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ABSTRACT In an effort to develop potent, orally bioavailable compounds for the
treatment of neoplastic diseases, we developed a class of dual VEGFR-2 kinase and
tubulin inhibitors. Targeting the VEGFR receptor kinase and tubulin structure
allows for inhibition of both tumor cells and tumor vasculature. Previously, a
combination of two compounds, a VEGF receptor tyrosine kinase inhibitor and
tubulin agent, was demonstrated to produce an enhanced antitumor response in
animal studies. We have reaffirmed their results, with the added benefit that both
activities are found in one compound.
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Acomplex disease such as cancer requires an arsenal of
therapies to help combat and stabilize its advance-
ment. One approach is to target the tumor directly,

employing chemotherapeutic agents and microtubule inhi-
bitors to kill tumor cells that are actively dividing. Taxanes
and Vinca drugs, which have been used successfully in the
clinic as antimitotic agents because of their action on
microtubules, are representative of this approach. It is well
documented that microtubules are crucial for the mainte-
nance of cell shape, vesicle and protein trafficking, for cell
signaling, and in forming the mitotic spindle used in cell
division.1 The predominant mode of action of microtubule
inhibitors is disruption of mitotic spindle formation during
cell division in rapidly dividing tumor cells, leading tomitotic
arrest and subsequent apoptosis.2

An alternative treatment in cancer is the use of antiangio-
genic drugs such as bevacizumab. Angiogenesis occurs in
response to cues from the tumor, inducing the formation of
blood vessels from the surrounding vasculature to deliver
nutrients to the tumor. Vascular endothelial growth factor
(VEGF) is considered the predominant growth factor required
for angiogenesis by invading endothelial cells. VEGF binding to
the receptor tyrosine kinase VEGFR-2, located on the surface of
endothelial cells, induces trans-phosphorylation and dimeriza-
tion of the receptor.3 This results in increased migration and
proliferation of endothelial cells as well as enhanced perme-
ability of the surrounding vasculature. Inhibiting the kinase
activityofVEGFR-2or blockingVEGFbinding to its receptor has
become an effective approach in treating cancer.

Combining a drug that inhibits tubulin with another agent
that has antiangiogenic properties results in a synergistic effect
on tumor growth inhibition.4,5We attempted to combine these
two activities into one compoundbymodifying oxadiazole and
triazole derivatives that we have previously shown potently

inhibit tubulin polymerization, with anti-VEGFR2 activity6,7

(Figure 1). Herein, we report a proof-of-concept study using
an oxadiazole inhibitor of both tubulin andVEGFR-2 that iswell
tolerated and has antitumor efficacy in mice.

In addition to optimizing a 3-amino-1,2,4-triazole/3-1,2,4-
aminooxadiazole series for tubulin inhibition,6,7 we submitted
a patent application with examples of bis-aryl-substituted thia-
zoles/oxadiazoles of type 1 (Figure 1) as VEGFR-2 inhibitors.8

Thisworkdemonstrated thata trifluoromethyl group in themeta
position in compound 1 or benzo[1,3]dioxol-5-yl functionality in
triazole 4 results in an inhibitory activity in the VEGFR-2 enzy-
matic assay (Table 1). Moreover, triazole 1 along with several
other analogues (not shown) exhibited VEGFR-2 activity around
1 μM in the cellular phosphorylation assay. We have previously
established that the presence of a hydrogen bond acceptor
in proximity to pyridyl nitrogen of compound 1 is required
for kinase activity.9,10 Conversely, substitution of an alternative
heterocyclic group for the pyridin-4-yl binding element (2) leads

Figure 1. Structures of lead compounds 1 and 17.
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to a complete loss of VEGFR-2 activity. Finally, we demonstrated
that the triazole core could be substituted with an oxadiazole
group (3) without loss of function.

Noting some similarity between the tubulin inhibitors6,7

and the VEGFR-2 inhibitors,8 all triazole and oxadiazole ana-
logues that were produced as angiogenesis inhibitors were
screened in a tubulin polymerization assay. The effort re-
sulted in the identification of compound 5 with dual activity
in tubulin polymerization and VEGFR-2 enzymatic assays.
However, this hit lacked cellular potency in both VEGFR-2
cellular and tubulin G2M block assays. Nevertheless, this
observation and the structural similarity of triazoles 1-5
with tubulin active scaffolds that we had identified6,7 led us
to believe that we could incorporate both activities into the
triazole/oxadiazole motif.

A variety of chemical entities that contained an oxadiazole
group attached to benzene or pyridyl rings with an adjacent
substituted amino functionality were prepared and tested for
kinase and tubulin inhibitory activity (Table 2). The analogues
demonstrated nanomolar inhibitory potency toward VEGFR-2
in both enzymatic and cellular phosphorylation assays. The
sameanaloguesexhibitednanomolaractivity in tubulin cellular
G2M block assay. The trifluoromethyl group on the phenyl
moiety that had previously provided us with VEGFR-2 activity
(Table 1) resulted in a loss of tubulin potency in both tubulin
polymerization and G2M block assays. Therefore, we focused
on the benzo[1,3]dioxol-5-yl (piperonyl) group of analogue 4
since we had described the tubulin activity of piperonyl-
containing compounds in our earlier work on tubulin active
scaffolds.6,7We reasoned that the addition of a 4-pyridyl group,
a common element of multiple VEGFR-2 active classes,8-10

would lend VEGFR-2 activity to our compounds. This was sup-
ported by the VEGFR-2 enzymatic activity of piperonyl analo-
gues 6-8, our first attempt at incorporating both VEGFR-2 and
tubulin elements into a single molecule. The minor difference
in VEGFR-2 and tubulin potencies between central pyridyl ring
compound 6 and its correspondent benzene ring analogue 7
allowed us to focus on more synthetically accessible oxadia-
zoles with a 2-amino-pyridyl core. As it was demonstrated in

multiple publications on VEGFR-2 kinase inhibitors,8-10 the
repositioningofpyridylnitrogen into themetaororthopositions
leads to the complete or partial loss of activity (9 and 10).
The piperonyl group has a hydrogen bond-accepting moiety,
which canoften serveas a substituent for 4-pyridyl group.9,11-13

However, the presence of groups without a para-oriented nitro-
gen atom proved to be insufficient in achieving VEGFR-2 inhi-
bitory activity (11). An attempt to extend the basic nitrogen
atomchain length (12 and13) also did not improveVEGFR-2 or
tubulin activities.

A breakthrough in our effort to introduce both VEGFR-2
kinase and tubulin activities simultaneously came from a
substitution of the benzo[1,3]dioxol-5-yl functionality with
the closely related 2,3-dihydro-benzo[1,4]dioxin-6-yl group
(Table 2). This group was shown to improve tubulin proper-
ties.6,7 We incorporated a VEGFR-2-specific 4-pyridyl function-
ality into this new oxadiazole 2,3-dihydro-benzo[1,4]dioxin-6-yl
scaffold by preparing analogues 14 and 17. Analogue 14 was
the first compound that combined appreciable tubulin and
kinase cellular activities. VEGFR-2 cellular potency was further
improved to submicromolar levels by substituting a pyr-
idine central core for the benzene ring. Structure-activity
relationship trends similar to the benzo[1,3]dioxol-5-yl
subseries were also observedwithin the 2,3-dihydro-benzo-
[1,4]dioxin-6-yl subclass (compare 9-13 to 14, 16, and
18-20, respectively). Heterocyclic groups other than the
4-pyridyl moiety likewise showed dual kinase/tubulin acti-
vity within the 2,3-dihydro-benzo[1,4]dioxin-6-yl subclass
(imidazolyl 21 and quinolinyl 23).

As previously stated, our synthetic efforts to combine kinase
and tubulinactivities startedwith several triazole leads inTable1.
However, our attempt to reproduce a dual profile of oxadiazole
17with thecorresponding triazoleanalogue24 (Table3) failed to
display VEGFR-2 cellular potency. Additionally, triazole analo-
gues inTable3 showednoVEGFR-2 cellular activity including the
quinolinyl compound 28.

Lead compounds 14, 17, and 23were demonstrated to have
little activity, other than against VEGFR-2, in a panel of tyrosine
and serine/threonine kinases (see the Supporting Information).

Table 1. Cross-Reactivity Profile of the Initial VEGFR-2 Lead Class

compd R1 R2 X ITPa IC50 (μM)
G2/M blockb

EC50 (μM)
VEFGR-2 enzyme

IC50 (μM)
VEGFR-2 cell
IC50 (μM)

1 3-trifluoromethyl pyridin-4-yl NH >10 >10 1.1(0.14 1.0(0.19

2 3-trifluoromethyl pyrazol-4-yl NH >10 >10 >10 >10

3 3-trifluoromethyl pyridin-4-yl O >10 >10 2.5(0.14 >10

4 benzo[1,3]dioxol-5-yl pyridin-4-yl NH >10 >10 2.3(0.06 >10

5 4-methylsulfonyl 1,4-dioxan-2-yl NH 6.6(0.07 >10 4.5(0.14 >10
aCompound concentration required for 50% inhibition ofmaximum tubulin assembly. bCompound concentration required for 50%of A431 cells to

accumulate at the G2/M phase of the cell cycle.
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Even the close family member VEGFR-1 had an IC50 10-fold
higher than VEGFR-2. In addition, compounds 17 and 23 were
screened against several kinases known to affect G2M transition,
to rule out that the cell cycle arrest seen was due to kinase-
inhibiting effects rather than tubulin destabilization. There was
limited inhibitionof cell cycle dependent kinasesCDK1,AuroraA

and PLK1. Inhibition of kinase activity was in the micromolar
range, far greater than the nanomolar quantities required in our
G2Mblockassay. Therefore, cell cycle arrest ismostprobablydue
to compounds 17 and 23 inhibiting tubulin polymerization.

Drug plasma levels in mice were determined using rapid
assessment of compound exposure (RACE). Adose of 60mg/kg

Table 3. Cross-Reactivity Profile of Triazole Series

compd R1 R2 ITPa IC50 (μM)
G2/M blockb

EC50 (μM)
VEFGR-2 enzyme

IC50 (μM)
VEGFR-2 cell
IC50 (μM)

24 2,3-dihydro-benzo[1,4]dioxin-6-yl pyridin-4-yl 8.1(0.07 0.049(0.028 5.1(0.17 >10

25 2,3-dihydro-benzo[1,4]dioxin-6-yl pyridin-3-yl >10 >10 3.2(0.05 2.8(0.25

26 2,3-dihydro-benzo[1,4]dioxin-6-yl imidazol-5-yl >10 >10 4.6(0.13 >10

27 2,3-dihydro-benzo[1,4]dioxin-6-yl indazol-5-yl >10 >10 3.1(0.06 7.3(0.21

28 2,3-dihydro-benzo[1,4]dioxin-6-yl quinoline-6-yl 0.07 >10 0.15 >10
aCompound concentration required for 50% inhibition ofmaximum tubulin assembly. bCompound concentration required for 50%of A431 cells to

accumulate at the G2M phase of the cell cycle.

Table 2. Cross-Reactivity Profile of Oxadiazole Series

compd R1 R2 Y ITPa IC50 (μM)
G2/M blockb

EC50 (μM)
VEFGR-2 enzyme

IC50 (μM)
VEGFR-2 cell
IC50 (μM)

6 benzo[1,3]dioxol-5-yl pyridin-4-yl N 1.0(0.15 0.020(0.003 1.89(0.13 >10

7 benzo[1,3]dioxol-5-yl pyridin-4-yl CH 0.69(0.01 0.62(0.03 0.83(0.07 >10

8 2,2-difluoro-benzo[1,3]dioxol-5-yl pyridin-4-yl N 3.9(0.28 >10 3.16(0.22 >10

9 benzo[1,3]dioxol-5-yl pyridin-3-yl N 8.8(0.7 0.031(0.001 >10 >10

10 benzo[1,3]dioxol-5-yl pyridin-2-yl N 1.7(0.20 0.049(0.01 >10 >10

11 benzo[1,3]dioxol-5-yl benzo[1,3]dioxol-5-yl N 2.5( 0.4 0.52(0.09 >10 >10

12 benzo[1,3]dioxol-5-yl 2-(pyridin-3-yl) ethyl N 1.7(0.02 >10 3.41(0.09 >10

13 benzo[1,3]dioxol-5-yl 2-(pyridin-4-yl) ethyl N >10 >10 >10 >10

14 2,3-dihydro-benzo[1,4]dioxin-6-yl pyridin-4-yl N 0.5(0.01 0.018(0.0024 0.17(0.03 1.0(0.05

15 2,3-dihydro-benzo[1,4]dioxin-6-yl pyridin-3-yl N 0.70(0.03 0.013(0.002 >10 >10

16 2,3-dihydro-benzo[1,4]dioxin-6-yl pyridin-2-yl N 1.9(0.11 0.016(0.001 >10 >10

17 2,3-dihydro-benzo[1,4]dioxin-6-yl pyridin-4-yl CH 1.09(0.13 0.009(0.002 0.21(0.001 0.11(0.02

18 2,3-dihydro-benzo[1,4]dioxin-6-yl benzo[1,3]dioxol-5-yl N 0.71(0.11 0.018(0.002 2.6(0.1 >10

19 2,3-dihydro-benzo[1,4]dioxin-6-yl 2-(pyridin-3-yl) ethyl N >10 >10 >10 >10

20 2,3-dihydro-benzo[1,4]dioxin-6-yl 2-(pyridin-4-yl) ethyl N >10 >10 >10 >10

21 2,3-dihydro-benzo[1,4]dioxin-6-yl imidazol-5-yl N 1.5(0.15 0.01(0.017 0.16(0.02 0.83(0.04

22 2,3-dihydro-benzo[1,4]dioxin-6-yl indazol-5-yl N 1.25(0.07 0.034(0.001 1.4(0.3 >10

23 2,3-dihydro-benzo[1,4]dioxin-6-yl quinoline-6-yl N 1.45(0.11 0.018(0.002 0.30(0.02 0.22(0.04
aCompound concentration required for 50% inhibition ofmaximum tubulin assembly. bCompound concentration required for 50%of A431 cells to

accumulate at the G2M phase of the cell cycle.
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of either compound 17 or 23 was injected via interperitoneal
route (ip)oradministredorally (see theSupporting Information).
Exposureofcompound23 inmouseserawas substantially lower
than that seenwith compound 17. Thus, we decided to focus on
compound 17 because of its better exposure in mice and its
potential use as an oral drug. Compound 17 was well tolerated
up to 100 mg/kg in MTD studies when dosed once a week,
similar toother tubulindrugs (datanot shown).14Noneuropathy
or white blood cell depletion was seen at 100mg/kg, in marked
contrast to Taxanes. Compound 17was administered viamouth
to animals implanted with the human breast cancer cells MDA-
MB435LM2 to access its affect on tumor growth (Figure 2 and
Table 4). As compared to Paclitaxel, compound 17 demon-
strated excellent efficacy by keeping tumors stable throughout
treatment. On the other hand, Paclitaxel showed little efficacy
and high toxicity, with animals becoming moribund by day 26,
thus requiring termination of the study. Even though animals in
the Paclitaxel arm did not exhibit weight loss (Table 4), an
indicator of health, they had severely distended stomachs and
enlarged and inflamed intestines at the time of necropsy.
Animals treated with compound 17 on the other hand had no
visible signs of discomfort or abnormal pathology.

Compound 17 in this study has been shown to be a well-
tolerated and efficacious molecule. In addition, it can be
administered orally, an advantage over many drugs pre-
viously used as tubulin inhibitors. Therefore, dual inhibition
of VEGFR-2 and tubulin represents a potential and improved
new therapy for human cancer.

SUPPORTING INFORMATION AVAILABLE Experimental
details and analytical data for listed compounds. This material is
available free of charge via the Internet at http://pubs.acs.org.
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