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Abstract
DNA damage and repair represent important biological processes that are targets of various chemotherapies 

against cancer. In many ways, chemotherapeutic agents can induce DNA damage in cancerous as well as 
normal cells. However, DNA damage induced by chemotherapeutic agents can be intrinsically repaired by normal 
physiologic responses, which hampers inhibition of tumor growth and cause drug-resistance. Base excision repair 
(BER) is one such physiologic process that is important in the cellular response to many chemotherapeutic agents, 
specifically those agents that target DNAs. Once the BER pathway is triggered, damaged DNA bases undergo a 
series of chemical modifications resulting in the formation of abasic or apurinic/apyrimidinic (AP) site, which serves 
as key intermediates in the excision of damaged DNA bases and restoration of regular bases. To monitor BER-
conferred intrinsic drug-resistance to chemotherapeutic agents such as DNA-alternating temozolomide (TMZ), 
pemetrexed (Alimta®), and fludarabine, we have developed a F-18 labeled fluoroethoxyamine ([11C]FEX) as an 
imaging agent for positron emission tomography (PET) imaging of DNA damage and repair in vivo. In this work, 
we report the synthesis, radiolabeling, and evaluation of [18F]FEX in vivo in mice. We have shown that [18F]FEX-
PET can be used to monitor DNA damage and repair in tumor xenograft mouse models including an uracil DNA 
glycosylase (UDG)-knockout tumor mouse model of non-small cell lung cancer (NSCLC). 
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Introduction
Current strategies in cancer treatment are based on inducing 

DNA damage [1]. Cytotoxic DNA damage that contains altered or 
misincorporated bases, for example, interferes with DNA metabolic 
processes and renders cancer cells more vulnerable to damage than 
normal cells [2,3]. In these cells, however, a variety of DNA repair 
pathways such as base excision repair (BER) counteract the cytotoxic 
effects of DNA damage. Therefore, if DNA repair pathways can be 
blocked, the sensitivity of cells to DNA damage can be dramatically 
modulated [4].

The BER pathway is a major DNA repair mechanism, in which 
7-methylguanine (N7mG) and 3-methyladenine (N3mA) DNA adducts
induced by temozolomide (TMZ) are repaired. The broad substrate
specificity is determined by diverse damage-specific glycosylases
[5,6]. These glycosylases process damaged bases with high sensitivity
and specificity that results in the formation of abasic or apurinic/
apyrimidinic (AP) sites [7]. In fact, AP site formation is a sensitive and
specific indicator of DNA damage [8]. In addition to TMZ, nucleoside
analogues such as various pyrimidine and purine analogues and
antifolates are important antimetabolite compounds that constitute an
important class of DNA-targeted anticancer drugs. As they interfere
with DNA production, cell division, and growth of tumors, nucleoside
analogs are currently used in the clinic to treat many different types
of cancer, such as leukemia, lymphoma, colon, breast, lung, and head

and neck. For example, pemetrexed (Alimta®) is an antimetabolite drug 
that is widely used in NSCLC [9,10]. Pemetrexed inhibits thymidylate 
synthetase and several key enzymes in the de novo pathways of 
pyrimidine and purine biosynthesis. This leads to nucleotide pool 
imbalances that favor incorporation of mismatched bases. 

To increase the sensitivity of tumor cells to DNA damage and 
minimize drug resistance, efforts have been made to inhibit the BER 
pathway by blocking AP sites. In 1985, methoxyamine (MX) was first 
introduced as a BER inhibitor by Lizzi and Rosenzweig [11]. Since 
then, MX has been systematically studied to develop combinatory 
therapies aimed at enhancing the efficacy of chemotherapeutic agents 
[12,13]. The specific action of MX in the disruption of BER is shown 
in Figure 1, where MX reacts with the tautomeric open-ring form of 
deoxyribose when an abnormal base is removed by any one of the 
DNA glycosylases. The reaction of MX with AP sites is fast, even faster 
than the downstream repair by apurinic/apyrimidinic endonuclease 
(APE) [14]. The inhibitory effect of MX on DNA repair results from 
chemical modification of AP sites as APE substrates, rather than from 
poisoning of APE enzyme [15,16]. It is a merit of MX that produces less 
cytotoxicity towards normal cells compared to any protein inhibitor 
that directly disrupts normal enzymatic or kinase activity. It has been 
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postulated that MX blocks action of APE in one of two ways: either 
MX’s chemical structural alters the AP site by forming a covalent 
linkage with its aldehyde moiety so that the APE cannot recognize the 
modified MX-AP site, or the MX-AP site renders the phosphodiester 
bonds adjacent to the AP site refractory to the catalytic activity of the 
APE even though the enzyme can still bind to the site. 

A major challenge in cancer chemotherapy is to access patient 
response soon after initial treatment. Since formation of AP sites has 
been shown to be a sensitive and specific indicator of DNA damage, it 
can be used as a biomarker to evaluate the efficacy of chemotherapeutic 
agents [7,8]. If patients do not exhibit elevated AP-site formation in 
tumor regions, significant DNA damage was likely not induced, and the 
patient probably will not respond to the given chemotherapeutic drug. 
In such cases, patients should be switched promptly to a different drug. 
If patients do exhibit elevated AP site formation in tumor regions, it is 
likely that significant DNA damage was induced in tumor regions. This 
will make it possible to subsequently modulate the sensitivity of cells to 
DNA damage by blocking the DNA repair pathways. Such combination 
chemotherapy could be more effective than single-agent chemotherapy 
and may lead to a significant increase in cancer cure rates.

To address this unmet need in cancer therapy, the call for direct 
imaging and quantitative assessment of AP sites in vivo is great. If 
patients do respond to a given DNA-damaging chemotherapy, in 
vivo imaging of AP formation will permit determination of the dose 
and time schedules for maximal efficacy. BER inhibitors will be most 
effective if administered at the time when AP formation peaks. These 
imaging studies will also facilitate development of BER inhibitors to 
potentiate the efficacy of DNA-damaging drugs. Thus, image-guided 
prognosis and staging will allow clinicians to find the most effective 
treatment quickly, and this benefit is paramount as early treatment is 
often the key to effective cancer treatment. 

For this purpose, we have developed the capability to radiolabel 
methoxyamine with positron-emitting carbon-11 and use it as 
radiotracer for PET to directly detect and quantify AP sites [17]. This 
allows us to monitor the formation and persistence of AP sites as well 
as the enhancement of drug–drug synergy by optimizing the formation 
and persistence of these DNA-bound AP sites after treatment with 
the combination of chemotherapeutic agents. In order to enhance 
the potential for clinical applications of this imaging technique and to 
optimize the potency and specificity of binding to AP sites, we have 
developed 2-fluoromethoxyanime, termed FEX, which can be labeled 
with F-18. Compared with [11C]MX, [18F]FEX exhibits very similar 
binding properties and pharmacokinetic profiles, and the relatively 
longer half-life of F-18 (t1/2 110 min cf. 20 min of C-11) permits 
distribution to remote imaging facilities that do not have access to an 

on-site cyclotron. In this study, we report the synthesis, radiolabeling, 
and evaluation of [18F]FEX and the subsequent PET imaging studies in 
tumor xenograft mouse models. 

To demonstrate that [18F]FEX binds specifically to AP sites, we 
performed additional PET imaging studies in a knockout xenograft 
model that lacks the expression of uracil DNA glycosylase (UDG). One 
important function of UDG is to prevent mutagenesis by eliminating 
uracil from DNA molecules and initiating the BER pathway. For 
example, treatment of pemetrexed induces imbalance of the nucleotide 
pool, resulting in mis-incorporation of uridine into DNA. In the 
presence of UDG, the mis-incorporated uridine is removed and an AP 
site is formed. In the absence of UDG, no AP site is formed and the 
uracil BER pathway is not initiated. Thus, after pemetrexed treatment, 
AP sites are expected to be higher in UDG-expressing tumors with 
sufficient UDG activity. In contrast, AP sites are expected to be lower 
in UDG-knockout tumors. Thus, tumor xenografts bearing both UDG-
expressing tumors and UDG-knockout tumors were treated with 
pemetrexed. Formation of AP sites was then quantified and compared 
after PET imaging to determine the in vivo binding specificity of [18F]
FEX.

Materials and Methods 
Chemical synthesis

All of the chemical reagents and solvents were purchased from 
Sigma Aldrich and used without further purification. NMR spectra 
were recorded on Varian Inova AS400 spectrometer at 400 MHz for 
1H-NMR and 100 MHz for 13C-NMR. Chemical shifts are presented in 
ppm on the δ scale relative to TMS or solvent peak. High resolution mass 
spectra were recorded using Thermo Scientific LTQ-FT. (University of 
Cincinnati Mass Spectrometry Facility). 

Synthesis of 2-fluoroethoxyamine 

N-(2-Fluoroethoxy) phthalimde (2): To a solution of 
2-fluoroethanol (1.28 g, 20 mmol), N-hydroxyphthalimide (3.50 
g, 21.5 mmol), and PPh3 (5.98 g, 22.37 mmol) in dry THF (100 ml), 
diisopropylazo-dicaroxylate (DIAD) was added drop-wise in an ice-
water bath. The mixture was stirred from 0° to RT overnight, then 
concentrated in vacuum and purified on a silica chromatography 
column (Hexanes/Ethyl Acetate=9:1, V/V) to give compound 2 (3.71 
g, 88 %). 1H-NMR (400 MHz, CDCl3) δ 7.86-7.73 (m, 4H), 4.83 (t, 1H), 
4.72 (t, 1H), 4.50 (t, 1H), 4.43 (t, 1H); 13C-NMR (100 MHz, CDCl3) δ 
163.29, 134.57, 128.72, 123.61, 82.23, 80.53, 76.81, 76.61.

2-Fluoroethoxyamine (3): Hydrazine monohydrate (0.725 ml, 15 
mmol) was added dropwise to a solution of compound 2 (1.58 g, 7.5 
mmol) in a mixture of dichloromethane (DCM) (30 ml) and methanol 
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Figure 1: Postulated mechanism of the binding of methoxyamine to AP sites. 
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(2 ml) and the mixture was stirred at RT for 2 hr. The resulting mixture 
with precipitate was filtered and the filtrate was washed with saturated 
sodium bicarbonate (20 ml). The aqueous layer was extracted with 
DCM (30 ml × 3) and the organic extract was dried over anhydrous 
Na2SO4. To the dry solution 1 M HCl in ether (30 ml) was added then 
the whole mixture was concentrated under vacuum. The white solid 
was washed with dry DCM and dry ether to get a pure white solid, 
compound 3 (419 mg, 47%). 1HNMR (400MHz, DMSO-d6) δ 11.17 
(br s, 3H), 4.62 (t, 1H), 4.57 (t, 1H), 4.30 (t, 1H), 4.23 (t, 1H); 13CNMR 
(100MHz, DMSO-d6) δ 81.55, 79.89, 73.36, 73.177. HR-ESIMS: m/z 
calculated 80.05062, found: 80.05052.

Synthesis of the precursor for F-18 radiolabeling of 
2-fluoroethoxyamine

N-(2-Hydroxyethoxy) phthalimde (4): To a solution of 
N-Hydroxyphthalimide (1.63 g, 10 mmol) and potassium carbonate 
(5.52 g, 40 mmol) in 20 ml dry DMSO under argon, 2-bromethanol 
(2.0 g, 1.6 mmol) was added. Then the whole mixture was stirred for 
1.5 hr at 70°C until the red solution turned almost colorless. Heating 
was stopped and the reaction mixture was cooled to RT. 200 ml water 
was added to the mixture and extracted by DCM (50 ml × 3) and the 
extraction was washed 3X with 2N HCl, water, and brine (50 ml each). It 
was then dried over anhydrous sodium sulfate and concentrated under 
reduced pressure in a rotary evaporator. Purification was achieved by 
eluting on a silica column (Hexanes/Ethyl Acetate=1.5:1, V/V), yielding 
1.554 g of the product, compound 4 (75%). 1HNMR (400MHz, CDCl3) 
δ 7.8-7.77 (m, 4H), 4.40 (m, 2H), 3.79 (m, 2H) 13CNMR (100MHz, 
CDCl3) δ163.25, 134.59, 128.57,123.56, 77.32, 40.24. (HR-ESIMS: m/z 
calculated 207.14238, found: 207.18280).

N-(2-Tosylethoxyl) phthalimde (5): Compound (4) (110 mg, 0.53 
mmol) was dissolved in 10 ml anhydrous pyridine at 0°C. After stirring 
for 2 hr, p-toluenesulfonyl chloride (133 mg, 6.9 mmol) was added 
and the ice bath was removed. After reaction for another 8 hrs at room 
temperature, the reaction mixture was transfered to a separatory funnel 
(250 ml) and was extracted 3X using 75 ml of diethyl ether. The organic 
layers were washed sequentially with 100 ml cold 1N HCl, 100 ml water, 
and 100 ml brine. The combined solution was dried over anhydrous 
sodium sulfate. After concentration under reduced pressure, the 
tosylate product was used without further purification. (187 mg, 98%). 
1HNMR (400MHz, CDCl3) δ 7.82-7.74 (m, 6H), 7.34-7.31 (m, 2H), 
4.43-4.38 (m, 4H), 2.43 (s, 3H) 13CNMR (100MHz, CDCl3) δ 163.29, 
145.023, 134.62, 132.46, 129.85, 128.66, 128.02, 123.64,75.06, 67.09. 
(HR-ESIMS: m/z calculated 381.05123, found: 381.15146).

Radiosynthesis of [18F]FEX 

[18F]fluoride was generated by an on-site Scanditronix MC-17 
cyclotron. The [18F]F- was trapped in an anion sep-pack column, then 
rinsed into a vial by K222/K2CO3 in acetonitrile and water solution 
(acetonitrile:water 4:1). After azotropic distillation 3 times, N-(2-
thosylethoxyl) phthalimide (5) dissolved in anhydrous acetonitrile 
was added into a vial. The reaction mixture was then stirred for 10 
min to produce N-(2-[18F]fluoroethoxy) phthalimde (2), which was 
confirmed by HPLC with the same retention time of unlabeled N-(2-
fluoroethoxy) phthalimde. The phthalimide was then deprotected by 
hydrazine monohydrate in methylene chloride for 10 min at room 
temperature. The reaction mixture was extracted by ethyl acetate (2 
ml × 2), and the organic extraction was washed with H2O (1 ml × 2). 

After concentration (less than 2 ml), the crude product was purified by 
high pressure liquid chromatography (HPLC) on a semi-preparative 
HPCL column (Luna 5m C18 250 mm × 10 mm). The mobile phase 
was CH3CN/H2O = 75% : 25% with a flow rate of 3 ml/min and the 
retention time was 6.38 min. The peak of the F-18 labeled FEX was 
characterized and confirmed by HPLC through co-injection with the 
cold standard. 

Biochemical Assay Based on Aldehyde Reactive Probe 
(ARP) 

The ARP assays were performed as previously described with 
minor modifications [1]. Briefly, following pemetrexed treatment for 
24 hrs NSCLC cells were harvested and cellular DNAs were extracted 
by phenol (Fischer Scientific, Fair Lawn, NJ) and chloroform (Sigma-
Aldrich, St Louis, MO). Cellular DNA (10 μg) was incubated with 
15 µl of 1 mM aldehyde reactive probe (ARP, Dojindo Laboratories, 
Kumamoto, Japan) in 135 µl PBS solution at 37°C for 15 min. DNA 
was then precipitated by adding 400 µl ice-cold ethanol (100%) at 
-20°C for 20 min and washed once with 70% ethanol. DNA was dried 
at room temperature for 30 min and then re-suspended in TE buffer to 
achieve a final concentration of 0.3 μg/100 µl. The ARP-labeled DNA 
was then heat-denatured at 100°C for 5 min, quickly chilled on ice and 
mixed with an equal amount of 2 M ammonium acetate. The DNA was 
then immobilized on BA-S 85 nitrocellulose membrane (Schleicher 
and Schuell, Dassel, Germany) using a minifold II vacuum filter 
device (Schleicher and Schuell, Dassel, Germany). The membrane was 
baked at 80°C for 1 hr and incubated with 0.25% BSA/PBS containing 
streptavidin-conjugated horseradish peroxidase (BioGenex, SanRamon, 
CA) at room temperature for 40 min with gentle shaking. ARP-labeled 
AP sites were visualized by chemiluminescence (Amersham Corp, 
Piscataway, NJ) followed by quantitative densitometry using NIH 
Image software. 

Preparation of the Animal Models through Intracranial 
Tumor Implantation

Tumor cells (5 x 106) were injected into the flanks of female athymic 
HSD nude mice, at 6-8 weeks of age. The tumors were measured with 
calipers using the National Cancer Institute formula: V = L (mm) x I2 
(mm) / 2 where L is the largest diameter and I is the smallest diameter 
of the tumor. When the volume of tumor nodules reaches about 100-
150 mm3, the tumor-bearing mice were used for experiments.

Preparation of UDG-knockout model

The tumor xenografts were derived from paired cell lines DLD1 
UDG +/+ /DLD1 UDG-/- cells. UDG null cells were generated by gene 
disruption via homologous recombination. Briefly, rAAV targeting 
vectors were constructed by insertion of left homology arm (LA) and 
right homology arm (RA) into the rAAV-Neo-LoxP vector. Targeted 
rAAV viruses were packaged in 293T cells. The virus was harvested and 
used to infect target cells. Cells were then treated with G418 (geneticin) 
to select for resistant clones. These clones were then screened for 
homologous recombination with PCR using primers complementary 
to sequences in the neomycin resistance gene and upstream of the left 
homology arm (indicated as LA-F and LA-R). Confirmative PCR was 
also performed on G418 resistant clones using primers complementary 
to the neomycin resistance gene and to a sequence downstream of the 
RA (indicated as RA-F and RA-R). The neomycin gene cassette was 
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excised by infecting target clones with adenovirus expressing Cre-
recombinase. Genomic PCR to amplify 178 bp fragments surrounding 
the LoxP insertion site (PC-F and PC-R) was used for the final 
screening.

MicroPET Imaging 
MicroPET studies were conducted in a Concord R4 microPET 

scanner under anesthesia with 2.0% isoflurane carried by oxygen gas. 
The dynamic PET image acquisition was performed immediately after 
tail vein injection of [18F]FEX (~300 μCi for each mouse) over 90 min 
in a list mode of emission acquisition. This was followed by 10 min 
transmission acquisition using 57Co which was used for attenuation 
correction. A heating lamp was used to maintain the animals’ body 
temperature around 34°C. 

MRI Imaging
MRI scans were performed immediately after the microPET scans 

while the animals were still under anesthesia to keep the positions of 
the mice unchanged. 

MR image acquisition was conducted on a Bruker BioSpec 
horizontal magnet (7T; 30 cm bore) with a transmit/receive rat volume 
coil. Two mice were mounted on the holder for each scan under the 
anesthesia consisting of 2% isofluorane and 98% oxygen. The sequence 
is T2-weighted turbo spin echo (TR/TE=3000/60 ms, resolution = 
1 mm × 200 μm × 200 μm). During the acquisition, the respiration 
rates of the mice were monitored and regulated within the range of 
30-40 breath/min by adjusting the percentage of isofluorane, while the 
animals’ body temperature was kept around 34°C by thermal control 
of warm air directly from the magnet core. Multi slices of the region 
of interest were selected in three directions: axial, coronal and sagittal 
planes. 

Quantitative image analysis

Quantitative image analysis was based on the co-registration 
of tumor regions defined by MR images with the radiotracer uptake 

determined by microPET scans. The in vivo pharmacokinetic profile 
of [18F]FEX in tumor regions was analyzed in terms of [18F]FEX uptake 
and retention according to the co-registered images. The radioactivity 
concentration in the tumor tissues is represented by means of 
standardized uptake value (SUV) [(μCi/cc)/(μCi/g)] as a function of 
time. 

Results
Chemical synthesis

The chemical synthesis of FEX is shown in Scheme 1. For the 
synthesis of 2-fluoroethoxylamine, N-hydroxyphthalimide was 
used as the starting material to react with 2-fluoroethanol via the 
Mitsunobu reaction to produce N-(2-fluoroethoxy) phthalimde (2) 
in 88% yield. Then compound 2 reacted with hydrazine monohydrate 
in dry methylene chloride at room temperature for 2 hr to give 
2-fluoroethoxylamine in form of its hydrochloride salt in 47% yield.

For synthesis of the radiolabling precursor, N-(2-thosylethoxyl) 
phthalimde (5), N-hydroxyphthalimide was coupled with 
2-bromethanol under basic condition at 90°C for 2 hr to yield N-(2-
hydroxyethoxy) phthalimde (4) in 75% yield. Then, compound 4 
was tosylated using p-toluenesulfonyl chloride in the presence of dry 
pyridine from 0°C to room temperature over 6 hr. After the general 
workup, the tosylated compound 5 was sufficiently pure to use without 
further purification (98% yield). 

Radiosynthesis

[18F]FEX was successfully radiolabeled in two steps starting with 
[18F]fluoride [18]. The first step was to covert N-(2-thosylethoxyl) 
phthalimde (5) to N-(2-[18F]fluoroethoxyphthalimde (2) in the 
presence of K222 and K2CO3 in acetonitrile and water (V:V=8:2) at 95°C 
for 10 min. The second step was to remove the protecting group using 
hydrazine monohydrate in methylene chloride at room temperature 
for 15 min to give 2-[18F]FEX (3). After extraction with ethyl acetate 
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Scheme 1:  Chemical synthesis and F-18 radiolabeling of FEX.

http://www.organic-chemistry.org/namedreactions/mitsunobu-reaction.shtm
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(5 ml × 3) and evaporation, the crude [18F]FEX was purified by HPLC 
(Luna 5 µm C18 250 mm × 10 mm, CH3CN : H2O = 3:1, flow rate: 
3 mLmin-1, retention time: 6.38 min) and confirmed by co-injection 
with the corresponding cold standards. The total synthesis takes about 
75 min with an average final radiochemical yield of 11.6% after decay 
correction [19]. 

ARP-based AP-site binding assay

To determine the AP site binding potency of FEX, NSCLC cells 
were treated with different doses of pemetrexed. AP site formation 
was then measured by the ARP-based assay. NSCLC cells (H460) were 
treated with pemetrexed alone (0-400 μM), pemetrexed plus MX (6 
mM), and pemetrexed plus FEX (6 mM) for 24 hr. As shown in Figure 
2, formation of AP sites was induced by different doses of pemetrexed. 
Co-treatment with MX or FEX (6 mM) significantly reduced the density 
of free AP sites. Using a dose of 200 µM pemetrexed, co-treatment with 
MX (6 mM) reduced the amount of AP sites by 56% while co-treatment 
with FEX reduced the amount of AP sites by 52%. Using a dose of 400 
µM pemetrexed, co-treatment with MX (6 mM) reduced the amount 
of AP sites by 43% while co-treatment with FEX reduced the amount 
of AP sites by 36%. Our preliminary AP site binding results showed 
that FEX potently bound to AP sites in a way similar to MX (Figure 2). 

In vivo imaging studies

For quantitative analysis of FEX uptake, both microPET and MRI 
were conducted and the images were coregistered. The tumor tissues 
(n=4) in the xenografts as detected by high resolution MR images were 
defined as regions of interest (ROI). As shown in Figure 3, coregistration 
of MRI and PET images using COMKAT permits quantification of 
standardized uptake value (SUV) of [18F]FEX [20].

Imaging of AP-site formation in DLD1 UDG +/+ mouse 
tumor xenografts 

To examine the binding specificity of [18F]FEX in vivo, we 
conducted imaging studies in a DLD1 UDG +/+ melanoma xenograft 
mouse model that was treated with pemetrexed via i.p. injection 24 

hr prior to microPET studies. Following microPET and MRI image 
acquisition and coregistration, [18F]FEX uptake in the tumor regions 
(n=4) was quantified and compared with non-treated regions (n=4). In 
the treated xenografts, [18F]FEX uptake was twice that of the nontreated 
mouse model. The results are well correlated with the treatment effect 
of pemetrexed which induces AP site formation. The trend of SUV over 
time and average quantitative uptake of [18F]FEX in pemetrexed treated 
and nontreated xenograft tumor mice are shown in Figure 4.

Imaging of AP site formation in the DLD1 UDG -/- mouse 
model 

For comparison, we also conducted imaging studies in a DLD1 
UDG -/- melanoma xenograft mouse model that was also treated with 
pemetrexed under the same conditions. As shown in Figure 5, there 
was almost no difference in the uptake of [18F]FEX in terms of SUV 
between the pemetrexed-treated and nontreated DLD1 UDG -/- mouse 
model, which indicates that pemetrexed treatment did not increase the 
formation of AP sites in the DLD1 UDG -/- mouse model compared to 
non-treated controls. 

Comparison of AP site imaging between DLD1 UDG +/+ and 
DLD1 UDG -/- mouse models treated with Pemetrexed

To obtain a better comparison of AP site formation in both treated 
DLD1 UDG +/+ and DLD1 UDG -/- mouse models, microPET and 
MRI studies were conducted. The results show that AP sites formed 
in the DLD1 UDG +/+ tumor mouse model are 21% higher than 
that in the DLD1 UDG -/- tumor mouse model as illustrated by the 
quantitative analysis in Figure 6. The difference in SUV is sufficiently 
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Figure 2:  AP sites increased in NSCLC cells after treatment with pemetrexed 
(Alimta®) in a dose-dependent manner. By using ARP assay, the formation of AP 
sites in NSCLC cells was measured. Cells were treated with pemetrexed (200 
μM, 400 μM), pemetrexed (200 μM, 400 μM) plus MX (6 mM), pemetrexed (200 
μM, 400 μM) plus FEX (6 mM) for 24 h. Co-treatment by pemetrexed with MX or 
FEX reduced the amount of AP sites detected by ARP-essays under the same 
conditions, suggesting that FEX, just as MX, competed with ARP in binding to 
AP sites induced by pemetrexed.

 
Figure 3:  Coronal view of melanoma xenografts  by 7T MRI and microPET co-
registration using [18F]FEX: (A) In vivo PET images; (B) PET-MRI fusion images; 
(C) In vivo MR images scanned immediately after the PET scan and the animals  
kept under anesthesia. 
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Figure 4:  Treated mouse received pemetrexed (Alimta®) treatment 24 hours 
prior to PET imaging.  A) Average SUV time curves of pemetrexed treated 
versus non treated wild type mouse model. B) 60 minute Average SUV values 
for pemetrexed and non treated wild type mouse model.
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significant to show the specific measurement of AP sites induced by 
pemetrexed.

Discussion
Fluorinated agents often possess unique biological properties [21-

24]. Specific interactions between some fluorinated compounds and 
DNA have shown that incorporation of fluorine into DNA binding 
agents, the binding affinity is significantly enhanced [25-27]. We thus 
hypothesize that introduction of fluorine into methoxyamine will 
facilitate the interaction with DNA and subsequently enhance the 
potency of binding to AP sites. 

For this reason, we incorporated fluorine into methoxyamine 
through a linker containing two carbons. We also tried to use both a 
3- or 4-carbon linker, but this often resulted in elimination of fluorine 
as a result of intramolecular cyclization forming a 5- or 6-member ring, 
respectively. For radiolabeling with F-18, the amino group had to be 
protected in order to carry out the nucleophilic substitution reaction of 
[18F]KF with the previously prepared tosylate precursor in the presence 
of potassium carbonate. For this purpose, we found that phthalimide 
was an effective protecting group, which could be readily removed 
subsequently when treated with hydrazine. The potency of FEX for AP 
sites was evaluated in an ARP-based binding assay that we previously 
established [28]. Using pemetrexed to induce AP sites in the NSCLC 
cell line, FEX effectively blocked AP sites induced by pemetrexed. At a 
dose of 200 μM of pemetrexed, 66.6% of AP sites were blocked by FEX 
in a way similar to MX( 74.5%). Thus, incorporation of fluorine did not 

negatively affect the binding potency of MX.

Encouraged by these results, we conducted microPET imaging 
studies first in mouse tumor xenografts bearing either DLD1 UDG 
+/+ or DLD1 UDG -/- tumor tissues. For quantification of [18F]FEX 
uptake in tumor tissues, high resolution MR images were also acquired 
immediately following microPET studies to define the tumor regions. 
Coregistration of MR images and PET images using COMKAT [20] 
allowed us to quantify the radioactivity concentration in terms of 
average SUV as a function of time. Each type of tumor xenograft was 
imaged before and after pemetrexed treatment for comparison. 

Our primary goal is to evaluate the effectiveness of FEX-PET as 
an imaging marker to monitor the effect of pemetrexed on AP site 
formation. In order to define the in vivo specificity, we used mouse 
tumor xenografts bearing either DLD1 UDG +/+ or DLD1 UDG -/- 
tumor tissues. Previous studies have shown that UDG is a critical 
enzyme involved in the BER pathway for DNA repair. Lack of UDG 
inhibits the excision of a uracil base, which hampers formation of AP 
sites. 

When the DLD1 UDG +/+ tumors were treated with pemetrexed, 
[18F]FEX uptake was significantly increased in the tumor tissues 
compared to that in non-treated tumor tissues. The increase of FEX 
uptake suggested that formation of AP sites was drastically elevated 
(Figure 4). This is the first time that pemetrexed-induced AP-site 
formation was detected in vivo, which is consistent with previous in 
vitro studies, which showed that pemetrexed induced DNA damage 
through the inhibition of thymidylate synthase (TS). Pemetrexed 
treatment results in reduction of dTTP as well as an increase of 
dUTP. As a consequence of dUMP accumulation, dUTP levels exceed 
dUPTase activity. Because the polymerase uses dUTP/dTTP at the same 
rate, dUTP is eventually incorporated in DNA. With the incorporation 
of ultra Uracil base, UDG can excise the uracil base from the strands 
of the DNA, which triggers BER pathways and forms more AP sites 
[29-31]. The increase of [18F]FEX uptake clearly showed the effect of 
pemetrexed in this moue model. 

Once UDG is knocked out from the tumor tissues, no difference of 
FEX uptake could be observed before and after pemetrexed treatment, 
suggesting that pemetrexed did not induce AP-site formation in the 
absence of UDG. This is consistent with previous observations that 
knockout UDG inhibits AP-site formation [32-34]. 

The comparison of AP site formation between the treated-wild type 
and UDG knockout mouse models showed 21% percent more AP sites 
formed in the former. This comparison suggests a strong correlation 
between the formation of AP sites and [18F]FEX uptake. Therefore, the 
studies above showed [18F]FEX can effectively evaluate the efficacy of 
DNA-targeted chemotherapeutic drugs such as pemetrexed. In the 
imaging studies, only nanomolar [18F]FEX is needed for PET studies, 
with no pharmacological effect ever observed in the animal models. 

Conclusion
In summary, FEX was synthesized and evaluated for imaging AP 

sites in vivo. FEX exhibits a binding property similar to MX. FEX was 
then radiolabeled with F-18 for in vivo imaging studies. Subsequent 
[18F]FEX-PET imaging studies in both DLD1 UDG +/+ and knockout 
tumor mouse models demonstrate its effectiveness for use as an 
imaging marker of DNA damage and repair for efficacy evaluation of 
DNA-targeted chemotherapies. In order to enhance its potential for 
routine clinical studies, particularly in medical facilities without onsite 
cyclotron, F-18 labeled MX analogs need to be developed that are 

 
Figure 5:  Treatment and non-treatment of pemetrexed (Alimta®) in the knockout 
mouse model. Treated mouse received pemetrexed drug treatment 24 hours 
prior to PET imaging.  A) Average SUV time curves of pemetrexed treated 
versus non treated knockout mouse model. B) 60 minute Average SUV values 
for pemetrexed and untreated knockout mouse model.

 

  (A)                                                                            (B) 

p < 0.001 

Figure 6:  Treatment of pemetrexed (Alimta®) on wild type and knock out mouse 
models. A) Average SUV time curves of wild type versus knockout pemetrexed 
treated mouse model. B) 60 minute average SUV values for nontreated wild type 
and knockout pemetrexed treated mice. 
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