageJ, all
necrotic areas or foci in each tumour section were measured by
drawing ROIs and expressed as a percentage of the whole tumour
section area.

Statistical analysis. GraphPad Prism 5 (GraphPad Software Inc.,
La Jolla, CA, USA) was used to perform statistical analysis. The
mean values for tumour volume, mean of median values for ADC,
the mean necrotic and stained area fractions, and the mean
integrated density of protein bands were used for all the mice in
each time point. The variability in baseline tumour ADC across
the cohort was documented. To validate the reproducibility of
the technique, the coefficient of variation (CoV) between two
baseline measurements made in seven mice scanned 24 h apart
was calculated. Any significant differences in measured para-
meters between vehicle- and drug-treated tumours were
identified by using one-way ANOVA with Bonferroni post test,
with a 5% level of significance. Frequency distribution analysis
was also used for all ADC values of each tumour. Results are
presented as the mean ±1 s.e.m.

RESULTS

Treatment with the cytotoxic drug irinotecan or the apoptosis-
inducing agent birinapant caused a significant tumour growth
delay in SW620 colon cancer xenografts. SW620 tumours had a
doubling rate of 3.3±0.6 days based on independent tumour
volume growth curves for each of the mice used in this study,
where the volume of the tumours was calculated from calliper
dimension measurements. Calliper volume and MRI volume
measurements were very similar and no statistical significance
was found when a paired t-test was performed in over 92 tumour
volumes calculated with both methods. The mean MRI tumour
volume at day 0 was 201± 47mm3.

Both irinotecan and birinapant treatment induced a significant
growth delay as assessed by MRI-derived tumour volume
measurements in comparison with controls from day 3 onwards.

As shown in Figure 1B, the volume of the vehicle-treated tumours
increased by 85±16% at day 3, and by 163±32% at day 5, while
the volume of the irinotecan-treated cohort increased only by
26±11% at day 3, and by 52±12% at day 5. The birinapant-
treated tumours increased in volume by 26±8% at day 3, and by
40±24% at day 5.

ADC increases in response to cytotoxic treatment at day 1 prior
to tumour growth delay, whereas apoptotic-specific treatment
had no effect on ADC. Means of the median ADC values are
given in Figure 1C. The baseline variability in ADC across all
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Figure 1. The anti-tumour effects of birinapant or irinotecan therapy in
SW620 human colon adenocarcinoma xenografts. (A) Actual tumour
volume changes and (B) tumour volume changes relative to baseline
(day 0) over the course of treatment show an increase in tumour volume
in the vehicle-treated cohort, while both drugs (birinapant and
irinotecan) induced significant tumour growth delay. (C) Changes in
tumour ADC relative to baseline in vehicle- and drug-treated cohorts
over 5 days. Black arrows indicate the dosing schedule. Data are mean
for tumour volumes or mean of median values for ADC ±1 s.e.m.,
*Po0.05, **Po0.01, ***Po0.001, ****Po0.0001.

DW-MRI for cell death imaging BRITISH JOURNAL OF CANCER

www.bjcancer.com |DOI:10.1038/bjc.2015.134 1473

http://www.bjcancer.com


tumours was 6%. The CoV of repeated ADC measurements in
seven mice scanned on two consecutive days was 4%.

Representative ADC maps overlaid on DW images of a vehicle-,
an irinotecan- and a birinapant-treated tumour at baseline and at
days 1, 3 and 5 post treatment are shown in Figure 2; there was an
increase in ADC in the irinotecan-treated tumour at days 3 and 5.
Figure 3 shows the mean ADC frequency distribution scatter plots
of all tumours in each of the three cohorts, indicating that
irinotecan causes a shift of the ADC distribution towards higher
values at days 3 and 5. Tumour ADC was significantly higher at
days 1, 3 and 5 post treatment with irinotecan by 8% (Po0.05),
20% (Po0.0001) and 30% (Po0.0001), respectively; the vehicle-
and birinapant-treated cohorts only changed by±5% over the
course of the treatment. Table 1 summarises the ADC data for days
0, 1, 3 and 5. The median ADC value of the irinotecan-treated
cohort increased to 665 and 700� 10� 6mm2 s� 1 at days 3 and 5
respectively, whereas in the vehicle-treated cohort the median
ADC value was 533 and 513� 10� 6mm2 s� 1 at days 3 and 5,
respectively. In the birinapant-treated cohort the median ADC
value was 509 and 531� 10� 6mm2 s� 1 at days 3 and 5
respectively.

The irinotecan-induced change in ADC in the SW620 tumours
is associated with necrotic and apoptotic cell death. Figure 4
shows representative histological sections of excised tumours after
5 days of treatment with vehicle, irinotecan or birinapant, stained
with H&E (Figure 4A), TUNEL staining (Figure 4B) and cleaved
caspase-3 staining (Figure 4C). Quantification of tumour necrosis
using the H&E stained sections at days 1, 3 or 5 after treatment is
shown in Figure 5A. The irinotecan-treated tumours displayed a
significantly higher degree of necrosis (32±6% and 31±8%,
Po0.05), compared with vehicle-treated tumours (17±4 and
18±3%), on both days 3 and 5. Necrosis was also higher, 23±2%,
in the birinapant-treated cohort at day 5 compared with the
vehicle-treated tumours, but the results were not statistically
significant.

At day 3, TUNEL staining was significantly greater in both the
irinotecan (14%, Po0.001) and birinapant (11%, Po0.01) treated
cohorts compared with the vehicle-treated group (5%) (Figure 5C).
At day 5, TUNEL staining was 11±1% (Po0.01) in the
irinotecan-treated and 10±2% (Po0.05) in the birinapant-treated
cohorts compared with 7±1% in the vehicle-treated group.

Caspases were activated after treatment with either irinotecan or
birinapant (Figure 5B). Cleaved caspase-3 positive staining was
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increased in the irinotecan-treated cohort to 2% in all days
(1, 3 and 5) compared to o0.8% in the vehicle-treated group. In
the birinapant-treated tumours there was an increase in positive
staining to more than 2% at day 3 compared with 0.8±0.2% in the
vehicle (Po0.001), but it decreased to 1.2±0.3% at day 5 despite
still being higher than in the vehicle-treated tumours (Po0.05).

Western blot analysis performed on tumour extracts for PARP
and cleaved PARP protein expression (Figure 5D) shows reduction
of whole PARP and increase in cleaved PARP protein expression
in both treated cohorts at day 5, confirming the downstream
signalling as a result of apoptosis; however, the effect was more
profound in the irinotecan-treated tumours. Densitometry analysis
of the protein bands for cleaved PARP for all time points
(Figure 5E) shows an increase in PARP cleavage on day 3 for
tumours treated with irinotecan or birinapant (Po0.05 and

Po0.01, respectively) compared with vehicle-treated tumours.
On day 5, PARP cleavage was even higher on the irinotecan-
treated cohort (Po0.001) compared with the vehicle-treated.
Cleaved PARP was also increased on day 5 on the birinapant-
treated tumours but the result was not significantly different
(P40.05) from the vehicle-treated cohort. The ex vivo findings
suggest that irinotecan results in a mixture of necrotic and
apoptotic cell death, whereas birinapant causes cell death via the
apoptotic pathway.

DISCUSSION

In this study, we have exploited the use of DW-MRI for evaluating
response to two anticancer agents, birinapant and irinotecan,

Table 1. Summary of the mean, 25th percentile (Q1), median and 75th percentile (Q3) ADC values in SW620 tumours at day 0
(prior to treatment), and days 1, 3 and 5 after treatment with vehicle, irinotecan or birinapant

ADC (10�6mm2 s�1)

Treatment Mean Q1 Median Q3

Day 0 Vehicle (n¼ 12) 946±138 430±10 538±10 671±15

Irinotecan (n¼11) 755±72 422±12 535±13 678±23

Birinapant (n¼12) 849±60 426±5 531±7 665±15

Day 1 Vehicle (n¼ 8) 835±117 417±7 515±8 628±11

Irinotecan (n¼7) 883±84 437±14 555±15 609±31

Birinapant (n¼8) 970±148 397±16 513±12 661±11

Day 3 Vehicle (n¼ 8) 839±106 420±10 533±12 670±18

Irinotecan (n¼7) 987±142 535±9**** 665±11**** 814±16****

Birinapant (n¼8) 737±53 410±8 509±6 612±14*

Day 5 Vehicle (n¼ 4) 704±100 406±13 513±9 627±12

Irinotecan (n¼3) 1071±191 562±20*** 700±17*** 880±30**

Birinapant (n¼4) 845±106 423±20 531±29 671±52

Abbreviation: ADC¼ apparent diffusion coefficient. Data are mean±1 s.e.m., where *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001 indicate significance between the irinotecan- and the
vehicle-treated tumours or between the birinapant- and the vehicle-treated tumours.

Vehicle Irinotecan Birinapant

Figure 4. Histological assessment of cell death in SW620 xenografts at day 5 after treatment with vehicle, irinotecan or birinapant. (A) Composite
images of H&E-stained sections indicating necrotic regions (arrows). (B) Composite images from frozen tumour sections stained with the fluorescein
in situ cell death detection kit. Areas with DNA fragmentation fluoresce green. (C) Composite images from frozen sections stained with the apoptotic
marker cleaved caspase-3, detected using an Alexa-546-conjugated secondary antibody that fluoresces red. Scale bar 0.5mm. A full color version of this
figure is available at British Journal of Cancer journal online.
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which were predicted to elicit two different types of response,
apoptosis for birinapant and a mixture of necrosis and apoptosis
for irinotecan. The dosages of both agents were based on previous
publications. Irinotecan at a dose of 50mg kg� 1 has been shown to
induce tumour growth delay on SW620 xenografts (Zabludoff et al,
2008), and birinapant at a dose of 30mg kg� 1 had a similar effect
on human melanoma xenografts and in patient-derived xeno-
transplant models of ovarian cancer, colorectal cancer and
melanoma (Krepler et al, 2013; Benetatos et al, 2014).

DW-MRI used to monitor changes in tumour water diffusion as
a result of cell death caused by two treatments with different
mechanisms of action showed a striking increase in ADC in the
presence of necrosis, but no significant increase above baseline
variation when purely apoptosis was present. Although the
increase in ADC after 3 and 5 days of irinotecan treatment
compared with the vehicle was more profound, a small increase in
tumour ADC could be observed following this treatment even after
one day. This suggests that the tissue changes that precede the
frank histological recognition of necrosis (as confirmed by ex vivo
analysis) cause an increase in water diffusivity. However, irinotecan
treatment also led to increased apoptosis as revealed with TUNEL
and cleaved caspase-3 staining, and cleaved PARP western blot
analysis. Hence, irinotecan caused an ADC increase as a result of a
mixture of necrotic and apoptotic cell death. This is in agreement
with a previous study indicating that the increase in tumour ADC
is associated with induction of global cell death as a result of
various mechanisms, rather than only a specific form of cell death
(Morse et al, 2007). In a mouse lymphoma model, irinotecan was
also shown to increase ADC by 14% after 2 days of treatment; this
change in ADC correlated with increased apoptosis and decreased
tumour proliferation (Ng et al, 2013).

In contrast, tumour growth delay caused by birinapant from day
3 (due to induction of apoptosis as confirmed by ex vivo analysis),

although equivalent to that induced by irinotecan, was not
accompanied by an increase in ADC. The increase in tumour
cleaved caspase-3 staining and cleaved PARP protein expression in
the birinapant-treated cohort compared with the vehicle-treated,
and DNA fragmentation (as indicated by TUNEL staining, which
also increased on days 3 and 5 after birinapant treatment),
confirmed birinapant as a clear apoptotic-inducing agent. Impor-
tantly, necrosis did not change significantly. Therefore, although
birinapant-treated tumours grew more slowly and underwent
apoptosis, the lack of change in water diffusivity suggests that at
these early time-points tissue microstructure has not been
compromised. This is of crucial importance when considering
newer targeted agents which often predominantly cause apoptosis.
In these situations, the ADC is unlikely to increase early unless
extensive necrosis is also present or significant disruption to tissue
microstructure occurs. Other studies have confirmed the need for
extensive regions of necrosis before an increase in tumour ADC
can be expected (Lyng et al, 2000; Bohndiek et al, 2010). It may
well be that changes because of an extensive necrosis cause a more
substantial disruption in tissue microarchitecture and hence
more dramatic and acute alteration in water diffusion, whereas
the effect of apoptosis is smaller, and more diffuse and
homogeneously distributed in the tumour area, and thus might
be undetectable in ADC measurements made at early time
points. One possible explanation why treatment with birinapant
has no effect on water diffusivity or on tissue microarchitecture
might be that removal of the dead cells is followed by tumour cell
repopulation. A study has shown that the apoptotic process can
stimulate the repopulation of tumours undergoing radiotherapy
and that this process is mediated by activated caspase-3 (Huang
et al, 2011). In our study, tumour cell repopulation could have
occurred after both treatments due to increased caspase
activation, as the levels of cleaved caspase-3 were comparable
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Figure 5. Ex vivo assessment and quantification of histological markers of cell death in SW620 xenografts treated with vehicle, irinotecan or
birinapant. (A) Necrotic area, (B) cleaved caspase-3 positive area, and (C) TUNEL positive area. Results are meansþ 1 s.e.m of two sections per
tumour for n¼4 per time point of each treatment, except for n¼3 at day 5 in the irinotecan-treated cohort. (D) Western blot from tumours
harvested at day 5 after treatment showing an increase in PARP cleavage in the irinotecan-treated group. (E) Densitometry of western blots
corrected by using b-actin for tumours harvested at days 1, 3 and 5 after treatment showing an increase in PARP cleavage in irinotecan- or
birinapant-treated compared to vehicle-treated tumours after day 3. *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001.
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between treatments. However, the repopulation effect would
be more evident in the case of birinapant only, because in
the case of irinotecan the increased necrosis (almost
double compared with birinapant) would mask such an effect.
Hence, when monitoring cytotoxic therapy, DW-MRI can be
used early on during treatment to predict treatment response
but when imaging targeted therapies, DW-MRI may be
poorly sensitive for measuring early response; the timing of
imaging is crucial to eliminate the risk of false-negative results
(Sinkus et al, 2012).

Preclinical studies of targeted agents have reported ADC
increase following treatment with the HIF inhibitor NSC-134754
at 24 h (Baker et al, 2012), the Jak1/2 inhibitor AZD1480 at 3 days
(Loveless et al, 2012), and the MEK1/2 inhibitor selumetinib at
3 days (Beloueche-Babari et al, 2013). The changes in water
diffusion in these studies were associated with an increase in the
extracellular space due to the induction of necrosis or a mixture
of cell death, which is in agreement with our study in the case of
irinotecan. In mouse breast cancer xenografts, treatment with the
death receptor 4 antibody TRA-8, an apoptosis-inducing drug,
led to an increase in ADC after 3 days of treatment, which was
linearly proportional to the apoptotic cell and caspase-3 densities
and inversely proportional to the proliferating cell density;
however, ADC started to decrease after 6 days of treatment
(Kim et al, 2008). In our study no changes in ADC were observed
after treatment with the apoptosis-inducing birinapant during the
5 days of treatment duration; however, in the study by Kim et al,
induction of caspase-3 activation was 10-fold higher than in our
study.

The lag time between exposure to the drug and the appearance
of morphological changes of cell death is likely to be highly
variable and depends heavily on the cell and tumour type, the
type of treatment, its duration and intensity and the local
environmental conditions of the cells (Martin et al, 1995), hence a
time course monitoring of the treatment response was chosen for
a duration of 5 days, which included a maximum of four MRI
sessions per tumour. Tumours excised from mice treated with the
same drug but on different time points could be undergoing a
different stage of apoptosis. This could explain the slightly higher
degree of DNA fragmentation seen by TUNEL staining in day 3
compared with day 5. The study duration was confined to 6 days
(including baseline), as the SW620 tumour doubling times were
3.3±0.6 days, which meant that the vehicle-treated animals
reached the Home Office tumour size restriction limits over this
time. Furthermore, necrosis in the vehicle-treated group of 18% at
day 5 (Figure 5A) was observed in this SW620 subcutaneous
tumour model, which was maintained at the same level for the
duration of the treatment.

A variety of imaging modalities have been used to image
treatment response. Increased activation of caspases during
apoptosis can be visualised by using the PET radiolabelled selective
inhibitor of activated caspase-3 and -7, isatin 5-sulphonamide
([18F]ICMT-11) (Nguyen et al, 2009), and fluorescent or
radiolabelled annexin V, a natural PS-binding protein, is widely
used to monitor PS exposure on the cell membrane (Collingridge
et al, 2003; Glaser et al, 2003). High-frequency ultrasound has been
shown to detect nuclear fragmentation and DNA clumping (Vlad
et al, 2010), while accumulation of lipid droplets has been
identified with proton magnetic resonance spectroscopy
(Delikatny et al, 2011; Zietkowski et al, 2012). A recent study
has also shown the potential of magnetic resonance elastography
for imaging treatment-induced tumour necrosis (Li et al, 2014).
However, of the available techniques, DW-MRI is routinely used in
the clinic and is easy to implement. Its role in drug development is
therefore escalating.

We selected a potent cytotoxic and a pure apoptotic agent for
our comparative study. Irinotecan, a topoisomerase inhibitor,

prevents DNA unwinding and results in cell death due to DNA
damage (Guichard et al, 1999). As a single agent or in combination
with other drugs, it has been previously shown to cause tumour
growth delay in SW620 tumours (Davies et al, 2007; Zabludoff
et al, 2008), and also to induce tumour necrosis factor production
leading to apoptotic cell death via the extrinsic pathway (Goto et al,
1996). Moreover, it can induce caspase-3-like protease activity
in vitro in SW620 cells (Bergmann-Leitner and Abrams, 2001). On
the other hand, birinapant, a mimetic of the second mitochondria-
derived activator of caspases, has shown in vivo antitumor activity
in melanomas, MDA-MB-231 breast cancer tumours and primary
patient-derived xenotransplant models of human ovarian cancer,
melanoma and colorectal cancer (Krepler et al, 2013; Benetatos
et al, 2014; Condon et al, 2014), by antagonising the inhibitors of
apoptosis proteins and activating caspases (Allensworth et al,
2013). Birinapant treatment for 6 h of HCT116 colon carcinoma,
or MDA-MB-231 breast adenocarcinoma tumours resulted in a
temporal increase in caspase-3 activation evidenced by increased
uptake of [18F]ICMT-11, which was subsequently reduced at 24 h
post treatment (Nguyen et al, 2013). Clinical benefit has been
demonstrated when birinapant was combined with irinotecan in
patients with irinotecan-refractory colorectal cancer (Senzer et al,
2014). We therefore selected these agents singly and studied their
effects in vivo in a colorectal tumour model.

In conclusion, we have demonstrated that irinotecan causes an
increase in tumour ADC in a colon carcinoma xenograft, which
was associated primarily with induction of necrosis with
associated apoptotic cell death, and could be measured as early
as 24 h post treatment prior to changes in the tumour volume.
Induction of apoptosis in the same tumour model as a result of
treatment with birinapant was not sufficient to induce measurable
changes in ADC within 5 days of the treatment, despite the drug
suppressing tumour growth. Thus, tumour ADC appears to be a
promising, clinically translatable, imaging biomarker that can be
used for early and non-invasive detection of therapeutic response
to cytotoxic drugs. However, when considering apoptotic cell
death in response to targeted therapeutics, use of ADC could
potentially result in false negatives, particularly if imaging at an
early time point before significant disruption to tissue micro-
architecture has occurred.
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