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Gastrointestinal stromal tumors (GIST) can currently only be identified by invasive biopsy sampling fol-
lowed by immunohistochemical analysis. It would however be highly advantageous to have a radioligand
able to bind the calcium-activated chloride channel DOG1, which is specific for GIST, and thus enable the
sensitive, non-invasive and specific functional imaging of the disease by Positron Emission Tomography
(PET). For this purpose, we developed different synthetic strategies towards a 4-phenylthiazole-2-amine-
based labeling precursor that can be directly reacted with 18F-fluoride to yield a radiotracer intended to
bind DOG1. Of these, a boronic acid pinacol ester radiolabeling precursor could be efficiently reacted with
18F in a one-step reaction, and the target radioligand [18F]fluoro-DOG1 be obtained in radiochemical
yields of 34.0 ± 11.1% within 85 min overall synthesis time.

� 2018 Elsevier Ltd. All rights reserved.
Introduction

Gastrointestinal stromal tumors (GIST) are the most common
mesenchymal tumors [1], and most of them (85–95%) have pri-
mary mutations in the receptor tyrosine kinase KIT (also known
as c-Kit or CD117) and PDGFRA (platelet-derived growth factor
receptor alpha) leading to permanent activation of these kinases
[2,3]. In 2002, the FDA approved the tyrosine kinase inhibitor Ima-
tinib for the treatment of GIST, which prolonged the medium sur-
vival of patients suffering from metastatic GIST from 19 months
without treatment to over 50 months with Imatinib treatment
[4–8]. The high specificity of Imatinib towards KIT causes only
minor side effects and results in good treatment results as long
as no mutations occur [9–12]. GIST is commonly identified via
biopsy sampling and subsequent immunohistochemical and/or
genetic analysis. For immunohistochemical analysis, antibodies
against KIT and CD34 are usually employed. However, antibodies
against the calcium-activated chloride channel DOG1 (DOG: dis-
covered on GIST) have proven to possess an even higher sensitivity
as well as specificity for the identification of GIST and are therefore
of great interest for the sensitive and correct diagnosis of this dis-
ease, especially in those malignancies exhibiting no mutations in
KIT [13–15].

DOG1 (also known as TMEM16A or ANO1) is expressed on
epithelial tissue, including the interstitial cells of Cajal (ICC), which
are supposed to be the origin of GIST [16–18]. It possesses
pacemaker activity in ICCs and is therefore involved in the regula-
tion of peristalsis in the gastrointestinal tract [19] as well as in
regulating transepithelial water transport. This mechanism is also
involved in the mucociliary clearance of the lungs, making DOG1
an interesting target for research on cystic fibrosis, asthma and
other diseases as well [20–22]. In oncology, the ion channel
DOG1 is used as a reliable biomarker in clinical routine for the dis-
tinction between GIST and other sarcoma due to its very high
expression rate in 98% of all GIST biopsies [2,15,23].

Although DOG1-specific antibodies for immunohistochemistry
exist and show high sensitivity and specificity for the target
protein [13–15], they bind to an intracellular domain of the ion
channel. This limits their usefulness as imaging agents in an
in vivo imaging setting and results in the demand for an ideally
small molecule radiotracer being able to address DOG1.

Such a radioligand would make burdensome biopsy sampling of
GIST-suspect lesions dispensable as it would enable the correct
diagnosis of the disease via non-invasive in vivo imaging with PET.
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Results and discussion

Thus, the aim of this work was to develop a 18F-labeled small
molecule PET radiotracer intended to specifically bind to DOG1
and to allow the efficient in vivo visualization of GIST via PET.

For this purpose, a labeling precursor had to be developed
which enables the efficient, ideally one-step introduction of 18F
via nucleophilic substitution and thus provides an efficient synthe-
sis of the target radiotracer.

As a biologically active scaffold for the target radioligand, a
4-phenylthiazole-2-amine core structure (Fig. 1) was chosen as
Namkung and co-workers were able to show by high-through-
put-screening of different compound classes that this substance
class is best suited to give highly potent activators, as well as inhi-
bitors, of DOG1 [21,22].

A particular challenge in developing a 18F-labeled 4-phenylthi-
azole-2-amine derivative was the position that the radiolabel had
to be introduced into. The R1 position is – despite the unfavorably
high electron density – the best opportunity for the introduction of
[18F]fluoride. Previously it was shown that the introduction of a 4-
fluorophenyl substituent in the R1 position is well tolerated with
regard to the binding characteristics compared with the lead struc-
ture, whereas 18F-introduction in the R3 position resulted in a con-
siderably decreased biological activity (Fig. 1A) [22].

In a first attempt, we synthesized a nitro precursor (see ESI for
details) of the target substance (Fig. 1C) over two steps in good
overall yield (64%). In the following radiosynthesis, no reaction of
the precursor molecule with [18F]fluoride could be observed at
lower temperatures of 80–100 �C. A possible explanation for this
is the high electron density of the aromatic system the nitro leav-
ing group is attached to which is caused by the 2-aminothiazole
ring. Thus, harsher reactions conditions were necessary which
resulted - despite the optimization of several reaction parameters
such as solvent, temperature, base and precursor concentrations
(see ESI for details) - in significant decomposition of the precursor
before a considerable incorporation of [18F]fluoride could be
achieved. As the precursor decomposition occurred faster than
the incorporation of [18F]fluoride, no product could be isolated.

In a second attempt, we synthesized a triazene precursor (see
ESI for details) since the 18F-radiolabeling of electron rich aromatic
Figure 1. General structure of DOG1 activators based on the 4-phenylthiazole-2-amine s
the target 18F-labeled DOG1 radioligand (C).

Scheme 1. Schematic depiction of the reaction pathway towards the radiolabeling
(a) N-bromosuccinimide (1.1 eq., 5.5 mmol), p-toluene sulfonic acid (1.1 eq., 5.5 mmol)
(6 mL + 0.017% TFA), 80 �C, 2 h (79%); (c) 3,4,5-trimethoxybenzoyl chloride (2.0 eq., 2.8
compounds was shown to be feasible at mild reaction tempera-
tures via triazenes [24–26], forming highly reactive diazonium
ion intermediates in situ upon the addition of trifluoromethansul-
fonic acid [27–29]. Although the labeling precursor could be
obtained in four steps in moderate overall yield (19%), this
approach also resulted in the formation of many by-products dur-
ing 18F-labeling and no product formation could be observed using
different labeling conditions (see ESI for details). Another difficulty
using this type of reaction is that the optimization of reaction
parameters is not easy since by-products can readily be formed
with every compound in the reaction mixture, e.g. solvents
[27,28], and considerable amounts of volatile [18F]HF are generated
under the acidic reaction conditions, further decreasing the achiev-
able radiochemical yields.

Thus, we finally decided to change the synthetic strategy to the
copper-catalyzed radiofluorination of aryl boronic acid esters. This
promising radiofluorination pathway is applicable to electron-poor
as well as electron-rich precursor compounds and is known for
its high selectivity and relatively mild reaction conditions for
18F-introduction [30,31].

The target boronic acid pinacol ester (BPin) precursor 3 was
obtained within three steps in good overall yield (37%, Scheme 1).
The synthesis started with the bromination of 4-acetylphenyl-
boronic acid pinacol ester at the alpha position with N-bromosuc-
cinimide. The a-bromoketone 1 was obtained after column
chromatography and subsequent recrystallization in good yield
(67%). The 1H and 13C NMR spectra of the product showed keto-
enol tautomerism and fast deuterium-hydrogen exchange and con-
firmed the identity of 1. a-Bromoketone 1 was then reacted with
N-benzylthiourea in a Hantzsch’ thiazole synthesis, giving 2-
aminothiazole 2 in high yield (79%). The last step of the boronic
acid pinacol ester precursor synthesis was the formation of the
amide bond by condensation of 2-aminothiazole 2 and 3,4,5-
trimethoxybenzoyl chloride, giving the radiolabeling precursor
BPin-DOG1 (3) in good yield (70%) and excellent purity (>97%).
Noteworthy is that the boronic acid ester formed a reversible,
pH-dependent equilibrium with the respective borate complex in
aqueous solution which was observable by analytical HPLC and is
in accordance with earlier observations [32]. The non-radioactive
reference compound [19F]fluoro-DOG1 (5) was obtained in an
caffold (A), structural lead showing high potency in terms of DOG1 binding (B) and

precursor boronic acid pinacol ester (DOG1-BPin, 3). Reagents and conditions:
, MeCN (50 mL), 50 �C, 3 h (67%); (b) N-benzylthiourea (1.0 eq., 2.3 mmol), MeCN
mmol), pyridine (8.0 eq., 11.3 mmol), toluene (10 mL), 110 �C, 8 h (70%).



Scheme 2. Schematic depiction of the reaction pathway towards the cold reference compound F-DOG1, 5). Reagents and conditions: (a) 2-Bromo-1-(4-fluorophenyl)ethan-1-
one (2 mmol), N-benzylthiourea (1.0 eq., 2 mmol), EtOH (8 mL), 80 �C, 30 min (quant.); (b) 3,4,5-trimethoxybenzoyl chloride (4 eq., 1 mmol), pyridine (8 eq., 2 mmol), toluene
(5 mL), 110 �C, 5 h (89%).

Scheme 3. Schematic depiction of the radiosynthesis of 18F-DOG1 ([18F]5).
Reagents and conditions: 3 (11.7 mg, 20 mmol), [18F]KF/K2.2.2 (16.7 mmol), K2C2O4

(6.02 mmol), K2CO3 (0.76 mmol), [Cu(OTf)2(py)4] (13.6 mg, 20 mmol), DMA (400 mL),
120 �C, 20 min, RCY: 34.0 ± 11.1%.
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excellent overall yield (89%) over two steps via Hantzsch’ thiazole
synthesis, first reacting 2-bromo-1-(4-fluorophenyl)ethan-1-one
and N-benzylthiourea followed by the condensation of intermedi-
ate (4) with 3,4,5-trimethoxybenzoyl chloride analogously to the
reaction pathway to the BPin precursor 3 (see ESI for details)
(Scheme 2).

The radiofluorination of 3 (Scheme 3) to product [18F]5 was
performed according to the protocol described by Preshlock and
co-workers for electron-rich compounds [30].

[18F]fluoride was eluted from the QMA cartridge using an opti-
mized 18F-elution cocktail consisting of K2.2.2, potassium carbon-
ate and potassium oxalate in MeCN : H2O (8 : 2, v/v, 1 mL).
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Figure 2. Analytical radio-HPLC chromatograms of the purified radiotracer [18F]5 and of
signal of [18F]5 at 210 nm, blue: UV signal of reference compound 5 at 210 nm. Gradient:
100% MeCN.
Noteworthy, higher amounts of potassium carbonate resulted in
degradation of the copper catalyst during the reaction.

For the 18F-introduction, equimolar amounts of the catalyst
tetrakis(pyridine)copper(II) triflate (20 mmol) and the BPin precur-
sor 3 (20 mmol) were found to be ideal since the catalyst is subject
to decomposition processes under the radiolabeling conditions
applied. As described by Preshlock and co-workers [27], the solvent
plays an important role for this reaction type, an observation
which we were able to confirm. For example, using DMF, a [18F]
fluoride incorporation of only 36% could be achieved, whereas in
DMA, an incorporation rate of 74 ± 8% (n = 10) was found under
otherwise identical reaction conditions.

The product [18F]5 was purified via semipreparative radio-
HPLC, trapped on a C18 cartridge and eluted with 90% ethanol
(containing 0.125 mg/mL ascorbic acid as stabilizing agent). The
ethanolic product solution was diluted with saline to a final EtOH
concentration of <10% (v/v) and the product was obtained in
excellent radiochemical purity (Fig. 2), radiochemical yields of
34.0 ± 11.1% and molar activities of 8.2 ± 3.0 GBq/mmol at the end
of synthesis within 85 min (n = 7).

Thus, although all three reaction pathways towards [18F]5
should be able to generate the product by nucleophilic substitution,
[18F]5 could only by obtained using the BPin precursor approach.

Although the radiosynthesis of [18F]5 proceeded efficiently
under the optimized conditions using the BPin precursor, giving
the product in good RCYs, the achieved molar activity (determined
3 4 5 6

e [min]

the reference compound 5. Black: radioactive signal of [18F]5, red: corresponding UV
0–1 min: 0–30% MeCN, 1–4 min: 30–70% MeCN, 4–5 min: 70–100% MeCN, 5–6 min:
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by analytical radio-HPLC by the area of the obtained UV signal of
the carrier of [18F]5 at 214 nm wavelength and a standard curve
of 5) was rather low. As the semipreparative radio-HPLC purifica-
tion of the product proceeded well, we have no explanation for this
phenomenon.

Next, the stability and lipophilicity of [18F]5 were evaluated.
[18F]5 was demonstrated to be stable in a phosphate buffered solu-
tion (1 mM, pH 7.0–7.4) for 2 h at ambient temperature. In terms of
lipophilicity/hydrophilicity, the distribution coefficient logD
(evaluated in 1-octanol/phosphate buffer (0.05 M, pH 7.4)) was
determined to be 2.51 ± 0.13 (n = 6). In addition to the stability test
performed in the phosphate buffered solution, we also evaluated
the stability of the radioligand in blood sera of different origin. In
human serum, the radiotracer showed excellent stability (>99%)
after 2 h at 37 �C. In contrast, [18F]5 decomposed rather quickly
in murine and rat serum, resulting in only 16.5% and 3.4% intact
tracer after 2 h at 37 �C, respectively (Fig. S1). Due to the high sta-
bility of the radiotracer in human serum, [18F]5 could nevertheless
be interesting for human GIST imaging. The next steps for in vitro
evaluation of the potential of the newly developed radiotracer for
human application in PET imaging could involve molecular model-
ing of the interaction of [18F]5 with DOG1 as well as evaluation of
the binding specificity of the radioligand to the target protein.

Conclusion

Herein, we report the first example of a 18F-labeled small mole-
cule radiotracer intended for the non-invasive PET imaging of
DOG1. This included the organic syntheses of different radiolabel-
ing precursors as well as the development and optimization of the
corresponding 18F-radiosyntheses.

Among the developed and tested approaches (using a nitro, a
triazene and an aryl boronic acid ester as precursors for subse-
quent 18F-radiolabeling), only the aryl boronic acid ester precursor
enabled the efficient one-step incorporation of 18F, thus
demonstrating the superiority of this pathway for nucleophilic
18F-radiolabeling of electron-rich precursor molecules over other,
more common approaches.
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