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Carborane is a carbon-boron molecular cluster that can be
viewed as a 3D analog of benzene. It features special physical
and chemical properties, and thus has the potential to serve as
a new type of pharmacophore for drug design and discovery.
Based on the relative positions of two cage carbons, icosahe-
dral closo-carboranes can be classified into three isomers,
ortho-carborane (o-carborane, 1,2-C2B10H12), meta-carborane
(m-carborane, 1,7-C2B10H12), and para-carborane (p-carbor-
ane, 1,12-C2B10H12), and all of them can be deboronated to
generate their nido- forms. Cage compound carborane and
its derivatives have been demonstrated as useful chemical en-
tities in antitumor medicinal chemistry. The applications of
carboranes and their derivatives in the field of antitumor
research mainly include boron neutron capture therapy
(BNCT), as BNCT/photodynamic therapy dual sensitizers,
and as anticancer ligands. This review summarizes the
research progress on carboranes achieved up to October
2021, with particular emphasis on signaling transduction
pathways, chemical structures, and mechanistic consider-
ations of using carboranes.
https://doi.org/10.1016/j.omto.2022.01.005.
5These authors contributed equally

Correspondence: Zhangang Xiao, Department of Oncology, Affiliated Hospital of
Southwest Medical University, Luzhou 646000, China.
E-mail: Zhangangxiao@swmu.edu.cn
INTRODUCTION
Carboranes, boron-carbon molecular cage compounds, are often
viewed as the 3D analogs of benzene.1 They have a wide range
of applications as useful functional building blocks in material sci-
ence,2–10 organometallic/coordination chemistry,11–17 and medici-
nal chemistry.18–21 In this context, considerable progress has been
made in carborane functionalization.22–28 The special physical and
chemical properties of carboranes allow the design of carborane-
containing molecules with new and better antitumor activities,
and thus offer medicinal chemists a unique opportunity to explore
these new chemical entities for cancer therapy.1,18–21 The most
recent comprehensive review regarding carboranes as pharmaco-
phores in medicinal chemistry, by Scholz and Hey-Hawkins, ap-
peared a decade ago,18 which did not cover the recent research
progress in this area. This review highlights the major achieve-
ments in the field of carboranes as pharmacophores in antitumor
medicinal chemistry, with particular emphasis on signaling trans-
duction pathways, chemical structures, and mechanistic consider-
ations (Figure 1).
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APPLICATIONS OF CARBORANES AS BORON
NEUTRON CAPTURE THERAPY AGENTS
In boron neutron capture therapy (BNCT), the first step is the selective
accumulation of 10B-containing compounds in cancer cells, which can
be irradiated by low-energy and harmless thermal neutrons.29–36 Sub-
sequently, 10B atoms break up into a particles and lithium nuclei,
yielding high linear energy transfer (LET) particles (Figure 2).29–36

As a result, 10B-containing cancer cells can be destroyed by the
high-LET particles. In contrast, the surrounding normal/healthy cells
can survive because of the limited path length of these particles of only
5–9 mm, which is smaller than the diameter of a general cell.29,35 If
10B-containing compounds only accumulated in cancer cells, the ther-
mal neutron irradiation would selectively eliminate tumors under
BNCT conditions (Figure 2).36 Therefore, it is critical to selectively
deliver large amounts of 10B-containing compounds into cancer cells
rather than normal cells. However, only two boron-containing com-
pounds, (L)-4-dihydroxy-borylphenylalanine (BPA, 1) and sodium
mercaptoundecahydro-closo-dodecarborate (BSH, 2) (Figure 3A),
are currently available as BNCT agents in clinical use.37 This may be
ascribed to the low selectivity for cancer cells except for brain tumors
as well as head and neck cancers (HNC).38

Carboranes possess unique physical and chemical properties. They
have high content of 10B atoms and the highest neutron capture
cross-section. Thus they can be ideal candidates for BNCT.39Currently,
a considerable number of carborane-containing compounds have been
investigated for BNCT and are discussed in the following.
Carboranes bound to nanoparticles

Nanoparticles are able to enhance permeability and retention effects
as well as targeting effects, and thus can deliver 10B atoms into tumor
tissues with high concentrations.40–45 Using nanomaterials to deliver
10B-containing compounds for BNCT can potentially improve drug
accumulation in tumor tissues.46 Hydrophobic carborane fragments
thors.
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and the polymerized nanoparticles can be formed on a single back-
bone chain.47 Carborane derivatives bound to nanoparticles have
many advantages, including high stability, high accumulation in
cancer cells, and ready preparation, and have become potential
drug-delivery systems for nanomedicines and BNCT.46,47

Ruthenium and osmium are a class of transition metals widely used in
cancer therapy.48–55 Complexes containing electron-deficient ruthe-
nium and osmium carborane were reported by the Sadler and Hanna
Molecul
groups.50,51 The redox-active response of these
carborane-containing complexes to biomolecules
have resulted in their potential application in can-
cer therapy.48 Additionally, Pluronic is a kind of
amphiphilic block copolymer with good biocom-
patibility whose nanostructures have been widely
used in biomedical fields.52–55 Sadler and co-
workers employed Pluronic triblock copolymer
P123 micelles to encapsulate 16 electron com-
plexes, yielding polymer micelles RuMs and
OsMs in water through the self-assembly of
nanoparticles (Figure 3B).50 They showed greater
selectivity to cancer cells as well as higher intra-
cellular boron concentrations compared with
normal cells.50,52 These findings have provided
promising complexes for BNCT.

Llop and co-workers recently reported that
boron-rich gold nanoparticles (AuNPs, 3) (Fig-
ure 3C) could serve as drug carriers for
BNCT.56 Multifunctional AuNPs (core diameter
4.1 ± 1.5 nm) were synthesized as drug carriers
with potential applications in BNCT.56 On the
other hand, the Wang group reported that self-
assembled gold nanoclusters were able to
combine with carborane amino derivatives with
good biocompatibility and stability.57 They
achieved selective delivery of carborane deriva-
tives into tumor tissues through the enhanced
permeability and retention effect as well as a
nanoscale effect.57

Among the nanoscale boron carriers, the carbor-
ane-loaded nanoscale covalent organic polymers
(BCOPs) andmagnetic nanoparticles are effective
carriers in the BNCT.58–62 Multifunctional
BCOPs were prepared from a Schiff base conden-
sation reaction and further functionalized into BCOP-5T (five octyl
chains) through alkyl chain engineering and size adjustment.58 With
the loading of carborane, the 1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-[amino-(polyethyleneglycol)-2000] (Mw = 2000)
coated with BCOP-5T exhibits excellent physiological stability and
biocompatibility, and has been used as a carborane-loaded nanocar-
rier in BNCT.58 Hosmane and co-workers showed that through the
click reaction, the carborane cage was successfully adsorbed into the
modified magnetic nanoparticles (4) (Figure 3D).61
ar Therapy: Oncolytics Vol. 24 March 2022 401
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Doxorubicin (DOX) is an anthracycline antitumor antibiotic with a
variety of hydroxyl and amino motifs.63–68 Although DOX has been
widely used in the treatment of a variety of cancers, serious cardiotox-
icity is a major challenge.63 Nanoparticle delivery systems can poten-
tially improve the efficacy and reduce the toxicity of DOX.64–66,69 The
Yan group reported that DOX combined with nanoparticles reduced
the toxicity in the treatment of liver cancer.67

To achieve combined administration of DOX in BNCT and chemo-
therapy (Figure 3E), carborane conjugated amphiphilic copolymer
PEG-b-P (LA-co-MPCB) (PLMB, 5) nanoparticles were synthesized
by Huang and colleagues.68 DOX@PLMB (6) was formed by self-as-
sembly of nanoparticles, which prevented boron compounds from
leakage into the bloodstream by virtue of the covalent bond between
carborane and the backbone chain of polymerization.68 Also, it was
able to protect DOX from bursting release due to its dihydrogen
bonding with carborane. Moreover, these authors found that the blood
circulation time of DOX@PLMB was prolonged and boron accumula-
tion was increased in tumor tissues. Therefore, DOX@PLMB has
reduced systemic toxicity and an improved therapeutic effect.68

Carboranes bound to PEG/liposomes

Hepatocellular carcinoma (HCC) is the most common cause of death
from cancer.70–75 D’Souza and Devarajan reported that the asialogly-
402 Molecular Therapy: Oncolytics Vol. 24 March 2022
coprotein receptor (ASGPR) could serve as an ideal target specific for
delivery to HCC.76 The Zhou group reported that galactose and
lactose residues had a strong affinity for ASGPR.77 The carborane-
containing clusters self-assembled into micelles with HCC-targeting
property were synthesized by Liu and co-workers (Figure 3F).78

Compared with BSH, the carborane-containing micelles enhance
the selectivity and absorptive capacity of hepatoma carcinoma cells,
and thus the cytotoxicity is reduced. The micelles can weaken the
migratory behavior and induce apoptosis of cancer cells by destroying
double-stranded DNA during cancer treatment.78

Among the macromolecular substances, liposomes fused with cell
membranes delivered boron-containing elements into tumor tis-
sues.79–83 Hawthorne’s group reported using liposomes as a transport
medium forboron elements.79,80 Liposomeswere converted into an am-
monio derivative, Na3[1-(20-B10H9)-2NH3B10H8] (TAC), which pro-
vided high concentration and long residence time of boron in cancer
cells. Hawthorne and co-workers also designed a complementary lipo-
philic reagent, K[nido-7CH3(CH2)15-7,8-C2B9H11] (MAC), which
could be stably incorporated into the liposomal bilayer (Figure 3G).79

Subsequently, the liposomal bilayer specifically bound to receptors on
the surface of cancer cells and entered into cancer cells through endocy-
tosis.79 It was demonstrated that the inclusion of amphoteric nido-car-
borane in the liposomal bilayer accumulated a high concentration of
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Figure 4. Signaling pathways of a carborane-derived COX-2 inhibitor

www.moleculartherapy.org

Review
boron in tumor tissues.79 Also, the application of BNCT was able to
encapsulate carboranes in small unilamellar liposomes to selectively
deliver 10B to synovial tissues of patients with rheumatoid arthritis
(RA).84 Moreover, as polyethylene glycol (PEG) is biocompatible,85–87

the carborane-PEG conjugate has been used as a new type of boron car-
rier.85–87 The simple encapsulation of nido-carborane anions in PEG li-
posomes as the boron carriers of BNCT was reported by Lee et al.85

PEGylated liposomes effectively delivered boron compounds by encap-
sulating carborane and delivering it into tumor cells.85

Carboranes bound to peptide ligands

G-protein-coupled receptors (GPCRs) refer to a large family of cell-
surface receptors.88–92 As a seven-pass transmembrane protein,
GPCRs that are overexpressed on the membrane of cancer cells
bound to peptide ligands and thus could be used as a shuttle for tu-
mor-directed boron absorption systems (Figure 3H).88 Among
them, human Y1 receptor (hY1R),88,89 gastrin-releasing peptide re-
ceptor (GRPR),90 and ghrelin receptor (GhrR)91,92 have become
viable targets for BNCT by virtue of their high expression on the sur-
face of cancer cells and their ability to internalize the bound ligands.
In this context, the groups of Beck-Sickinger88 and Hey-Hawkins89–91

reported that the combination of carborane and hY1R, GRPR, or
GhrR could represent a boron delivery agent in BNCT for the delivery
of therapeutic drugs to cancer cells. Neuropeptide Y (NPY), a peptide
of the three-membered NPY hormone family,88,89 bound to hY1R to
form anNPY complex (8), and the complex was internalized into cells
404 Molecular Therapy: Oncolytics Vol. 24 March 2022
through receptor-mediated endocytosis. Carborane was introduced
into the NPY complex by solid-phase peptide synthesis. A boron-
modified NPY complex was then used as the boron carrier of
BNCT, which selectively delivered therapeutic drugs into breast can-
cer cells.88,89 The significant overexpression of GRPR in various ma-
lignant tumor tissues makes it a very attractive target,90,91 whereby
carborane could be attached to the peptide conjugates targeting tu-
mor cells through GPCRs overexpressed on cancer cell membranes.
Similarly, the expression of GhrR on a variety of cancer cells makes
it a viable target for BNCT.91,92 GhrR could serve as a delivery system
of BNCT to deliver high doses of boron into cancer cells.92

Carboranes bound to enzyme/receptor inhibitors

Cyclooxygenase-2 (COX-2) is highly expressed inHNC,93–95which can
be used as a potential target forHNC.96–99 The Chen group developed a
novel carborane-containing COX-2 inhibitor (9), which was able to
induce apoptosis of cancer cells through BNCT and was effectively
used for the treatment of HNC.93 It was shown that COX-2 inhibitor
causes DNA double-strand breaks and forms reactive oxygen species,
followed by downregulation of expression of phosphatidylinositol 3-ki-
nase/protein kinase B (PI3K/Akt) and mitogen-activated protein ki-
nase, finally inducing apoptosis of cancer cells in BNCT (Figure 4).93

Matrix metalloproteinases (MMPs) are a type of zinc-dependent
endopeptidase that participate in the remodeling and degradation
of all components of the extracellular matrix.100–104 It has been
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reported that carborane can combine with MMP ligands to deliver
boron atoms into cancer cells, achieving the use of BNCT for dual
therapy of tumors.104

Carbonic anhydrase IX (CAIX, 10) is an enzyme overexpressed in
mesothelioma and breast cancer cells.105–108 CAIX inhibitors specif-
ically bind to the low-density lipoprotein (LDL) receptor on the sur-
face of cancer cells to form receptor-LDL complexes, and is delivered
into cancer cells through endocytosis (Figure 3I).105 Sulfonamido-
functionalized-carborane (CA-SF) was discovered by the Geninatti-
Crich group.105 CA-SF served as a CAIX inhibitor and boron delivery
agent and has been used in BNCT (Figure 3I) to inhibit the growth of
mesothelioma and breast cancer cells.

Receptor tyrosine kinases (RTKs) are a subclass of tyrosine kinases
that are involved in mediating cell-to-cell communication and con-
trolling a wide range of complex biological functions.109–112 Carbor-
ane-containing RTK inhibitors (11–19) were designed for the treat-
ment of glioblastoma and prostate cancer (Figure 3J).113–116

Recently, the combination of RTK inhibitors and BNCT, i.e., combi-
nation therapy, was suggested by Cerecetto and co-workers.113 They
proposed a plausible mechanism whereby Hedgehog signal cascade
non-canonically upregulated glioma zinc finger transcription factors
via the FLT3/PI3K signaling pathway. RTK inhibitors specifically
bound to receptors on the surface of cancer cells and were delivered
into cancer cells through endocytosis (Figure 3K).113

Prostate-specific membrane antigen (PSMA), i.e., glutamate carboxy-
peptidase II, is an enzyme highly expressed on the surface of prostate
cancer cells. PSMA is commonly used as a target for prostate cancer
imaging and drug delivery.117–121 As boron-containing inhibitors
generally had high binding affinity to PSMA, Flavell and co-workers
combined PSMA inhibitor scaffolds with boric acids/carborane deriv-
atives, delivering boron into prostate cancer cells and prostate tumor
xenograft models (20, Figure 3L).119 The results showed that it was
feasible to treat low-metastatic prostate cancer with PSMA containing
boric acids or carboranes, thus demonstrating the potential role of
PSMA in BNCT for the treatment of prostate cancer.119

Epidermal growth factor receptor (EGFR), a member of the trans-
membrane RTK family, is involved in promoting growth, prolifera-
tion, migration, angiogenesis, and chemotherapy resistance in tu-
mors.113,122–125 Antisense oligonucleotides conjugated with boron
clusters (B-ASOs) could serve as potential gene expression inhibitors
and boron carriers for BNCT,126–129 providing a dual-action thera-
peutic platform. Some B-ASOs were designed to inhibit the biosyn-
thesis of the EGFR for BNCT.126–128 Another example of combining
carborane with EGFR was to integrate L-carboranylalanine (LCba),
an artificial cluster-type amino acid, into a peptide (Figure 3M),
by which Suga and co-workers established a macrocyclic peptide li-
brary containing LCba residues.130 In this case, macrocyclic peptides
have the advantages of high affinity for human EGFR (hEGFR) and
high selectivity for hEGFR-expressing cells, as well as ready
synthesis.
Curcumin, which is naturally present in turmeric plants, has been uti-
lized to treat a variety of cancers and preventAlzheimer’s disease.131–135

Deagostino and co-workers found a new type of boronated analog of
curcumin (21) that could be used in combination with BNCT.132 In
this carborane-derived compound, b-diketone functionality was re-
placed by a carbonyl group while two phenolic rings were replaced
by an o-carboranyl cage (Figure 3N).

Carboranes bound to sinomenine

Sinomenine is a natural bioactive alkali extracted from the root of
climbing ivy and has been widely used to relieve the symptoms of
RA.136 Recently, Zhu and co-workers designed and synthesized137 a
carborane-containing sinomenine derivative from sinomenine to
treat RA (Figure 3O).137–139 They found that the uptake of boron
and compound 22 in rat C6 glioma cells was significantly higher
than that of BPA and BSH. Moreover, the concentration of boron
in the cancer cells indicated that compound 22 had a higher perme-
ability to the cell membrane, which was consistent with the results of
the effectiveness of killing cancer cells in vitro.137

Carboranes bound to carbohydrates/antibodies

Monosaccharides have been proven as another type of ideal candidate
for BNCT, mainly due to their high water solubility, high biocompat-
ibility, and low systemic toxicity.140–143 The Ekholm group reported
that monosaccharides could bind to carbohydrate transporters such
as glucose transporters, and a glucoconjugate bearing an o-carbora-
nylmethyl substituent (23) was designed and synthesized
(Figure 3P).142 In addition, immune protein was proposed as a gen-
eral boron delivery agent.144–147 The bispecific antibody (BsMAb,
24, Figure 3Q) was used to target tumor tissues by virtue of the tumor
antigen specificity of BsMAb.144 In this context, BsMAb was discov-
ered by Hawthorne and co-workers, providing an alternative method
for site-directed boron targeting.144 This bispecific antibody can
potentially be used as a boron delivery agent of BNCT for cancer
treatment.

APPLICATIONS OF CARBORANES AS BNCT/
PHOTODYNAMIC THERAPY DUAL SENSITIZER
Photodynamic therapy (PDT) and BNCT are promising cancer treat-
ment modalities.148–152 Both approaches are based on the selective
accumulation and retention of non-toxic sensitizer molecules (light
or neutron sensitizers) in the target cells, whereby the target cells
are treated by external radiation to activate the sensitizer, destroying
the target cells.148 Dual therapies could thus improve therapeutic
effectiveness by targeting different cellular components.148 Therefore,
the synthesis of drugs with PDT and BNCT dual sensitizers have
attracted much research interest.153–155

Conjugates of chlorin e6 with iron bis(dicarbollide) nanoclusters

Chlorins can accumulate in tumor tissues and have been widely used
as photosensitizers for PDT.156–159 Moreover, chlorins have been uti-
lized in conjugated boron nanoclusters, such as cobalt bis(dicarbo-
nides), which were particularly attractive as boron-containing partial
conjugates of chlorins.160 Semioshkin et al. and Viñas and co-workers
Molecular Therapy: Oncolytics Vol. 24 March 2022 405
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demonstrated that cobalt bis(dicarbollides) were non-toxic both
in vivo and in vitro.161,162

Conjugate of chlorin e6 with iron bis(dicarbollide) nanocluster (27), a
dual sensitizer of BNCT and PDT, was synthesized by the Feofanov
group (Figure 5A).163 They found that conjugate 27 accumulated effec-
tively in rat glioblastoma, delivering >109 boron atoms per C6 cell (rat
glioblastomaC6 cell), which resulted in 50% and 90% of photoinduced
cell deathwith the concentrations of 35± 3 and80± 3 nM, respectively.
Therefore, this conjugate provided an alternative direction for further
research regarding the combination of PDT and BNCT.163
406 Molecular Therapy: Oncolytics Vol. 24 March 2022
Phthalocyanine-ortho-carborane conjugates

Boronated tetrapyrrole derivatives are promising dual sensitizers for
BNCT and PDT by virtue of their low cytotoxicity under dark con-
ditions, high boron content, and good tumor affinity.164 Among
these compounds, phthalocyanine (PC) has attracted much interest
in cancer treatment due to its high singlet oxygen production capac-
ity, high molar extinction coefficient, high optical stability, and
strong near-infrared absorption capacity.165 In this context, a
water-soluble, o-carborane-derived PC complex (29) was designed
and obtained by Hamuryudan and co-workers.166 Carboranes served
as the boron source of BNCT while PC played a role in PDT

http://www.moleculartherapy.org
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activation (Figure 5B). This combination greatly enhances tumor
killing efficiency.

Tetrakis(p-carboranylthio-tetrafluorophenyl)chlorins

Boronated porphyrins and their derivatives can preferentially accu-
mulate in cancer cells with low dark cytotoxicity,167–169 and thus
have potential applications as BNCT/PDT dual sensitizers.167–170

The Vicente group reported that boronated chlorin killed T98G cells
of human glioma,171 while Pandey and co-workers found that fluori-
nated substituents promoted photosensitivity.172 It was also found
that fluorinated porphyrins had higher photokinetic activity than their
non-fluorinated counterparts.171,172 Tetrafluorophenyl porphyrin
(TPPF, 30) was synthesized by Drain and co-workers through micro-
wave reaction.153 Vicente and co-workers synthesized a novel carbor-
ane-derived sensitizer, tetrakis(p-carboranylthio-tetrafluorophenyl)
chlorin (TPFC, 31) from TPPF (Figure 5C).154 The same group also
reported that F98 rat glioma cells and F98 rat glioma brain tumor
model could be used to evaluate the applicability of TPFC as a sensi-
tizer. In in vitro studies, TPFC was located close to the nuclei and
was highly photosensitive.173 According to the results from Vicente
and colleagues, the efficacy of TPFC in the treatment of F98 rat glioma
was comparable with that of BPA.154,173 Therefore, TPFC is poten-
tially a promising dual sensitizer for PDT and BNCT.

APPLICATIONS OF CARBORANES AS ANTICANCER
LIGANDS
Estrogen receptor ligands

Estrogen has important functions in cardiovascular, reproductive,
skeletal, and central nervous systems.174–181 E2 (17b-estradiol) and
E1 (precursor of E2) were synthesized from estrone sulfate by steroid
sulfatase (STS).174 Therefore, STS could be considered as a promising
target for the treatment of breast cancer. In this context, Ohta and co-
workers employed carborane as a hydrophobic pharmacophore, and
several carborane-containing compounds were synthesized for the
treatment of breast cancer.174,182 Among these, 1-(4-hydroxy-
phenyl)-12-hydroxymethyl-p-carborane (BE120) showed a potent
binding ability to the estrogen receptor a (Figure 6A).182

Androgen receptor ligands

Similarly, the Ohta/Endo group developed carborane-derived com-
pounds to target androgen receptor (AR).183,184 The AR homodimer
translocated to nucleus and bound to the androgen response elements
(AREs) in DNA, after which the AR-ARE complexes interacted with
the promoters to regulate the target genes (Figure 7A).185 Subse-
quently, several carborane-containing AR ligands were developed as
candidates for prostate cancer therapeutics.186–188 The carborane
cage served as a hydrophobic pharmacophore for the AR ligand bind-
ing domain (AR LBD) of antagonists (33, 34) (Figure 6B).183,184

Vitamin D receptor ligands

Vitamin D nuclear receptor (VDR) is expressed in a variety of tumors
and can be used as a potential target for cancer treatment.189–192 A
potent VDR agonist (35) with the combination of 1a,25-dihydroxy-
vitamin D3 (1,25D) and a carborane motif was designed and synthe-
sized by Mouriño and colleagues,193 which represented the first
example of vitamin D analog binding to the LBD of VDR (Figure 6C).
1,25D hormone regulates various physiological and pathological pro-
cesses, such as cell proliferation and differentiation.193 In the nucleus,
vitamin D and its analogs bind to VDR and then form the VDR-reti-
noid X receptor complexes, and bind to the vitamin D response
element (Figure 7B).189 These results showed that carborane-derived
vitamin D analogs could be employed for specific molecular recogni-
tion as well as anticancer drug design and discovery.
Epidermal growth factor receptor ligands

EGFR/ErbB1 is a member of the ErbB protein family of RTKs.194–197

The signaling pathways regulated by EGF-EGFR play key roles in
regulating basic cell functions, such as cell proliferation, survival, dif-
ferentiation, and migration (Figure 7C).194,198 EGFR-mediated
cellular events are interfered with by inhibiting EGF from binding
to EGFR on the surface of cancer cells.199–201 By employing the car-
borane cage as a pharmacophore, Viñas’ group demonstrated that a
carborane-containing erlotinib derivative, 1,7-closo-carboranylanili-
noquinazoline (36, Figure 6D), had a higher affinity than its parent
compound erlotinib.201
Nicotinamide phosphoribosyltransferase receptor ligands

Nicotinamide phosphoribosyltransferase (NAMPT) is a first rate-
limiting enzyme in the cycle ofmammaliannicotinamide adeninedinu-
cleotide (NAD+).202–205 Recent studies showed that NAMPT plays an
essential role in metabolism, cell proliferation/survival, and inflamma-
tion.202–205 In this context, a series of carborane-containing NAMPT
inhibitors (37–42) were designed and synthesized by Nakamura and
co-workers (Figure 6E).202 Among these inhibitors, compounds 41
and 42 showed significant NAMPT inhibitory activity with IC50 values
of 0.098 ± 0.008 and 0.057 ± 0.001 mM, respectively (Figure 6E).202
Carbonic anhydrase ligands

CAIX is an enzyme expressed on the surface of hypoxic tumor
cells.206–209 This enzyme promoted the survival of tumor cells and
could be a target for anticancer therapy.206,207 In this context, biscar-
borane-containing CAIX inhibitors (43) were designed and synthe-
sized by the Grüner group (Figure 6F).206,210 These cobalt bis(dicar-
bollide) ions acted as highly potent and specific CAIX inhibitors
both in vitro and in vivo. Mechanistically, the crystal structure of
the cobaltacarborane inhibitor bound to the CAIX active site; there-
fore, the enzyme cavity was able to easily accommodate the cobalt
bis(dicarbollide) cluster (Figure 6F).206,210
HIV protease receptor ligands

Human immunodeficiency virus 1 (HIV-1) protease is a potent target
in the treatment of HIV-1 infection,211–213 and is also a target for anti-
HIV drug design.214–216 The Konvalinka group discovered a series of
novel non-peptide protease inhibitors that were able to inhibit a vari-
ety of protease inhibitor-resistant protease species (44–47, Fig-
ure 6G).217–219 These substituted metallacarboranes were effective
and selective inhibitors of wild-type and mutated HIV proteases.
Molecular Therapy: Oncolytics Vol. 24 March 2022 407
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5-Lipoxygenase receptor ligands

5-Lipoxygenase (5-LO) acts as a catalyst for the conversion of arach-
idonic acid to leukotrienes.220–223 The activity of 5-LO is affected by
5-lipoxygenase activating protein (FLAP), and Rev-5901 is an early
inhibitor of FLAP-mediated 5-LO activation.224 As the introduction
of carborane can improve the pharmacokinetic behavior of metabol-
ically unstable drugs,224,225 the Hey-Hawkins group introduced car-
borane as a highly metabolically stable pharmacophore to the tradi-
tional 5-LO inhibitors (Figure 6H).224,225 Carborane-containing
Rev-5901 derivatives showed the isosteric replacement of the phenyl
408 Molecular Therapy: Oncolytics Vol. 24 March 2022
ring by a carborane cage, leading to improved cytotoxicity in mela-
noma and colon cancer cells.224

Cyclooxygenase ligands

COX-2 is involved in carcinogenesis, and increasing studies have
been conducted on the potential cytotoxic properties of COX-2 se-
lective inhibitors.226–229 The incorporation of carborane units into
the established anti-inflammatory drugs improved their metabolic
stability.226 Hey-Hawkins and co-workers designed and synthe-
sized several carborane-containing rofecoxib derivatives (49,
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Figure 6I), and these compounds showed superior selectivity
against melanoma and colon cancer cells in comparison with
normal cells.226

Delocalized lipophilic cation ligands

The discovery of delocalized lipophilic cations (DLCs) is a milestone
of organelle-specific drug delivery.230–233 Owing to the high selectivity
of growth arrest of DLC-functionalized carboranes for cancer cells,
such as primary glioblastoma cancer stem cells, Vizirianakis and col-
leagues reported that DLC-functionalized carboranes (50–52) had
potential applications in selective anticancer therapeutics (Fig-
ure 6J).230–233 They also demonstrated that the target-specific DLC-
functionalized carboranes could act as BNCT agents.230–233
Hyaluronic acid ligands

Hyaluronic acid is a highly biocompatible polysaccharide that plays
an important role in cancer metastasis.234–242 It also interacts with
various types of receptors that are overexpressed in cancer tis-
sues.234–236 Introduction of carborane motifs can enhance the hydro-
phobic interaction between the bioactive compounds and their recep-
tors and thus improve their stability and bioavailability in vivo.237–242

Crescenzi and co-workers synthesized hyaluronan-amidoazido-car-
borane (HAAACB) (55) through a click-type coupling of hyalur-
onan-amidoazide and carboranyl alkyne (Figure 6K).237,238 They
found that HAAACB could specifically interact with the CD44 recep-
tor, leading to accumulation of boron atoms in cancer cells, which will
have potential application in BNCT.237,238
Molecular Therapy: Oncolytics Vol. 24 March 2022 409
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Histone deacetylase ligands

Histone deacetylases (HDACs) are known to be responsible for the
global silencing of tumor-suppressor genes.243–249 Overexpression
of HDACs was shown to be linked to several cancer types, and their
selective inhibition results in potentiated anticancer effects.249 Treat-
ment with histone deacetylase inhibitors (HDACis) can reverse this
process and restore normal cell function. Therefore, HDACis have
emerged as valuable epigenetic modulators for the treatment of can-
cers.243,249 Hansen and co-workers identified themeta-carboranyl hy-
droxamate 56 as the hit compound with an IC50 value of 0.006 mM
and a more than 280-fold selectivity for HDAC6.249 To investigate
the influence of the carborane moiety, they synthesized aryl analogs
for the best pan-inhibitory compound 57 and the most selective
HDAC6 inhibitor 56 (Figure 6L).249 Both 56 and 57 demonstrated
synergistic anticancer activity when combined with the proteasome
inhibitor bortezomib.249

CONCLUSION
This review summarizes the recent advances in carborane-containing
compounds with potential applications in antitumor treatments. Car-
boranes have been proven as useful pharmacophores in boron deliv-
ery agents for BNCT as well as hydrophobic drug carriers for certain
biological targets. The introduction of carborane moieties into the
skeletons of traditional organic compounds (hits, leads, drugs) can
change the activity of the drugs or drug candidates and thus regulate
their effects on cancer cells, as shown in the various examples dis-
cussed in this review. Although this research area is still in its infancy,
selective functionalization of carboranes to obtain various carborane-
containing derivatives has received increasing research attention.
Application of carboranes as antitumor pharmacophores will open
a new and specialized avenue for novel drug design and discovery.
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