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ABSTRACT: We developed novel closo-dodecaborate
([B12H11]

2−) anion-containing translocator protein (TSPO) ligand
as a boron carrier for boron neutron capture therapy. This
compound shows high water solubility and can deliver boron to
TSPO highly expressed in breast cancer cells. We describe the
synthesis and in vitro evaluation of a dodecaborate-based
pyrazolopyrimidine.
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Recently, boron neutron capture therapy (BNCT) has
been recognized as an essential treatment for refractory

cancers such as glioma, head and neck cancer, and
melanoma.1,2 BNCT is based on the nuclear capture and
fission reactions of the 10B atom with low energy thermal/
epithermal neutrons to yield high linear energy transfer α
particles and recoiling 7Li nuclei.3 Because the path lengths of
the articles are 9−10 μm, approximately the dimension of a
single cell, 10B-containing cells are selectively killed by BNCT.
Although many types of boron compounds, including amino

acids, peptides, nucleic acids, anticancer drugs, and liposomes,
have been reported as boron delivery agents for BNCT,4−7

only two compounds, p-borono-L-phenylalanine (L-BPA,
Boropharan-10B, Figure 1, 1)8 and disodium mercapto-closo-
undecahydro-dodecaborate (2) ([B12H11SH]2−2Na+, BSH,
Figure 1, 2),9 are clinically used in the treatment of cancer
with BNCT. For a boron delivery agent to be successful in
BNCT, the compound must have the following properties: (i)
high tumor-targeting selectivity, (ii) high water solubility, (iii)
low toxicity, and (iv) concentration of ∼20 μg 10B/g (20
Bppm) in tumor tissues. Because L-BPA is selectively
accumulated in tumor cells notably accumulated in the
whole cell, including the nucleus via an L-amino acid transport
system (LAT1),10 L-BPA is clinically used as an effective boron
carrier in BNCT. However, the water solubility and boron
contents of L-BPA are very low. BSH, a class of water-soluble
boron cluster compounds with toxicity lower than that of other
boron clusters such as carborane, and its derivatives are of
increasing interest as BNCT boron carriers capable of carrying
large amounts of 10B atoms to tumor cells. BSH is clinically
used as a boron carrier11 for the treatment of brain tumors,
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Figure 1. Boron compounds and TSPO targeted compounds.
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although tumor selectivity and cell membrane permeability of
BSH is slightly low. In light of these factors, novel useful boron
pharmaceuticals for BNCT are in high demand, and many
types of boron compounds have been reported as boron
delivery agents for BNCT as described above. However, most
of BNCT drug candidates are based on nutrient such as amino
acids, sugars and vitamins, few studies have been reported on
the molecular targeted drug type boron compounds for BNCT.
The translocator protein (TSPO), also known as the

periphenyl benzodiazepine receptor (PBR), is an 18 kDa
protein composed of at least three subunits.12 TSPO is
localized in the mitochondria and plays important roles in
several biological processes, such as cholesterol metabolism,
proliferation, and apoptosis. Because TSPO is highly expressed
in several disease states, including Alzheimer’s disease,13

Huntington’s disease,14 and cancer,15 it is a potentially useful
drug target. TSPO overexpression has been reported in several
cancers, including breast, colorectal, prostate, and ovarian
cancer and glioma, and appears to be an indicator of poor
prognosis in patients with lymph node negative breast
cancer.16 Therefore, TSPO ligands labeled with positron
emission atoms, such as PK11195,17 DPA-713 (Figure 1,
3a),18 and DPA-714 (Figure 1, 3b),19 have been reported as
potential cancer imaging agents. In particular, pyrazolopyr-
imidine derivatives DPA-713 and DPA-714 show the high
specific affinity for TSPO. The arylpyrazolo[1,5-α]pyrimidine
acetamide moiety of DPA-714 seems to have an important role
in TSPO binding affinity, and alkyl ether derivatives at the 4′-
position of the phenyl ring are reported.20

In BNCT, TSPO is a potential target for tumor targeting,
and several carborane-containing TSPO ligands have been
reported.21,22 Carborane has been used as a boron source for
BNCT, because of its high boron content and ease of organic
moiety conjugation via c-c bonds using carbon atoms
contained within the boron cluster structure.23,24 However,
carborane exhibits very high toxicity and very low water
solubility, and carborane based compounds are not used in
clinical studies.
Conversely, dodecaborate exhibits low toxicity and high

water solubility, and thus, we designed and synthesized organic
compounds containing thiododecaborate ([B12H11]

2−-S-).25−27

These boron conjugates presented very low toxicity, high water
solubility, and high tumor-cell-killing properties by neutron
irradiation. These results suggested that dodecaborate would
be a useful boron carrier source for BNCT.
In this study, three novel dodecaborate-containing pyrazo-

lopyrimidine TSPO ligands were developed (Figure 1): DPA-
BSH (4a), DPA-BSCN (4b), DPA-BSTPG (4c). The DPA-
714 derivatives were bound to the dodecaborate anion via alkyl
linker at the 4′-position of the phenyl ring, and to the DPA-
BSTPG linked polyethylene glycol moiety via S+ group to
enhance water solubility. Here, we present the synthesis and
biological evaluation of novel boron compounds 4a−c as
boron carriers for BNCT.
Scheme 1 outlines our process for the synthesis of the

dodecaborate-containing DPA derivatives. PEGlyated dodeca-
borate (6) was prepared from S-cyanoethyldodecaborate28 (5)
as previously reported.29 Subsequently, the pyrazolopyrimidine
derivative30 (7) was alkylated with 1,8-dibromooctane to
introduce an alkyl linker. The alkylated pyrazolopyrimidine (8)
was coupled with compound 5, and subsequent successive
treatments with ion-exchange resin furnished DPA-BSCN
(4b). Deprotection of DPA-BSCN with tetramethylammo-

nium hydroxide (NMe4OH) yielded DPA-BSH (4a). Finally,
DPA-BSTPG (4c) was synthesized by coupling PEGlyated
dodecaborate (6) with alkylated pyrazolopyrimidine (8)
followed by treatment with an ion-exchange resin.
The purity and chemical structure of the novel molecules

were analyzed using 1H NMR, 13C NMR, and ESI-MS. Due to
their high water solubility, the compounds were prepared as a
50 mM (6000 Bppm) H2O solution and refrigerated; they
remained stable in water media for over one month under 4
°C.
The cytotoxicities of the novel DPA derivatives 4a−c and L-

BPA as positive control toward MCF-7 and MDA-MB-231
breast cancer cells were determined by WST-8 test. As shown
in Table 1, the cytotoxicity of DPA-BSH was very low with an

IC50 value of over 1 mM. Although lower in comparison, the
IC50 values of DPA-BSCN and DPA-BSTPG were both greater
than 50 μM, validating their applicability as boron carriers for
evaluation tests.
To evaluate the potential of the dodecaborate-containing

DPA derivatives as BNCT agents, we used two breast cancer
cell lines, MCF-7 and MDA-MB-231, which exhibit low and
high TSPO expression, respectively.31 We applied equal
dosages of boron to the tumor cells via treatment with the
novel compounds (6.0 Bppm, 50 μM) and L-BPA (6.0 Bpm,
0.6 mM) as well as a high dosage of L-BPA (20 Bppm, 2.0
mM) and then measured the intracellular boron concen-

Scheme 1. Synthesis of Boronated TSPO Ligands

Table 1. Cytotoxicity of Boron Compounds

IC50 (mM)

compound MCF-7 MDA-MB-231

BPA (1) >1 >1
DPA-BSH (4a) >1 >1
DPA-BSCN (4b) 0.15 0.10
DPA-BSTPG (4c) 0.12 0.092
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trations by inductively coupled plasma optical emission
spectrometry (ICP-OES).
As shown in Figure 2a, all three novel dodecaborate-

containing DPA derivatives successfully delivered boron to

tumor cells, and MDA-MB-231 cells with overexpressed TSPO
consistently took up more novel boron compounds than MCF-
7 cells. Although DPA-BSH (4a) and DPA-BSCN (4b)
delivered moderate levels of boron, DPA-BSTPG (4c)
delivered a notably higher level than L-BPA in both MDA-
MB-231 and MCF-7 cells. Notably, the MDA-MB-231
intracellular boron concentration achieved by using DPA-
BSTPG (4c) was 5−6 times greater than that achieved by
using a more highly concentrated dose of L-BPA (DPA-
BSTPG: 0.05 mM, BPA: 2.0 mM).
To elucidate the mechanism underlying the uptake of DPA-

BSTPG in cells expressing high levels of TSPO, we performed
an uptake inhibition assay using PK11195, a PBR ligand with a
highly selective affinity to TSPO, as an antagonist. As shown in
Figure 2b, the incorporated amount of DPA-BSTPG in MDA-
MB-231 cells was reduced to approximately 35% by preloading
PK11195. These results suggest that the mechanism under-
lying the cellular uptake of DPA-BSTPG is related to TSPO
targeting.
Furthermore, to evaluate the amounts of DPA-BSTPG

incorporated into another TSPO overexpressed tumor cells, we
measured the boron concentrations in five kinds of cancer
cells32−35 (Figure 3). DPA-BSTPG delivered a large amount of

boron to five kinds of tumor cells. Especially, in the case of
glioma, glioblastoma, and melanoma, which are indications for
treatment of BNCT, the intracellular boron concentrations
achieved by using DPA-BSTPG were 7−25 times greater than
those achieved by using L-BPA.
Finally, to confirm the usefulness of the DPA-BSTPG for

BNCT, we examined the tumor cell killing effects of L-BPA and
DPA-BSTPG against C6 glioma cells by using neutron
irradiation (Figure 4). The result of neutron irradiation test
was correlated with the result of the boron uptake test. DPA-
BSTPG showed higher killing effects than L-BPA for glioma
cells.

Figure 2. Cellular uptake of boron in breast cancer cells. (a) Amount
of boron cellular uptake in two kinds of breast cancer cells after
treatment with each boron compound (6.0 Bppm or 20 Bppm) in
10% FBS-containing DMEM for 24 h at 37 °C. (b) Cellular uptake of
DPA-BSTPG (3.0 Bppm) in MDA-MB-231 cells with or without PK-
11195 (preloading 1 h, 0.10 mM) in 10% FBS-containing DMEM for
3 h at 37 °C. The data are expressed as the mean (±SD) of three
experiments.

Figure 3. Cellular uptake of boron in TSPO overexpressed cancer
cells. Amount of boron cellular uptake in cancer cells after treatment
with each boron compounds (6.0 Bppm) in 10% FBS-containing
DMEM for 24 h at 37 °C. The data are expressed as the mean (±SD)
of three experiments.

Figure 4. Tumor cell killing effect of boron compounds against C6
cells. C6 cells were incubated in boron-containing DMEM (boron
concentration: 6.0 Bppm) for 24 h at 37 °C, and then the neutron was
irradiated for 0−90 min. After thermal neutron exposure, 1000 cells
were placed in tissue culture dishes containing DMEM to examine
colony formation. Seven days later, the colonies were fixed and
stained for quantitative visualization by the naked eye. The data are
expressed as the mean (±SD) of three experiments.
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In conclusion, we synthesized novel dodecaborate-contain-
ing pyrazolopyrimidine derivatives, as depicted in Figure 1
(4a−c). The results of the in vitro evaluation suggest that these
compounds are useful boron carriers targeting TSPO over-
expressing cells. DPA-BSTPG (4c), in particular, delivers a
large amount of boron to cancer cells and shows the high water
solubility and tumor cell killing effects by BNCT. The in vivo
evaluation of DPA-BSTPG is ongoing, and the results will be
reported in the near future.
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