


















Microtubules also make up the mitotic spindle and use
the dynamic properties for chromosome segregation dur-
ing mitosis (Kline-Smith and Walczak, 2004). Therefore,
tubulin-targeting agents also interfere with the formation
and organization of mitotic spindles (Weiderhold et al., 2006;
Rai et al., 2012; Rohena et al., 2016; Sakchaisri et al., 2017).
We investigated the effects of DJ95 in a concentration-
dependent manner compared with untreated control cells
(Fig. 3B). While control cells exhibited normal, bilateral
spindle formation extruding from centrosomes, DJ95 treat-
ment led to aberrant spindle development as evidenced by
multipolar and disorganized spindle morphology. These
abnormalities were exacerbated with increasing drug
concentrations. This is further proof that DJ95 inhibits

the progression of mitosis by interfering with microtubule
dynamics.
X-Ray Crystallography Confirms that DJ95 Occupies

the Colchicine Binding Site. We determined the crystal
structure of the T2R-TTL complex bound with compound
DJ95 at 2.4 Å resolution (Fig. 4A), and the coordinates and
structure factors have been deposited in the Protein Data
Bank with the PDB ID: 6NNG. The refinement statistics and
overall geometric parameters confirm that the structure
quality is excellent; this information, together with the data
collection parameters, is presented in Table 4. DJ95 binds
at the interface of the a/b-tubulin heterodimer and occupies
the same locale as colchicine in the b-tubulin protomer (PDB
ID: 4O2B) directly opposite the GTP that binds within the

Fig. 4. The Crystal structure of the T2R-TTL-DJ95 complex. (A) Quaternary structure of the T2R-TTL-DJ95 complex showing the arrangement of the
protein components, the bound nucleotides, and the bound DJ95. Note that DJ95 only occupies one of the available a/b-tubulin interfaces. (B) Close-up
view of the bound DJ95 (yellow carbons) and its interactions with surrounding residues from b-tubulin (cyan). Note the hydrogen bond to the backbone
carbonyl oxygen of a-tubulin Thr179 (green) across the a/b interface. (C) Close-up view of the superimposed DJ95 complex and the colchicine complex
(PDB ID: 4O2B, gray). Note that DJ95 is slightly more extended than colchicine. (D) Close-up view of the curved DJ95 complex superimposed on the
straight Taxol complex (PDB ID: 1JFF, wheat). The red arrows indicate the extent of movement of b-tubulin with respect to a-tubulin upon the binding of
DJ95. Note that the binding of DJ95 is not compatible with the straight complex.
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a-tubulin. Unlike colchicine that binds both available a/b
interfaces in the T2R-TTL complex, DJ95 only binds to the
interface proximal to the TTL subunit. DJ95 is slightly more
extended than colchicine, and it appears that the single
occupancy is not biologically relevant but rather the result of
small conformational changes in the assembly that cannot
easily be accommodated by the packing within the crystal
lattice. The 3-methoxyphenyl group of DJ95 occupies a deep
pocket that is lined with residues Tyr200, Val236, Cys239,
Leu240, Leu250, Leu253, Ala314, Ile316, Ala352, and Ile368
(Fig. 4B). The central imidazopyridine ring and the distal
indole ring are linearly connected and flanked on one side by
residues from the short a-helix b-H8, specifically Lys252,
Leu253, Asn256, and Met257, and residues Lys350 and
Leu246 on the other side. The DJ95 binding interactions are
almost exclusively van der Waals in nature but there are
several specific interactions (Fig. 4B). The central imidazo-
pyridine ring forms two hydrogen bonds: a nitrogen atomwith
the main chain amide of Asp249 and an NH group with the
main chain carbonyl oxygen of Thr179 of a-tubulin across the
interface. The 3-methoxyphenyl moiety has three interac-
tions; the central methoxy group interacts via a water
molecule with the main chain NH of Cys239, and the side
chains of Leu253 and Cys239 make flanking p-H interactions
with the phenyl ring.
Comparison with the colchicine complex reveals that the

binding interactions are very similar, with most of the
residues described previously in equivalent conformations
(Fig. 4C). There are two noticeable differences. First, the
equivalent 3-methoxyphenyl moiety of colchicine does not
penetrate the pocket as deeply (by some 2.5 Å), which
precludes the water-mediated hydrogen bond to the central
methoxy group. Second, in the unliganded (PDB ID: 4I55) and

colchicine-liganded T2R-TTL complexes, the side chain of
Lys350 is extended and interacts across the a/b interface with
Ser178 and Thr179, respectively, in the flexible a-T5 loop of
a-tubulin. However, in the DJ95 complex steric interference
with the distal indole ring and favorable van der Waals
interactions with the molecule cause Lys350 to swing around,
which in turn allows Thr179 to form the main chain hydrogen
bond described previously. Finally, in a similar fashion to
colchicine, the binding of DJ95 elicits substantial conforma-
tional changes at the a/b interface, including within loops
b-T7 of b-tubulin and a-Τ5 of a-tubulin (Fig. 4D). These are
incompatible with the straight structure of the tubulin
filament (PDB ID: 1JFF), and therefore is consistent with
DJ95 acting as a destabilizer of filament formation. The
electron density map is demonstrated in Supplemental Fig. 5.
DJ95 Shows Lower Binding Affinity to Tubulin than

that of Colchicine and CA-4. To quantitatively determine
the binding affinity of DJ95 with tubulin protein, we
performed surface plasmon resonance experiments using
the Biacore T200 system (GE Healthcare Life Sciences). A
CM5 sensor chip with glucan on the surface was used to
immobilize tubulin. DJ95, colchicine, or CA-4 was injected
over the sensor chip surface for binding detection. As de-
termined by a 1:1 kinetics fitting model, the equilibrium
dissociation constant Kd values of DJ95, colchicine, and CA-4
were 59.4, 5.7 and 7.7 mM, respectively (Fig. 5). These data
reveal that DJ95 has approximately 10-fold lower binding
affinity than colchicine and CA-4, and further modifications
will be required to increase the affinity to tubulin and avoid
potential binding to additional molecular targets.
DJ95 Has Negligible Interactions with 44 Physiolog-

ically Important Targets. Prior to in vivo studies, we
wanted to determine if DJ95 would exhibit a relatively safe
profile based on interactions with off-targets and predict if
there would be any potentially detrimental clinical effects.
In vitro pharmacological profiling involves screening the
compound of interest against a wide range of targets such as
receptors, ion channels, transporters, and enzymes other than
the intended therapeutic target to identify specific interac-
tions that may elicit adverse drug-related side effects (Bowes
et al., 2012). Here, DJ95 was evaluated in binding and enzyme
uptake assays performed by Eurofins Cerep Panlabs. DJ95
demonstrated minimal specific binding inhibition or stimula-
tion against 37 radioactive labeled ligand targets (Fig. 6A).
Additionally, DJ95 did not induce significant alterations in
enzyme function for COX1, COX2, PDE3A, PDE4D2, Lck
kinase, or ACHE (Fig. 6B). Results showing inhibition or
stimulation higher than 50% were considered significant for
the test compounds, none of which were observed at any of
the targets studied in this screening. Specific binding assay
targets and enzyme-based assays, along with the correspond-
ing reference compound, are summarized in Supplemental
Table 4.
DJ95 Pharmacokinetics and Antitumor Activity

In Vivo. Based on the preliminary in vitro data suggesting
that DJ95 is potently active against melanoma cell lines and
minimally interferes with off-targets, we sought to test the
activity of DJ95 in vivo.We determined that concentrations up
to 30 mg/kg administered by intraperitoneal injection daily
were well tolerated for at least 5 days in nude mice; however,
additional treatments caused a decrease in mouse weight and
decline in behavioral activity. Therefore, we scaled back the

TABLE 4
X-ray data collection and refinement statistics Tubulin-RB3_SLD-TTL
complex bound with DJ95 (PDB ID: 6NNG). Values in parentheses
indicate the highest-resolution shell.

Data Collection Value

Space group P212121
Cell dimensions

a, b, c (Å) 105.42, 157.98, 182.84
a, b, g (°) 90, 90, 90
Resolution (Å) 50–2.4 (2.44–2.4)
Rmeas 0.092 (0.922)
I/s(I) 20.89 (2.14)
Completeness (%) 99.2 (99.5)
Redundancy 6.6 (6.4)

Refinement
Resolution (Å) 48.25–2.4 (2.48–2.4)
Number of reflections 117,909 (10,915)
Rwork/Rfree 0.1866/0.2253
Number of atoms 17,724
Protein 16,956
Ligand/ion 215
Water 553

B factors
Protein 49.92
Ligand/ion 52.57
Water 43.07

Root-mean-square deviations
Bond lengths (Å) 0.008
Bond angles (°) 1.05

Ramachandran Plot
Favored (%) 98.04
Allowed (%) 1.91
Outliers (%) 0.05
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dose to one-half of that (15mg/kg) for the pharmacokinetic and
xenograft study. To determine if DJ95 could reach therapeu-
tically relevant biologic concentrations at doses of 15 mg/kg,
we collected blood samples from 15 minutes to 24 hours
following intraperitoneal injection of the drug and analyzed
the plasma concentrations by liquid chromatography mass
spectrometrymethods. TheCmax value for DJ95was 13.65mM
and the detected concentrations stayed above 13 mM for at
least 1.5 hours in mouse plasma (Fig. 7A). While the concen-
tration of DJ95 gradually decline over the course of the
24 hours when samples were collected, there was still an
average of 126.5 nM at 12 hours and 8.1 nM at 24 hours. These
data, along with the area under the concentration-time
profile curve (50,500 hour*nM), suggest acceptable exposure
for DJ95 over the course of a day. We also determined
additional pharmacokinetic parameters including the half-
life (3.28 hours), volume of distribution (3.51 l/kg), and

clearance (0.744 l/h per kilogram). We reasoned that these
results supported a dosing regimen of five treatments per week,
allowing for two recovery days to avoid accumulating toxicities.
To test the anticancer efficacy of DJ95 in vivo, xenografts were
established by subcutaneous inoculation of A375 cells, and
treatment began after viable tumors developed. Groups were
dosed by intraperitoneal injection with either 15 mg/kg treat-
ments of DJ95 or vehicle solution only. After 2weeks and a total
of 10 treatments, tumor growth for the DJ95-treated group was
significantly inhibited compared with the control group, with a
tumor growth inhibition of 61.4% (Fig. 7B). A student’s t test
gave an overall P value of 0.0081 based on the final percentage
change and 0.0382 based on the final tumor volume (Fig. 7C),
compared with the control group. Animal behavior and mouse
body weights were measured and recorded throughout the
course of the experiment to assess for acute toxicities, andmajor
deviations were not observed (Fig. 7D). At the end of the study,

Fig. 5. Biacore surface plasmon resonance kinetic analyses of DJ95, colchicine, and CA-4 interacting with tubulin. Binding kinetics of DJ95 (32, 16, 8, 4,
and 2 mM), Colchicine (20, 10, 5, 2.5, and 1.25 mM), and CA-4 (20, 10, 5, 2.5, and 1.25 mM) to tubulin (17,000 Resonance Units) determined by surface
plasmon resonance technology. The calculated equilibrium dissociation constant Kd values for DJ95, colchicine, and CA-4 are 59.4, 5.7, and 7.7 mM,
respectively.
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tumors were resected and weighed, and there was a signifi-
cant decrease in tumor weight for the DJ95 group (P5 0.0406)
(Fig. 7E). This in vivo study demonstrates the antitumor
efficacy of DJ95 in a melanoma xenograft model and supports
its continued investigation as an anticancer agent.
DJ95 Shows Vascular-Disrupting Capabilities. In re-

cent years, there has been extensive research on the vascular-
disrupting properties of tubulin-targeting agents and their
ability to selectively target tumor vasculature (Wang et al.,
2012; Ji et al., 2015; Martel-Frachet et al., 2015; Banerjee
et al., 2016; Su et al., 2016). To see whether DJ95 would
exhibit these characteristics, we tested the in vitro effect on
the formation of capillary-like networks of HUVECs plated
on matrigel. The matrigel basement membrane allows
endothelial cells to form tubules with tight cell-to-cell and
cell-to-membrane contacts (Benton et al., 2014). After
6 hours of incubation, it was clearly observed that both
DJ95 and colchicine disrupted the tube cell formation in a
concentration-dependent manner (Fig. 8A). At concentra-
tions of 100 and 200 nM, DJ95 disrupted networks by 35.71%
6 5.62% and 51.81% 6 3.25%, respectively (P , 0.0001) (Fig.
8B). This was similar to the effect observed upon colchicine
treatment at the same concentrations, inhibiting HUVEC
tube cell formation by 60.43% 6 9.04% and 81.59% 6 8.01%,
respectively (P , 0.0001). Since this result was observed in a
short time frame, we expect that the drug action on tube cell
formation was not a result of antiproliferative activity.
We also wanted to assess the effect on tumor vasculature

from the DJ95-treated xenografts. CD31 staining of tumor
sections revealed the change in microvessels of the DJ95-
treated group compared with the control group (Fig. 8C.) It
is apparent that the control group has more abundant and
in-tact microvessels throughout the tumors, whereas DJ95
treatment induced vessel fragmentation and decreased

overall density and occupied area. Quantification of the
positive CD31-stained area revealed that there was a
50.47% decrease in total microvessel area, representing a
significant difference (P 5 0.0038) (Fig. 8D). Detailed images
used for quantification can be found in Supplemental Fig. 6.
This finding corroborates the in vitro results and suggests that
the antivascular capacities portrayed by DJ95 may contribute
to its anticancer efficacy.

Discussion
Importance of Overcoming Drug Resistance. Mela-

noma is the most aggressive form of skin cancer and is one of
the most rapidly increasing cancers worldwide (Linos et al.,
2009). Malignant melanoma is characterized by resistance to
chemotherapy and is incurable in most affected patients
(Wu and Singh, 2011; Kalal et al., 2017). Despite recent
advances in treating melanoma with targeted therapies and
immunotherapies, significant obstacles still exist for finding
satisfactory treatments. Intrinsic and acquired resistance are
the major causes of treatment failure, and it is of utmost
importance to discover and develop agents that can overcome
drug resistance, improve response rates, and extend survival
for melanoma patients.
We previously identified DJ95, a small molecule synthe-

sized from a series of indolyl-imidazopyridines, that targets
the colchicine binding site and has shown promising activity
in vitro (Hwang et al., 2015). Genetic heterogeneity among
cancer cell lines of the same cancer type has emphasized the
necessity to study multiple cell lines in a panel (Gillet et al.,
2011). To expand on its cytotoxic potential, DJ95 was tested
against our malignant melanoma cell line panel and demon-
strated IC50 values ranging from 25 to 100 nM, confirming
its strong activity against a variety of melanoma cell lines. We

Fig. 6. DJ95 in binding and enzyme and uptake assays. (A) DJ95 control-specific binding as a percentage of inhibition to the binding to a radioactively
labeled ligand specific for each target. (B) DJ95 enzyme-based functional percentage of control enzyme activity. Results showing inhibition or stimulation
higher than 50% are considered to represent significant effects of the test compounds. Graphs are represented as the mean of duplicate assays 6 S.D.
Screening was performed by Eurofins Cerep-Panlabs.
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also tested DJ95 against the NCI-60 cell panel to assess its
efficacy against other cancers. The NCI-60 cell panel includes
numerous cell lines from nine different tumor types, which are
extensively characterized. DJ95 had an exceptionally lowGI50
value in the majority of cell lines for all cancer types. In
addition to melanoma, DJ95 was particularly active against
colon cancers based on the total growth inhibition and LC50

values.
One of the most significant factors that limits the efficacy

of chemotherapeutics is the development of MDR. One of
the major culprits responsible for contributing to MDR is
the overexpression of ABC transporters such as ABCB1
(P-glycoprotein/MDR1), ABCC1 (MRP1), and ABCG2 (breast
cancer resistant protein) (Gottesman et al., 2002). Agents that
target the taxane and vinca binding sites of tubulin are
particularly susceptible to resistance from the overexpression
ABCB1 and are effectively effluxed from the cell (Yusuf et al.,
2003; Fojo andMenefee, 2007; Xia and Smith, 2012; Callaghan
et al., 2014). These agents are also substrates to several
ABCC/MRP members that decrease their intracellular con-
centrations (Dumontet and Jordan, 2010). We discovered that
DJ95 had a lower resistance index than the other tested
tubulin inhibitors in both the drug-selected and gene-
transfected cell lines overexpressing ABCC1. While it did
not show resistance to the transfected ABCB1-overexpressing
cells, it did show some resistance to the KB-C2 drug-selected
cell line overexpressing ABCB1. Since DJ95 was considered
not to be a substrate of ABCB1 based on the data indicating
that it did not stimulate ABCB1 ATPase activity, the resis-
tance showed from KB-C2 might be contributed by the more

complex MDR mechanisms in drug-selected MDR cells in
comparison with gene-transfected cells. Since KB-C2 cells
were established by continuous selection with colchicine
(2 mg/ml) they may have incurred additional drug-resistance
mechanisms besides solely ABCB1 upregulation. For exam-
ple, mutations to the colchicine binding domain on tubulin
could account for the crossresistance to DJ95 or other agents
targeting this site. Taken together, we infer that DJ95 may
be able to circumvent ABCB1- or ABCC1-mediated MDR
but may have reduced efficacy in colchicine-selected drug-
resistant cases.
Targeting Mitotic Machinery. The main function of

microtubule-targeting agents is to inhibit mitosis through
disruption of microtubule dynamics (Mukhtar et al., 2014).
While stabilizing agents such as paclitaxel promote polymer-
ization by blocking the disassembly of GDP-bound tubulin and
form stable tubulin polymers, destabilizing agents inhibit this
assembly of tubulin into microtubules and promote depoly-
merization (Field et al., 2014). This phenomenonwas observed
in DJ95-treated cells, which displayed fragmented microtu-
bules and a dramatic decrease of visible tubulin filaments. On
the contrary, paclitaxel-treated cells demonstrated rigid
and condensed polymeric microtubules. Furthermore, micro-
tubules constitute the mitotic spindle in cells undergoing
mitosis. Disruption of the mitotic spindle through suppression
of treadmilling and dynamic instability are the primary
means by which microtubule inhibitors thwart cellular func-
tions and induce apoptosis (Loong and Yeo, 2014). Typical
features of mitotic spindle suppression and aberrant forma-
tion such as multiple asters in mitotic cells were evident in

Fig. 7. DJ95 inhibits melanoma tumor growth in vivo. (A) Plasma concentrations at each time point following intraperitoneal injection of DJ95 at
15 mg/kg concentration shown as individual replicates connected by mean (n = 3 per time point). (B) A375 melanoma xenograft model in nude mice. Mice
were dosed by intraperitoneal injection five times per week for 2 weeks with vehicle solution only or 15 mg/kg DJ95. Mean tumor volume is expressed as
percentage of growth compared with tumor volume at the beginning of the experiment6 S.E.M. (n = 6 for the treated group; n = 7 for the control group).
(C) Individual tumor volumes at the end of the experiment shown as mean6 S.D. (D) Mouse weight change throughout the study shown as mean6 S.D.
(E) Resected tumor weight at the end of the experiment expressed as mean6 S.D. Statistical significance was determined by student’s t test comparing
the treatment group to the vehicle control group (*P, 0.05; **P, 0.01).
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the DJ95-treated cells, whereas the control cells demon-
strated polar spindle formation and centrally aligned
chromosomes.
Optimizing Scaffolds through X-Ray Crystallogra-

phy. The crystal structure of the T2R-TTL complex bound
with DJ95 provides further evidence to the mechanism of
action for the anticancer activity of this compound. It binds
at the colchicine binding pocket at the interface of a- and
b-tubulin heterodimers. Colchicine targets the b subunit of
tubulin and keeps it from adopting a straight conforma-
tion, thus inhibiting microtubule assembly. The binding of
DJ95 also blocked the curve-to-straight conformational
change of tubulin by the steric clashes between DJ95 and
surrounding secondary structure elements (Fig. 4C). There-
fore, DJ95 likely shares the same inhibition mechanism as
that of colchicine. The crystal structure not only provides the
structural basis for the anticancer activity of DJ95, it also
presents opportunities for designing better analogs of this
compound that may show improved potency. For example,
replacing a carbon atom that faces residue Asn347 by a
hydrogen bond donor (NH) could pick up an additional
hydrogen bond with the main chain C5O of Asn347.

Minimizing Failure in Drug Development. Reducing
the attrition rate of potential pharmaceutical drug candi-
dates is an important step in drug discovery and develop-
ment. Identification of off-target, adverse drug reactions
to important pharmacological targets such as G protein–
coupled receptors, drug transporters, ion channels, nuclear
receptors, kinases, and nonkinase enzymes can aid in de-
termining if a drug may elicit side effects that would prevent
its further advancement. Use of predictive safety panels that
implement assays to identify significant off-target interac-
tions of drug candidates is supported by major pharmaceu-
tical companies such as AstraZeneca, GlaxoSmithKline,
Novartis, and Pfizer (Bowes et al., 2012). DJ95 underwent
this pharmacological profiling in Eurofins SafetyScreen44
Panel. DJ95 did not show significant inhibition or activation
to any of the 44 physiologically important targets tested in
the screening. This suggests that DJ95 minimally interacts
with or activates some of the key targets that potentially
cause adverse drug reactions. Therefore, we proceeded with
in vivo studies and found that DJ95 effectively inhibited
melanoma tumor growth at a 15mg/kg dose.While colchicine
is known to cause significant toxicity, no toxic side effects

Fig. 8. DJ95 targets tumor vascular and capillary network formation. (A) Representative images of HUVEC capillary formation on matrigel. Images
were taken after 6-hour incubation with indicated concentrations of DJ95 or colchicine. (B) Quantification of total tube length using ImageJ analysis
expressed as mean 6 S.D. (n = 4). Statistical analysis was performed using one-way ANOVA comparing each group to the control. (C) Representative
immunohistochemistry images of CD31-stained tumor sections taken at 10� magnification. (D) Positive stained area calculated for tumor sections at
20� magnification (five images per tumor; three separate tumors per group) represented as mean pixels 6 S.D. Statistical significance was determined
by student’s t test without correction for multiple comparisons (**P, 0.01; ***P, 0.001; ****P, 0.0001).
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based on animal body weight and behavior were observed in
the DJ95-treated groups.
DJ95 Disrupts Tumor Vasculature. It is well known

that tumor growth and metastasis require a reliable system
of blood vessels to support the tumor microenvironment, and
interfering with this process is an attractive strategy for
inhibiting tumor growth (Matter, 2001; Banerjee et al.,
2016). This has prompted research in the development of
antiangiogenic and vascular-disrupting agents, and many
tubulin inhibitors that target the colchicine binding site
demonstrate this capability (Wang et al., 2012; Ji et al.,
2015; Banerjee et al., 2016; Arnst et al., 2018; Galmarini
et al., 2018). Microtubule stabilizing agents such as paclitaxel,
peloruside A, and laulimalide also have reported vascular-
disrupting properties, but they have other shortcomings, such
as development of resistance and dose-limiting toxicities
(Akiyama et al., 2012; Bocci et al., 2013; Kanakkanthara
et al., 2014; Chan et al., 2015). Here, we demonstrate the
ability of DJ95 in suppressing capillary-like networks in vitro
in HUVECs in a concentration-dependent manner. We also
discovered vascular-disrupting action evident in mouse xeno-
grafts after DJ95 treatment, where there was significant
disturbance of endothelial vasculature and an overall de-
crease in microvessel area. These in vitro and in vivo data
also support the notion of DJ95 as a potential dual inhibitor
that may exert its anticancer effects through multiple
mechanisms.

Conclusions
In summary, we report the preclinical evaluation of DJ95.

DJ95 is effective against a variety of melanoma cell lines and
other cancer types, significantly reduces tubulin polymeriza-
tion, binds to the colchicine binding site on tubulin, reduces
melanoma tumor growth in vivo without causing toxicity, and
has vascular-disrupting properties. DJ95 incurred less resis-
tance in ABC transporter–overexpressing cell lines and could
prove to be an effective alternative treatment when other
tubulin-targeting agents fail to show efficacy due to MDR.
There are currently no colchicine binding site agents approved
for chemotherapy, and DJ95 shows great potential for further
development as an anticancer agent.
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