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Abstract

Adenosine monophosphate-activated kinase (AMPK) plays a central role in regulating energy
homeostasis in eukaryotic cells. AMPK also regulates lipid synthesis by inhibiting acetyl-CoA
carboxylase (ACC) and regulates mTOR signaling by activating TSC2. Due to its important roles
in cell metabolism, AMPK is an attractive target for metabolic diseases, such as type Il diabetes
and obesity. AMPK activators, such as metformin, that are used for diabetes treatment are also
effective anticancer agents. However, the efficacies of many known AMPK activators are
relatively low. For example, metformin activates AMPK at millimolar levels. In this study, we
identified a novel family of AMPK activators, namely fluorinated N,N’-diarylureas, that activate
AMPK at 1-3uM concentrations. These novel agents strongly inhibit the proliferation of colon
cancer cells. We studied the potential mechanisms of these agents, performed a structure-activity
relationship (SAR) study and identified several fluorinated N,N’- diarylureas as potent AMPK
activators.

Adenosine monophosphate-activated kinase (AMPK) plays a dominant role in cell
maintenance and cell cycle progression as a central part of the mechanism for regulating
energy homeostasis™*. Neoplastic tissues make effective use of this system to sustain
unregulated growth, and the development of “small molecule” AMPK activators, which

interdict this activation process either directly or indirectly, represents a potential target for

cancer therapeutics as well as the treatment of diabetes and obesityl:24. Among these
diverse AMPK activators are nucleosides such 5-amino-1-p-Dribofuranosyl- imidazole-4-
carboxamide (AICAR), its phosphorylated analog ZMP, drugs such as metformin, and a
number of other drug candidates3-5.

Our search for activators of AMPK began with a high-throughput screen that identified

several N,N’-diarylureas that structurally resembled the multikinase inhibitors, regorafenib

(1) and sorafenib (2) (Fig. 1). Regorafenib (1) and sorafenib (2) are approved for the
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treatment of colon cancer, renal cancer and advanced liver cancer® . The leading compound
from our screening efforts was 1-(3,5-dichlorophenyl)-3-(4-(trifluoromethylthio)phenyl)urea
(3), hereinafter designated as urea-3,4-diCl (3) (Fig. 1). We sought to develop more potent
analogs than urea-3,4-diCl (3) that would promote AMPK activation and prove suitable for
cancer treatment. We also wanted to delineate whether this lead compound possessed
activity different from those reported for other N,N’-diarylureas used for cancer treatment®.
As a first step, we explored structure-activity studies within this series with a focus
exclusively on the potential for these compounds to serve as antineoplastic agents, and we
report here that only fluorinated or chlorinated N,N’-diarylureas having general structure (4)
(Fig. 1) possessed the desired activity and surprisingly, behaved differently from several
other N,N’-diarylureas, including the multikinase inhibitor, sorafenib (2).

Since sorafenib (2) is a multi-kinase inhibitor’, we began by treating LS174T colon cancer
cells with urea-3,4-diCl (3) and analyzed its effect on several key substrates of cancer-
related kinases. We found that the phosphorylation of p70S6K was depressed (Fig. 2A),
suggesting that urea-3,4-diCl (3) inhibited p70S6K activity. As a result, the phosphorylation
of S6, a substrate of p70S6K3, was decreased (Fig. 2A). Sorafenib (2) has similar effects on
p70S6K and S6 (Fig. 2A). Since AKT regulates mTOR signaling and p70S6K activity,3 we
analyzed AKT activation using anti-Phospho-AKT (Ser473). Surprisingly, neither urea-3,4-
diCl (3) nor sorafenib (2) had significantly effects on AKT activation at 3uM.

To test if urea-3,4-diCl (3) inhibits mTOR signaling by activating AMPK, we treated
LS174T cells with urea-3,4-diCl (3) at 3uM and analyzed AMPK activation by Western
blotting with anti-Phospho-AMPKa (Thr172). The cellular levels of AMPK were analyzed
as a control. We found that urea-3,4-diCl (3) had no effect on overall AMPK levels, but at
1-3uM concentrations, urea-3,4-diCl (3) significantly increased the amount of
phosphorylated AMPK (Fig. 2A), suggesting that urea-3,4-diCl (3) was a promising AMPK
activator. Interestingly, although sorafenib (2) has a similar structure to urea-3,4-diCl (3),
sorafenib had no effect on AMPK phosphorylation at similar concentrations (Fig. 2A). Since
AMPK activation and mTOR inhibition contribute to cancer inhibition3, we tested urea-3,4-
diCl (3) and its analog, urea 4z (Table 1) using cell proliferation assays (Fig. 2B and 2C).
We found that urea-3,4-diCl (3) and urea 4z significantly inhibited the growth of multiple
human cancer cell lines, including colon cancer cell lines LS174T and SW480 (Fig 2B and
2C). Metformin, which is a known activator of AMPK used for diabetes treatment and
cancer prevention, activates AMPK at millimolar levels®. These data suggested that N,N’-
diarylureas, such as urea-3,4-diCl (3) and its analogs (4), represent a novel family of AMPK
activators that warranted further study.

The addition of suitably functionalized anilines to aryl isocyanates secured an array of
functionalized ureas possessing a spectrum of electron-withdrawing and donating groups.
Among the several hundred compounds surveyed in this study, only the halogenated N,N’-
diarylureas possessed activity comparable to or better than that of the lead compound,
urea-3,4-diCl (3) in AMPK activation (Table 1). Specifically, halogenated N,N’-diarylureas
were potent AMPK activators if they possessed one aryl ring bearing a 4’-trifluoromethoxy
group (4’-CF30), a 3’-trifluoromethylthio group (3’-CF3S), a 4’-trifluoromethyl group (4’-
CF3), or preferably, a 4’-trifluoromethylthio group (4’-CF3S) and if they possessed a second
aryl ring bearing various chlorine or fluorine substituents. With respect to the first aryl ring,
substitutions with groups other than the four that are listed above led to inactive compounds
(data not shown). With respect to the second aryl ring bearing the two chlorine groups in
urea-3,4-diCl (3), the introduction of heteroaryl or polycyclic aryl rings; replacement of the
chlorine substituents with electron-withdrawing cyano or carboxylate groups (with few
exceptions); introduction of bromine or iodine as the halogen substituents; and
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modifications, such as N-alkylation, of the urea functional group in urea-3,4-diCl (3) also
led to inactive compounds (data not shown).

Replacing the 4’-trifluoromethylthio group in urea-3,4-diCl (3) with a 4’- trifluoromethoxy
group (4’-CF30), a 3’-trifluoromethylthio group (3’-CF3S), or a 4’- trifluoromethyl group
(4’-CF3) led to the active compounds summarized in Table 1. To facilitate comparisons, we
report the AMPK activation ratios of various N,N’-diarylureas (4) (Fig. 1) relative to the
original lead compound, urea-3,4-diClI (3). In the series in which the first aryl ring bears a 4-
trifluoromethoxy group (4’-CF30) in place of the 4’-trifluoromethylthio group found in
urea-3,4-diCl (3), the N,N’-diarylureas (4) with either a 4-trifluoromethyl group (4a) or a 3-
chloro-4-trifluoromethylthio group (4b) in the second aryl ring possessed activity
approximately twice that of urea-3,4-diCl (3) (Table 1). Unlike other series, the inclusion of
additional halogen substituents, as found in N,N’-diarylureas 4c-4g, only produced
compounds with activity comparable to urea-3,4-diCl (3), and the inclusion of non-halogen
substituents led to inactive compounds. In the series in which the first aryl ring bears a 3’-
trifluoromethylthio group (3’-CF3S) in place of the 4’-trifluoromethylthio group in urea-3,4-
diCl (3), the N,N’-diarylureas (4) with either a 4-trifluoromethyl substituent (4h), 3,5-fluoro
substituents (4i), or 3,5-dichloro substituents (4j) possessed activity approximately twice
that of the lead compound, urea-3,4-diCl (3). In the series in which the first aryl ring bears a
4’-trifluoromethyl group (4°- CF3) in place of the 4’-trifluoromethylthio group in urea-3,4-
diCl (3), only one N,N’-diarylurea with 3,4,5-trifluoro substituents, namely (4k), possessed
activity four times that of the lead compound, urea-3,4-diCl (3). Unfortunately, other
modifications of this platform failed to produce active compounds. In summary, in three of
the four modifications of the first aryl ring in urea-3,4-diCl (3), only a limited number of
compounds emerged as equipotent or slightly more potent analogs of the lead compound,
despite explorations designed to uncover activity in N,N’-diarylureas (4) in which the
second aryl ring would have different electron-withdrawing groups than halogens or
combinations of electron-withdrawing and donating groups.

These findings led us to focus on modifications of the urea-3,4-diCl (3) in which the first
aryl ring bearing the 4’-trifluoromethylthio group (4’-CF3S) was retained and the second
aryl ring was altered. These N,N’-diaryl ureas (4) (Table 1) provided an interesting series of
active compounds and the following structure-activity relationships. Eliminating one of the
chlorines in the urea-3,4-diCl (3) reduced activity as seen in various monosubstituted
analogs (41-40). Only modest improvement in activity was seen by relocating the 3,4-
dichloro substituents in urea-3,4-diCl (3) to other positions such as the 3,5-dichloro urea
(4p); substituting other halogens for the chloro substituents in urea- 3,4-diCI (3) as in the
3,4-difluoro urea (4q) and the 3,5-difluoro urea (4r); replacing one of the two chlorines in
urea-3,4-diCl (3) with a fluorine as in the 3-chloro-4-fluoro urea (4s) and the 3-chloro-2-
fluoro urea (4t); or replacing one of the chloro substituents in urea-3,4-diCl (3) with a
trifluromethyl group as in the 3-trifluoromethyl-4-chloro urea (4u) or 3-trifluoromethyl-4-
fluoro urea (4v). The introduction of cyano groups in the 3- cyano-4-fluoro urea (4w) or
additional trifluoromethylthio groups as in the 4-trifluoromethylthio-3-chloro urea (4x)
produced compounds only comparable in activity to the lead compound. Finally, the
inclusion of additional halogens beyond the two chlorines in urea-3,4-diCl (3) produced
compounds either comparable to or slightly more active than 3 as in the 2,4,5-trifluoro urea
(4y), 3,4,5-trifluoro urea (4z), 3,4,5-trichloro urea (4aa), or the 2,3,4,5-tetrafluoro urea
(4bb). In conclusion, halogenated N,N’- diarylureas activate AMPK at concentrations in the
1-3 pM range, well below that of other known AMPK activators, such as metformin.
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Figure 1. N,N-Diarylurea structures: regorafenib (1), sorafenib (2), urea-3,4-diCl (3), and N,N’-

diarylurea analogs (4)
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Figure 2. N,N-Diarylureasinhibit mTOR and the proliferation of colon cancer cells

A. Effects of urea-3,4-diCl (3) and sorafenib (2) on activities of AKT, AMPK and p70S6K.
B and C. Effects of N,N-diarylureas (3) and (4z) on colon cancer cell growth.

D. N,N-Diarylureas inhibit cancer growth by distinct mechanisms.
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