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Positron emission tomography probes targeting
bromodomain and extra-terminal (BET) domains
to enable in vivo neuroepigenetic imaging†
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Changning Wang *b

Here, we report the development of novel PET radiotracer ([11C]CW22)

of BET proteins. In vivo imaging results in rodents and nonhuman

primates (NHP) demonstrate that [11C]CW22 has excellent brain

uptake, good specificity, good selectivity, suitable metabolism, appro-

priate kinetics and distribution in the brain. Our studies demonstrated

that [11C]CW22 exhibits ideal properties as a PET imaging probe of BET

proteins for further validation.

Epigenetic mechanisms enable a type of gene regulation without
permanent changes to DNA sequence. The proteins of the BET
family, which act as epigenetic ‘‘readers’’, play a pivotal role in the
transduction of signals encoded in post-translationally modified
epigenetic markers. Recently, small molecule mimetics of acetylated
lysine residues (Ac-K) that disrupt the protein–protein interactions
of bromodomain-containing proteins (BRDs) have been identified
and shown to modulate the functions of BRDs.1–3 Multiple studies
have shown that the disruption of the interaction between BRDs
and Ac-K of histone tails with a BET inhibitor has promising
therapeutic potential for various diseases including cancer, inflam-
matory diseases, and other medical indications.4–6 Since the first
small molecule BET inhibitor JQ1 was discovered,7 a number of
small molecule inhibitors of BRDs have been reported and several
of them have advanced into clinical trial for further study including
I-BET762,8 INCB0543299 and OTX15.10 The discovery of BET inhi-
bitors provided powerful tools to understand the roles of BET
proteins in a variety of biological processes and the therapeutic
potential of BET inhibition was particularly of interest in select
tumors.11–13

Recent studies have indicated that BET inhibitors are involved
in brain functions, such as learning and memory and may have
therapeutic potential for the treatment of substance abuse
disorders.14 Accordingly, increasing research efforts have focused
on developing new BET inhibitors that are designed specifically
to target central nervous system (CNS) disorders.2 However, the
effects of BET inhibition in the brain needs to be well defined
further by additional investigations. In this context, the use of
positron emission tomography (PET) offers a unique, non-invasive
imaging approach that can deliver answers to fundamental
questions about the functions of BET proteins in the living
brain in a way that has not been previously possible. More
significantly, no PET radiotracer exists for targeting BET proteins yet
either in preclinical or clinical imaging research.

We report here a novel PET radiotracer ([11C]CW22), a carbon-
11-labeled version of the highly potent BET inhibitor (I-BET726),
as a PET radiotracer targeting BET proteins (Fig. 1a). The in vivo
PET imaging results in rodents and nonhuman primates show
that [11C]CW22 has excellent brain penetration, good specificity,
good selectivity, appropriate kinetics, and distribution in the
brain. [11C]CW22 thus provides a non-invasive tool for epigenetic
research and a potential BET inhibitor for the treatment of CNS
diseases.

Design and physiochemical properties of CW22. I-BET726 is
a tetrahydroquinoline-based BET inhibitor.15 It binds BRD2,
BRD3, and BRD4 with high affinity (IC50s = 41, 31, and 22 nM,
respectively) and exhibits 41000-fold selectivity for the BET
family over other bromodomain-containing homologs. Based
on the structure–activity relationship (SAR) study of I-BET726
analogues, the carboxylate group makes no direct effect on BRD
protein binding. Hence, we chose the carboxylate group of
I-BET726 as the radio-labelling site and made the cold compound
CW22. The binding mode of CW22 (Fig. 1b) showed that because of
the flexibility of the carboxylate, it does not affect the binding free
energy and has similar BRD proteins interactions to I-BET726 when
the carboxyl group is changed to a methyl ester. As expected, CW22
demonstrated a strong binding affinity toward to BRD2 (Kd = 54 nM,
59 nM to BD1 and BD2 respectively), BRD3 (Kd = 29 nM, 340 nM to
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BD1 and BD2 respectively) and BRD4 (Kd = 29 nM, IC50 = 47 nM)
after we measured its bioactivity by BROMOscant from DiscoverX.

Binding potential (BP) is one of the crucial properties for
new radiotracer design. The BP provides a measurement of the
in vivo radiotracer-target interaction and is comprised of the
total biological target density (Bmax) and the binding affinity
(Kd). BP equals Bmax/Kd and the value of BP always needs to be
at least 5 for PET imaging according to our successful experi-
ence on radiotracer development.16 According to our imaging
results in rodents and NHPs, BETs are highly expressed in most
of the brain regions, cerebellum is a representative region for
Bmax measurement, and BRD4 density in the cerebellum is
263 pmol per protein (mg) in human brain, which is higher
than the minimum density requirement (60 fmol per protein
(mg)) for PET probe development. Based on our tests, the BP of
CW22 is greater than 9, which is one of the important factors
that determine the success of a PET radiotracer.

The ability to cross the blood–brain barrier (BBB) and
penetrate to the CNS of the brain radiotracer is a key require-
ment for PET imaging. According to our previous experience,16

a successful CNS radiotracer should typically satisfy the following
requirements: (1) the total polar surface area (tPSA) should be less
than 65; (2) molecular weight o500; (3) lipo-hydro partition
coefficient (log D) should between 2 and 3. Hence, we measured
the lipo-hydro partition coefficient and calculated tPSA of CW22.
The results displayed that both the Log D (3.0) and tPSA (55.4) are
in the preferred range for brain penetration.

Furthermore, to determine the pharmacokinetics of CW22
in vivo, we measured plasma protein binding (PPB) in blood
from macaque (2.0% unbound) and humans (0.4% unbound),
at levels consistent with those for the clinical dopamine D2

receptor radiotracer, [11C]raclopride. The physicochemical properties
displayed that CW22 has favourable properties for CNS probes.

Synthesis of the PET Imaging Agent, [11C]CW22. I-BET726
was used as a precursor for the radiotracer synthesis. The
radiolabeling reaction is straightforward with [11C]CH3I and
base (potassium carbonate) (Scheme 1). The reaction was
consequently quenched with water and purified by semi-
preparative HPLC. [11C]CW22 was prepared in 30–35 min after
the end of bombardment with adequate radiochemical yields
(20–28%, uncorrected for decay and based on trapped [11C]CH3I)
and high radiochemical purity (497%).

Rodent PET-CT imaging with [11C]CW22. Following the
promising ex vivo data of CW22, we first performed rodent
dynamic PET-CT imaging in mice focused on the brain to
evaluated [11C]CW22 as a BET PET imaging probe. We found
that [11C]CW22 exhibited high BBB penetration and had a
sustained binding over the scanning time (60 min). In the
blocking study, the PET imaging was conducted in mice with
5 minutes pre-treatment of unlabelled CW22 (1 mg kg�1) and
JQ1 (10 mg kg�1) to further test the specificity of [11C]CW22.
We found a significant binding reduction and blocking of
[11C]CW22 in mice brain after administration of unlabelled
CW22 and JQ1 which demonstrated the specificity of binding of
our radioligand (Fig. 2a). To test the specific binding of
[11C]CW22, the autoradiography (Fig. 2b) in brain tissues with

Scheme 1 Radiolabelling condition: I-BET726 (precursor, 0.5 mg), [11C]CH3I,
K2CO3 (10 mg), in 300 mL DMSO, 3 min, 100 1C. Radiochemical yield (RCY):
20–28% (non-decay corrected to trapped [11C]CH3I). Specific activity of
[11C]CW22 (at time of injection): 1.1–1.8 mCi nmol�1.

Fig. 1 (a) Chemical structure and IC50 value of I-BET726 and CW22. (b)
Binding mode of CW22: crystal structure of CW22 in the N-terminal
bromodomain of human BRD4. (left) CW22 bound to BRD4 N-terminal
bromodomain, with the key H-bond interactions with BRD4 residues;
(right) Comparison of the binding mode of CW22 (white) and I-BET726
(pink) in human BRD4 N-terminal bromodomain (PDB 4BJX).

Fig. 2 (a) Whole-brain tracer uptake levels, normalized to maximal blood
radioactivity, were altered in blocking experiments, n = 1 for each treatment.
The mice brain image is summed from 0 to 60 min; (b) in vitro autoradio-
graphy showed specific binding of [11C]CW22 with the blocking of known
BET inhibitors (JQ1 and AZD5153); (c) IC50S of CW22, JQ1, and AZD5153
toward BRD4 (no activity means IC50 4 30 mM).
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the blocking of radioactive signal with BET inhibitors (JQ1 and
AZD5153) was performed. The in vitro autoradiography showed
that the signal was blocked by pre-incubation with BET inhibitor,
demonstrating the specific binding of [11C]CW22.

Non-human primate (NHP) PET-MR imaging with [11C]CW22.
Next, we evaluated the distribution and specificity of [11C]CW22
with NHP PET-MR Imaging. In our macaque study, we found
high brain uptake (0.5–1.8 in standardized uptake value (SUV),
SUV was calculated as a ratio of tissue radioactivity concentration
(SUV = C(T)/(injection dose/body weight)) of [11C]CW22 based on
PET-MR focused on the head (Fig. 3). Relatively higher uptake
was observed in regions such as the midbrain, putamen and
hypothalamus while the lower uptake in regions such as sensory
cortex. This result indicates that BET proteins have different
expressions in different regions.

Logan plot17 was applied to analyze dynamic [11C]CW22 PET
kinetic modeling data (Fig. 4a and b). Knowledge of CW22
metabolism is important for modeling its distribution kinetics
and for assessing safety profiles. In general, radioisotopes will
be incorporated in a relatively metabolic-stable position. There
are many probes already used human imaging with C-11 labeled on
methoxy group or on the methyl ester,18,19 such as [11C]PBR28 and
[11C]Cafentnail, similar to the [11C]CW22 radiolabeling position. The
appearance of labeled metabolites in arterial plasma after the
[11C]CW22 bolus injection is depicted in Fig. 4c. After 10 min,
less than 10% of the total [11C]CW22 radioactivity in arterial

plasma indicates fast washout of the radiotracer from the blood,
which is ideal for CNS imaging to minimize the noise in the
brain. [11C]CW22 stability evaluated in macaque plasma over
time showed a lasting presence of more than 40% of parent
compound at 30 min (Fig. 4d). Compared with [11C]PBR28,
[11C]CW22 exhibits more stable profile in radio-metabolism
(Fig. S4, ESI†).

The NHP study demonstrated that the fast clearance of
[11C]CW22 in plasma will lead to better signal-to-noise ratio
for brain imaging, and good kinetic modeling of [11C]CW22 in
brain with the stable metabolite profile will provide an important
guidance for human imaging proposed in this application. From
our NHP imaging and kinetic modeling, there are regional
differences for BET protein expression in the brain, and it is
currently only possible to obtain this information using this new
non-invasive PET probe.

Based upon our blocking experiments in rodents, [11C]CW22
detection should be sensitive enough to enable target engage-
ment by BET inhibitors and thus should provide a predictive
tool for individual drug response to therapeutics. It has been
confirmed that BRD4 is typically present in neuronal cells while
not in glial cells, and abundantly expressed in the hippocampus
that mediates the transcriptional regulation underlying learning
and memory.20 In addition, BRDs expression was found to have
significant changes in striatum, nucleus accumbens (NAc), and
caudate of the opioid abuse patients by treating with BET
inhibitors, suggesting that BRDs are mainly expressed in these
brain regions.21 Our PET imaging results in NHPs are thus
consistent with these findings for BRDs, although the specific
contribution of each subtype express in the CNS remains to be
dissected due to the absence of selective probes. Compare to the
previous BET probe ([11C]MS417) we developed,22 CW22 has
higher brain uptake, better specificity and selectivity, appropri-
ate kinetics and distribution and higher blockable activity,
which paves the way for future further development in the field
of epigenetic research.

Being able to assess BET protein engagement and inhibition
in the brain is important for designing CNS therapeutics and
potentially for the diagnosis of neuroepigenetic disorders.
Accordingly, our development of BET PET imaging probes provides
non-invasive tools for this domain for the first time. Based on the
in vitro and in vivo evaluations, [11C]CW22 as a PET probe has high
brain uptake and enables quantitative imaging of BET protein
expression with good selectivity and specificity for BET. Future
studies will focus on further elaboration of such BET-family selective
probes and validation of the [11C]CW22 as a probe to fulfil the
requirements for exploratory Investigational New Drugs (eIND)
application to allow a first-in-human PET study to be performed.

This research was supported by pilot funding from Martinos
Center (C. W.), National Institute of Neurological Disorders and
Stroke (NINDS) R01NS108115 (SJH), MGH Research Scholars
Program (S. J. H.). P41EB015896, a P41 Regional Resource
supported by the National Institute of Biomedical Imaging
and Bioengineering (NIBIB), National Institutes of Health. This
work also involved the use of instrumentation supported by the
NIH Shared Instrumentation Grant Program and/or High-End

Fig. 3 In vivo PET imaging of BET family bromodomains in the brain of a
macaque NHP model. (left) PET-MRI Imaging (macaque brain). Summed
PET images (0–90 min) superimposed with MEMPRAGE-MRI of the brain
from the same macaque, following injection of [11C]CW22. (Right) Time-
activity curves for brain regions of interest in baseline [11C]CW22 study, in
the unit of SUV.

Fig. 4 Kinetic modeling results with [11C]CW22 in macaque brain. (a) The
total volume of distribution (VT) images from kinetic modeling (Logan Plot)
results with [11C]CW22 in macaque brain, showed that the expression difference
in brain regions better (higher uptake in the thalamus and brainstem, etc). (b) VT

data showed that the difference in expression of BRDs in brain regions;
(c) arterial plasma analysis shows that [11C]CW22 radioactivity is rapidly cleared
from blood and (d) [11C]CW22 stability evaluated in plasma over time showed
lasting presence of 440% of parent compound at 30 min.
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