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Abstract
Purpose—To determine whether treatment response to the Aurora B kinase inhibitor, AZD1152,
could be monitored early in the course of therapy by non-invasive [18F]FDG and/or [18F]FLT PET
imaging.

Experimental design—AZD1152-treated and control HCT116 and SW620 xenograft-bearing
animals were monitored for tumor size and by [18F]FDG and [18F]FLT PET imaging. Additional
studies assessed the endogenous and exogenous contributions thymidine synthesis in the two cell
lines.

Results—Both xenografts showed a significant volume-reduction to AZD1152. In contrast,
[18F]FDG uptake did not demonstrate a treatment response. [18F]FLT uptake decreased to less
than 20% of control values in AZD1152-treated HCT116 xenografts, whereas [18F]FLT uptake
was near background levels in both treated and untreated SW620 xenografts. The EC50 for
AZD1152-HQPA was ~10 nM in both SW620 and HCT116 cells; in contrast, SW620 cells were
much more sensitive to Methotrexate (MTX) and 5-Fluorouracil (5FU) than HCT116 cells.
Immunoblot analysis demonstrated marginally lower expression of thymidine kinase in SW620
compared to HCT116 cells. The above results suggest that SW620 xenografts have a higher
dependency on the de novo pathway of thymidine utilization than HCT116 xenografts.

Conclusions—AZD1152 treatment showed anti-tumor efficacy in both colon cancer xenografts.
Although [18F]FDG PET was inadequate in monitoring treatment-response, [18F]FLT PET was
very effective in monitoring response in HCT116 xenografts, but not in SW620 xenografts. These
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observations suggest that de novo thymidine synthesis could be a limitation and confounding
factor for [18F]FLT PET imaging and quantification of tumor proliferation, and this may apply to
some clinical studies as well.
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Introduction
The objective of this study was to assess whether response to treatment with the novel
Aurora Kinase B inhibitor, AZD1152, could be monitored non-invasively by [18F]FDG or
[18F]FLT PET imaging in an animal xenograft model. These studies were expected to
provide preclinical imaging assessments that would help guide a decision of whether to
proceed with comparable PET imaging studies in clinical trials with AZD1152. Both
radiopharmaceuticals are widely available for clinical PET imaging studies, and the
potential exists for direct translation to comparable phase I and II drug-treatment and
imaging trials.

Aurora kinases are overexpressed in a variety of human tumors, including colorectal tumors,
leading to dysregulation of mitosis. Over the past 20 years, aurora kinases have been
extensively studied and are now recognized as promising targets for anticancer drug
development (1). Aurora B kinase is the catalytic component of the chromosomal passenger
complex responsible for the accurate segregation of the chromatids, histone modification,
and cytokinesis (2). The aurora kinase family comprises three related proteins that have
similar homology in their catalytic domains (3). Expression of aurora A and B is linked to
the proliferation of many types of cells, whereas aurora C expression seems to be restricted
to normal testicular tissue (4).

AZD1152 is a representative of a new class of small-molecule inhibitors, quinazoline-based
compounds, with potent activity against specific Aurora kinases (5) (6). AZD1152 is a
quinazoline prodrug, which is rapidly converted in plasma into its active metabolite,
AZD1152-hydroxyquinazoline pyrazol anilide (AZD1152-HQPA) with high affinity for
aurora B and C kinases. AZD1152-HQPA is reported to have no substantial activity against
a panel of other kinases (7). In preclinical models, AZD1152 inhibited the growth of human
colon, lung, and hematologic tumor xenografts (8) (9) (10). In a phase I clinical trial,
AZD1152 was administered by weekly infusions to patients with advanced, pretreated solid
tumors. Dose limiting toxicity (DLT) was neutropenia (grade 3), with some non hematologic
toxicity. Pharmacokinetic studies confirmed rapid conversion of AZD1152 into AZD1152-
HQPA. Three patients had stable disease (melanoma, nasopharyngeal carcinoma, and
adenoid cystic carcinoma). Follow-up studies are ongoing, based on preclinical tumor
models, which suggested that prolonged drug administration significantly increased the pro-
apoptotic effect of AZD1152-HQPA (34). AZD1152 has been in development for the
treatment of patients with breast, colon and lung cancer, and is currently being studied for
the treatment of acute myeloid leukemia (11–12).

This study focuses on two issues: a) the assessment of AZD1152 treatment effcacy using
noninvasive PET imaging, and b) the importance of considering both the de novo and
salvage components of thymidine utilization in the interpretation of [18F]FLT imaging
studies. Two human colon carcinoma cell lines, HCT116 and SW620, and corresponding
subcutaneous xenografts were studied. It was recently reported that HCT116 xenografts
were highly sensitive to AZD1152 treatment (13). The measured parameters in this study
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included tumor volume and the uptake of [18F]-labeled fluoro-2-Deoxyglucose ([18F]FDG)
and 3'-deoxy-3'-[18F]fluorothymidine ([18F]FLT), respectively. The objective of this study
was to assess whether treatment response could be monitored by non-invasive [18F]FDG
and/or [18F]FLT PET imaging. A second objective developed during the course of this
study; namely, to explain the differences in [18F]FLT uptake observed in untreated HCT116
and SW620 xenografts.

Material and methods
Cell lines

HCT116 human colorectal carcinoma cells obtained from the American Type Culture
Collection (ATCC) were cultured in 72 cm2 flasks with McCoy’s 5a (modified) medium
plus L-glutamine (1.5 mM), sodium bicarbonate (2.2 g/L), fetal bovine serum (10%),
penicillin (100 I.U./ml) and streptomycin (100 µg/ml). SW620 human colorectal carcinoma
cells were obtained from the ATCC and cultured in 72 cm2 flasks with DMEM medium plus
fetal bovine serum (10%), penicillin (100 I.U./ml) and streptomycin (100 µg/ml). Both cell
lines were maintained in a humidified atmosphere (5% CO2/95% air) at 37°C. All cell lines
were tested for mycoplasma contamination prior to experimentation using a PCR test (14)
and were shown to be negative.

Xenograft model
All animal studies were performed under a Memorial Sloan Kettering Cancer Center
IACUC-approved protocol. Xenografts were established by subcutaneous injection of 1 ×
106 wild-type cells in the right flank region. Two groups of 15 athymic rnu/rnu mice (NCI,
MD), each bearing HCT116 or SW620 xenografts, were developed. Nine animals were
treated with AZD1152 and 6 animals were maintained as controls. Three preliminary sets of
experiments with SW620 (n=9) and HCT116 (n=17) xenografts were performed, and very
similar results were obtained.

Treatment with AZD1152 was initiated when tumor volumes were ~ 250 mm3. HCT116
xenografts have reached this volume at day 4 post implantation and SW620 xenografts at
day 14, AZD1152 was provided by Astra Zeneca (UK). The treatment protocol involved 3
weekly cycles. Each cycle included two consecutive days of AZD1152 treatment by intra-
peritoneal injections (100 mg/kg). To assess drug effect on xenografts growth, caliper
measurements of tumors were performed three times a week. Xenograft volume was
calculated using the following equation - W2 * L * 3.14 / 6. The mean tumor volume
profiles were plotted and fitted to a single exponential equation to estimate xenograft
doubling time.

Radiotracers synthesis
[18F]FDG and [99mTc]DTPA were provided by IBA Molecular (Somerset, NJ, USA) via the
MSKCC nuclear pharmacy. For [18F]FDG average purity was 99%, concentration of
radioactivity 68–357 mCi/ml and specific activity was no less than 11 Ci/mmol at the end of
bombardment. The average purity of [99mTc]DTPA was 99%; the concentration of
radioactivity was ~60 mCi/ml and specific activity was no less than 100 mCi/mmol.
[18F]FLT was provided by the MSKCC radiochemistry and cyclotron facility core; purity
was ~95%, specific activity ~5000 Ci/mmol.

PET imaging studies
Control and AZD1152-treated mice were imaged concurrently on a R4 MicroPET dedicated
small-animal PET scanner (Concorde Microsystems Inc Knoxville, TN) following
intravenous injections of 200 µCi [18F]FDG or [18F]FLT. A short-acting isoflurane
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anesthesia (2% isoflurane, 98% air mix) was used throughout these studies. All animals
were allowed to regain consciousness after radiotracer administration and move freely in
their cages before repeat anesthesia and imaging,.

Imaging studies were performed weekly and sequentially with [18F]FDG and [18F]FLT
imaging performed 24 hours apart. [18F]FDG imaging (10 minute acquisition) was
performed one hour after i.v. injection; [18F]FLT imaging (10 minute acquisition) was
performed 2 hours after i.v. injection. In preliminary [18F]FLT imaging studies, the dynamic
profile of FLT accumulation in SW620 xenografts showed no evidence of uptake followed
by washout, and background radioactivity was lower at 2 hours compared to 1 hour. The
image data were corrected for non-uniformity of scanner response, dead time count losses,
and physical decay to the time of injection but no attenuation, scatter, or partial-volume
averaging. The measured spatial resolution of the R4 is ~2.2 mm full-width half maximum
(FWHM) at the center of the field of view of reconstructed images. PET-measured tissue
radioactivity was expressed as percentage of the injected dose per gram of tissue (%ID/g).
Data analysis was performed on all images using ASIPro software with 2D regions of
interest (ROI). ROI’s were drawn around the tumor on 2D slices through the tumor and the
maximum-voxel value (% injected dose/cc) was measured and used in the calculations. For
the assessment of tumor radioactivity (uCi/tumor), the mean tumor radioactivity, uCi/cc, ×
tumor volume, cc, product was calculated) as previously described (15). Briefly, a manual
ROI was drawn around the tumor in each slice where tumor was visible. The mean
accumulation (µCi/cc) and volume (cc) of each ROI was determined and summed.

Ki-67 and hematoxylin eosin immunohistochemical staining procedure
Tissue sample preparation and staining procedure to assess the effect of AZ1152-HQPA on
cells proliferation was performed as previously described (16) (17).

In vitro studies
All experiments were performed in triplicate or more.

Studies with AZD1152–HQPA—AZD1152-HQPA is the active component of AZD1152
and was provided by AstraZeneca (UK). The compound was diluted in 100% dimethyl
sulfoxide (DMSO) to 10 mM stock solution and stored frozen (−20° C) until use. The
concentration of AZD1152-HQPA in culture medium was 0 nM, 100 nM and 500 nM; the
corresponding concentrations of DMSO were 0 mM, 0.064 mM and 0.32 mM per ml were
used in the control cultures, respectively. Cell monolayers were exposed to drug containing
medium for 1 or 24 hours in 6-well plates before the [18F]FDG uptake experiments were
performed. The AZ1152-HQPA containing medium was removed and replaced with 2 ml of
DMEM high glucose medium containing [18F]FDG (0.5 µCi / ml / well) containing media
and a 60 minutes incubation was performed as described previously (18). A clonogenic
assay to estimate the sensitivity of cells to AZ1152-HQPA was performed as previously
described (19).

EC50 cell viability studies with methotrexate (MTX) and 5-fluorouracil (5FU)—
were performed to obtain a measure which reflects cell utilization of the de novo pathway of
thymidine (TdR) synthesis and incorporation of endogenous TdR in DNA synthesis (20); the
WST-1 assay was used as previously described (21). Briefly, cells were seed on 96-well
micro plates (4,000 cells/well; 8 wells/treatment dose), and incubated with MTX over a wide
dose range for 72 hours. WST-1 (cell viability reagent) was added to each well and after a 4
h reaction period the optical absorbance was determined at a wavelength of 562 nm with an
ELISA-reader. The optical absorbance of control (untreated) cells was taken as the 100%
value; EC50 values were calculated using PRISM 5 software.
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Thymidine and fluorothymidine uptake studies—[3H]FLT and [14C]TdR were
obtained from Moravek Biochemicals (Brea, CA USA) (purity >95%, specific activity 3.4
Ci/mmol (for FLT) and 19.4 Ci/mmol (for TdR)). HCT116 and SW620 were plated in 6 well
plates and after 12 hours of incubation in 37° C and 5% CO2. The average confluence of
cells on the plates was ~50%. The cell incubation medium was replaced with pre-heated
medium containing [3H]FLT (0.5 µCi/ml), [99mTc]DTPA (0.5 µCi/ml) and [14C]TdR (0.05
µCi/ml), and uptake measured after 5, 15, 60 and 120 minutes of incubation. The incubation
medium was removed and centrifuged at 14.000 rpm to remove any cells in the medium.
Cells were washed with PBS pre-heated to 37 *C once and lysated by adding RIPA buffer
1X with Halttm protease inhibitor single use cocktail (both by Thermo Scientific, IL, USA).
[99mTc]DTPA provided a measure of adhered medium that was not removed by the washing
procedure. An aliquot of medium and lysate samples have been used for counting of
radioactivity. The remaining lysate was centrifuged at 14.000 rpm for 10 minutes and frozen
at −20° C and assayed later for the determination of protein concentration using a BCA
protein assay kit (Thermo Scientific, IL, USA).

Radioactivity in the cells and medium was measured using both a γ-counter (MINAXI Auto-
Gamma 5000 Series Gamma Spectrometer, United Technologies Packard), followed by
liquid scintillation β-counting (Packard 1600 TR Beta Spectrometer, United Technologies
Packard) after 99mTc had decayed away. Radioactivity uptake results were expressed as a
cell/medium uptake ratio: dpm/mg cell protein / dpm/µl of medium (µl medium/mg cell
protein).

Cell proliferation and doubling time studies—were performed as previously
described (22). Briefly, the experimental cell lines HCT116 and SW620 were placed on
75cm plates, 100,000 viable cells per plate. 12, 24, 48, 72 and 96 hours after the placement,
cells were removed by brief incubation with 0.05% Trypsin and counted. The cell number
vs. time profiles were plotted and fitted to a single exponential equation to estimate doubling
time. Immunoblots using antibodies against human thymidine kinase (TK) and thymidylate
synthetase (TS) obtained from Santa Cruz Biotech, Santa Cruz,CA were performed as
previously described (23).

Statistical analysis
Mean values and SDs were calculated using the MS Office 2003 Excel 11.0 statistical
package (Microsoft). Statistical significance of differences between mean values was
estimated using the independent t-test for unequal variances. P values of less than 0.05 were
considered to be statistically significant.

Results
[18F]FDG and [18F]FLT microPET imaging

Sequential [18F]FDG and [18F]FLT micro PET imaging of animals bearing s.c. HCT116 or
SW620 xenografts was performed at weekly intervals (Figs. 1 and 2). The maximum-voxel
FDG value (%dose/cc) and total tumor FDG radioactivity (µCi/tumor) (%dose) values were
determined for each of the xenografts. The maximum-voxel FDG activity was somewhat
variable in both AZD1152-treated and non-treated xenografts (Figs. 3A and 4A). The
normalized tumor-to-adjacent tissue FDG ratio showed considerably less variation and did
not change significantly over time, nor were there any significant differences between
treated and non-treated animals (Figs. S1A and S1B). Measuring the total accumulation of
FDG in each tumor yielded a different profile. There was a profound effect of AZD1152-
treatment on total FDG accumulation in HCT116 xenografts (Fig. 3B); this profile change
was also significant for SW620 xenografts, but it was less striking Fig. 4B). The amount of
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FDG accumulated in both SW620 and HCT116 was much lower in AZD1152-treated
animals than that in controls, which largely reflects differences in tumor volume (Figs 3E
and 4E). After the end of the treatment, both xenografts showed a rebound effect.

The pattern of tumor radiotracer uptake with [18F]FLT imaging in HCT116 and SW620
xenografts was somewhat different than that observed with [18F]FDG. The maximum-voxel
FLT activity (%ID/cc) in untreated HCT116 xenografts was ~10-fold higher than that in
untreated SW620 xenografts (p<0.001) (Figs. 4C and 5C), and a similar pattern was
observed after calculating total FLT accumulation per tumor. Radioactivity levels in both
AZD1152-treated and non-treated SW620 xenografts were at or near background levels
(Fig. 4C) and the SW620 xenograft-to-surrounding tissue ratio was very low, ~1.5 (Fig
S1D). If background radioactivity is subtracted from that measured in the xenografts, the
difference between HCT116 and SW620 xenografts is 37-fold (1.01±0.09 %ID/g vs
0.028±0.005 %ID/g, respectively). FLT accumulation in HCT116 xenografts was high in
non-treated control animals, and was significantly less in AZD1152-treated animals
(p<0.05) (Fig. 3C and 3D). During the latter post-treatment period, FLT activity in HCT116
xenografts showed a marked rebound, reaching a significantly higher value (p<0.05) than
that measured in non-treated xenografts (Fig. 3C). The normalized tumor-to-adjacent tissue
FLT ratio demonstrates a similar profile (Fig. S1 C).

AZD1152 treatment effect on HCT116 and SW620 xenograft growth profiles
Non-treated HCT116 and SW620 s.c. xenografts showed an exponential increase in tumor
volume during the study period with estimated doubling times of 3.6 ± 0.5 and 8.1 ± 0.8
days, respectively (Fig. 4C and 5A). A clear response to weekly treatment with AZD1152
(100 mg/kg i.p. injections on two consecutive days per week over a 3 week interval) was
observed in both HCT116 and SW620 xenografts. However, the xenograft growth profiles
were different. HCT116 xenografts stopped growing immediately after the first treatment
and decreased in size during the three treatment cycles. In contrast, SW620 xenografts
continued to grow during AZD1152 treatment, but showed a decrease in growth rate during
the three cycles of treatment. Following the cessation of treatment, there was a fairly rapid
resumption of exponential growth of HCT116 xenografts with a doubling time of 5.1 ± 0.7
days. In contrast, SW620 xenografts showed a ~10 day delay in the resumption of
exponential growth with a doubling time of 9.4 ± 1.5 days.

Histology and Ki67 Immunohistochemistry
AZD1152 treatment of experimental animals, bearing HCT116 xenografts induced the
formation of large multinucleated-giant tumor cells, with a marked decline in Ki67 staining
over the treatment period (Fig. 5). Samples collected from untreated animals showed normal
tumor morphology with a robust pattern of Ki67 staining. In contrast, SW620 xenografts
treated with AZD1152 did not demonstrate comparable changes in morphology or Ki67
expression, suggesting little or no change in proliferation (Fig 5).

AZD1152-HQPA, MTX and 5FU treatment, in vitro
EC50 values for AZD1152-HQPA treatment of HCT116 and SW620 cells were 10 ± 2.1 and
11 ± 3.3 nM, respectively, as determined by a clonogenic assay (Fig 6A). However, no
significant effect of AZD1152-HQPA treatment was observed on [18F]FDG uptake,
including exposures to 100 nM and 500 nM of AZD1152-HQPA for 1, 24 and 48 hours
(Table S1, supplement). We also tested the sensitivity of the HCT116 and SW620 cell lines
to MTX and 5FU. In contrast to AZD1152-HQPA, MTX and 5FU treatment yielded
markedly different sensitivity results for the two cell lines (Fig 6A). SW620 cells were
sensitive to MTX and 5FU, whereas HCT116 cells were not.
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[3H]FLT and [14C] Thymidine Uptake and Immunoblots in HCT116 and SW620 cells
To assess whether the different patterns of FLT uptake observed in HCT116 and SW620
xenografts were also reflected in cell culture uptake studies, the accumulation of [3H]-FLT,
[14C]-thymidine ([14C]TdR) and [99mTc]DTPA (extracellular fluid reference) in HCT116
and SW620 cells was compared (Fig. 6C). The accumulation rate of [3H]-FLT and
[14C]TdR radioactivity was 8-fold more rapid in HCT116 cells than that in SW620 cells: 1.4
± 0.3 and 4.3 ±0.5 ul/mg/min, respectively, for HCT116 versus 0.18 ± 0.15 and 0.55 ±0.23
ul/mg/min for SW620. The corresponding in vitro growth profiles of HCT116 and SW620
cells were obtained (Fig. 6D), and the calculated exponential growth doubling time was
14.1±0.7 and 20.9±0.4 hours, respectively. Immunoblots for thymidine kinase (TK) and
thymidylate synthetase (TS) levels in HCT116 cells during rapid-exponential growth
showed slightly higher expression than that in SW620 cells Fig. 6B). Conversely, SW620
cells showed slightly higher levels of TS than HCT116 cells (Fig. 6B). These differences are
not large, but consistent with HCT 116 cells being better able to salvage thymidine in
comparison to SW620 cells. However, impairment of thymidine uptake in SW620 cells
cannot be excluded and needs to be investigated further.

Discussion
AZD1152 is effective in inhibiting the growth of two human colorectal/colonic cancer cell
lines (HCT116 and SW620) in culture and xenografts in nude mice (9,13,23) (Figs 3E and
4E). Both cell lines were sensitive to AZD1152-HQPA in the low nano-molar range. A
robust treatment response based on tumor volume measurements was clearly obtained in
HCT116 xenografts using a weekly schedule of i.p. AZD1152 administration (100 mg/kg
i.p. injections daily on two consecutive days per week), a dose schedule previously reported
to be effective in mice (9). The treatment response of SW620 xenografts was somewhat
delayed and less robust compared to the HCT116 xenograft response.

One question we asked was whether [18F]FDG or [18F]FLT PET imaging could predict
treatment response “early”, within several days or weeks of initiating treatment. Since
hematologic toxicity is observed with prolonged administration of AZD1152 (31), early
assessment of treatment response could be important in at least two respects. First, if it is
possible to identify a non-responding tumor “early” by [18F]FDG or [18F]FLT PET imaging,
would the imaging results be sufficient criteria for discontinuing AZD1152 treatment before
hematologic toxicity develops? Second, could PET imaging be used to establish the
minimum effective dose of AZD1152 in individual patients and thereby reduce hematologic
toxicity during prolonged administration of the drug?

The [18F]FDG PET imaging results were surprising given the tumor volume treatment
responses that were observed in both xenograft models. Sequential FDG PET imaging
results showed little or no difference in FDG uptake between AZD1152-treated and non-
treated xenografts, when the radioactivity data are expressed as maximum-voxel values.
[FOOTNOTE: Measures based on maximum-voxel values are used to avoid partial volume
imaging effects for small tumors; measures based on region of interest (ROI) measurements
are usually used for larger tumors.] These results suggested that glucose utilization by
HCT116 and SW620 tumor cells is not significantly influenced by AZD1152 treatment,
although treatment does have a significant effect on tumor growth and volume. However,
this finding was inconsistent with our understanding of the mechanism of AZD1152 anti-
tumor effects (9). The major regulatory pathways of glucose metabolism are largely
mediated through insulin receptor (IR) signaling and the AMP activated protein kinase
signaling pathways (24–27). Since the IR and the AMP signaling pathways are activated by
Aurora Kinases, selective inhibition of Aurora Kinases (and Aurora Kinase B, in particular)
was expected to reduce tumor glucose utilization.
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When the FDG results are expressed as total tumor metabolism (or radioactivity) as has
previously been suggested (15), a highly significant AZD1152 treatment effect was
observed in both HCT116 and SW620 xenografts. However, the total tumor metabolic
response observed in this study largely reflects differences in tumor volume between treated
and non-treated tumors, not a change in glucose metabolism of tumor cells within an
imaging voxel. The absence of a drug-effect on maximum-voxel FDG uptake is more clearly
appreciated when the xenograft values were normalized to that of the surrounding, non-
tumor tissue; this normalization accounts in part for inter-animal variations and FDG input
function differences. Thus, FDG PET may not be a useful paradigm for non-invasive
monitoring of AZD1152 treatment-response, at least as reflected in these two animal
xenograft models.

The [18F]FLT PET imaging studies also yielded surprising results. SW620 xenografts
showed little or no accumulation of [18F]FLT above background levels and there was no
difference in [18F]FLT accumulation between AZD1152-treated and non-treated SW620
xenografts. These results conflicted with the robust Ki67 staining pattern observed in
untreated SW620 xenografts. In contrast, [18F]FLT uptake in untreated HCT116 xenografts
was 10-fold higher than that in untreated SW620 xenografts, and this difference was 37-fold
when the values are corrected for background radioactivity. The [18F]FLT imaging-response
pattern following AZD1152 treatment of HCT116 xenografts was also quite different.
[18F]FLT uptake decreased to 20% or less of that measured in non-treated HCT116
xenografts over the three week treatment period, and these imaging results were consistent
with the decrease in Ki67 staining following AZD1152 treatment.

[18F]FLT, as well as [11C]thymidine ([11C]TdR) tumor proliferation imaging depends on
two major components: i) transport of pyrimidine nucleotides across cell membranes and ii)
the activity of thymidine kinase. Both components are highly regulated and the expression
levels of both transporter and kinase depend on the cell cycle and rate of cell proliferation
(28–30). Another determinant, which is sometimes ignored in [18F]FLT and [11C]TdR PET
imaging studies, is an assessment of whether the endogenous pathway of thymidine
synthesis is active in the cell or whether exogenous thymidine is the dominant source of the
nucleotide for DNA synthesis via the “salvage pathway” (31).

To further test whether the de novo pathway of thymidine synthesis was dominant in SW620
cells, but not in HCT116 cells, we performed four different in vitro assays. First, we found
an 8-fold difference in the rates [14C] thymidine and [3H]FLT accumulation in HCT116 and
SW620 cells in culture, , which demonstrated an impairment of tracer uptake (the
combination of transport and phosphorylation) of these compounds in SW620 cells. This
suggests that utilization of exogenous thymidine as a salvage mechanism may be less
predominant in the SW620 cell line. Second, we found only a small (1.5-fold) difference in
the exponential doubling time between the two cell lines. Third, we tested the sensitivity of
HCT116 and SW620 cells to MTX and 5FU and found a marked difference between the two
cell lines consistent with prior studies (32). Fourth, we performed immunoblots for
thymidine kinase and thymidylate synthetase. The immunoblots for TK and TS protein
showed slightly lower levels of TK in SW620 cells, but this difference was not considered
significant and may not be an accurate measure of intracellular enzymatic activity. In total,
these in vitro results are consistent with the imaging results described above, and are also
consistent with SW620 cells relying mainly on the de novo pathway of TdR synthesis.
Although HCT116 cells do incorporate TdR at a higher rate than SW620 cells, consistent
with the tumor imaging studies, it is not clear if the lower EC50 values for MTX and 5FU in
the SW620 cell line are attributable only to lower salvage of TdR in this cell line. Further
studies will be required to more fully address this question. However, inhibition of Aurora
Kinases A and B has been shown to result in the down-regulation of thymidine kinase 1
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(TK1) in HCT116 cells via the Rb pathway (33), through phosphorylation of histone H3 and
by p53 protein stabilization and induction of p21, and this is consistent with our findings

The wide disparity in [18F]FLT PET imaging between untreated HCT116 and SW620
xenografts (37-fold, background-corrected) compared to a 2.3-fold difference in tumor
doubling time, respectively, provides a striking example of potential limitations associated
with [18F]FLT (and [11C]TdR) tumor proliferation imaging studies. We suggest that these
results highlight the importance of determining the contribution of the de novo pathway of
thymidine synthesis when [18F]FLT or [11C]TdR PET is used to image and monitor tumor
proliferation. The PET studies image/measure the exogenous component of thymidine
incorporation into DNA via the salvage pathway. When the fraction of thymidine
synthesized via the de novo pathway and incorporated into DNA increases, the magnitude of
[18F]FLT and [11C]TdR uptake in the tumor is correspondingly reduced.

Although this issue is frequently ignored in clinical studies using [18F]FLT or [11C]TdR
PET to image and measure tumor proliferation, the initial studies establishing the tumor-
proliferation imaging paradigms clearly identified de novo thymidine synthesis as a potential
limitation and a confounding factor for quantitation of proliferation (31,34). A review of
multiple publications (35–50) and more than 300 cancer patients imaged with [18F]FLT
demonstrated that [18F]FLT was accumulated above background in the vast majority of the
reported imaging studies. These studies included a preponderance of lung/thoracic tumors
(130 patients), followed by glioma (n=52), lymphoma, pancreatic, breast and colon tumors
(n=17–34), as well as a smaller numbers of other cancers. Nevertheless, “false negative”
[18F]FLT imaging results are recorded in about 10% of patient studies, and we suspect that
this percentage is actually higher than what has been reported in the literature. For example,
2/23 patients with non-small cell lung cancer, 3/9 patients with lung metastases (2
colorectal, 1 melanoma), and 1/1 pulmonary carcinoid who had [18F]FLT imaging were
classified as “false negative” scans (51). Other studies have noted that some tumors imaged
well with [18F]FDG, but not with [18F]FLT or that some tumors with low FLT uptake had
moderate Ki67 staining, despite an overall correlation between these two independent
measures.

Finally, what remains unexplored in most [18F]FLT drug-response monitoring studies is
whether a particular drug therapy results in a shift in TdR utilization from the salvage
pathway to the de novo synthesis of thymidine or vise versa. This was recently demonstrated
in a small number of patients (n=6) with breast cancer (52). This cautionary note needs
wider appreciation and requires further study.

Significance

Early-assessment of treatment response using [18F]FDG and [18F]FLT PET imaging has
been reported in many clinical as well as preclinical studies. In this study we tested
whether [18F]FDG and [18F]FLT PET imaging, early during the course of treatment with
an Aurora Kinase B inhibitor - AZD1152, could be used to monitor treatment-response in
two different colon cancer xenografts models. Both imaging probes demonstrated a
response to AZD1152 therapy, but in quite different ways. These differences are likely to
be important considerations in the assessment treatment response using [18F]FDG and
[18F]FLT PET imaging in clinical studies as well. For example, maximum-voxel values
are a commonly used measure of tumor metabolic activity to reduce partial volume
errors, whereas total tumor radioactivity/metabolism also takes into account changes in
tumor volume. There was a significant difference between these two measures with
[18F]FDG in both HCT116 and SW620 xenografts. Although [18F]FLT imaging showed
a robust response in AZD1152-treated HCT116 xenografts, this was not seen in

Moroz et al. Page 9

Clin Cancer Res. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AZD1152-treated SW620 xenografts, despite prominent Ki67 staining of the tumor cells.
This study presents additional data that suggests thymidine incorporation into the DNA
of SW620 cells occurs predominantly through the de novo pathway of thymidine
synthesis, and highlights the importance of recognizing the relative contributions of both
the de novo and salvage pathways of thymidine utilization when [18F]FLT (or
[11C]thymidine) PET imaging is used to image tumor proliferation or response to
therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Sequential imaging of representative HCT116 flank xenografts (dotted circle). [18F]FDG
(A) and [18F]FLT (B) microPET 2D transaxial images through a HCT116 xenograft from
the same control animal and from the same AZD1152-treated animal are shown. * The first
[18F]FDG study in the treatment group (day 7) was performed under anesthesia during the
entire study; in all other studies the animals were awake after radiotracer injection until time
of imaging. Note the central area of necrosis (low tracer uptake) as the xenografts get larger.

Moroz et al. Page 14

Clin Cancer Res. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2.
Sequential imaging of representative SW620 flank xenografts (dotted circle). [18F]FDG
uptake (A) and [18F]FLT (B) microPET 2D transaxial images through a SW620 xenograft
from the same control animal and from the same AZD1152-treated animal are shown. Note
the central area of necrosis (low tracer uptake) as the xenografts get larger.

Moroz et al. Page 15

Clin Cancer Res. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
Measurements of [18F]FDG and [18F]FLT uptake in HCT116 xenografts. Units are %ID/cc
of the maximum-voxel value (A, C), and µCi of total tumor radioactivity (B, D). Hatched
bar represents non-treated, control animals; solid bar represents AZD1152-treated animals.
Growth profiles of HCT116 s.c. xenografts (E). Open circles represent the mean tumor
volume of untreated (control) animals. Closed circles represent the mean tumor volume of
AZD1152-treated animals. Arrows show the beginning of each two-day AZD1152 treatment
cycle; the day post implantation is shown in the abcissa. * Indicates that the first [18F]FDG
study in the treatment group (day 7) was performed under anesthesia during the entire study;
in all other studies the animals were awake after radiotracer injection until time of imaging.
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Fig 4.
Measurements of [18F]FDG and [18F]FLT uptake (%dose/g) in SW620 xenografts. Units are
%ID/cc of the maximum-voxel value (A, C), and µCi of total tumor radioactivity (B, D).
normalized uptake ratios of xenograft-to-surrounding tissue (B, D). Hatched bar represents
non-treated, control animals; solid bar represents AZD1152-treated animals. Growth profiles
of SW620 s.c. xenografts (E). Open circles represent the mean tumor volume of untreated
(control) animals. Closed circles represent the mean tumor volume of AZD1152-treated
animals. Arrows shows the beginning of each two-day AZD1152 treatment cycle; the day
post implantation is shown in the abcissa.
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Fig 5.
Immunohistochemistry. H&E and Ki67 staining of tumor samples acquired from
experimental animals bearing HCT116 and SW620 xenografts at the different time points of
the study.
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Fig. 6.
In vitro assessments. EC50 estimates for AZD1152-HQPA, methotrexate (MTX) and 5-
fluorouracil (5FU) in HCT116 and SW620 cell lines (A). Immunoblots for thymidine kinase
(TK), thymidylate synthase (TS) and α tubulin in HCT116 and SW620 cells (B). [3H]FLT,
[14C]TdR and [99mTc]DTPA accumulation in HCT116 and SW620 cells (C); data are
plotted as radioactivity-time profiles for each tracer; tracer uptake is expressed as (µL
medium/ mg total cell protein). Proliferation-time profiles for HCT116 and SW620 cells
(D).
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