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Abstract

Background: Belinostat is a histone deacetylase inhibitor with anti-tumor effect in several pre-clinical tumor models
and clinical trials. The aim of the study was to evaluate changes in cell proliferation and glucose uptake by use of
3’-deoxy-3’-[18F]fluorothymidine ([18F]FLT) and 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) positron emission
tomography (PET) following treatment with belinostat in ovarian cancer in vivo models.

Methods: In vivo uptake of [18F]FLT and [18F]FDG in human ovary cancer xenografts in mice (A2780) were studied
after treatment with belinostat. Mice were divided in 2 groups receiving either belinostat (40 mg/kg ip twice daily
Day 0–4 and 6–10) or vehicle. Baseline [18F]FLT or [18F]FDG scans were made before treatment (Day 0) and
repeated at Day 3, 6 and 10. Tracer uptake was quantified using small animal PET/CT.

Results: Tumors in the belinostat group had volumes that were 462 ± 62% (640 mm3) at Day 10 relative to baseline
which was significantly different (P = 0.011) from the control group 769 ± 74% (926 mm3). [18F]FLT SUVmax
increased from baseline to Day 10 (+30 ± 9%; P = 0.048) in the control group. No increase was observed in the
treatment group. [18F]FDG SUVmean was significantly different in the treatment group compared to the control
group (P = 0.0023) at Day 10. Within treatment groups [18F]FDG uptake and to a lesser extent [18F]FLT uptake at
Day 3 were significantly correlated with tumor growth at Day 10.

Conclusions: [18F]FDG uptake early following treatment initiation predicted tumor sizes at Day 10, suggesting that
[18F]FDG may be a valuable biomarker for non-invasive assessment of anti-tumor activity of belinostat.

Keywords: Positron emission tomography (PET), Belinostat, Histone deacetylase inhibitor, [18F]FLT, [18F]FDG,
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Background
During development of new anti-cancer drugs methods
to discriminate between effective and non-effective com-
pounds and, on an individual patient basis, between re-
sponders and non-responders are of wide interests. For
this purpose different imaging biomarkers are studied.
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The non-invasive imaging modality positron emission
tomography (PET) assesses biological processes in intact
living tissue. The tracer 3’-deoxy-3’-[18F]fluorothymidine
([18F]FLT) is a thymidine analogue that is used to
image cell proliferation in vivo by PET, by measuring the
activity of thymidine kinase 1 (TK1) which is up-
regulated in the S-phase of cell cycle [1-6]. Pre-clinical
studies have evaluated tumor cell proliferation by use of
[18F]FLT PET after treatment with several different anti-
cancer agents in different tumor models. The results are
variable, ranging from a good correlation between early
changes in [18F]FLT tumor uptake and tumor response
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to no change in [18F]FLT tumor uptake despite a good
tumor response [7-17]. The FLT tracer has been vali-
dated against the proliferation marker Ki67 in several
tumor types [18-20]. Ki67 protein measurements by im-
munohistochemistry are currently considered the gold
standard for measurement of cell proliferation in tumor
tissue specimens.
The tracer 2’-deoxy-2’-[18F]fluoro-D-glucose ([18F]

FDG) is today the most widely used PET tracer for
detecting and characterizing cancers. Changes in [18F]
FDG uptake following anti-cancer treatment have been
analyzed in several clinical studies; however, with vari-
able results [21,22]. The Response Evaluation Criteria In
Solid Tumors (RECIST) is a common method to assess
tumor response by use of anatomical imaging techniques
as computed tomography (CT) and magnetic resonance
imaging (MRI) [23,24]. One disadvantage of using the
tumor size as a response criterion for treatment is the
amount of time it requires before a volume response be-
comes evident. Therefore new biological measurements
are studied, and new guidelines have been suggested
using e.g. [18F]FDG PET for measurement of treatment
effect [25].
Belinostat (PXD101) is a histone deacetylase (HDAC)

inhibitor, a relatively new class of anti-cancer drugs
inhibiting the enzymes that deacetylate histone proteins.
Histone acetylation is on the epigenetic level involved in
regulation of gene expression. Belinostat induces anti-
cancer activity in part by enhancing histone acetylation
in tumor cells which causes alterations in gene expres-
sion [26-28]. However, the exact mechanism of how the
aberrant gene expression causes anti-tumor activity re-
mains unknown. Belinostat inhibits growth of human
ovarian cancer cell lines in vitro and belinostat has anti-
tumor activity in vivo in human A2780 ovarian cancer
xenografts in mice [26,27]. The anti-tumor activity of
belinostat is both related to inhibition of cell prolifera-
tion and induction of apoptosis and in several human
cancer cell lines belinostat has been shown to cause cell
cycle arrest in the G2/M phase [29-31]. We therefore
speculated that belinostat treatment would reduce up-
take of the cell proliferation tracer [18F]FLT.
Ovarian cancer is the most lethal of the gynecological

cancers in women, and although many patients show an
initial response to chemotherapy, numerous patients re-
lapse with drug-resistant metastases [32]. Belinostat has
both been tested as monotherapy and in combination
with different chemotherapeutics in various clinical trials
including trials containing ovarian cancer patients [33-39].
However, biomarkers for assessing tumor sensitivity and
stratifying patients into responders and non-responders to
HDAC inhibitors are currently lacking [40].
The aim of this study was to investigate if [18F]FLT

and [18F]FDG PET can be used as non-invasive imaging
biomarkers for monitoring of belinostat treatment. To
do so, we analyzed [18F]FLT and [18F]FDG uptake in a
human ovary cancer mouse model before and during
treatment with belinostat. Tracer uptake was compared
with Ki67, TK1 and glucose transporter 1 (GLUT1) gene
expression.

Methods
Tumor model
Animal care and all experimental procedures were
performed under the approval of the Danish Animal
Welfare Council (2006/561-1124). Female NMRI (Naval
Medical Research Institute) nude mice (8 weeks old)
were acquired from Taconic Europe (Lille Skensved,
Denmark) and allowed to acclimatize for one week in
the animal facility before any intervention was initiated.
The human ovarian carcinoma cell line A2780 (a gift
from R. Ozols, Fox Chase Cancer Center Philadelphia,
PA, January 2004) was used. For establishment of xeno-
grafts, 107 cells in 100 μL medium mixed with 100 μL
Matrixgel™ Basement Membrane Matrix (BD Biosci-
ences, San Jose, CA, USA) were injected subcutaneously
into the left and right flank respectively during
anesthesia with 1:1 v/v mixture of HypnormW (Janssen
Pharmaceutica, Beerse, Belgium) and DormicumW

(Roche, Basel, Switzerland). The cell line was tested free
of mycoplasma. A2780 was cultured in RPMI (Roswell
Park Memorial Institute) medium 1640 + GlutaMAX
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal calf serum (Biological Industries, Israel) and 1%
penicillin-streptomycin (Invitrogen) in 5% CO2 at 37°C.

Synthesis of [18F]FLT and [18F]FDG
[18F]FLT was synthesized using 3-N-Boc-1-[5-O-(4,4'-
dimethoxytrityl)-3-O-nosyl-2-deoxy-β-D-lyxofuranosyl]thy-
mine as precursor on a GE TracerLab MX Synthesizer as
previously described [41]. All reagents and [18F]FLT
cassettes were purchased from ABX (Radeberg, Germany).
[18F]FDG was acquired from daily productions at
Rigshospitalet (Copenhagen, Denmark).

Experimental design
In vivo uptake of [18F]FLT and [18F]FDG in human
ovary cancer xenografts in mice (A2780) was studied at
various time points after treatment initiation. When
tumor volumes were approximately 100 mm3 mice were di-
vided in 2 groups receiving either belinostat (40 mg/kg ip)
or vehicle (L-arginine 80 mg/kg in isotonic sterile saline)
twice daily Day 0–4 and Day 6–10. Baseline [18F]FLT
or [18F]FDG PET scans were made before treatment
and repeated at Day 3, 6 and 10 after treatment initi-
ation. Tumor volume was followed by CT during the
experiments [42]. Tumor volumes were calculated
relative to volume at baseline. At Day 10 tumors were
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excised and gene expression of Ki67, TK1 and GLUT1
were analyzed by qPCR.

microPET and microCT imaging
The mice were injected i.v. with 9.5 ± 0.2 (mean ± SD) MBq
[18F]FLT or 10.0 ± 0.3 (mean ± SD) MBq [18F]FDG. Mice
were fasted overnight before each [18F]FDG PET scan [43].
One hour after tracer injection mice were anaesthetized
with 3% sevofluran (Abbott Scandinavia AB, Solna, Sweden)
mixed with 35% O2 in N2 and fixed on a bed in presence of
three fiducial markers allowing fusion of PET and CT
pictures. A PET scan was acquired using a MicroPET Focus
120 (Siemens Medical Solutions, Malvern, PA, USA)
followed by a microCT scan acquired with a MicroCATW II
system (Siemens Medical Solutions) as previously described
[41]. PET data were arranged into sinograms and subse-
quently reconstructed with the maximum a posteriori
(MAP) reconstruction algorithm. The pixel size was
0.866 × 0.866 × 0.796 mm and in the center field of view
the resolution was 1.2 mm full-width-at-half-maximum.
PET and microCT images were fused in the Inveon

software (Siemens Medical Solutions). Before fusion re-
gion of interests (ROIs) were drawn on the CT pictures
manually by qualitative assessment covering the whole
tumors and subsequently tumor volume and tracer up-
take, assessed by standard uptake value (SUV) was gen-
erated by summation of voxels within the tomographic
planes. SUV was calculated according to the formula
(CT*W)/Dinj, where CT is tissue radioactivity concentra-
tion, W is weight of the animal and Dinj is injected dose.
SUVmean was calculated from the mean radioactivity
concentration and SUVmax was calculated from the
voxel with the highest tracer concentration.

Quantitative real-time polymerase chain reaction (qPCR)
Total RNA was isolated from the biopsies with TRI
reagentW following the manufacturer’s instructions
(Molecular Research Center Inc., OH, USA). The concen-
tration of the RNA was determined by NanoDrop 1000
(Thermo Fisher Scientific, Wilmington, DE, USA). Total
RNA (0.3 μg) was reversed transcribed using the
Affinityscript™ QPCR cDNA Synthesis kit (Stratagene, La
Jolla, CA, USA) according to the manufacturer’s instruc-
tions. Samples were cooled down and stored at −20°C
until further use.
Primers were designed using Beacon Designer (PREMIER

Biosoft, Palo Alto, CA, USA). Primer sequences were
Ki67-FP: 5’-tcccgcctgttttctttctgac-3’, Ki67-RP: 5’-ctctcc
aaggatgatgatgctttac-3’, TK1-FP: 5’-gccgatgttctcaggaaaaa
gc-3’, TK1-RP: 5’-gcgagtgtctttggcatacttg-3’, GLUT1-FP:
5’-catcatcttcatcccggc-3’, GLUT1-RP: 5’-ctcctcgttgcggtt
gat-3’, GUSB-FP: 5’-tgagcaagactgatacca-3’, GUSB-RP:
5’-gctagaatagatgaccacaa-3’, HPRT-FP: 5’-caaagcctaagatg
agagt-3’, HPRT-RP: 5’-gccacagaactagaacat-3’. For each
gene the optimal primer concentration was found. All
assays were optimized to have efficiencies between 95%
and 105%. All samples were run in triplicate using one μl of
cDNA. To each sample a no-reverse transcription control
(NoRT) was included, and on each plate a no-template
control (NTC) was included.
Gene expression was quantified on a Mx3000PW real-

time PCR system from Stratagene. All gene of interests
(GOIs) and reference genes were quantified with BrilliantW

SYBRW Green QPCR Master Mix (Stratagene). The follow-
ing thermal profile was used in all experiments: 10 minutes
of denaturation at 95°C followed by 45 cycles of 30 seconds
denaturation at 95°C, 1 minute of annealing at 60°C and
1 minute extension at 72°C. A dissociation curve was
afterward acquired by denaturation of the products for
1 minute at 95°C followed by a stepwise increase in
temperature from 55°C to 95°C with steps of 0.5°C/cycle
where the duration of each cycle was 18 seconds.
QPCR data were analyzed in the qBase program. The

relative quantification of the GOIs was calculated using
two reference genes [44]. Data are presented as fold
changes in the treatment compared to the control group at
Day 10. The level of the GOIs was normalized to the geo-
metric mean of two reference genes. The two most stable
reference genes were found from a panel of 12 candidates
in the human reference gene panel (TATAA Biocenter AB,
Göteborg, Sweden) by use of the geNorm algorithm.

Statistical analysis
Comparison between the treatment and control group
was calculated using unpaired student’s t-test. Paired t-test
was used for intra-group comparisons. Bonferroni correc-
tion of P-values for multiple comparisons was applied.
Correlations between SUVmean or SUVmax and tumor
growth were calculated using linear regression. Calcula-
tions were made in PASW 18.0 (IBM Corporation,
Armonk, New York, USA). Data are reported as mean ±
SEM unless stated otherwise and p < 0.05 was considered
statistically significant.

Results
Tumor volume
Tumors in the control group had volumes that were
419 ± 39% at Day 6 and 769 ± 74% at Day 10 relative to
baseline. In the belinostat group tumors were 282 ± 30%
at Day 6 and 462 ± 62% at Day 10 relative to baseline
which were significantly less than the control group both
at Day 6 (p = 0.029) and Day 10 (p = 0.011) (Figure 1). At
baseline the tumor sizes in the treatment (130 ± 23 mm3)
and control group (118 ± 19 mm3) were identical.

[18F]FDG and [18F]FLT microPET imaging
When studied in treatment groups, no differences in
[18F]FLT uptake between treatment and control groups



Figure 1 Effect of belinostat on the growth of A2780 xenografts.
Tumor volume was determined by microCT. The mice were treated
with belinostat (40 mg/kg ip twice daily Day 0–4 and 6–10) or
vehicle. N = 12-13 tumors/group. *) p < 0.05 treatment versus control
group at same time point.
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were observed at any time points for either SUVmean or
SUVmax. [18F]FLT SUVmax uptake increased from
baseline to Day 10 (+30 ± 9%; p = 0.048) in the control
group. No increase in [18F]FLT SUVmax was observed
in the treatment group at Day 10 (Figures 2, 3).
Figure 2 Tumor uptake of [18F]FLT and [18F]FDG following treatment wi
treated with either belinostat (40 mg/kg ip twice daily Day 0–4 and 6–10) or
[18F]FDG at baseline and Day 3, Day 6 and Day 10 after treatment start . [18F
SUVmax relative to baseline (left panel) and SUVmean relative to baseline (rig
versus baseline in same treatment group. #) p < 0.05, ##) p < 0.01, ###) p < 0.0
[18F]FDG SUVmax was increased at Day 10 compared
to baseline in both the control (+95 ± 22%; p = 0.035) and
treatment group (+52 ± 8%; p = 0.0015). No significant
difference in SUVmax between treatment and control
group was observed at any time point. [18F]FDG
SUVmean was significant different in the treatment
compared to the control group (p = 0.0023) at Day 10.
Compared to baseline, [18F]FDG SUVmean uptake was
increased at Day 6 (+47 ± 8%; p = 0.013) and Day 10
(+75 ± 7%; p = 0.0013) in the control group. Compared
to baseline, [18F]FDG SUVmean uptake was increased
at Day 10 (+40 ± 4%; p < 0.001) in the treatment group
(Figures 2, 3). Within treatment groups [18F]FLT
SUVmean Day 3 was significantly correlated with rela-
tive tumor volume Day 10/baseline in the belinostat
group (r2 = 0.67; p = 0.02). [18F]FLT SUVmean Day 6
was correlated with tumor growth Day 10/baseline in
the belinostat group (r2 = 0.51; p = 0.07) however not
significant (Figure 4).
Within treatment groups [18F]FDG SUVmean Day 3

was correlated with tumor growth Day 10/baseline in
the belinostat group (r2 = 0.54; p = 0.06), however not
th belinostat. Mice with human ovary cancer xenograft tumors were
vehicle and they were subjected to PET imaging with either [18F]FLT or
]FLT (upper panel) and [18F]FDG (lower panel) uptake measured as
ht panel). N = 5-7 tumors/group. *) p < 0.05, **) p < 0.01, ***) p < 0.001
01 treatment versus control group at same time point.



Figure 3 PET/CT images. Representative combined PET/CT images of [18F]FLT scans (upper panel) and [18F]FDG scans (lower panel) of mice
treated with belinostat (40 mg/kg ip twice daily Day 0–4 and 6–10) or vehicle respectively. Tracer uptake was measured in the same animals at
baseline, Day 3, Day 6 and Day 10. Dotted circles indicate the tumors.

Figure 4 Correlations between tumor uptake of [18F]FLT and tumor growth. Tumor growth was measured as tumor volume ratio Day 10/baseline.
The graphs show tumor growth correlated with uptake of [18F]FLT SUVmean and SUVmax at Day 3 and Day 6 respectively.
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Figure 6 Ki67, TK1 and GLUT1 gene expression. At Day 10 after
treatment start all tumors were excised and total RNA was isolated
and revers transcribed to cDNA. Expression of Ki67, TK1 and GLUT1
were measured with qPCR and normalized to the geometric mean
of two reference genes. Data are presents as fold changes in the
treatment compared to the control group at Day 10. N = 5-7
tumors/group. *) p < 0.05, **) p < 0.01, ***) p < 0.001 treatment
versus control group at same time point.
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significant. [18F]FDG SUVmean Day 6 was signifi-
cantly correlated with tumor growth Day 10/baseline
(r2 = 0.68; p = 0.02). [18F]FDG SUVmax Day 3 was sig-
nificantly correlated with tumor growth Day10/baseline
(r2 = 0.70; p = 0.02) as were [18F]FDG SUVmax Day 6
(r2 = 0.83; p = 0.004) (Figure 5).

Ki67, TK1 and GLUT1 gene expression
The two most stable reference genes were beta-glucuronidase
(GUSB) and hypoxanthine phosphoribosyltransferase
1 (HPRT). The levels of Ki67, TK1 and GLUT1 were
normalized to the geometric mean of these two reference
genes. The gene expression was measured at Day 10 in the
treatment relative to the control group. Ki67 gene expres-
sion was unchanged in the treatment compared to the
control group at Day 10. TK1 gene expression was higher
in the treatment compared to the control group at Day
10 (1.40 ± 0.09 vs 1.00 ± 0.07; p = 0.006). GLUT1 gene
expression was lower in the treatment group compared to
the control group at Day 10 (0.65 ± 0.06 vs 1.00 ± 0.16;
p = 0.05) (Figure 6).

Discussion
In this study we found that [18F]FDG uptake following
initiation of treatment with the HDAC inhibitor
belinostat predicted tumor sizes at the end of treatment
in a mouse model of human ovary cancer. We observed
minor effects on [18F]FLT uptake following treatment
with belinostat. In a previous study lower tumor uptake
of [18F]FLT was observed following treatment with the
HDAC inhibitor LAQ824 in a human colon carcinoma
mouse model [11]. LAQ824 is, like belinostat, a
Figure 5 Correlations between tumor uptake of [18F]FDG and tumor grow
The graphs show tumor growth correlated with uptake of [18F]FDG SUVmean
hydroxamate HDAC inhibitor [45]. However, despite
belonging to the same class of HDAC inhibitors, we
did not find the same change in [18F]FLT uptake
following treatment initiation with belinostat. The
changes in [18F]FLT uptake was followed by a reduction in
TK1 transcription and translation in the study with
LAQ824 [11]. Interestingly, we observed an increase in
TK1 gene expression following treatment with belinostat. It
has been shown in a colon cancer cell line, that treatment
with belinostat reduces the levels of thymidylate synthase
(TS) [28]. An effect of TS inhibition can be up-regulation
of the salvage nucleotide pathway leading to increased
uptake of thymidine and hence [18F]FLT [8,46,47]. This
th. Tumor growth was measured as tumor volume ratio Day 10/baseline.
and SUVmax at Day 3 and Day 6 respectively.
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could be an explanation for the increase in TK1 that we ob-
serve at Day 10 following treatment with belinostat. Despite
the increase in TK1 gene expression no increase in [18F]
FLT uptake was observed at Day 10. The connection
between TK1 gene expression and TK1 protein expression
was not analyzed in this study so further analysis are
needed in order to elucidate whether the observed increase
in gene expression actually translate into increased protein
expression and activity and how it correlates with [18F]FLT
uptake. That belinostat prevented increase in [18F]FLT
uptake in human ovary cancer xenografts is in line
with one study were the [18F]FLT uptake was analyzed
following treatment with belinostat in a mouse model
of human colon cancer [48]. Effective treatment with
belinostat prevented increase in [18F]FLT uptake in
the colon cancer model.
Even though we did not find a decrease in [18F]FLT

uptake in the belinostat group, within the treatment
group [18F]FLT SUVmean at Day 3 and 6 was correlated
with tumor growth at Day 10. The tumors having the
lowest uptake of [18F]FLT at Day 3 and 6 following initi-
ation of treatment with belinostat were those in which
the treatment was most effective.
Previously we have observed that [18F]FLT uptake was

reduced after initiation of effective anti-cancer therapy
in the A2780 tumor model [41,49]. Thus, thymidine re-
quirement in the A2780 tumor model is most likely
dependent on the salvage pathway. Other studies have
also observed changes in [18F]FLT uptake after initiation
of effective anti-cancer therapies in other models of
human ovarian cancer. In a pre-clinical study [18F]FLT
uptake was decreased following effective mTOR
inhibition with everolimus in a pre-clinical cisplatin-
resistant ovarian tumor model [50]. In cisplatin-sensitive
ovarian cancer xenografts both [18F]FLT and [18F]FDG
uptake were decreased day 4 after initiation of treatment
with cisplatin [51].
Compared to the [18F]FLT data, we observed a higher

influence on [18F]FDG uptake following treatment with
belinostat. At Day 10 uptake of [18F]FDG was decreased
in the treatment group compared to the control group.
The difference at day 10 did only reach significant differ-
ence for SUVmean and not for SUVmax. SUVmean is
the mean tracer concentration in tumor and SUVmax is
a measure of the pixel within the tumor which has the
highest tracer concentration. An explanation to the non-
significant change in SUVmax despite changes in
SUVmean could therefore be because the anti-cancer
treatment is less effective and does not inhibit glucose
uptake in the most aggressive parts of the tumor and
therefore no significant difference between SUVmax for
the treatment and control group was observed. Another
explanation to the differences could be that the differ-
ence for SUVmax did not reach statistical significance
due to a type II error because of the limited amount of
animals included in the study.
The difference in [18F]FDG uptake between the treat-

ment and control group was supported by underlying
changes in gene expression of GLUT1. At Day 10 GLUT1
expressions were lower in the treatment compared to
the control group. Other HDAC inhibitors likewise de-
crease GLUT1 gene expression [52]. Glucose transporters
accounts for [18F]FDG transport into cancer cells and
GLUT1 expression has in many studies been positively
correlated with [18F]FDG uptake [53,54].
Within the treatment group the level of [18F]FDG

uptake at Day 3 and 6 was correlated with treatment
effect at the end of the study. The tumors which had the
lowest [18F]FDG uptake at Day 3 and 6 following treat-
ment start were the tumors which responded best to the
treatment. Projecting this into a clinical situation will
allow identification of the patients responding best to
the treatment. Advantage of this information can be
taken in two ways. Firstly, selection of which patients to
be included in a clinical trial can be determined depending
on drug sensitivity determined early in the treatment
course. This will make identification of new compounds
which are effective in only a small subset of patients eas-
ier. Secondly, in clinical practice, treatment modifications
in non-responding patients during a treatment course
may be undertaken.
Some of the main limitations of the present study were

the lack of protein expression levels of molecular
markers in tumor tissue. It is therefore unknown
whether or not the gene expression levels of Ki67, TK1
and GLUT1 reflected the protein levels of the matching
proteins. However, in other studies a positive correlation
between Ki67 protein and gene expression has been
observed [55,56]. Furthermore does the present study
not describe whether the early changes in tracer uptake
will be predictive for long-term growth inhibition of the
pre-clinical ovary cancer model and if the data acquired
in this pre-clinical mouse model can be translated to
clinical studies.
No regression in tumor volume was observed following

treatment with belinostat; however, the tumor growth was
lower in the treatment compared to the control group,
thus confirming the anti-cancer effect of belinostat. It is
known, that the belinostat compound exerts tumor stasis
rather than tumor shrinkage [26-28]. Identification of effect
with drugs exerting tumor stasis can be difficult, as the
conventional anatomical imaging modalities CT and MRI
measure treatment effect by assessing changes in tumor
size. A tumor stasis effect of the anti-cancer treatment can
consequently be missed by these anatomical imaging mod-
ules. Therefore, identification of biological biomarkers is of
great value in treatment regimes involving tumoristatic
compounds [40].
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Conclusions
In conclusion, we found that [18F]FDG uptake early
following treatment initiation with belinostat predicted
tumor sizes at Day 10, suggesting that [18F]FDG PET
may be a biomarker for non-invasive assessment of anti-
tumor activity of belinostat. The results from this study
supports the addition of [18F]FDG PET scans during
clinical trials with belinostat where it may also be used
for selection of subjects that may enter such studies.

Abbreviations
[18F]FLT: 3’-deoxy-3’-[18F]fluorothymidine; [18F]FDG: 2-deoxy-2-[18F]fluoro-
D-glucose; PET: Positron emission tomography; CT: Computed tomography;
TK1: Thymidine kinase 1; HDAC: Histone deacetylase; ROIs: Region of
interests; SUV: Standard uptake value; GOI: Gene of interests; TS: Thymidylate
synthease.

Competing interests
The following co-authors have conflict of interests: Peter Buhl Jensen:
Ownership Interests and Employment in Topotarget A/S. Maxwell Sehested:
Ownership Interests and Employment in Topotarget A/S. Fredrik Björkling:
Employment in Topotarget A/S. Kamille Dumong Erichsen: Employment in
Topotarget A/S. All other authors have no conflict of interests.

Authors’ contributions
Conceived and designed the experiments: MMJ KDE FB PBJ LH MS AK.
Performed the experiments: MMJ KDE CBJ JM. Analyzed the data: MMJ KDE
AK. Wrote the paper: MMJ AK. Revised and approved the paper: KDE CBJ FB
JM PBJ LH MS AK. All authors read and approved the final manuscript.

Acknowledgements
Financial support from the National Advanced Technology Foundation,
Danish Medical Research Council, Rigshospitalets Research Foundation,
Svend Andersen Foundation, AP Møller Foundation, Novo Nordisk
Foundation, Lundbeck Foundation and Danish Cancer Society is gratefully
acknowledged.

Author details
1Cluster for Molecular Imaging, Faculty of Health and Medical Sciences,
University of Copenhagen, Blegdamsvej 3B, 12.3.11, Copenhagen N 2200,
Denmark. 2Department of Clinical Physiology, Nuclear Medicine & PET,
Rigshospitalet, Denmark. 3Topotarget A/S, Symbion Science Park,
Fruebjergvej 3Copenhagen 2100, Denmark. 4Present address: Department of
Drug Design and Pharmacology, Faculty of Health and Medical Sciences,
University of Copenhagen, Copenhagen, Denmark.

Received: 5 September 2012 Accepted: 20 March 2013
Published: 1 April 2013

References
1. Arner ES, Eriksson S: Mammalian deoxyribonucleoside kinases. Pharmacol

Ther 1995, 67:155–186.
2. Barthel H, Perumal M, Latigo J, He Q, Brady F, Luthra SK, et al: The uptake

of 3'-deoxy-3'-[18 F]fluorothymidine into L5178Y tumours in vivo is
dependent on thymidine kinase 1 protein levels. Eur J Nucl Med Mol
Imaging 2005, 32:257–263.

3. Kong XB, Zhu QY, Vidal PM, Watanabe KA, Polsky B, Armstrong D, et al:
Comparisons of anti-human immunodeficiency virus activities, cellular
transport, and plasma and intracellular pharmacokinetics of 3'-fluoro-3'-
deoxythymidine and 3'-azido-3'-deoxythymidine. Antimicrob Agents
Chemother 1992, 36:808–818.

4. Rasey JS, Grierson JR, Wiens LW, Kolb PD, Schwartz JL: Validation of FLT
uptake as a measure of thymidine kinase-1 activity in A549 carcinoma
cells. J Nucl Med 2002, 43:1210–1217.

5. Sherley JL, Kelly TJ: Regulation of human thymidine kinase during the cell
cycle. J Biol Chem 1988, 263:8350–8358.

6. Shields AF, Grierson JR, Dohmen BM, Machulla HJ, Stayanoff JC, Lawhorn-
Crews JM, et al: Imaging proliferation in vivo with [F-18]FLT and positron
emission tomography. Nat Med 1998, 4:1334–1336.
7. Apisarnthanarax S, Alauddin MM, Mourtada F, Ariga H, Raju U, Mawlawi O,
et al: Early detection of chemoradioresponse in esophageal carcinoma
by 3'-deoxy-3'-3H-fluorothymidine using preclinical tumor models. Clin
Canc Res 2006, 12:4590–4597.

8. Barthel H, Cleij MC, Collingridge DR, Hutchinson OC, Osman S, He Q, et al:
3'-deoxy-3'-[18 F]fluorothymidine as a new marker for monitoring tumor
response to antiproliferative therapy in vivo with positron emission
tomography. Canc Res 2003, 63:3791–3798.

9. Brepoels L, Stroobants S, Verhoef G, De GT, Mortelmans L, De Wolf-Peeters
C: 18 F-FDG and 18 F-FLT Uptake Early After Cyclophosphamide and
mTOR Inhibition in an Experimental Lymphoma Model. J Nucl Med 2009,
50:1102–1109.

10. Leyton J, Latigo JR, Perumal M, Dhaliwal H, He Q, Aboagye EO: Early
detection of tumor response to chemotherapy by 3'-deoxy-3'-[18 F]
fluorothymidine positron emission tomography: the effect of cisplatin
on a fibrosarcoma tumor model in vivo. Canc Res 2005, 65:4202–4210.

11. Leyton J, Alao JP, Da CM, Stavropoulou AV, Latigo JR, Perumal M, et al: In
vivo biological activity of the histone deacetylase inhibitor LAQ824 is
detectable with 3'-deoxy-3'-[18 F]fluorothymidine positron emission
tomography. Canc Res 2006, 66:7621–7629.

12. Manning HC, Merchant NB, Foutch AC, Virostko JM, Wyatt SK, Shah C, et al:
Molecular imaging of therapeutic response to epidermal growth factor
receptor blockade in colorectal cancer. Clin Canc Res 2008, 14:7413–7422.

13. Molthoff CF, Klabbers BM, Berkhof J, Felten JT, van Gelder M, Windhorst AD, et al:
Monitoring response to radiotherapy in human squamous cell cancer
bearing nude mice: comparison of 2'-deoxy-2'-[18 F]fluoro-D-glucose (FDG)
and 3'-[18 F]fluoro-3'-deoxythymidine (FLT). Mol Imaging Biol 2007, 9:340–347.

14. Oyama N, Ponde DE, Dence C, Kim J, Tai YC, Welch MJ: Monitoring of
therapy in androgen-dependent prostate tumor model by measuring
tumor proliferation. J Nucl Med 2004, 45:519–525.

15. Shah C, Miller TW, Wyatt SK, McKinley ET, Olivares MG, Sanchez V, et al:
Imaging biomarkers predict response to anti-HER2 (ErbB2) therapy in
preclinical models of breast cancer. Clin Canc Res 2009, 15:4712–4721.

16. Waldherr C, Mellinghoff IK, Tran C, Halpern BS, Rozengurt N, Safaei A, et al:
Monitoring antiproliferative responses to kinase inhibitor therapy in mice
with 3'-deoxy-3'-18 F-fluorothymidine PET. J Nucl Med 2005, 46:114–120.

17. Yang YJ, Ryu JS, Kim SY, Oh SJ, Im KC, Lee H, et al: Use of 3'-deoxy-3'-[18 F]
fluorothymidine PET to monitor early responses to radiation therapy in
murine SCCVII tumors. Eur J Nucl Med Mol Imaging 2006, 33:412–419.

18. Buck AK, Schirrmeister H, Hetzel M, Von Der HM, Halter G, Glatting G, et al:
3-deoxy-3-[(18)F]fluorothymidine-positron emission tomography for
noninvasive assessment of proliferation in pulmonary nodules. Canc Res
2002, 62:3331–3334.

19. Vesselle H, Grierson J, Muzi M, Pugsley JM, Schmidt RA, Rabinowitz P, et al:
In vivo validation of 3'deoxy-3'-[(18)F]fluorothymidine ([(18)F]FLT) as a
proliferation imaging tracer in humans: correlation of [(18)F]FLT uptake
by positron emission tomography with Ki-67 immunohistochemistry and
flow cytometry in human lung tumors. Clin Canc Res 2002, 8:3315–3323.

20. Yamamoto Y, Nishiyama Y, Ishikawa S, Nakano J, Chang SS, Bandoh S, et al:
Correlation of 18 F-FLT and 18 F-FDG uptake on PET with Ki-67
immunohistochemistry in non-small cell lung cancer. Eur J Nucl Med Mol
Imaging 2007, 34:1610–1616.

21. Weber WA, Wieder H: Monitoring chemotherapy and radiotherapy of
solid tumors. Eur J Nucl Med Mol Imaging 2006, 33(Suppl 1):27–37.

22. Weber WA: Assessing tumor response to therapy. J Nucl Med 2009,
50(Suppl 1):1S–10S.

23. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al:
New response evaluation criteria in solid tumours: revised RECIST
guideline (version 1.1). Eur J Canc 2009, 45:228–247.

24. Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS, Rubinstein L, et
al: New guidelines to evaluate the response to treatment in solid
tumors. European Organization for Research and Treatment of Cancer,
National Cancer Institute of the United States, National Cancer Institute
of Canada. J Natl Canc Inst 2000, 92:205–216.

25. Wahl RL, Jacene H, Kasamon Y, Lodge MA: From RECIST to PERCIST:
Evolving Considerations for PET response criteria in solid tumors. J Nucl
Med 2009, 50(Suppl 1):122S–150S.

26. Plumb JA, Finn PW, Williams RJ, Bandara MJ, Romero MR, Watkins CJ, et al:
Pharmacodynamic response and inhibition of growth of human tumor
xenografts by the novel histone deacetylase inhibitor PXD101. Mol Canc
Ther 2003, 2:721–728.



Jensen et al. BMC Cancer 2013, 13:168 Page 9 of 9
http://www.biomedcentral.com/1471-2407/13/168
27. Qian X, LaRochelle WJ, Ara G, Wu F, Petersen KD, Thougaard A, et al:
Activity of PXD101, a histone deacetylase inhibitor, in preclinical ovarian
cancer studies. Mol Canc Ther 2006, 5:2086–2095.

28. Tumber A, Collins LS, Petersen KD, Thougaard A, Christiansen SJ, Dejligbjerg
M, et al: The histone deacetylase inhibitor PXD101 synergises with
5-fluorouracil to inhibit colon cancer cell growth in vitro and in vivo.
Canc Chemother Pharmacol 2007, 60:275–283.

29. Qian X, Ara G, Mills E, LaRochelle WJ, Lichenstein HS, Jeffers M: Activity of
the histone deacetylase inhibitor belinostat (PXD101) in preclinical
models of prostate cancer. Int J Canc 2008, 122:1400–1410.

30. Monks A, Hose CD, Pezzoli P, Kondapaka S, Vansant G, Petersen KD, et al:
Gene expression-signature of belinostat in cell lines is specific for
histone deacetylase inhibitor treatment, with a corresponding signature
in xenografts. Anticancer Drugs 2009, 20:682–692.

31. Gravina GL, Marampon F, Giusti I, Carosa E, Di SS, Ricevuto E, et al: Differential
effects of PXD101 (belinostat) on androgen-dependent and androgen-
independent prostate cancer models. Int J Oncol 2012, 40:711–720.

32. Ozols RF, Bookman MA, Connolly DC, Daly MB, Godwin AK, Schilder RJ, et al:
Focus on epithelial ovarian cancer. Canc Cell 2004, 5:19–24.

33. Molife LR, de Bono JS: Belinostat: clinical applications in solid tumors and
lymphoma. Expert Opin Investig Drugs 2011, 20:1723–1732.

34. Gimsing P, Hansen M, Knudsen LM, Knoblauch P, Christensen IJ, Ooi CE, et
al: A phase I clinical trial of the histone deacetylase inhibitor belinostat
in patients with advanced hematological neoplasia. Eur J Haematol 2008,
81:170–176.

35. Lassen U, Molife LR, Sorensen M, Engelholm SA, Vidal L, Sinha R, et al: A phase
I study of the safety and pharmacokinetics of the histone deacetylase
inhibitor belinostat administered in combination with carboplatin and/or
paclitaxel in patients with solid tumours. Br J Canc 2010, 103:12–17.

36. Steele NL, Plumb JA, Vidal L, Tjornelund J, Knoblauch P, Rasmussen A, et al:
A phase 1 pharmacokinetic and pharmacodynamic study of the histone
deacetylase inhibitor belinostat in patients with advanced solid tumors.
Clin Canc Res 2008, 14:804–810.

37. Mackay HJ, Hirte H, Colgan T, Covens A, MacAlpine K, Grenci P, et al: Phase
II trial of the histone deacetylase inhibitor belinostat in women with
platinum resistant epithelial ovarian cancer and micropapillary (LMP)
ovarian tumours. Eur J Canc 2010, 46:1573–1579.

38. Dizon DS, Blessing JA, Penson RT, Drake RD, Walker JL, Johnston CM, et al:
A phase II evaluation of belinostat and carboplatin in the treatment of
recurrent or persistent platinum-resistant ovarian, fallopian tube, or
primary peritoneal carcinoma: a Gynecologic Oncology Group study.
Gynecol Oncol 2012, 125:367–371.

39. Dizon DS, Damstrup L, Finkler NJ, Lassen U, Celano P, Glasspool R, et al:
Phase II Activity of Belinostat (PXD-101), Carboplatin, and Paclitaxel in
Women With Previously Treated Ovarian Cancer. Int J Gynecol Canc 2012,
22:979–986.

40. Stimson L, La Thangue NB: Biomarkers for predicting clinical responses to
HDAC inhibitors. Canc Lett 2009, 280:177–183.

41. Jensen MM, Erichsen KD, Bjorkling F, Madsen J, Jensen PB, Hojgaard L, et al:
Early detection of response to experimental chemotherapeutic Top216
with [18 F]FLT and [18 F]FDG PET in human ovary cancer xenografts in
mice. PLoS One 2010, 5:e12965.

42. Jensen MM, Jorgensen JT, Binderup T, Kjaer A: Tumor volume in
subcutaneous mouse xenografts measured by microCT is more accurate
and reproducible than determined by 18 F-FDG-microPET or external
caliper. BMC Med Imaging 2008, 8:16.

43. Fueger BJ, Czernin J, Hildebrandt I, Tran C, Halpern BS, Stout D, et al: Impact
of animal handling on the results of 18 F-FDG PET studies in mice. J Nucl
Med 2006, 47:999–1006.

44. Hellemans J, Mortier G, De PA, Speleman F, Vandesompele J: qBase relative
quantification framework and software for management and automated
analysis of real-time quantitative PCR data. Genome Biol 2007, 8:R19.

45. Dokmanovic M, Marks PA: Prospects: histone deacetylase inhibitors. J Cell
Biochem 2005, 96:293–304.

46. Dittmann H, Dohmen BM, Kehlbach R, Bartusek G, Pritzkow M, Sarbia M, et
al: Early changes in [18 F]FLT uptake after chemotherapy: an
experimental study. Eur J Nucl Med Mol Imaging 2002, 29:1462–1469.

47. Plotnik DA, McLaughlin LJ, Krohn KA, Schwartz JL: The effects of 5-
fluoruracil treatment on 3'-fluoro-3'-deoxythymidine (FLT) transport and
metabolism in proliferating and non-proliferating cultures of human
tumor cells. Nucl Med Biol 2012, 39:970–976.
48. Na YS, Jung KA, Kim SM, Hong YS, Ryu MH, Jang SJ, et al: The histone
deacetylase inhibitor PXD101 increases the efficacy of irinotecan in
in vitro and in vivo colon cancer models. Canc Chemother Pharmacol
2011, 68:389–398.

49. Munk JM, Erichsen KD, Bjorkling F, Madsen J, Jensen PB, Sehested M, et al:
18 F]FLT PET for non-invasive assessment of tumor sensitivity to
chemotherapy: studies with experimental chemotherapy TP202377 in
human cancer xenografts in mice. PLoS One 2012, 7:e50618.

50. Aide N, Kinross K, Cullinane C, Roselt P, Waldeck K, Neels O, et al: 18 F-FLT
PET as a Surrogate Marker of Drug Efficacy During mTOR Inhibition by
Everolimus in a Preclinical Cisplatin-Resistant Ovarian Tumor Model.
J Nucl Med 2010, 51:1559–1564.

51. Perumal M, Stronach EA, Gabra H, Aboagye EO: Evaluation of 2-deoxy-2-
[18 F]fluoro-D-glucose- and 3'-deoxy-3'-[18 F]fluorothymidine-positron
emission tomography as biomarkers of therapy response in platinum-
resistant ovarian cancer. Mol Imaging Biol 2012, 14:753–761.

52. Wardell SE, Ilkayeva OR, Wieman HL, Frigo DE, Rathmell JC, Newgard CB, et
al: Glucose metabolism as a target of histone deacetylase inhibitors. Mol
Endocrinol 2009, 23:388–401.

53. Hiyoshi Y, Watanabe M, Imamura Y, Nagai Y, Baba Y, Yoshida N, et al: The
relationship between the glucose transporter type 1 expression and
F-fluorodeoxyglucose uptake in esophageal squamous cell carcinoma.
Oncology 2009, 76:286–292.

54. Kaira K, Endo M, Abe M, Nakagawa K, Ohde Y, Okumura T, et al: Biologic
correlation of 2-[18 F]-fluoro-2-deoxy-D-glucose uptake on positron
emission tomography in thymic epithelial tumors. J Clin Oncol 2010,
28:3746–3753.

55. Tan PH, Bay BH, Yip G, Selvarajan S, Tan P, Wu J, et al:
Immunohistochemical detection of Ki67 in breast cancer correlates with
transcriptional regulation of genes related to apoptosis and cell death.
Mod Pathol 2005, 18:374–381.

56. Yamamoto S, Ibusuki M, Yamamoto Y, Fu P, Fujiwara S, Murakami K, et al:
Clinical relevance of Ki67 gene expression analysis using formalin-fixed
paraffin-embedded breast cancer specimens. Breast Canc 2012. 10.1007/
s12282-012-0332-7.

doi:10.1186/1471-2407-13-168
Cite this article as: Jensen et al.: [18F]FDG and [18F]FLT positron
emission tomography imaging following treatment with belinostat in
human ovary cancer xenografts in mice. BMC Cancer 2013 13:168.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://dx.doi.org/10.1007/s12282-012-0332-7
http://dx.doi.org/10.1007/s12282-012-0332-7

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Tumor model
	Synthesis of [18F]FLT and [18F]FDG
	Experimental design
	microPET and microCT imaging
	Quantitative real-time polymerase chain reaction (qPCR)
	Statistical analysis

	Results
	Tumor volume
	[18F]FDG and [18F]FLT microPET imaging
	Ki67, TK1 and GLUT1 gene expression

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

