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ABSTRACT: The paired bromodomains (BD1 and BD2), located in the bromodomain and extra-terminal (BET) family proteins,
perform specific functions in gene transcriptional control and expression. Targeting specific bromodomains with inhibitors holds
promise for achieving therapeutic benefits with reduced side effects. However, the comprehension of this target related to the disease
is still restricted. Positron emission tomography (PET) imaging is a powerful tool that provides a valuable avenue for exploring the
BD2 bromodomain. This investigation introduces a novel radioligand, [11C]I-58, for PET targeting the BET BD2 domain. The
synthesis of compound I-58, along with its radiosynthetic process for C11 labeling, is detailed, and the suitability of [11C]I-58 for
PET imaging of the BD2 bromodomain is evaluated. Initial PET study findings in mice indicate that [11C]I-58 exhibits suitable
biodistribution in peripheral organs and tissues. Additionally, in vitro autoradiography studies and blocking experiments provide
compelling evidence supporting the specific binding of [11C]I-58 to the BD2 bromodomain. These results establish [11C]I-58 as a
promising instrument for the PET imaging of the BD2 bromodomain. This research not only holds the potential to pave the path for
developing PET radioligands precisely targeting the BD2 bromodomain but also adds to a more profound comprehension of the
biological mechanisms linked to the BD bromodomain.

■ INTRODUCTION
The essential process of epigenetic modification, such as
histone acetylation, involves the action of enzymes such as
histone deacetylases (HDACs) and histone acetyltransferases.
Additionally, proteins such as those in the bromodomain and
extra-terminal (BET) family is related to the regulation of
histone acetylation.1,2 The BET protein family serves as a
crucial epigenetic reader, significantly impacting the regulation
of post translational modifications and then gene expression.
This influence is exerted through their ability to recognize the
acetylated lysine (KAc) residues which located on histone
tails.3,4 The BET family includes four subisoforms: BRD2,
BRD3, BRD4, and BRDT, each distinguished with the
presence of bromodomains BD1 and BD2, are extensively
integrated into mammalian biology. BRDT is predominantly
located within the testes.5−8 Owing to their pivotal role in the
modulation of epigenetic mechanisms, BET family proteins are
identified as potential molecular targets for the development of
therapeutic strategies. They offer potential avenues for
addressing a range of conditions, including tumors, inflamma-
tion, and infectious diseases.9,10 The BET protein family has

garnered growing attention owing to its involvement in a
diverse array of human diseases, with a notable focus on
cancer, making it a subject of increasing interest in research
and potential therapeutic development.11 A multitude of BET
inhibitors capable of inducing transcriptional changes through
the disruption of interactions between bromodomains (BRDs)
and acetylated lysine (KAc) have been discovered for diverse
disease treatments. Since the groundbreaking identification of
the initial BET inhibitor, JQ112,13 (Figure 1), a plethora of
innovative BET inhibitors, including isoxazoles, quinoline
derivatives, and tetrahydroquinolines have been devel-
oped.14−18 Many of these BET inhibitors have been developed
targeting a variety of cancer types. For instance, analogue I-
BET762 demonstrates the ability to impede tumor growth
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across various tumor cells by modulating the expression of the
antiapoptotic gene BCL2. Currently, this entity is the subject
of Phase I clinical trials aimed at evaluating its therapeutic
efficacy in addressing NUT midline carcinoma and various
hematological conditions.18,19 Emerging research suggests a
significant role for BET proteins in the pathology of central
nervous system afflictions, encompassing neurodegenerative
diseases, neural inflammation, mental health conditions, and
oncological manifestations within the brain.20 Nevertheless,
the specific pathological mechanisms underlying the impact of
BET proteins in neurological diseases remain unclear.21,22

Because of the similarity between BD1 and BD2
bromodomains, many existing BET inhibitors have been
designed to probe both BD1 and BD2 simultaneously,
resulting in a lack of selectivity. However, recent research
has highlighted unique roles for each of BD1 and BD2 in
epigenetic transcriptional regulation. Developing novel do-
main-selective BET inhibitors may yield an enhanced
therapeutic effect and a favorable side effect profile when
contrasted with simultaneous inhibition of both domains. For
instance, Olinone16 (Figure 1), a selective BET BD1 inhibitor,
showed efficient myelin regeneration in neurodegenerative
disorders, while RVX-208, a selective BD2 inhibitor, led to
distinct gene expression alterations compared to pan-BET
inhibitors.17 Despite efforts to discover next-gen BET
inhibitors, achieving high domain selectivity remains challeng-
ing, and few inhibitors show it. Additional investigation is
required to comprehend the mechanisms of action associated
with each bromodomain and to delve into their therapeutic
potential. Within this framework, positron emission tomog-
raphy (PET) serves as a prominent noninvasive modality,
providing key observations pertaining to the functioning of
BET BD1 and BD2 bromodomains in vivo.23,24 Utilizing a
suitable radiotracer, PET imaging has the potential to
accelerate BET research, aiding researchers in disease
diagnosis, treatment monitoring, and the advancement of
drug development.20 However, the design of a PET radioligand
that precisely targets the BET BD1 and BD2 domains,

ensuring both high affinity and specificity, remains a significant
obstacle in its developmental journey.25,26 To date, no PET
radioligands have been identified that selectively target each
BET subdomains for application in human subjects or for use
in preclinical research. In this research, we present the
conceptualization, radiolabeling process, and biological assess-
ment of a novel BRD4 BD2-specific PET radiotracer, denoted
as [11C] I-58. The studies illustrate that [11C] I-58 serves as a
potential radioligand, exhibiting selective and specific binding
to BRD4 BD2. This offers a valuable tool for quantifying,
visualizing, and conducting epigenetic research on BRD4 and
BD2.

Our pursuit of developing PET radiotracers with specific
targeting of BET BD2 commenced with the discovery of the
selective BET BD2 inhibitor Compound I-58 (1-methyl-6-(3-
((1-methylpiperidin-4-yl)amino)benzyl)-1,6-dihydro-2H-
benzo[6,7]azepino[4,3,2-cd]isoindol-2-one). The binding as-
says showed that Compound BD1−2023−01 demonstrates
exceptional binding affinity and selectivity in vitro for BRD4
BD2 (IC50 = 1.88 nM), positioning it as a promising candidate
for conversion into a PET imaging agent. This study marks the
inaugural synthesis of [11C] I-58, and their characterization was
meticulously conducted through in vitro autoradiographic
studies and in vivo dynamic PET scans in rodent models. A
thorough assessment, encompassing binding specificity and
brain permeability, was undertaken, providing crucial insights
for the prospective development of PET radiotracers targeting
BRD4 and BD2.

■ RESULTS AND DISCUSSION
Selection BRD4 BD2 Inhibitor for BET PET Imaging

Probe Development. We initiated our efforts by conducting
a screening of previously reported domain-selective inhib-
itors.27−29 Among these candidates, we identified compounds
1−58 as robust and highly effective inhibitors of BD2. Notably,
its IC50 value stands impressively at 1.88 nM, underscoring a
remarkable selectivity factor of 279-fold when compared to
BRD4 BD1.30 Consequently, we have chosen 1−58 as a prime

Figure 1. Molecular configurations of JQ1 and selective inhibitors targeting specific BET protein domains.
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candidate for subsequent in-depth characterization and
radiolabeling. Various physicochemical attributes, such as
molecular weight, topological polar surface area, cLog P, and
an appropriate molecular weight (typically <500) hold the
potential to facilitate blood−brain barrier (BBB) penetration
while minimizing nonspecific binding. These predictions
collectively affirm the suitability of compounds 1−58 for
radioligand development (as illustrated in Figure 2).
Chemical Synthesis for I-58, I-58 Pre, and [11C]I-58.

Synthesis Summary of I-58 and I-58 Pre. Starting from
compound 1 (2-methyl-4-nitroisoindolin-1-one) (1.8 g), a
solution in EtOH and H2O was treated with NH4Cl and Fe at
elevated temperatures (Schemes 1 and 2). The resulting
mixture was filtered and extracted, yielding crude Compound
2 (4-amino-2-methylisoindolin-1-one) (1.55 g, yellow solid,
62% yield). No purification was performed at this stage. Next,
compound 2 (1.55 g) was dissolved in toluene and subjected
to a Pd-catalyzed reaction with 3, s-Phos, and Cs2CO3 under
microwave irradiation. After concentration, the residue was
diluted, extracted, and purified by column chromatography,
resulting in compound 4 (4-((2-(1,3-dioxolan-2-yl)phenyl)-
amino)-2-methylisoindolin-1-one) (1.4 g, yellow solid, 73%).
Compound 4 (0.5 g) was then treated with TsOH·H2O in
EtOH and H2O, giving a solution (compound 5 (2-((2-
methyl-1-oxoisoindolin-4-yl)amino)benzaldehyde)) that was
directly used in the subsequent step. The mixture solution
compound 5 (0.85 g) and K2CO3 were reacted in EtOH at

elevated temperatures, followed by quenching with HCl. After
extraction and purification, compound 6 (0.2 g, purple solid,
22% yield) was obtained. Compound 6 (1-methyl-1,6-
dihydro-2H-benzo[6,7]azepino[4,3,2-cd]isoindol-2-one) (0.25
g) underwent a reaction with NaH and compound 7 (1-
bromo-3-(bromomethyl)benzene) in DMF, resulting in
compound 8 (6-(3-bromobenzyl)-1-methyl-1,6-dihydro-2H-
benzo[6,7]azepino[4,3,2-cd]isoindol-2-one) (180 mg, yellow
solid, 36% yield) after purification by column chromatography.
Finally, a mixture of compound 8 (0.12 g), compound 9 (1-
methylpiperidin-4-amine), sodium;2-methylpropan-2-olate,
and Pd catalyst was subjected to a reaction in dioxane. After
filtration and purification by prep-high-performance liquid
chromatography (HPLC), compound I-58 (0.05 g, red solid,
32% yield, 96% purity) was obtained.

In the synthesis of I-58Pre (1-methyl-6-(3-(piperidin-4-
ylamino)benzyl)-1,6-dihydro-2H-benzo[6,7]azepino[4,3,2-cd]-
isoindol-2-one), a similar procedure was followed starting from
compound 8 (0.8 g), resulting in compound 10 (tert-butyl 4-
aminopiperidine-1-carboxylate) (0.5 g, red solid, 49% yield).
Compound 11 (tert-butyl 4-((3-((1-methyl-2-oxo-1,2-dihy-
dro-6H-benzo[6,7]azepino[4,3,2-cd]isoindol-6-yl)methyl)-
phenyl)amino)piperidine-1-carboxylate) was then treated with
TFA and dichloromethane (DCM), and after pH adjustment
and purification by prep-HPLC, compound I-58 pre (0.09 g,
red solid, 99% purity) was obtained.

Figure 2. Pharmacology and physicochemical properties of I-58.

Scheme 1. Synthetic Pathway for Reference Molecule I-58 and Precursor I-58 Pre

Scheme 2. Synthesis Route for the Standard Compound I-58 and I-58 Pre
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Synthesis of [11C]I-58. The promising in vitro results
obtained with compounds 1−58 led to the initiation of their
radiolabeling studies. Illustrated in Scheme 3, we prepared
[11C]1−58 utilizing compound 1−58Pre as the precursor. The
synthesis involved the reaction of compound 1−58Pre with
[11C]CH3OTf in DCM at room temperature for 5 min. This
process yielded [11C]1−58 with a commendable radiochemical
yield (RCY) ranging from 11 to 25% (as determined via
nonspecific analysis of the trapped [11C]CH3OTf, decay
corrected). Furthermore, the resultant radioligand boasted
high purity and exceeded 95%.
Molecular Docking of I-58 with BRD4 BD2. The

interaction mode between I-58 and BRD4 BD2 (PDB code:
6k04) was scrutinized using binding mode analysis (Figure 3).

The molecular docking results revealed significant hydrogen
bonding interactions, particularly with the carbonyl group and
ASN 429 residue. The binding energy of I-58 was calculated to
be −7.24 kcal/mol. Additionally, I-58 exhibited hydrophobic
interactions within the binding pocket, establishing bonds with
VAL435, LEU381, VAL376, and LEU383. This comprehensive
analysis sheds light on the specific molecular interactions that
contribute to the binding affinity between I-58 and BRD4
BD2.31,32

In Vitro Autoradiography Study. In vitro autoradiographic
investigations were performed on mouse brain sections
utilizing [11C]I-58 to assess its binding specificity for BRD4
BD2.31,33 Our research, as previously detailed, involved a

comprehensive in vitro autoradiographic detection process. To
provide a succinct overview, mouse brain sections (sagittal
plane, 20 μM thickness) underwent an initial preincubation
step in a 50 mM Tris−HCl buffer solution for 20 min.
Subsequently, these sections were exposed to [11C]I-58 at a
concentration of 1 mCi/L, also in 50 mM Tris−HCl buffer.
Blocking studies involved a solution of unlabeled I-58 (10 μM)
mixed with the radiotracer [11C]I-58 during the incubation
phase. After the incubation period, meticulous washing of the
mouse brain slices with an ice-cold buffer was followed by
immersion in chilled deionized water. Following this, the
sections were allowed to dry naturally at ambient temperature.
Autoradiographic images were captured by exposing imaging
plates (BAS-MS2025, GE Healthcare, New Jersey, USA) onto
desiccated cerebral slices. Autoradiographic images were
produced with regions of interest (ROIs) meticulously marked
out according to observed visual data. Analysis was conducted
utilizing OptiQuant software from PerkinElmer, with results
reported as photostimulated luminescence per square milli-
meter (DLU/mm2). Figure 4 visually presents baseline and
block autoradiography images of mouse sagittal brain sections
with [11C]I-58. Notably, the baseline signal exhibited an
uneven distribution. Blocking studies of the entire brain
resulted in a 40% reduction in binding. Importantly, the
specific binding of [11C]I-58 in key regions, including the
cortex, hippocampus, thalamus, and striatum, was significantly
diminished during the blockade, underscoring the tracer’s
specificity for these brain regions’ binding sites. Encouraged by
these promising ex vivo findings, we advanced to in vivo PET
studies of [11C]I-58.
Mouse Imaging with [11C]I-58. We conducted rodent PET

imaging to evaluate [11C]I-58 as an in vivo imaging probe for
BET BD2. The PET scans were conducted on male C57BL/6
mice, involving the intravenous administration of [11C]I-58
(4.7−6.2 MBq per animal). Subsequently, a dynamic PET scan
with a duration of 60 min was performed, succeeded by a
computed tomography (CT) scan lasting 10 min. The dynamic
PET data were compiled and subsequently reconstructed.
Initially, we assessed the distribution profile of [11C]I-58 across
targeted organs, quantifying the radioactivity absorption rate as
the percentage of injected dose per standardized uptake value
(SUV). As illustrated in Figure 5, [11C]I-58 predominantly
accumulated in the area outside the cerebral vascular barrier.
Notably, the kidneys exhibited the highest uptake of [11C]I-58
among the organs of interest, with the radioactivity gradually
increasing throughout the scan. Additionally, a progressive
accumulation of radioactivity was observed in the liver,
indicating that [11C]I-58 metabolism primarily occurs in the
kidney and liver. In the spleen, heart, and lung, [11C]I-58
demonstrated a significant initial uptake at approximately 5
min after injection (SUV = 0.31, 0.23, and 1.05, respectively),
followed by a stable uptake pattern over the 60 min scan

Scheme 3. Radiolabeling with I-58Pre (1 mg), [11C]CH3OTf in 0.3 mL DCM at RT for 5 min, Yielded an RCY of 11−25%
(Decay-Corrected)

Figure 3. Molecular docking of 1−58 bound to BRD4 BD2 (PDB:
6k04), with the protein in cartoon representation and the compound
and interacting residues as sticks, highlighting the hydrogen bonds in
yellow.
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duration. These observations underscore the extensive
dispersion of [11C]I-58 across multiple tissue types and organs.
Notably, within the hepatic and renal compartments,
suggesting the potential utility of [11C]I-58 in PET imaging
applications for disease diagnosis, including in brain diseases
and tumors. The observed accumulation patterns in key organs
further support the promise of [11C]I-58 as a valuable tool for
in vivo imaging studies related to BET BD2, contributing to an
understanding of its biodistribution and metabolic pathways.

To evaluate the specific binding of [11C]I-58, we conducted
a comprehensive assessment of its in vivo performance within
the brain, as illustrated in Figure 6. Blocking studies were done
in mice, involving the administration of unlabeled I-58 (self-

blocking) at concentrations of two concentrations (0.1 and 1.0
mg/kg), administered five min before the radiotracer injection.
Figure 6 illustrates the outcomes of the blocking experiments
alongside the time−activity curves (TACs) for the ROIs.
Whole brain analysis revealed that [11C]I-58 achieved peak
uptake within the initial minutes postinjection, with the SUV
reaching a maximum value of 0.07. Crucially, this uptake
persisted throughout the entire 60 min scan period. Notably,
the introduction of 0.1 mg/kg I-58 as a pretreatment
substantially enhanced the uptake of [11C]I-58, resulting in
an average increase of 2.04 in the whole brain�effectively
doubled. Similarly, the administration of 1.0 mg/kg I-58 led to
an average increase of 1.72 in the whole brain. These findings

Figure 4. (A) Typical in vitro autoradiography of mouse brain slices in sagittal view; (B) comparative analysis of radiotracer uptake under baseline
conditions and with blocking. Baseline sections were exposed solely to [11C]I-58, whereas for blocking, sections underwent coincubation with 10
μM of compound I-58. Gray scale quantification is presented as mean ± standard deviation for four samples. Statistical significance is denoted by
asterisks: ***p ≤ 0.001.

Figure 5. Biodistribution pattern of [11C]I-58 in mice at different time points (5, 15, 30, and 60 min post i.v. Injection, n = 3).
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underscore the remarkable binding specificity and stability
demonstrated by [11C]I-58. Blocking studies played a pivotal
role in elucidating the mechanism behind [11C]I-58’s
interaction with the cerebrovascular endothelium.

The increased brain uptake in the blocking groups could be
attributed to several factors. One potential explanation is that
the blocking agents used in these groups may have influenced
the distribution and clearance kinetics of the PET probe,
suggesting that I-58 effectively binds to target proteins in the
BBB, thereby facilitating greater entry of [11C]I-58 into the
brain. Additionally, variations in BBB permeability and regional
differences in receptor expression could contribute to the
observed differences. Despite this, the observed brain uptake
remained relatively modest. To optimize its potential
application in neuroepigenetic imaging, further refinement of
the radiotracer’s structure may be necessary. This could
enhance its ability to penetrate the BBB, ultimately bolstering
its effectiveness in neurological imaging studies.

■ CONCLUSIONS
In summary, we successfully designed, synthesized, and
assessed the first selective BET BD2 PET radioligand,
[11C]I-58, through rodent PET imaging experiments. In our
in vitro binding assays, our reference compound, I-58,
exhibited notable affinity and specificity for BRD4 BD2. A
biodistribution analysis of [11C]I-58 in mice revealed
significant radiotracer accumulation in peripheral tissues,
notably the liver and kidneys, with detectable uptake observed
in the brain. Subsequent to this, the in vitro binding specificity
of [11C]I-58 was assessed through blocking studies employing
brain tissues from mice. In conclusion, [11C]I-58 emerges as a
promising lead compound for further developing the selective
BET BD2 PET probe. Our ongoing efforts will be directed
toward structural optimization and subsequent nonhuman
primate studies to further explore its utility and translational
potential.

■ EXPERIMENTAL SECTION
Chemistry. Compound I-58 was synthesized as below:

compound 1 (1.8 g, 9.37 mmol) was dissolved in EtOH (15
mL) and H2O (7.5 mL), followed by the addition of NH4Cl
(2.51 g, 46.83 mmol) and Fe (2.62 g, 46.83 mmol). The
mixture was stirred at 90 °C for 2 h under N2. After filtration
and extraction with H2O, the organic layers were dried and
concentrated to yield compound 2. To a solution of compound
2 in Tol. (5 mL) was added compound 3, Pd(OAc)2, s-Phos,
and Cs2CO3. The reaction mixture was irradiated in a
microwave reactor, concentrated, and extracted with DCM.
The organic layers were dried and purified to obtain
compound 4. Compound 4 was then treated with TsOH to
yield compound 5, which was subsequently reacted with
K2CO3 in EtOH to afford compound 6. Compound 6 was
reacted with NaH and compound 7 to produce compound 8,
which was further reacted with compound 9 to yield
compound I-58.

Compound I-58Pre was synthesized similarly, with the final
step involving the reaction of compound 11 with TFA and
DCM to yield compound I-58Pre. Both compounds were
purified by prep-HPLC.
Radiochemistry. [11C]CH3OTf was trapped within a

TRACERlab FX-M synthesizer reactor (General Electric),
preloaded with 1 mg of the precursor in 1.0 mL of dry DCM.
After stirring for 5 min at 25 °C, 0.5 mL of water was added.
The resulting product was isolated using reverse-phase
semipreparative HPLC [phenomenex Luna 5u C8(2), 250 ×
10 mm, 5 μm; flow rate: 5.0 mL/min; solvent composition:
0.1% TFA in water/acetonitrile, 70/30%, v/v]. The final
product was collected and loaded onto a C-18 Sep-Pak
cartridge, which was then rinsed with 15 mL of water, eluted
with 0.3 mL of ethanol (EtOH), and finally with 2.7 mL of
saline (0.9%). The average synthesis time from the end of
bombardment to the end of synthesis ranged from 30 to 35

Figure 6. PET-CT imaging of mouse brain following intravenous administration of [11C]I-58, focusing on the 20−60 min time frame. Additionally,
it provides baseline and blocking TACs of [11C]I-58, with a sample size of n = 3.
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min, with an average RCY ranging from 11 to 25% (activity
yield corrected to trapped [11C]CH3OTf). Both chemical and
radiochemical purities exceeded 95%, as determined by HPLC
equipped with a UV detector and a gamma detector.
Rodent PET/CT Acquisition. The Subcommittee on

Research Animal Care at Massachusetts General Hospital
functions as the Institutional Animal Care and Use Committee
(IACUC), overseeing and granting approval for all of the
outlined procedures with thorough scrutiny. Eight male
C57BL6 mice, aged 5 months, were utilized for this study.
Compound I-58 1 mg was prepared for administration by
dissolving it in a solution consisting of 10.0% dimethyl
sulfoxide, 10.0% Tween 80, and 80.0% saline, resulting in a
concentration of 1.0 mg/mL. Throughout the imaging
sessions, animals were anesthetized with 1−1.5% isoflurane,
maintaining anesthesia consistently during scanning. Within a
single imaging session, mice were placed within a Triumph
PET/CT scanner (Gamma Medica, Northridge, CA) and
intravenously injected with compound [11C]I-58, each
receiving a dose ranging from 4700 to 6400 KBq. Prior to
radiotracer administration, mice underwent a 5 min pretreat-
ment with compound I-58 at doses of 0.5 and 2.0 mg/kg (one
mouse for each dose), or vehicle alone (one mouse), via a
lateral tail vein catheter. Following radiotracer injection,
animals underwent a 60 min dynamic PET scan, followed by
CT.
Rodent PET/CT Image Analysis. The PET data were

reconstructed using a 3D-MLEM method, achieving a spatial
resolution of 1 mm at full width at half-maximum. Following
reconstruction, the data underwent analysis utilizing
AMIDE39, an open-source medical imaging data examiner
software based in Los Angeles, CA. DICOM format PET and
CT images underwent additional processing in PMOD
(PMOD Technologies, Ltd., Zürich, Switzerland), involving
coregistration with the brain atlas.

VOIs were defined as spherical regions within the brain
utilizing guidance from CT structural images and summed
PET data. TACs were then exported as SUV activity for further
analysis.
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