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The synthetic diazonamide DZ-2384 has distinct effects on
microtubule curvature and dynamics without neurotoxicity
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Abstract

Microtubule-targeting agents (MTAS) are widely used anticancer agents, but toxicities such as
neuropathy limit their clinical use. MTAs bind to and alter the stability of microtubules, causing
cell death in mitosis. We describe DZ-2384, a preclinical compound that exhibits potent antitumor
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activity in models of multiple cancer types. It has an unusually high safety margin and lacks
neurotoxicity in rats at effective plasma concentrations. DZ-2384 binds the vinca domain of
tubulin in a distinct way, imparting structurally and functionally different effects on microtubule
dynamics compared to other vinca-binding compounds. X-ray crystallography and electron
microscopy studies demonstrate that DZ-2384 causes straightening of curved protofilaments, an
effect proposed to favor polymerization of tubulin. Both DZ-2384 and the vinca alkaloid
vinorelbine inhibit microtubule growth rate; however, DZ-2384 increases the rescue frequency and
preserves the microtubule network in nonmitotic cells and in primary neurons. This differential
modulation of tubulin results in a potent MTA therapeutic with enhanced safety.

INTRODUCTION

Microtubules are essential in rapidly dividing cells where they form the mitotic spindle, an
apparatus that ensures proper chromosome segregation during mitosis (1, 2). As such,
microtubules are the direct target of a large group of chemotherapeutics, known as
microtubule-targeting agents (MTAS), that effectively kill cancer cells as they divide
[reviewed in (3)]. MTAs can bind to five distinct sites on tubulin, with the taxane site and the
vinca alkaloid site being the most prominent targets. Although different MTASs bind to
distinct sites, cancer cell death occurs by a similar mechanism with all of them: an arrest in
mitosis causes prolonged activation of the spindle assembly checkpoint, which ultimately
triggers apoptosis (4, 5).

Despite the success of MTAs in the clinic, toxic side effects often force discontinuation of
treatment or reduction in dose. The most common problems are neutropenia (6) and
peripheral neuropathy (7). The latter can be especially severe when MTASs are combined
with other chemotherapeutics such as cisplatin or bortezomib, a common practice (8).
Because microtubules are the backbone of neurons, it is not surprising that MTAs would
cause neuropathy, particularly in the peripheral nerves that have the longest axons (9). Nerve
degeneration often persists well beyond the treatment period, and some patients never fully
recover from the damage (10). There is a pressing need for improved, less toxic MTAsS,
which would enable sustained treatments, combine well with other therapies, and reduce
neuropathy.

MTAs function largely by altering the dynamics and stability of microtubules. Microtubules
are polymers of ap-tubulin heterodimers, which associate head-to-tail to form
protofilaments and then laterally to form a tube. Current MTAs such as paclitaxel stabilize
these polymers, whereas MTAs such as vinblastine and vinorelbine destabilize them. More
specifically, vinca alkaloids destabilize microtubules by introducing a wedge at the interface
between two longitudinally aligned tubulin dimers, thus inhibiting the interdimer curved-to-
straight transition that is necessary to build the microtubule lattice. Microtubules polymerize
by the addition of tubulin to the microtubule end, which is a tapered, gently curved, and
flattened-out polymer structure (11). As the microtubule grows, the protofilaments straighten
(12), forming lateral bonds with adjacent protofilaments within the microtubule lattice.
Abruptly, the polymer switches from growth to shrinkage in a “catastrophe” (13-15). As the
microtubule shrinks, individual protofilaments lose their lateral contacts and curve outward
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steeply (1). Sporadically, the rapidly shrinking microtubule will switch back to growth in a
“rescue” event. Understanding the mechanism of MTAs has contributed substantially to the
fundamental principles of microtubule dynamics (16, 17). An MTA that changes
microtubule dynamics differently from others, even subtly, could prove more effective at
arresting cells in mitosis without disrupting microtubule function in nondividing cells.

Many MTAs are natural products or chemically modified analogs of natural products (3).
Diazonamide A (DZA) is a natural product originally isolated from the marine sponge
Diazona angulata (18, 19). DZA was initially modified into the synthetic analog AB-5,
which showed encouraging antitumor activity in xenograft models (20). Here, we present
DZz-2384, an optimized synthetic derivative of AB-5, which is in preclinical development.
Relative to earlier diazonamide analogs, its synthesis is simplified and commercially
scalable (21). DZ-2384 shows potent antitumor activity in multiple cancer models but causes
negligible side effects (including neuropathy) at effective plasma concentrations. We
demonstrate that DZ-2384 binds to the vinca alkaloid site of tubulin in a distinctive way that
unexpectedly translates into superior antitumor efficacy and safety. Using x-ray
crystallography and electron microscopy (EM), we show that DZ-2384 changes the
curvature between two tubulin dimers, causing a pronounced straightening of protofilaments.
In live cells, DZ-2384 increases the rescue frequency and has a less destabilizing effect on
microtubules than vinorelbine yet is sufficiently potent to disrupt mitotic spindle formation.
We observed similar effects in a reconstituted system using purified tubulin. We propose that
structural differences between DZ-2384 and vinca alkaloids correlate with a milder impact
on interphase microtubules and the absence of peripheral neuropathy at effective plasma
concentrations. Our results demonstrate that a classic therapeutic site on tubulin can be
targeted in a different way, resulting in a potent yet less toxic candidate MTA for
chemotherapy.

DZ-2384 has potent antitumor activity in multiple disease models

To establish the in vivo antitumor efficacy of DZ-2384, we tested it along with vinorelbine in
two subcutaneous xenograft models, namely, the MIA PaCa-2 model of pancreatic ductal
adenocarcinoma (PDAC or PDA) and the HT-29 model of colon cancer. DZ-2384 was
highly effective in both models (Fig. 1A and table S1). DZ-2384 caused complete tumor
regression in the MIA-PaCa-2 model and, at 9 mg/m2, all mice were tumor-free ~3 months
after treatment (Fig. 1A). Vinorelbine was also active in both models, but at higher doses and
for a shorter duration (Fig. 1B and table S1). Table 1 summarizes the minimum effective
dose (MED) for both DZ-2384 and vinorelbine in the MIA PaCa-2 and HT-29 models.

We also tested the efficacy of DZ-2384 in an experimental model of metastatic triple-
negative breast cancer (MDA-MB-231-LM2), which recapitulates the later stages of the
metastatic cascade (22). We injected MDA-MB-231-LM2 cells into the tail vein of severe
combined immunodeficient (SCID)/beige mice, allowed lung metastatic lesions to develop,
and then treated the mice with DZ-2384. DZ-2384 caused regression of all lung metastases
starting at the lowest dose tested (Fig. 1C and fig. S1A) and significantly increased the
survival of all DZ-2384-treated groups (£ < 0.0001; Fig. 1D). Some animals were tumor-
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free up to 106 days after initial treatment (2 of 8 mice at 18 mg/m? and 1 of 5 mice at 4.5
mg/m2).

Finally, we tested DZ-2384 in the RS4;11 model of adult Philadelphia chromosome—
negative acute lymphocytic leukemia (ALL). DZ-2384 reduced the number of tumor cells in
circulation on day 23 (P=0.0028) and increased survival (£ =0.0024) at doses as low as 0.7
mg/m2 (fig. S1, B and C). In each of the xenograft models described above, the mice
experienced less than 10% body weight loss at all DZ-2384 and vinorelbine doses tested
(fig. S2, A to F). Together, these results demonstrate that DZ-2384 is potent against tumors
in human xenograft models of several different tumor types.

DZz-2384 enhances gemcitabine activity in two mouse models of pancreatic cancer

Our results in the MIA PaCa-2 model were encouraging because patients with PDA continue
to have very low survival rates. Treatment options are limited, but the MTA nanoparticle
albumin-bound (nab)—paclitaxel was recently approved for use in combination with
gemcitabine in the metastatic setting, indicating that MTAs can improve the outcome of
PDA (23). We sought to determine whether DZ-2384 is effective in two rigorous in vivo
models of pancreatic cancer, either alone or in combination with gemcitabine. In a patient-
derived xenograft (PDX) model, we propagated tumors in SCID/beige mice to obtain a large
cohort of tumor-bearing animals for treatment. Whereas either gemcitabine or DZ-2384 used
as single agents had insignificant effects on tumor growth, the combination of DZ-2384 and
gemcitabine (DZ-2384/gemcitabine) caused significant (= 0.0159) tumor regression (Fig.
1E). The mice lost 11% of their body weight after the first dose of DZ-2384 and DZ-2384/
gemcitabine but then quickly recovered (fig. S2G). One animal inexplicably died in the
DZz-2384-treated group on day 29, whereas viability was 100% in the DZ-2384/
gemcitabine—treated group for the duration of the experiment.

Next, we tested DZ-2384 and gemcitabine in a genetically engineered mouse model
(GEMM) of PDA, specifically KIC[p48(Cre), LSL-Kras (G12D); CaknZa(f/f)] mice that
express Rgs16::GFP as a fluorescent marker to assess tumor burden (24). Mice were treated
with single-agent gemcitabine or with DZ-2384/gemcitabine from postnatal day 15 (P15)
until they are sacrificed on P29 (Fig. 1F). Tumor burden was quantified by green fluorescent
protein (GFP) intensity of micrographs taken from the five brightest fields of dissected
pancreata (24). The absence of observed GFP in several micrographs from mice treated with
DZ-2384/gemcitabine relative to untreated mice or mice treated with single-agent
gemcitabine indicates fewer PDA initiation sites and a higher frequency of mice with
negligible or greatly reduced tumor burden (Fig. 1G). The response rate (reduction in GFP
fluorescence intensity) more than doubled with the DZ-2384 and gemcitabine combination
relative to gemcitabine alone. Mild hair loss, diarrhea, and hindlimb paralysis were observed
in weanling mice with DZ-2384/gemcitabine but not with gemcitabine alone (table S2).
DZ-2384-related toxicity was age-dependent in that DZ-2384 doses of 30 mg/m?2 were
tolerated when administered on P23 (no mortality; table S2) but not on P16 (table S3). We
did not observe weight loss, but growth delay was experienced by DZ-2384/gemcitabine—
treated weanling mice during the experiment (figs. S2H and S3). Together, these results
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provide a rationale for the combined use of DZ-2384 and gemcitabine in the treatment of
pancreatic cancer.

DZ-2384 has a wide safety margin compared to vinorelbine

To establish the safety and tolerability of DZ-2384 and vinorelbine in mice, we conducted
toxicity studies to determine the no observable adverse effect level (NOAEL,; dose at which
animals showed minimal weight loss and no bone marrow toxicity) (tables S4 and S5 for
DZ-2384 and vinorelbine, respectively). Then, the safety margin was determined on the
basis of compound exposure. For this, we measured the systemic concentrations of each
compound by liquid chromatography—tandem mass spectrometry analysis in plasma over
time at selected doses representing their MEDs (determined in the Mia PaCa-2 and HT-29
models) and NOAELSs. The results are presented in Table 1. Comparing compound exposure
(plasma AUC) at the MED to exposure at NOAEL vyields a safety margin for DZ-2384 of
24.4 to 53.5. The safety margins for vinorelbine are 0.7 to 1.0 in the same models. We
conclude that DZ-2384 has a much wider safety margin than vinorelbine.

DZ-2384 lacks neurotoxicity at effective doses

Damage to peripheral neurons often limits the use of MTAs in the clinic (25, 26). Sprague-
Dawley rats treated with DZ-2384 were evaluated for evidence of peripheral neuropathy by
measuring nerve conduction velocity (NCV) and onset latency in the caudal nerve, the distal
digital nerve, and the motor branch of the tibial nerve. These nerves include sensory axons
(distal digital), motor axons (tibial), and mixed sensory, motor, and autonomic fibers
(caudal). A decrease in NCV or an increase in onset latency is evidence of impaired
neuronal function. Animals were exposed to either DZ-2384 or docetaxel, an MTA that is
known to cause peripheral neuropathy. Each compound was delivered once weekly over a 4-
week period at doses up to and including the maximum tolerated dose (MTD) as determined
by death rate or >20% body weight loss. The MTDs for DZ-2384 and docetaxel were 30 and
120 mg/m?, respectively (fig. S4). NCV and onset latency were recorded before treatment, 2
days after the fourth dose (day 24), and 3 weeks after the fourth dose (day 44).

As expected, docetaxel at 120 mg/m? caused a decrease in NCV in caudal and digital nerves
and an increase in onset latency in tibial nerves on day 24 (Fig. 2, A to C). After the 22-day
recovery period, there was no improvement in either caudal or digital NCV; however, there
was a slight improvement in tibial motor latency. Histology of the docetaxel-treated animals
on day 44 showed incomplete recovery of the damaged dorsal root ganglia (Fig. 2D) and
peripheral (sciatic) nerves (Fig. 2E), indicated by the presence of degenerating neurons with
condensed nuclei and digestion chambers filled with myelin debris.

DZ-2384 was tested in rats at 12 mg/m?2 (more than two times higher than its MED in mouse
xenograft models) and at 30 mg/m? (MTD). On day 24, normal NCV and onset latency were
observed in rats exposed to DZ-2384 at 12 mg/m? relative to age-matched controls (Fig. 2, A
to C). Histology performed on day 44 showed no changes in the lumbar dorsal root ganglia
or in the sciatic nerve (Fig. 2, D and E). At 30 mg/m?, the tibial nerve was unaffected;
however, a slowing of the caudal and distal digital NCV was observed, although the decrease
was smaller than that for docetaxel. At this dose level, the NCV remained slow on day 44

Sci Transl Med. Author manuscript; available in PMC 2017 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wieczorek et al.

Page 6

(Fig. 2, A to C). At the end of the recovery period, we did not find histological evidence of
neurotoxicity in the dorsal root ganglia or sciatic nerve (Fig. 2, D and E), suggesting a
substantial degree of recovery, although the distal axons were not examined. Histopathology
data are summarized in table S6.

To relate DZ-2384 neurotoxicity in rats to exposure (AUC) levels that are effective in mouse
tumor models, we measured the pharmacokinetics of DZ-2384 in Sprague-Dawley rats. At
12 mg/m?2, where no neuropathy was seen, the rat AUC was 4371 ng-hour/ml, which is 13-to
28-fold higher than plasma levels that are effective in mouse xenograft models (Table 1).
These data indicate that DZ-2384 does not cause neuropathy at doses that are highly
effective in multiple cancer models.

Functional genomics points to an antimitotic mechanism of action

Identifying the cellular target of diazonamides has been challenging. One candidate is the
mitochondrial enzyme ornithine §-aminotransferase, which was identified by binding
interactions (27), whereas other studies have implicated microtubules (28). To interrogate
the mechanism of action without bias, we performed a genome-wide RNA interference
screen in H1299 cells to uncover genes that confer either sensitivity or resistance on
DZz-2384. Half maximal growth inhibitory concentration (ICgg) values for DZ-2384 were
calculated with each test small interfering RNA (siRNA) pool relative to nontargeting
siRNA controls. We identified 631 sensitizer genes and 179 resistor genes, defined as sSiRNA
pools that shifted the 1C5q for DZ-2384 by >2 SD from the mean of all data points (fig.
S5A). To determine the major pathways that conferred sensitivity or resistance and hence the
potential mechanism of action, we performed pathway analysis of the hits. Of the top 10
most highly represented pathways, 6 were related to cell cycle, mitosis, and microtubules
(fig. S5B). To confirm mitotic arrest and apoptosis, we treated H1299 cells with DZ-2384
for 48 hours and measured their DNA content and caspase-3 activation. DZ-2384-treated
cells accumulated in the G2-M phase of the cell cycle starting at 4 to 8 hours (fig. S5, C to
F) and began to undergo apoptosis at 16 hours after treatment as demonstrated by
procaspase-3 cleavage (fig. S5G). Combined with the results of the RNA interference screen,
these results suggested that DZ-2384 acts as an antimitotic agent (5).

DZ-2384 binds to the vinca alkaloid site of tubulin

To investigate whether DZ-2384 binds to tubulin directly, we used surface plasmon
resonance (SPR) to detect binding between biotinylated DZ-2384, which was immaobilized
to streptavidin-coated sensors, and purified tubulin dimers. We observed dose-dependent
increases in the SPR signal when tubulin was titrated in single-cycle kinetics mode (Fig.
3A). As negative controls, neither actin nor bovine serum albumin (BSA) bound to
biotinylated DZ-2384 surfaces, nor did tubulin bind to surfaces coated with streptavidin only
or with a biotinylated inactive diastereomer of DZ-2384 (DZ-2384D; fig. S6). As expected,
preincubating tubulin with DZ-2384 inhibited its binding to biotinylated DZ-2384 surfaces
(Fig. 3B), but similar incubations with DZ-2384D did not (Fig. 3C). To determine whether
DZ-2384 binds to other MTA-tubulin binding sites in solution, we evaluated binding to the
biotinylated DZ-2384 surface in the presence of vinorelbine. Preincubating tubulin with
increasing concentrations of vinorel-bine blocked its binding to biotinylated DZ-2384
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surfaces in a dose-responsive manner (Fig. 3D), suggesting that DZ-2384 binds at or near
the vinca binding site.

To gain a more detailed view of the DZ-2384—tubulin binding site, we used a protein
complex consisting of two ap-tubulin dimers (T>), the stathmin-like protein RB3 (R), and
tubulin tyrosine ligase (TTL; the full complex is denoted as To,R-TTL) (16, 29), and the
structure of ligand-bound DZ-2384 (DZ-2384-T,R-TTL) was solved to a resolution of 2.4 A
using x-ray crystallography. In the structure, DZ-2384 binds with a distinct binding mode
(see the next section) to tubulin at the classic vinca alkaloid site, which lies at the
longitudinal interface between the b subunit of one tubulin (81 of ToR-TTL) and the a
subunit of the tubulin above it (a2 of ToR-TTL) (Fig. 3, E and F, and fig. S7). Overall, these
results establish DZ-2384 as an MTA that binds to the vinca site on tubulin. To determine
the consequences of DZ-2384 biotinylation for tubulin binding, we modeled our biotin-
linker DZ-2384 derivative onto the DZ-2384-T,R-TTL complex (fig. S8). Because no
structural rearrangements of the tubulin molecules are required to accommaodate biotin-
linker DZ-2384, and no clashes between the biotin-linker moiety and tubulin were observed,
we conclude that the biotinylation of DZ-2384 does not affect binding to tubulin.

Our DZ-2384—tubulin structure also allowed us to explore the difference between DZ-2384
and its inactive diastereomer DZ-2384D. The structure of DZ-2384D was modeled into the
binding pocket on tubulin by keeping the core interaction stationary and changing only the
stereocenters of the indoline moiety. The model revealed that a large hydrophobic contact is
missing in the diastereomeric ligand, namely, the contact formed by the fluorinated indoline
moiety of DZ-2384 with loop T7, helix H10, and strand S9 of a.2-tubulin (Fig. 3, F and G).
This missing contact provides a structural explanation for the lack of tubulin binding by the
diastereomer in the competitive SPR binding assay (Fig. 3, B and C).

DZ-2384 causes a change in curvature of tubulin protofilaments

Given that DZ-2384 has a wider safety margin than vinorelbine, we explored how DZ-2384
differs from other vinca alkaloid binding compounds. We began with a closer investigation
of the DZ-2384-T,R-TTL crystal structure described above. The DZ-2384 binding site is
shaped by (i) the hydrophobic and polar residues of loop T7, helix H10, and strand S9 of
a2-tubulin; (ii) the N-terminal residues of both helices H6 and H7; and (iii) the loops T5 and
H6-H7 of p1-tubulin. In the DZ-2384-tubulin complex, the hydrophobic interactions with
the secondary structural elements of a- and B-tubulin described above are complemented by
direct and water-mediated hydrogen bonds to main-chain atoms of both tubulin subunits
(Fig. 3E). Moreover, the two oxazole rings form a rt-stacking interaction with the aromatic
side chain of Tyr?24 and the nucleotide of p1-tubulin.

To understand how DZ-2384 differs from other vinca alkaloids, we superimposed atomic
models of tubulin in complex with DZ-2384 and vinblastine (Fig. 3H) (17). The
superposition shows that DZ-2384 and vinblastine exploit the same hydrophobic pocket of
a2-tubulin with their corresponding indoline moieties, and both molecules are involved in
the same r-stacking interaction (bottom dashed circle in Fig. 3H). In other words, both
molecules share a similar space at the interdimer interface. The exception is the bulky
moiety from the catharanthine nucleus in vinblastine, which is common in vinca alkaloids
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(30). This catharanthine nucleus is missing in DZ-2384. As a consequence, the intertubulin
dimer interface in the DZ-2384-T,R-TTL complex is more compact compared to both the
apo—T,R-TTL and vinblastine-T,R-TTL complexes (Fig. 4A). The compactness in turn
causes an overall change in the relative orientation of the two tubulin dimers in the
DZ-2384-T,R-TTL complex compared to the corresponding orientation observed for the
vinblastine-T,R-TTL [Protein Data Bank (PDB) ID 5J2T] and the apo-T,R-TTL (PDB ID
4155) complexes (Fig. 4A). To quantitatively evaluate this change, we analyzed helical
superassemblies of different T,R-TTL complexes as described previously (31). We
estimated radii and pitches of 210, 180, and 250 A and 250, 340, and —80 A for apo-T,R-
TTL, vinblastine-T,R-TTL, and DZ-2384-T,R-TTL, respectively (Fig. 4B). On the basis of
the increased radii of DZ-2384-T,R-TTL, we hypothesize that DZ-2384 can unbend curved
protofilaments to bring them conformationally closer to the straight protofilaments of
microtubule shafts.

Vinca alkaloids stabilize curved, ring-like oligomers of tubulin at high concentrations (17).
To determine whether DZ-2384 changes the pitch and curvature of these oligomers, we
polymerized tubulin in the presence of DZ-2384 or vinblastine. Electron micrographs of
crudely purified tubulin illustrate the decrease in pitch of protofilaments formed in the
presence of DZ-2384 compared to that of vinblastine (Fig. 4C). To measure the curvature of
such curved protofilaments, we polymerized highly purified tubulin with either DZ-2384 or
vinblastine, mounted the polymers on EM grids, and measured them using custom software
(Fig. 4D). Because the lengths of protofilaments induced by each compound were equivalent
(fig. S9), we infer that they have a similar orientation on the grid surface. Therefore, the
curvature measured in this way is representative of the actual radius of the tubulin-
compound structures. As predicted by the crystal structure, the DZ-2384—induced
protofilaments were straighter than those obtained with vinblastine [lower values for
curvature (x); Fig. 4E]. Together, the x-ray crystallography and EM demonstrate that
DZ-2384 differs from vinblastine by changing the pitch and curvature of protofilaments.

Given that many of our experiments have used vinorelbine rather than vinblastine, we
modeled the structure of vinorelbine into the vinca binding site. In our model, the
catharanthine nuclei of vinorelbine and vinblastine heavily overlap (fig. S10); thus, we do
not expect a difference in the change in protofilament curvature between these two agents.
We note that vinblastine has two additional major hydrogen bonds to tubulin compared to
vinorelbine, providing an explanation for the reported lower affinity of vinorelbine
compared to vinblastine (32).

DZz-2384 has a milder effect on interphase and mitotic microtubule networks than

vinorelbine

Although DZ-2384 induces mitotic arrest and triggers apoptosis, its wider safety margin
suggests that it might have milder effects on microtubules in cells that are not actively
undergoing mitosis. To test this idea, we used DZ-2384 and vinorelbine on a variety of
cultured cells and assayed the integrity of their microtubule networks. H1299 cells
weretreated with various concentrations of DZ-2384, DZ-2384D, vinorelbine, or docetaxel
(Fig. 5A). In a microtubule sedimentation assay, a decrease in microtubule polymer mass
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was observed with increasing DZ-2384 concentrations (but not with DZ-2384D), like with
vinorelbine. However, despite having equivalent sensitivity to DZ-2384 and vinorelbine
(ICsq values of 12 and 15 nM, respectively), H1299 cells treated with DZ-2384 maintained
microtubule polymer mass at higher concentrations than those treated with vinorelbine.
These differences indicate that DZ-2384 has a milder effect on the microtubule cytoskeleton
in interphase cells. As a control, docetaxel increased microtubule polymer mass, as expected

3).

Next, we examined the effects of DZ-2384 on microtubules in actively dividing cells directly
by confocal microscopy. HeLa cells were synchronized in late G2 with RO-3306 (a
reversible cyclin-dependent kinase 1 inhibitor) (33) and released in the presence of
equipotent concentrations of DZ-2384 (4 nM) or vinorelbine (11 nM), representing the ICgg
of each compound in a 3-day cell viability assay. Synchronized cells released in the absence
of compound show that microtubules form the appropriate spindle on which chromosomes
are aligned in metaphase. DZ-2384-treated cells (Fig. 5B) show the presence of mostly
bipolar spindles with stunted microtubules and visibly misaligned chromosomes. Similar
results were obtained in H1299 cells (fig. S11). At equipotent concentrations, vinorelbine-
treated cells lacked any detectable spindle microtubules in both cell lines (Fig. 5B and fig.
S11). These findings suggest that although DZ-2384 has milder effects on mitotic spindles,
these effects are still sufficient to interfere with cell division.

Similarly, unsynchronized U-2 OS osteosarcoma cells in interphase were treated with
equipotent concentrations (3-day 1Cgg) of DZ-2384 and vinorelbine. In DZ-2384-treated
cells, microtubules were present, although they were less dense at the cell periphery (Fig.
5C). In vinorelbine-treated cells, intact microtubules were difficult to observe, consistent
with the loss of polymer mass observed in the pelleting assay above.

Finally, the effect of the two compounds on primary rat cortical neurons was assessed after 1
hour of treatment with 0.3 to 100 nM of each compound. Neurons treated with DZ-2384 up
to 100 nM showed minimal qualitative differences compared to control-treated neurons in
terms of axonal morphology, width, or intensity of tubulin staining (Fig. 5D and fig. S12).
However, vinorelbine treatment produced thinner and/or fragmented axons starting at 0.3
nM and an overall reduction in tubulin staining intensity (Fig. 5D and fig. S12). Collectively,
these results indicate that DZ-2384 has a milder effect on both interphase and mitotic
microtubule networks than vinorelbine.

DZ-2384 has a distinct impact on microtubule dynamic instability

The milder impact of DZ-2384 on microtubules in cells suggests that DZ-2384 causes
distinct changes in the dynamic instability of microtubules. To determine how DZ-2384
changes dynamic instability, we visualized growing ends of microtubules in U-2 OS cells
stably expressing an EB3-mCherry fusion protein, which serves as a marker for growing
ends (34). The cells were treated with DZ-2384 and vinorelbine at equipotent (ICgq)
concentrations. In untreated cells, microtubule growth originates from the centrosome and
radiates outward (movie S1). DZ-2384 treatment decreased the number of growing
microtubules and the frequency with which they originate from the centrosome (movie S2),
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as expected for a microtubule destabilizing agent. Vinorelbine treatment, however, had a
more marked effect, vastly decreasing the number of growing microtubules (movie S3).

To more precisely measure the effect of DZ-2384 on dynamic instability, we imaged LLC-
PK1 cells expressing GFP—a-tubulin (35), which allowed us to measure the growth rates,
shrinkage rates, catastrophe (change from pause or growth to shrinkage) frequencies, and
rescue (change from shrinkage to growth or pause) frequencies of dynamic microtubules.
We compared the effects of DZ-2384 and vinorelbine, each at 1Cgy concentrations. Both
DZ-2384 and vinorelbine reduced the microtubule growth rate and dynamicity equally
(Table 2), and neither compound changed the shrinkage rate. DZ-2384 was distinguished
from vinorelbine by an increased rescue frequency relative to control cells. Microtubules in
vinorelbine-treated cells also spent a higher proportion of time in a paused state and less
(3x) time in a growth state compared to those in DZ-2384-treated or control cells. Overall,
these results explain the greater integrity of the microtubule network in cells treated with
DZ-2384 compared to vinorelbine. Although DZ-2384 may cause microtubules to grow
more slowly, the increase in rescue events compensates and helps to maintain tubulin in the
polymeric state. However, during mitosis, DZ-2384’s decreased growth rate is sufficient to
disrupt the mitotic spindle, sending cells into growth arrest.

DZ-2384 increases microtubule rescues in a reconstituted system

Cells contain dozens of microtubule-associated proteins (MAPS) that regulate microtubule
dynamics, including rescue frequency and growth rate. Therefore, we cannot conclude from
cell-based studies whether DZ-2384 affects dynamic instability directly through interactions
with tubulin or indirectly through MAPs. To determine whether the change in rescue
frequency that we observed in DZ-2384-treated cells also occurs in a purified system in the
absence of MAPs, we reconstituted microtubule growth in vitro using the single molecule
assay for microtubule dynamics (36). Microtubule seeds stabilized by guanosine-5’-[(a,b)-
methyleno]triphosphate were adhered to the surface of a flow chamber, and fluorescently
labeled tubulin was introduced (Fig. 6A). We generated kymographs of growing
microtubules in the presence of increasing concentrations of either DZ-2384 or vinorelbine
(Fig. 6, B to D) and measured microtubule dynamics. Consistent with the growth inhibition
seen in LLC-PK1 cells, DZ-2384 strongly affected microtubule dynamics; at 100 nM
DZ-2384, the growth and shrinkage rates decreased by about twofold (Fig. 6, E and F)
relative to untreated microtubules, and catastrophe frequencies were slightly increased (Fig.
6G). Comparable growth and shrinkage rate decreases were observed with vinorelbine and
were consistent with previous reports (37, 38). We attribute the differences between the
single-molecule assay and in-cell measurements to the absence of MAPSs in our reconstituted
system. Strikingly, however, DZ-2384 increased the rescue frequency in the reconstituted
system to twice the rate seen with vinorelbine, consistent with the increased rescue
frequency observed in cells (P=0.0236 at 50 nM drug treatment; Fig. 6H). Collectively,
these results indicate that DZ-2384 can directly increase the rescue frequency of dynamic
microtubules, both in purified tubulin systems and in cells, suggesting that the changes to
dynamic instability are related to the straightening of protofilaments induced by DZ-2384.
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DISCUSSION

MTAs are part of the standard of care treatments for a wide range of cancer indications;
however, there is still a need for effective but safer agents to combine with next-generation
targeted therapies, including immunotherapies. A key feature of DZ-2384 is an improved
safety margin (more than 24-fold versus 0.7- to 1.0-fold for vinorelbine) when comparing
weight loss, clinical effects, bone marrow toxicity, and more than 13-fold considering its
neurotoxicity profile. We have demonstrated that DZ-2384 has strong single-agent antitumor
activity in models of pancreatic, colon, ALL, and metastatic breast cancer. The criticisms of
xenograft models derived from cell lines are that they are not representative of patient
tumors, they may respond differently to drugs, and the mice in which tumors are grown lack
immune surveillance. We have addressed these criticisms by demonstrating that DZ-2384 is
potent in multiple xenograft models, including a pancreatic PDX model, as well as a
Rgs16:GFP;KIC GEMM model of pancreatic cancer in which the mice are
immunocompetent. The results from the pancreatic models show that the DZ-2384/
gemcitabine combination was more effective than gemcitabine alone, the clinical standard of
care for PDA. This observation is exciting because the DZ-2384/gemcitabine combination
reduced tumor initiation and progression with a superior response rate (68%) compared to
the nab-paclitaxel/gemcitabine combination (53%) in the same Rgs16::GFP;KIC model (24).
Although this latter combination is approved for the treatment of metastatic PDA, nab-
paclitaxel suffers from a relatively high burden of peripheral neuropathy (39). Collectively,
these results highlight DZ-2384’s promise as a drug candidate for PDA and demonstrates its
potential for activity in a wide range of other indications.

MTA-induced peripheral neuropathy has been linked directly to effects on axonal
microtubules (40). Given that the integrity of axonal microtubules is essential for transport
processes and maintaining neuromuscular junctions, it is not surprising that MTAs affect the
longest nerves of the body, those innervating the feet and hands (41). DZ-2384 demonstrates
no electrophysiological or microscopic signs of peripheral neuropathy at circulating
DZ-2384 blood concentrations at least 13 times higher than effective antitumor
concentrations in mice. However, because neurotoxicity is seen at the DZ-2384 dose of 30
mg/m?, a potential for clinical toxicity remains at high doses. Nevertheless, in cultured
primary rat neurons, the integrity of axonal microtubules was maintained in the presence of
DZz-2384 compared to that in the presence of vinorelbine, suggesting a milder impact on
nerve axons. Therefore, we propose that DZ-2384’s improved safety margin is linked to the
manner in which DZ-2384 binds to tubulin and the impact it has on microtubule integrity
and dynamics.

Our crystal structure of the DZ-2384—tubulin complex and our EM data showed a
pronounced straightening in the pitch and curvature of microtubule protofilaments relative to
vinblastine-tubulin complexes (17). Microtubule curvature, more specifically the curvature
of tubulin dimers and protofilaments, has emerged as the central theme in our current
understanding of microtubule dynamic instability (11). GTP-tubulin dimers begin in the
curved state, with an intradimer angle of 12° according to available crystal structures (31,
42, 43). In solution, a tubulin dimer is expected to adopt a range of conformations, with
curved species predominating (44). Sometime during polymerization, the tubulin dimer
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straightens as it incorporates into the microtubule lattice (12), only to return to the curved
state during depolymerization when the protofilaments curve outward as “ram’s horns” (1).
It is now apparent that cells control their microtubules by using MAPs that bind selectively
to specific curvatures (11). Some MAPs bind to curved tubulin (43, 45), some bind to
straight lattices (46), and others can force tubulin to adopt curved conformations (47).

Microtubule curvature is also an important theme in our current understanding of the
mechanism of action of MTAs. Colchicine, for example, is known to trap individual tubulin
dimers in the curved state (48). Vinca alkaloids bind to the longitudinal interface between
two tubulin dimers, forcing the interface to adopt a curved conformation (17, 49). If the
vinca alkaloid binds to this interface at the growing end of a microtubule, the affected
tubulin dimers will be unable to straighten, a necessary step for their full incorporation into
the microtubule lattice (11, 50). Thus, vinca alkaloids block the interdimer curved-to-straight
transitions that must occur during microtubule growth, which may explain why microtubule
growth is slowed at low drug concentrations (51). At high concentrations, vinca alkaloids
can stabilize curved tubulin oligomers in solution (52, 53). With sufficient vinca activity,
these curved oligomers may dominate, effectively sequestering tubulin into a
polymerization-incompetent state. As microtubules undergo catastrophe and depolymerize,
their tubulin becomes unavailable for incorporation, and in a short time, the entire
microtubule cytoskeleton is depolymerized (54).

It is interesting to compare DZ-2384 to other vinca alkaloids in light of the discussion above.
Both DZ-2384 and vinorelbine slow down the microtubule growth rate in vitro and in tissue
culture cells. However, unlike vinorelbine, DZ-2384 increased the microtubule rescue
frequency. This change in microtubule dynamics is distinct relative to other depolymerizing
MTAs such as maytansine (55), cryptophycin 1 (56), dolastatin 10 (57), eribulin (58), and
vincristine (59). More frequent rescues should help to rebuild microtubule polymers, which
may explain why the microtubule cytoskeleton persists in DZ-2384-treated cells. Our
comparison of rescue frequencies and other parameters under-reports the difference between
the DZ-2384-treated and vinorelbine-treated cells. By definition, any measurement of
catastrophes and rescues ignores the microtubules that are paused or that have
depolymerized completely. Vinorelbine-treated cells contain fewer dynamic microtubules
that could be included in the analysis than DZ-2384-treated or DMSO-treated cells (Table
2). DZ-2384’s effect on rescue frequency may result from the straightening of the interdimer
interface and the decrease in the pitch of curvature. Because DZ-2384 straightens this bend,
the probability that a rescue event occurs might increase. Decreases in the pitch may also
facilitate lateral contacts between protofilaments during rescue events. In this way, the
structural difference between DZ-2384 and other vinca alkaloids can explain the functional
difference in rescue frequencies.

Together, our results demonstrate that a classic MTA binding site on tubulin can be targeted
in a distinct way that results in a therapeutic agent with an unexpected lack of treatment-
induced neuropathy at effective plasma concentrations. Our results provide a framework for
the rational design of MTAs that deliberately alter microtubule curvature. Such changes to
MTAs could confer improved pharmacological properties and broaden the scope of use of
this important class of chemotherapies.
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MATERIALS AND METHODS

Materials and methods are described in the Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. DZ-2384 has potent antitumor activity as a single agent and in combination with

gemcitabine

(A and B) Mean volume of MIA PaCa-2 tumors after 4 weeks of weekly bolus intravenous
administrations (indicated by arrows) of vehicle, DZ-2384 (A), or vinorelbine (B). Error
bars represent means £ SEM, n= 6. Tf, number of tumor-free animals on day 95. Pvalues
were determined on day 53. (C) In vivo bioluminescent imaging of luciferase-expressing
MDA-MB-231-LM2 breast cancer metastases in the lungs is presented as a pseudocolor heat
map of photon flux on day 28 after treatment initiation. (D) Kaplan-Meier curves
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representing survival of mice with MDA-MB-231-LM2 breast cancer metastases to the lung.
Pvalues <0.0001 for all treated mice were calculated using the log-rank (Mantel-Cox) test
relative to vehicle-treated mice. (E) Mean tumor volume of a human pancreatic cancer PDX
after treatment with gemcitabine (Gem) (100 mg/m?) or DZ-2384 (36 mg/m?) alone or in
combination according to the schedule indicated by arrows. Error bars represent means *
SEM, n=5. Pvalues were determined on day 92. (F) Treatment schedule for the
Rgs16:GFP;KIC pancreatic model: DZ-2384 (7.5 and 30 mg/m? for the first and second
injection on P16 and P23, respectively) and gemcitabine (37.5 mg/m? three times weekly as
indicated). (G) Maximum tumor burden (GFP) signal of untreated (Unt; n= 46),
gemcitabine-treated (/7= 31), or gemcitabine + DZ-2384-treated (7= 28) groups of mice on
P29 is represented quantitatively. Each aligned vertical dot column represents one pancreas,
and dots are the first to fifth brightest nonoverlapping pancreas fields; the median is in red.
GFP expression in Rgs16::GFP, non-K/C control (Ctrl) mice is represented by one gray line
per mouse. Top and bottom dashed horizontal lines mark the 95th and 1st percentile,
respectively, of all untreated animal GFP values. Numbers below the 1st percentile represent
the mildly or nontumorigenic pancreatic fields, and comparison with untreated animals
represents the response rate (indicated below the bottom dashed line). All P values except in
(D) were determined by Student’s unpaired two-tailed #test with Welch’s correction; the
color matches the comparison group.
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Fig. 2. DZ-2384 has no effects on NCV, latency, and histopathology at effective antitumor
concentrations

(A to C) Electrophysiological parameters were measured on caudal (A), digital (B), and
tibial (C) nerves. Black bars represent measurements taken on day 24 after four weekly
administrations of DZ-2384 or docetaxel at the doses indicated (n= 12). White bars
represent measurements taken on day 44, allowing a 22-day recovery as indicated (7= 5).
Error bars represent SD. Pvalues were determined using an unpaired nonparametric
Student’s t test. Each Pvalue indicated is compared to vehicle bars of the corresponding
color. (D and E) Histopathology of dorsal root ganglia (D) and sciatic nerve (E) tissue
sections taken at necropsy on day 44. Arrows denote degenerating neurons with vacuolated
cytoplasm (black) and condensed nuclei (blue). Black arrows in the sciatic nerve denote
degenerating axons. Green arrows in the dorsal root ganglia and sciatic nerve denote
digestion chambers. Scale bars, 50 pm.
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Fig. 3. DZ-2384 binds to the vinca domain of tubulin
(A) Specific, dose-dependent binding of tubulin dimers to DZ-2384 as assessed by SPR in

single-cycle mode. Buffer (red), BSA (green), actin (blue), and tubulin (black) were titrated
(0 to 10 mM; twofold dilution series) over biotinylated DZ-2384 [200 resonance units (RUs)
immobilized]; under similar conditions, tubulin was titrated over biotinylated DZ-2384D
surfaces (pink). (B to D) Multi-cycle SPR experiments in which the interaction between
tubulin (3 uM) and DZ-2384 (biotin-immaobilized) was tested in the presence of nonbiotinyl-
ated DZ-2384 (B), DZ-2384D (C), and vinorelbine (D) competitors at the concentrations

Time (s)

pP222
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indicated. (E) Closeup view of the interaction between DZ-2384 (yellow sticks) and tubulin
(gray and white ribbon). Interacting residues of a- and p-tubulin are shown in gray and
white stick representation and are labeled. Hydrogen bonds are highlighted as dashed black
lines. Secondary structural elements are labeled in blue. GDP, guanosine diphosphate. (F)
View into the binding site turned by 90°. The ligand DZ-2384 is in yellow surface
representation. The same display settings as in (E) are applied. (G) Surface representation of
the inactive DZ-2384D diastereomer after modeling it into the DZ-2384 binding site. The
hydrophobic pocket that interacts with the indoline moiety of DZ-2384 is devoid of any
interaction in the case of the inactive compound (dashed black circle). (H) Superposition of
the DZ-2384 (yellow) and vinblastine (VLB) [blue; PDB ID 4EB6 (60)] crystal structures.
The top dashed circle indicates the hydrophobic pocket in a-tubulin that is occupied by the
indoline moieties of both compounds in their complexes with tubulin. The bottom dashed
circle highlights the bulky catharanthine moiety of vinblastine that is missing in DZ-2384.
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Fig. 4. DZ-2384 affects tubulin dimer curvature
(A) Ribbon diagram outlining the proposed difference in relative orientation between af-

tubulin dimers in apo-T,R-TTL [aquamarine ribbon; PDB ID 4155 (16)] compared to T,R-
TTL complexed with vinblastine [gray ribbon; PDB ID 5J2T (61)] or DZ-2384 (blue
ribbon). (B) Variation of the relative orientation of tubulin heterodimers in the different ToR-
TTL complexes displayed in (A). Shown are models of helical oligomers obtained from the
repetition of the indicated ToR-TTL complexes. The resulting helices are viewed along
(bottom) and perpendicular (top) to their axes. Values for radii and pitches are given in
black. (C and D) Electron micrographs of negatively stained MAP-rich (C) or purified (D)
tubulin oligomers formed with 10 uM DZ-2384 (top) or 10 pM vinblastine (bottom). Curves
used to quantitate oligomer curvature are shown in aquamarine (D). (E) Histogram of
average curvature values for each condition [DZ-2384 (red) and vinblastine (blue)] with a
bin of 5 um™1 (7= 159 for DZ-2384 and /7= 192 for vinblastine). Pvalue was calculated
using Welch’s ttest.
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Fig. 5. DZ-2384 affects mitotic microtubules but minimally affects interphase and neuronal
microtubules

(A) Western blot analysis of microtubule polymers (a-tubulin) isolated from H1299 cells
treated with a dose range of DZ-2384, the inactive analog DZ-2384D, vinorelbine, or
docetaxel for 4 hours. Ponceau staining shows equal protein loading. DMSO, dimethyl
sulfoxide. (B) HeLa cells were synchronized with RO-3306 and then washed and released in
DMSO (left) or at the 1Cg of DZ-2384 (4 nM) (middle) and vinorel-bine (11 nM) (right) for
1 hour before fixation. Samples were immunostained with an antibody to a-tubulin (green)
and phalloidin (red) and with 4”,6-diamidino-2-phenylindole (DAPI) (blue). Images were
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acquired by confocal microscopy with a 40x objective. Insets show an enlargement of single
cells (bottom). (C) Non-synchronized U-2 osteosarcoma (OS) cells treated for 2 hours with
the I1Cgq of each compound (300 nM each) and then immunostained with an a-tubulin
antibody (green). (D) Treatment of E18 rat primary cortical neurons with 10 nM DZ-2384 or
vinorelbine for 1 hour (ICsq values for DZ2384 and vinorelbine were 43 and 68 nM,
respectively). Cells are immunostained with an a-tubulin antibody (green), and nuclei are
stained with DAPI (blue).
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Fig. 6. DZ-2384 and vinorelbine affect microtubule dynamics differently in vitro
(A) Schematic of the in vitro assay for observing microtubule dynamics. The seed

microtubule (red) is adhered to a cover glass surface by anti-rhodamine antibodies (dark
blue). The dynamic microtubule (green) extends from the seed microtubule. Excitation by
total internal reflection (TIR) lasers (light blue with arrows) allows for the observation of
individual microtubules in the evanescent field (yellow fade). (B to D) Kymographs
(distance versus time plot) depicting a dynamic microtubule (green) growing from a
stabilized seed (magenta) in a standard polymerization buffer with DMSO [1% (v/v)] (B),
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DZ-2384 (200 nM) (C), or vinorelbine (200 nM) (D). (E) Microtubule growth rates plotted
against increasing concentrations of DZ-2384 (blue squares) or vinorelbine (red circles). (F)
Post-catastrophe shrinkage rates plotted against increasing concentrations of DZ-2384 (blue
squares) or vinorelbine (red circles). (G) Cumulative frequency distribution of the time until
catastrophe in the presence of DZ-2384 (200 nM) (blue squares), vinorelbine (200 nM) (red
circles), or in 1% (v/v) DMSO (black diamonds). Solid lines are fits to the gamma
distribution, as described in (62). (H) Column plot of rescue frequencies at increasing
concentrations of DZ-2384 (blue bars) or vinorelbine (red bars). Error bars in (E) and (F)
represent SD. Data in (E) and (G) contain 74 to 193 measurements from three different
experiments. Data in (F) and (H) contain 75 to 192 measurements from three different
experiments. P values were calculated using Welch’s ftest.
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Table 2
DZ-2384 has different effects from vinorelbine on microtubule dynamics in LLC-PK1

cells

Measurements represent the means + SD of four independent experiments; each experiment represents at least
three to five different cells for each condition. Catastrophe and rescue frequencies are presented on an overall

basis (not per microtubule). P values were determined by an unpaired Student’s #test with Welch’s correction
relative to DMSO control-treated cells. Statistically significant values are marked in bold.

Dynamic parameters DMSO DZ-2384" Vinorelbine™
(P) (P)
Growth
Rate (um/min) 12.0+0.3 8.3+1.6 78.+15
(0.0164) (0.0091)
Distance (um) 28+0.1 24+0.3 21%0.2
(0.0631) (0.0036)
Duration (s) 148+0.6 19.0+6.2 175+538
(0.2666) (0.4242)
Shrink
Rate (um/min) 28.8+3.4 27.7+2.2 246+35
(0.6081) (0.1242)
Distance (um) 53+0.9 47+09 6.4+14
(0.3899) (0.2345)
Duration (s) 114+26 106+1.3 176 +6.6
(0.6087) (0.1570)
Dynamicity (um/min) 12.8+0.5 10.4+1.4 10.2+1.3
(0.0335) (0.0165)

%Time per phase

Growth 41.1+11.0 42.1+13.1 131+7.3
(0.9109) (0.0074)
Shrink 28.6+£55 252+1.4 38.6 £8.6
(0.3079) (0.1068)
Pause 30.3+6.5 327121 48.4+8.1
(0.7422) (0.0141)

Frequencies

Rescue (s71) 0.023+0.007 0.046 +£0.005 0.017 +0.002
(0.0024) (0.1846)
Rescue (um™) 0.051 £0.01 0.10 £0.008  0.043 +0.006
(0.0019) (0.3547)
Catastrophe (s71) 0.025+0.005 0.018+0.003 0.027 +0.003
(0.0619) (0.5360)
Catastrophe (um™1) 0.25+0.1 0.27+0.1 097+0.4
(0.8116) (0.0248)
Number of microtubules 127 107 73

*
Drug concentrations tested represent the 1Cg( of growth inhibition based on a 3-day viability assay and were 24 nM for DZ 23484 and 11 nM for
vinorelbine.
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