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Abstract
PURPOSE: Targeted α-radionuclide therapy has growing attention as a promising therapy for refractory
cancers. However, the application is limited to certain types of cancer. Since L-type amino acids
transporter 1 (LAT1) is highly expressed in various human cancers, we prepared LAT1-selective α-emitting
amino acid analog, 2-[211At]astato-α-methyl-L-phenylalanine ([211At]-2-AAMP), and evaluated its
potential as a therapeutic agent.

METHODS: [211At]-2-AAMP was prepared from the stannyl precursor. Stability of [211At]-2-AAMP was
evaluated by both in vitro and in vivo. In vitro studies using LAT1 expressing human ovary cancer cell line,
SKOV3, were performed for evaluating cellular uptake and cytotoxicity of [211At]-2-AAMP. Biodistribution
and therapeutic studies in SKOV3 bearing mice were performed after intravenous injection of [211At]-2-
AAMP.

RESULTS: [211At]-2-AAMP was stable in murine plasma in vitro and excreted into urine as intact. Cellular
uptake of [211At]-2-AAMP was inhibited by treatment with LAT1-selective inhibitor. After 24 hours of
incubation, [211At]-2-AAMP suppressed clonogenic growth at 10 kBq/ml, and induced cell death and DNA
double strand break at 25 kBq/ml. When injected to mice, [211At]-2-AAMP exhibited the peak
accumulation in the tumor at 30 min postinjection, and the radioactivity levels in the tumor retained up to
60 min. The majority of the radioactivity was rapidly eliminated from the body into the urine as an intact
form immediately after injection. [211At]-2-AAMP signi�cantly improved the survival of mice (P<0.05)
without serious side effects.

CONCLUSION: [211At]-2-AAMP showed α-radiation-dependent cellular growth inhibition after taking up
via LAT1. Furthermore, [211At]-2-AAMP provided a bene�cial effect on survival in vivo. These �ndings
suggest that [211At]-2-AAMP might be useful for treatment of LAT1-positive cancer.

Introduction
Targeted radionuclides therapy with α-emitters has drawn global attention. Linear energy transfer (LET)
of α-particle is approximately 80 keV/μm, and thus α-radiation is considered to be high-LET radiation [1,
2]. According to the lots of studies with external beam irradiation, high-LET radiation can induce
irreparable DNA double-strand breaks and effectively lead cell death compared to low-LET radiation [1, 3].
In addition, path-length of α-particle in water is short (50 ~ 100 μm) [1, 2]. These characteristics are
bene�cial in eliminating tumors and reducing damages in normal tissues surrounding the tumor. Allen BJ
et al. has reported that the therapeutic effects with α-emitter were superior to those of β-emitter in vitro, in
vivo, and in clinical [4]. More than ten clinical studies have shown the signi�cant improvements of
survival after treatment with α-emitter labeled carriers targeting speci�c molecules for cancer, such as
CD33, prostate speci�c membrane antigen (PSMA), and somatostatin receptor (SSTR) [5–7]. However,
the application of these radiopharmaceuticals is limited to certain types of cancers expressing these
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target molecules. Radiopharmaceuticals targeting molecules that express on various types of cancers
would enable the wider use of targeted α-therapy.

To support the abnormal growth of tumor, several types of amino acid transporters are highly expressed
than normal cells. Among them, L-type amino acids transporter 1 (LAT1) has signi�cant roles for cancer
growth and survival through e�cient supply of amino acids and activation of mammalian target of
rapamycin (mTOR) signaling known as a master regulator of cell growth [8]. LAT1 couples with CD98 on
the plasma membrane for its functional expression and transports neutral essential amino acids sodium-
independently [9]. LAT1 is highly expressed in various types of human cancer, therefore, α-radionuclide
therapy targeting LAT1 might be useful for broad range of cancers [10].

We previously developed �uorine-18 (18F)- or bromine-76 (76Br)-labeled amino acid tracers targeting LAT1
[11–14]. Among them, 2-[18F]�uoro-α-methyl-L-phenylalanine ([18F]-2-FAMP) and 2-[76Br]bromo-α-methyl-
L-phenylalanine ([76Br]-2-BAMP) were speci�cally taken up by tumor via LAT1 and retained in tumor, while
they were rapidly cleared from body and excreted into urine. Since 18F and 76Br belong to radiohalogen,
astatine-211 (211At, half-life: 7.2 h), an attractive α-emitter of halogen, labeled α-methyl-L-phenylalanine is
expected to show high tumor accumulation and preferred pharmacokinetics. In this study, we newly
synthesized 2-[211At]astato-α-methyl-L-phenylalanine ([211At]-2-AAMP), and characterized its stability,
LAT1-speci�c cellular uptake and biodistribution in tumor-bearing mice. Furthermore, therapeutic effects
of [211At]-2-AAMP were evaluated both in vitro and in vivo.

Materials And Methods
General

A reversed-phase HPLC (RP-HPLC) analysis was performed with a C18 column (Capcell Pak C18 AQ, 4.6 ×
250 mm; Shiseido Co., Tokyo, Japan) at a �ow rate of 1 ml/min eluted with a linear gradient of 0.1%
aqueous tri�uoroacetic acid (TFA) and acetonitrile with 0.1%TFA from 90:10 to 0:100 for 30 min. Thin-
layer chromatography (TLC) was developed with a mixture of 1-butanol, acetic acid and water (4:1:1,
v/v/v). The TLC was visualized and quanti�ed using an imaging scanner (Typhoon FLA7000, GE
Healthcare Japan, Tokyo, Japan). The stannyl precursor of [211At]-2-AAMP was synthesized according to
the procedure described previously [13]. 2-Iodo-a-methyl-L-phenylalanine (2-IAMP) was supplied from
Nagase Sangyo (Tokyo, Japan)

Radiolabeling

211At was produced via the 209Bi(a,2n)211At reaction and isolated by the dry distillation [15]. The detailed
procedures were described in Detailed Materials and Methods (see Online Resource). For preparation of
[211At]-2-AAMP, the protected compound of [211At]-2-AAMP (Prot-[211At]-2-AAMP) was prepared and then
used for the following deprotection reaction without puri�cation. (Fig. 1). To a solution of the stannyl
precursor in methanol containing 1% acetic acid (100 μg/450 μl) was added an aqueous solution of 211At
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(150 μl) and subsequently a solution of N-chlrosuccinimide (NCS) in methanol (100 μg/10 μl). After the
mixture was allowed to stand for 15 min at room temperature, an aqueous solution of sodium bisul�te
(200 μg/10 μl) and subsequently 6 N NaOH (620 μl) was added. After the reaction for 1 h at 70°C, 6 N HCl
was added to the mixture at 0°C to adjust pH between 2 and 7. The mixture was analyzed by TLC before
RP-HPLC puri�cation to determine the radiochemical yield. The eluent of RP-HPLC was collected at 1 min
intervals in each tube containing 10% aqueous solution of ascorbic acid (10 μl). The fractions containing
the product was identi�ed by comparing the retention time of 2-IAMP, and was concentrated in vacuo.
Then, remained solution was applied to a Sep-pak C18 cartridge preconditioned with methanol and water.
The cartridge was washed with water (2 ml), and eluted with methanol (1 ml). After the eluent was added
10% aqueous solution of ascorbic acid (10 μl), the solvent was removed in vacuo. Radiochemical purity
was determined by TLC and RP-HPLC.

Stability assessments of [211At]-2-AAMP

Animal experimental protocol was approved by the Institutional Animal Care and Use Committee at our
facility (19-T001-1), and all animal experiments were conducted in accordance with the institutional
guidelines regarding animal care and handling. For the evaluation of in vitro stability, each 50 μl aliquot
of [211At]-2-AAMP in phosphate buffered saline (PBS) (2.4 MBq/ml) was added to a freshly prepared
murine plasma (450 μl). After the mixture was incubated for 6 h at 37°C, a 2 μl aliquot of each sample
was analyzed by TLC. For the evaluation of in vivo stability, urine was collected up to 1 h after
intravenous injection of [211At]-2-AAMP (100 kBq) in 100 μl of PBS into six-week-old male ICR normal
mice (CLEA Japan, Tokyo, Japan). A 2 μl aliquot of each urine sample was analyzed by TLC.

Cellular uptake and release of [211At]-2-AAMP

SKOV3, a human ovarian adenocarcinoma cell line, was obtained from American Type Culture Collection
(Manassas, VA, USA). The procedure for cell culture was shown in Detailed Materials and Methods (see
Online Resource). Cells (1.0×105 cells/well) were seeded in the 24-well plates and incubated in the growth
medium for 24 h. For a time-course study, cells were washed with Hanks' balanced salt solution (HBSS)
two times, then incubated in HBSS containing [211At]-2-AAMP at 37oC for 10, 20, 30, 60 and 90 min. For
examining sodium-independency, SKOV3 was incubated with [211At]-2-AAMP in HBSS or sodium-free
HBSS at 37oC for 10 min. To investigate uptake pathway of [211At]-2-AAMP, cells were incubated with
[211At]-2-AAMP containing various inhibitors for 10 min. [211At]-2-AAMP uptake was terminated by
removing the [211At]-2-AAMP solution, followed by washing cells three times with ice-cold PBS. Cells were
solubilized with 0.1 N NaOH and the radioactivity was measured with a well-type g-counter (ARC-7001,
Hitachi-Aloka Medical, Tokyo, Japan). For examining extracellular release, SKOV3 cells were incubated in
HBSS containing [211At]-2-AAMP for 10 min. After 2 times washes with HBSS, cells were incubated in
HBSS at 37oC for 10, 20, 30, and 60 min. Then, supernatant was collected, and the radioactivity was
measured with a well-type g-counter.

Immunoblotting
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Cells were dissolved in sample buffer (25% glycerin, 1% SDS, 62.5 mM Tris-Cl, 10 mM dithiothreitol) and
incubated at 65oC (LAT1) or 95oC (CD98) for 15 min. Aliquots of samples containing 20 μg of protein
were analyzed by 10% SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene
di�uoride membrane. Blots were incubated at 4oC overnight in 10 mM Tris–HCl, 100 mM NaCl, 0.1%
Tween 20, pH 7.5 (TBST), with 5% skim milk. Then, blots were incubated with rabbit anti-LAT1 carboxyl-
terminal antibody (1:5000 dilution), rabbit anti-LAT1 amino-terminal antibody (1:5000 dilution), or rabbit
anti-CD98 antibody (1:200 dilution, Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) at 4oC overnight
[9, 16]. After washing with TBST, the blots were incubated with horseradish peroxidase conjugated anti-
rabbit IgG antibody (1:20000 dilution, Cell Signaling Technology, Beverly, MA, USA) for 1.5 h at room
temperature. The blots were further washed with TBST, and speci�c proteins were visualized by using
enhanced chemiluminescence western blotting detection reagents (GE Healthcare).

Colony assay

Cells (1×106 cells/dish) were pre-incubated in the growth medium for 24 h, and treated with 0, 10, 25, and
50 kBq/ml of [211At]-2-AAMP for 24 h. After [211At]-2-AAMP treatment, cells were washed with PBS,
suspended in growth medium, and seeded at 200 cells/well in 6-well plate. Then, cells were incubated at
37oC for 14 days. After incubation, cells were washed with PBS twice and stained with crystalviolet
solution (6% glutaraldehyde, 0.5% crystalviolet). After washing cells with tap-water, the number of
colonies (> 50 cells) were counted.

Lactate dehydrogenase (LDH) release assay

Cells (1×104 cells/well) were pre-incubated for 24 h in a 96-well culture plate and treated with 0, 10, 25
and 50 kBq/ml of [211At]-2-AAMP for 24 h. At the end of incubation, supernatants were collected and the
LDH content was measured by using a Cytotoxicity Detection Kit (Roche Applied Sciences, Laval, Quebec,
Canada). LDH release is expressed as percent of total content, which was determined by lysing an equal
amount of cells with 1% Triton X-100.

DNA double-strand break (DSB) assay

Cells (1x106 cells/dish) treated with [211At]-2-AAMP (25 kBq/ml) for 24 h. Then neutral comet assay was
applied to detect DNA-DSB using a CometAssay Kit (Trevigen, Gaithersburg, MD, USA) according to the
manufacturer's instructions. Comet tails were stained with SYBR Green and analyzed using a �uorescent
microscope.

Biodistribution study

Cells (5×106 cells/head) were implanted into the right thigh of the �ve-week-old female BALB/c nude
mice (CLEA Japan). When palpable tumors developed, [211At]-2-AAMP (100 kBq) in 100 μl of PBS was
intravenously injected. At selected time points after administration, the mice were euthanized, and the
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tissues of interest were dissected and weighed. The radioactivity was measured by a well-type g-counter.
The uptake of [211At]-2-AAMP was expressed as a percentage of the injected dose per gram of organ.

Therapeutic study in vivo

Tumor-bearing mice were prepared in the same manner to biodistribution study. After tumor volumes had
reached approximately 200 mm3, [211At]-2-AAMP therapy was conducted. PBS or [211At]-2-AAMP (2
MBq/head) was intravenously injected to the mice once at Day 0. The body weight and tumor size were
measured at least twice a week for a month. Tumor volume (mm3) was calculated as (length×width2)/2.
In the case of weight loss more than 20%, appearing moribund state signs, or the tumor size greater than
800 mm3, the mouse was euthanized humanely using iso�urane inhalation. Survival proportion was
analyzed by Kaplan-Meier analysis (GraphPad Prism 6, Graph Pad Software, San Diego, CA, USA).

Statistical Analysis

Results are expressed as mean±standard error (SEM). The statistical signi�cance of differences between
two groups was calculated using the unpaired Student's t-test. The signi�cance of differences was
determined by a one-way analysis of variance (ANOVA), followed by Dunnett’s test for multigroup
comparisons. The survival curves for [211At]-2-AAMP treatment were compared with that for the control
group using the log-rank test. The criterion of signi�cance was P<0.05, as determined with GraphPad
Prism 6 software.

 

Results
Radiosynthesis of [211At]-2-AAMP

[211At]-2-AAMP was prepared from the same stannyl precursor and method as used for [76Br]-2-BAMP in 2
step reaction (Fig. 1). Although the �rst-step reaction proceeded in high radiochemical yield (>95%, Fig.
S1), total radiochemical yield of [211At]-2-AAMP determined by TLC was 20.9±3.3%. Since [211At]-2-AAMP
isolated by RP-HPLC puri�cation was partially decomposed before being used for further studies,
ascorbic acid (�nal concentration, ≤1%) was added to the solution of [211At]-2-AAMP. As a result,
[211At]-2-AAMP was obtained with radiochemical purity greater than 95% (Fig. 2a).

Stability of [211At]-2-AAMP

When [211At]-2-AAMP was incubated in freshly prepared mouse plasma for 6 h at 37°C, 93.7 ±4.4% of
radioactivity remained as the intact compound (Fig. 2b). TLC analysis of urine collected up to 1 h after
injection of [211At]-2-AAMP showed that more than 90% of the radioactivity remained intact.

Cellular uptake and release of [211At]-2-AAMP
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As shown in Fig. 3a, the expression of LAT1 and CD98 was observed in SKOV3 cell. Time-course study
showed that [211At]-2-AAMP was rapidly taken up into SKOV3 cells within 10 min, and the uptake was
saturated at 20 min after addition (Fig. 3b). There was no difference between HBSS and sodium-free
HBSS, indicating that sodium-ion was not involved in cellular uptake of [211At]-2-AAMP (Fig. 3c).
Competitive inhibition of [211At]-2-AAMP with various inhibitors showed that the uptake of [211At]-2-AAMP
was signi�cantly inhibited by treatment with AMT, a selective inhibitor of LAT1, as well as substrates of
LAT1, such as branched-chain amino acids and aromatic amino acids (Fig. 3d). As shown in Fig. 3e,
[211At]-2-AAMP was gradually released to extracellular space, and the released fraction reached more
than 90% within 60 min after exchanging the buffer.

Cytotoxic effects of [211At]-2-AAMP in tumor cell

[211At]-2-AAMP suppressed clonogenic growth of SKOV3 in a dose-dependent manner. Growth was
suppressed from 10 kBq/ml, and was suppressed to only 7.46±2.46% of control at 50 kBq/ml (Fig. 4a).
Cell death detected by extracellular release of LDH was observed at 25 kBq/ml of [211At]-2-AAMP, and that
became more remarkable at 50 kBq/ml (Fig. 4b). DNA-DSB was also examined after treatment with
[211At]-2-AAMP. The comet tail was observed and the intensity of the comet tail was signi�cantly
increased after treatment with [211At]-2-AAMP (P<0.001, vs control) (Fig. 4c).

Biodistribution study

Table 1 shows biodistribution of [211At]-2-AAMP in SKOV3-bearing mice. Neck was extracted to examine
distribution in the thyroid. [211At]-2-AAMP was highly distributed in the kidney and pancreas, and rapidly
excreted from the body with lapse of time. Slight retention in the stomach was observed at 6 h. [211At]-2-
AAMP also accumulated in the tumor, but the kinetics was different from normal organs. The peak of
tumor distribution of [211At]-2-AAMP was 4.34±1.63%ID/g of organ at 30 min and retained high level until
60 min after injection. Then, radioactivity was rapidly eliminated from the tumor.

Table 1 Biodistribution of [211At]-2-AAMP in tumor-bearing mice.
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  Time after administration
10 min 30 min 60 min 180 min 360 min

Blood 2.63  ± 0.16  1.68  ± 0.13  0.66  ± 0.08  0.07  ± 0.01  0.03  ± 0.00 
Liver 3.00  ± 0.21  1.65  ± 0.17  0.65  ± 0.11  0.05  ± 0.01  0.02  ± 0.01 
Kidney 8.19  ± 0.53  5.63  ± 0.43  1.95  ± 0.21  0.10  ± 0.03  0.05  ± 0.01 
Intestine 3.47  ± 0.58  2.14  ± 0.09  0.77  ± 0.10  0.15  ± 0.02  0.09  ± 0.04 
Spleen 3.13  ± 0.40  2.11  ± 0.23  0.58  ± 0.04  0.12  ± 0.03  0.09  ± 0.02 
Pancreas 25.66  ± 4.44  9.21  ± 4.59  3.75  ± 0.67  0.06  ± 0.02  0.03  ± 0.02 
Stomach 2.99  ± 0.96  1.62  ± 0.27  0.97  ± 0.08  0.60  ± 0.06  0.70  ± 0.24 
Heart 2.75  ± 0.20  1.33  ± 0.16  0.62  ± 0.10  0.06  ± 0.02  0.03  ± 0.02 
Lung 2.43  ± 0.28  1.72  ± 0.17  0.72  ± 0.06  0.15  ± 0.01  0.12  ± 0.04 
Neck 2.24  ± 0.13  1.28  ± 0.21  0.60  ± 0.10  0.11  ± 0.03  0.05  ± 0.03 
Muscle 2.11  ± 0.23  1.60  ± 0.20  0.67  ± 0.11  0.02  ± 0.02  0.01  ± 0.01 
Bone 1.61  ± 0.39  1.17  ± 0.12  0.34  ± 0.05  0.03  ± 0.02  0.02  ± 0.02 
Brain 1.01  ± 0.32  0.52  ± 0.08  0.16  ± 0.03  0.00  ± 0.00  0.00  ± 0.00 
Tumor 3.03  ± 0.24  4.34  ± 0.94  2.44  ± 0.42  0.05  ± 0.02  0.02  ± 0.02 

Each value represents the mean %injected dose per gram organ±SEM (n=3, 30 min; n=4,
other time points). 

Therapeutic effects in tumor-bearing mice

In our preliminary examination with small number of mice, weight loss more than 20% was not observed
after injection of [211At]-2-AAMP up to 2 MBq (Fig. S2). Therefore, we examined therapeutic response with
2 MBq of [211At]-2-AAMP. Trend to delay of tumor growth was observed after [211At]-2-AAMP treatment
and 1 of 5 mice kept tumor growth free survival during the follow-up period. However, there was no
signi�cant difference of tumor volume between 2 groups (Fig. 5a and b). Body weight was transiently
reduced after treatment with [211At]-2-AAMP (Fig. 5c and d). The peak of weight loss was at 3 days after
injection, and the maximum reduction was 14.5%. Kaplan-Meyer survival analysis showed that the
survival of mice was signi�cantly improved with [211At]-2-AAMP treatment (Fig. 6, P<0.05).

Discussion
In the present study, we newly synthesized [211At]-2-AAMP and evaluated its potential as an α-emitting
radiopharmaceutical applicable for treatment of broad range of cancers. Previously, Meyer GJ et al. has
successfully developed 211At-labeled amino acid derivative, 4-[211At]astato-L-phenylalanine, and its
therapeutic effect in vivo [17, 18]. However, L-phenylalanine is a substrate for not only LAT1, but also
LAT2 [19]. In this regard, this is the �rst report of a LAT1-speci�c 211At-labeled amino acid derivative. In
general, astatinated aryl compounds can be prepared by the procedure similar to be used for
radioiodinated and radiobrominated compounds. Thus, [211At]-2-AAMP was prepared according to the
procedure similar to that of [76Br]-2-BAMP. The �rst-step reaction gave the intermediate (Prot-[211At]-2-
AAMP) in high yield, whereas the following deprotection reaction reduced the radiochemical yield of
[211At]-2-AAMP (20.9 ± 3.3%). This low yield of deprotection reaction was not observed in case of [76Br]-2-
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BAMP. Since the complete deprotection of Prot-[211At]-2-AAMP was con�rmed by RP-HPLC, the C-At bond
would be decomposed during the deprotection reaction. Indeed, [211At]-2-AAMP was sensitive to
radiolysis, and partially decomposed after the isolation by RP-HPLC. The addition of ascorbic acid
prevented the radiolytic decomposition, and provided [211At]-2-AAMP with radiochemical purity greater
than 95%.

Cellular uptake of [211At]-2-AAMP was rapid and sodium-independent, and signi�cantly inhibited with
LAT1 selective inhibitors indicating that [211At]-2-AAMP was taken up to cells via LAT1. Since cellular
uptake of [211At]-2-AAMP was inhibited in similar pattern with those of [76Br]-2-BAMP and [18F]-2-FAMP
[13, 14], differences of halogen would less affect LAT1-selectivity of halogenated α-methyl-L-
phenylalanine. Over 90% of [211At]-2-AAMP in cell was released within 60 min in extracellular release
study. Since [76Br]-2-BAMP was not involved in the protein synthesis [13], [211At]-2-AAMP would be also
hardly used for protein synthesis and this property seem to be a cause of low intracellular retention.

In the biodistribution study, [211At]-2-AAMP showed high accumulation and a certain level of retention in
the tumor. Since LAT1 is an amino acid exchanger, tumor accumulation level gradually decreased with
blood clearance [20]. However, rapid blood clearance of [211At]-2-AAMP achieved high tumor-to-blood
ratio (3.65 ± 0.18 at 1 h after injection) and rapid clearance from the body which is favorable property for
radionuclide therapy. [211At]-2-AAMP was highly distributed in the kidney and pancreas soon after
injection, then it was rapidly eliminated from these organs. These biodistribution patterns were similar
with [76Br]-2-BAMP and [18F]-2-FAMP. In the study of RNA sequencing in human normal tissues
(https://www.ncbi.nlm.nih.gov/gene/8140), the expression of LAT1 mRNA is also relatively low in
pancreas compared to the other organs [21]. No signi�cant uptake of [123I]-3-iodo or [18F]-3-�uoro-α-
methyltyrosine, other LAT1 speci�c tracers, was not observed in the human pancreas [22, 23]. Therefore,
the high distribution in the pancreas will not be expected in patients. Dehalogenation of [211At]-labeled
radiopharmaceuticals to release free 211At is one of main problems for clinical use since free 211At
generally accumulate and remain in the spleen, thyroid, lung and stomach which causes side effect [24–
26]. In this study, small amounts of radioactivity were retained in the stomach and [211At]-2-AAMP was
remained as intact in murine plasma for 6 h. Greater than 90% of radioactivity was excreted into the urine
as intact. These results suggest that [211At]-2-AAMP remained stable in vivo. Although future studies of
[211At]-2-AAMP in patients are necessary, these results suggested low radiation exposure to other organs
to cause little side effect.

In vitro assessments of therapeutic effect, [211At]-2-AAMP suppressed clonogenic growth and also
induced cell death. DNA-DSB after treatment with [211At]-2-AAMP indicates that cytotoxicity of [211At]-2-
AAMP was caused by α-radiation. In addition, [211At]-2-AAMP signi�cantly improved survival rates of
mice in vivo. These results suggest that [211At]-2-AAMP is possibly bene�cial for treatment of LAT1-
positive cancer. However, signi�cant delay or reduction of tumor size was not observed by treatment with
[211At]-2-AAMP in vivo partially because small number of mice. Since the body weight loss after 2 MBq of
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[211At]-2-AAMP injection was not large and the present administration dose did not reach the maximum
tolerated dose, suggesting that higher doses would be safely administered to improve the therapeutic
effect with. Thus, the administration of higher dose would be possible and which would improve
therapeutic effect. However, studies with more than 2 MBq/head of [211At]-2-AAMP was not performed
because of limited available radioactivity of 211At and the low radiolabeling yield of [211At]-2-AAMP.
Further improvements in radiolabeling method will be needed to estimate the therapeutic effect of
[211At]-2-AAMP at higher doses. Another concern is that the clearance of [211At]-2-AAMP from tumor
might be too rapid to give enough radiation for suppressing tumor growth. Therefore, modi�cation of
[211At]-2-AAMP itself or combination with other compound to improve tumor retention of [211At]-2-AAMP
would constitute a strategy for better therapeutic effect. It was reported that pre-injection of probenecid,
an organic anion transporter inhibitor enhances tumor accumulation levels of amino acid tracer in tumor-
bearing mice [27] or pre-loading of a certain kind of amino acid enhance the tumor cell uptake of amino
acid tracer [28]. Such kinds of approach could be applied to [211At]-2-AAMP, and would enhance tumor
accumulation level which enable to improve therapeutic effect.

Conclusion
We prepared [211At]-2-AAMP from the stannyl precursor, and showed α-radiation-dependent cellular
growth inhibition after taking up via LAT1. In addition, [211At]-2-AAMP signi�cantly improved the survival
of tumor-bearing mice. These results suggest that [211At]-2-AAMP would be useful for treatment of LAT1-
positive cancers.
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Figure 1

Synthetic scheme of [211At]-2-AAMP. Reagents and conditions: (a) 1) aqueous solution of 211At, NCS,
methanol, rt for 15 min; 2) aqueous solution of sodium bisul�te; (b) 6N NaOH 70°C for 1 h
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Figure 2

RP-HPLC and TLC analyses of [211At]-2-AAMP. (a) RP-HPLC pro�les of [211At]-2-AAMP (top) and 2-IAMP
(bottom). (b) TLC radiochromatograms of standard sample of [211At]-2-AAMP (left), [211At]-2-AAMP
after incubation in murine plasma for 6 h (center) and the urine sample collected for 1 h after injection of
[211At]-2-AAMP (right)
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Figure 3

Cellular uptake and release of [211At]-2-AAMP in SKOV3 expressing LAT1. (a) Expression of LAT1 and
CD98 in SKOV3 cells. LAT1-C shows bands detected with rabbit anti-LAT1 carboxyl-terminal antibody,
and LAT1-N shows bands detected with rabbit anti-LAT1 amino-terminal antibody. (b) Time-course study
of [211At]-2-AAMP uptake (n=4). (c) [211At]-2-AAMP uptake in presence or absence of sodium-ion (n=4).
Y-axis shows a percent of applied dose of [211At]-2-AAMP. (d) Inhibition of [211At]-2-AAMP uptake with
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amino acids and LAT1 selective inhibitor (n=4). Y-axis shows present of control. The inhibitors are as
follow. Ala = alanine; AMT = α-methyl-L-tyrosine; Arg = arginine; Asn = asparagine; Asp = aspartic acid;
BCH = 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid; Cont = control; Cys = cysteine; Gln = glutamine;
Glu = glutamic acid; Gly = glycine; His = histidine; Ile = isoleucine; Leu = leucine; Lys = lysine; MeAIB = α-
methyl-aminoisobutyric acid; Met = methionine; Phe = phenylalanine; Pro = proline; Ser = serine; Thr =
threonine; Trp = tryptophan; Tyr = tyrosine; Val = valine. (e) Extracellular release of [211At]-2-AAMP (n=4).
Y-axis shows a percent of release of [211At]-2-AAMP
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Figure 4

In vitro cytotoxicity of [211At]-2-AAMP. Clonogenic growth of SKOV3 (a) and extracellular release of LDH
(b) after treatment with 0, 10, 25, 50 kBq/ml of [211At]-2-AAMP (n=4). Colony number was shown as
percent of untreated control (0 kBq/ml). (c) Cells with DNA-DSB after treatment with 25 kBq/ml of
[211At]-2-AAMP. The arrows indicate the representative comets with DNA-DSB. DNA-DSB was quanti�ed
by determining tail area of the comet. A statistically signi�cant difference from the control is indicated by
* (P < 0.01), ** (P < 0.005), or *** (P < 0.001)
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Figure 5

Effects of [211At]-2-AAMP on tumor volume and body weight. Tumor growth and body weight of each
mouse after treatment with 2 MBq of [211At]-2-AAMP (b and d, n=5) or untreatment (a and c, n=9)

Figure 6
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Kaplan-Meier survival curves. The group treated with 2 MBq of [211At]-2-AAMP showed signi�cantly
better survival than the control group (* P < 0.05 vs. control)
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