2852

Tubulin-based antimitotic mechanism of E7974, a novel
analogue of the marine sponge natural
product hemiasterlin
logues preferentially photolabeled α-tubulin, although minor
binding to β-tubulin was also detected. E7974 thus seems
to share a unique, predominantly α-tubulin–targeted mechanism with other hemiasterlin-based compounds, suggesting that, unlike many tubulin-targeted natural products and
related drugs, the hemiasterlins evolved to mainly target
α-tubulin, not β-tubulin subunits. [Mol Cancer Ther
2009;8(10):2852–60]
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Abstract
E7974 is a synthetic analogue of the marine sponge natural product hemiasterlin. Here, we show that E7974,
such as parental hemiasterlin, acts via a tubulin-based
antimitotic mechanism. E7974 inhibits polymerization of
purified tubulin in vitro with IC50 values similar to those
of vinblastine. In cultured human cancer cells, E7974
induces G2-M arrest and marked disruption of mitotic spindle formation characteristic of tubulin-targeted anticancer
drugs. Extensive hypodiploid cell populations are seen in
E7974-treated cells, indicating initiation of apoptosis after
prolonged G2-M blockage. Consistent with this observation, E7974 induces caspase-3 activation and poly ADP
ribose polymerase cleavage, typical biochemical markers
of apoptosis. Only a short cellular exposure to E7974 is
sufficient to induce maximum mitotic arrest, suggesting
that E7974's antitumor effects in vivo may persist even
after blood levels of the drug decrease after drug administration. Interactions of E7974 with purified tubulin were
investigated using two synthetic tritiated photoaffinity analogues incorporating a benzophenone photoaffinity moiety
at two different positions of the E7974 scaffold. Both ana-
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The microtubule cytoskeleton plays a critical part in maintaining and regulating cell division (1, 2). Microtubules are
polymers comprising α- and β-tubulin heterodimers. During mitosis, microtubules undergo dynamic cycles of
lengthening (polymerization) and shortening (depolymerization); these cycles, collectively termed microtubule dynamics, are essential for chromosome attachment to the
mitotic spindle and for proper chromosome segregation.
Agents that perturb microtubule dynamics by either mechanism are among the most effective anticancer drugs
currently in clinical use, and include drugs such as the taxanes and Vinca alkaloids (2, 3). Many microtubule-targeting
agents currently in use or in clinical trials are natural products or chemically modified, natural product–derived
compounds (2).
In this report, we describe the antimitotic mechanism of
action of E7974, a novel synthetic analogue of the marine
natural product hemiasterlin. Hemiasterlin, a potent cytotoxic tripeptide, was originally isolated from marine
sponges (4–6). Hemiasterlin exerts its antiproliferative effects by binding to tubulin, preventing tubulin polymerization, and inducing mitotic arrest (7, 8). However, the in vivo
anticancer therapeutic efficacy of hemiasterlin is associated
with toxicity (5).5 Thus, we embarked on a medicinal chemistry program to identify hemiasterlin analogues that would
be more promising for drug development. In the course of
our lead optimization program, we synthesized a large
number of analogues of hemiasterlin with variations at
every position on the backbone. Optimization of the
NH2-terminal amino acid yielded compounds with high
potency against human cancer cells in vitro, low susceptibility to PgP-mediated drug efflux, and good pharmaceutical
properties. In particular, we found that analogues incorporating cyclic amino acids at the NH2 terminus, and specifically
piperidine-containing amino acids such as pipecolic acid,
were very potent. These synthetic efforts culminated in the
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discovery of the N-isopropyl- D-pipecolic acid derivative
E7974 (Fig. 1; refs. 9–12). E7974 retains the potent in vitro anticancer activity of hemiasterlin,6 inhibiting the proliferation
of a wide variety of human cancer cell types at subnanomolar
or low nanomolar concentrations. Importantly, E7974 retains
strong potency in cells overexpressing PgP or harboring mutations in the β-tubulin genes that render such cells resistant
to the taxanes.6 E7974 shows strong in vivo antitumor efficacy
in many human xenograft cancer models, including tumor
models that are resistant to paclitaxel.6 To characterize the
anticancer mechanism of E7974, we studied its effects on
cell cycle distribution of cultured human cancer cells, formation of mitotic spindles, and induction of apoptosis.
Here, we show that E7974 perturbs formation of normal
mitotic spindle architecture, blocks cells in the G2-M phase
of the cell cycle after only short exposure times, and induces a long-lasting mitotic blockade that ultimately triggers apoptosis. Based on these favorable preclinical
findings, E7974 was selected for human clinical testing,
and is currently undergoing phase I clinical trials for cancer (13–16).
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Materials and Methods
Materials
E7974 (see, e.g., example 14; ref. 10), and two photoaffinity probes, ER-809878 and ER-812906, were synthesized
at Eisai Research Institute (Fig. 1). The photoaffinity moiety
chosen was a benzophenone, which was incorporated into
two positions on the E7974 scaffold either by replacing the
t-butylglycine with a p-benzoylphenylalanine amino acid
(ER-809878) or by attaching a p-benzoylphenylalanine amino ester to the COOH terminus of E7974 by an amide bond
(ER-812906). The tritium-labeled versions of the probes
were synthesized under contract by GE Healthcare (formerly Amersham Biosciences) using appropriate p-(3,5dibromobenzoyl)phenylalanine derivatives prepared at
Eisai Research Institute. Vinblastine sulfate was purchased
from Sigma-Aldrich.
Cell Culture and E7974 Treatment
U-937 human histiocytic lymphoma cells were obtained
from American Type Culture Collection (17) and maintained in suspension culture in RPMI 1640 supplemented
with 10% fetal bovine serum, 100 I.U./mL penicillin, 100
μg/mL streptomycin, and 85 mg/mL sodium pyruvate.
DU 145 human prostate cancer cells were obtained from
American Type Culture Collection and maintained as an adherent culture in Eagle's MEM medium containing 10% fetal
bovine serum, 100 I.U./mL penicillin, and 100 μg/mL streptomycin. Stock solutions of E7974 were prepared in 100%
anhydrous DMSO (Sigma-Aldrich) and stored in small
aliquots at −80 °C until use. Cells were treated with
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Figure 1. Chemical structures of hemiasterlin, E7974, and photoaffinity probes ER-809878 and ER-812906.
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phenylmethylsulfonyl fluoride, 20 μmol/L caspase inhibitor Z-VAD-FMK, and 50 mmol/L DTT. Cell lysates were
heated to 100°C for 10 min and subjected to SDS-PAGE. This
was followed by Western blot analysis using antibodies
against two apoptosis-related protein targets, poly ADP
ribose polymerase (PARP), and caspase-3 (BD Pharmingen).
Immunofluorescence Microscopy
DU 145 cells were seeded at 6 × 103 cells per chamber in
Lab-Tek II 8-chamber #1.5 cover glass slides (Electron Microscopy Sciences). Cells were allowed to adapt to culture
during 24 h of incubation at 37 °C without treatment.
E7974 and vinblastine were then added to cells at concentrations approximately 3 or 10 times higher than the
corresponding IC50 values for DU 145 cell growth inhibition.6 Cells were incubated with the test compounds for
18 h, with control cells receiving equivalent concentrations
of DMSO vehicle. After an 18-h incubation period, cells
were fixed in 3.7% paraformaldehyde for 10 min and then
permeabilized with 0.5% TX-100 solution in PBS for 10 min.
Nonspecific protein binding was preblocked by incubation
with PBS containing 10% fetal bovine serum. Cells were
then incubated with rat monoclonal anti–phosphohistone
H3 (Ser28) and/or mouse monoclonal anti–β-tubulin antibodies (Sigma-Aldrich) for 2 h followed by incubation with
Alexa Fluor 546–conjugated goat anti-rat IgG and/or Alexa
Fluor 488–conjugated goat anti-mouse IgG (Invitrogen
Molecular Probes) for 30 min. To visualize DNA, cells
were counterstained with 4′,6-diamidino-2-phenylindole

Figure 2. E7974 induces long-lasting G2M blocks and appearance of hypodiploid
cells in U-937 histiocytic lymphoma cells.
Histograms show number of cells per
channel (Y-axis) versus channel number
corresponding to DNA content (X- axis). A,
U-937 cells were treated with 300 nmol/L
E7974 for 0 to 24 h, as indicated, followed
by staining with propidium iodide and flow
cytometric cell cycle analysis as described
in Materials and Methods. B, U-937 cells
were pretreated with 300 nmol/L E7974
for 0 to 60 min at 37°C as indicated. Cells
were then harvested by gentle centrifugation, washed in PBS, and resuspended in
fresh medium not containing E7974. After
12 h of additional incubation in drug-free
medium at 37°C, cells were subjected to
flow cytometric cell cycle evaluation as described in Materials and Methods. Percentages of cells in G 2 -M as a function of
E7974 pretreatment time were as follows:
0 min, 15%; 10 min, 35%; 30 min, 47%;
45 min, 62%; 60 min, 71%.
Mol Cancer Ther 2009;8(10). October 2009
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E7974 for the indicated periods of time following appropriate sterile dilution of DMSO stock solutions into tissue
culture medium. Final DMSO concentrations during treatment of cells did not exceed 0.1% (v/v).
Flow Cytometric Analysis of Cell Cycle Distribution
DNA content analysis of U-937 cells was done by flow
cytometry as described (18). Briefly, exponentially growing
U-937 cells were exposed to 300 nmol/L E7974 for 0 to 24 h.
Samples (2–4 × 106 cells) were collected by centrifugation,
fixed in 70% ethanol/30% saline solution, subjected to RNase
digestion, and incubated with 5 μg/mL propidium iodide.
Single-channel flow cytometry was done on a Becton Dickinson FACScan flow cytometer. Collection and analysis of
data were done using Becton Dickinson CELLQuest software for the Macintosh computer. Doublet events were eliminated from analyses by gating on FL2-W/FL2-A primary
plots before histogram analysis of DNA content (measured
as FL2-A).
Preparation of Whole Cell Lysates and Immunoblot
Analysis
U-937 cells were incubated in the presence or absence of
300 nmol/L E7974 for 24 h. Cells were harvested by centrifugation and lysed in Laemmli's sample buffer [60 mmol/L Tris
(pH 6.8), 2% SDS, 10% glycerol, 0.025% bromophenol blue]
containing a protease inhibitor cocktail (Calbiochem) consisting of 1 mmol/L AEBSF, 0.8 μmol/L aprotinin, 50 μmol/L
bestatin, 15 μmol/L E-64, 20 μmol/L leupeptin hemisulfate,
and 10 μmol/L pepstatin A, and supplemented with 1 mmol/L
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Figure 3. Biochemical evidence of
apoptosis induction by E7974. U-937
cells were treated with 300 nmol/L
E7974 for 0 to 24 h, followed by
Western blot analyses of whole cell
lysates using an anti-PARP antibody
that recognizes the cleaved (84 kDa)
PARP polypeptide (top) and an anti–
caspase 3 antibody that recognized
both uncleaved (32 kDa) and cleaved
forms of caspase-3 (bottom). Details
of all procedures are presented in Materials and Methods.
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X-ray film for 13 d at −80°C. The film was developed and
scanned using a Microtek ScanMaker 6000.

Results
Effect of E7974 on Cell Cycle Distribution
E7974 is a potent inhibitor of cancer cell growth in vitro
and in vivo.6 To investigate the mechanism of cell growth
inhibition, we sought to determine which stage in the cell
cycle is interrupted by treatment with E7974. Analysis of
cell cycle distribution of U-937 human histiocytic lymphoma cells was done after 0- to 24-hour exposure to
E7974. Figure 2A shows the changes in cell cycle distribution as a function of time of exposure to E7974. Exponentially growing U-937 cells were treated with 300 nmol/L
E7974 and samples were collected at the times indicated
in the top right corner of each panel. Data shown represent
relative numbers of cells (Y-axis) as a function of fluorescence intensity (X-axis). The G1 and G2-M DNA contents
were adjusted to 300 and 600 arbitrary units, respectively.
Untreated cell preparations (0-hour exposure to E7974)
show a typical pattern of continuously growing cells distributed in G1, S, and G2-M phases (Fig. 2A, top left). Treatment with E7974 induced a G2-M block beginning as early
as 4 hours of treatment and increasing continuously thereafter. Concurrently, numbers of cells in G1 diminished beginning at 4 hours of exposure to E7974. By 10 hours, the
G1 phase had become completely depleted, indicating a
complete blockage of new cells progressing through mitosis.
An increasing hypodiploid cell population is evident at
8 hours of exposure to E7974 (*), suggesting that cells undergo apoptosis after prolonged blockage in G2-M (19).
After 24 hours of exposure to E7974, nearly all cells were
hypodiploid.
To investigate whether induction of apoptosis by E7974
occurs under both anchorage-independent and anchoragedependent cell culture conditions, we used human prostate
cancer DU 145 cells, which grow as a monolayer culture.
Effects of E7974 on DU 145 cells were similar to those seen
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(DAPI;Invitrogen Molecular Probes). Staining was analyzed
using a Leica SP5 confocal microscope under oil immersion.
In vitro Tubulin Polymerization Studies
Tubulin polymerization assays were done using a kit purchased from Cytoskeleton, Inc. following manufacturer's
recommended procedure. Briefly, lyophilized bovine brain
tubulin was resuspended at 3.2 mg/mL in ice-cold
G-PEM buffer [80 mmol/L PIPES (pH 6.9), 2.0 mmol/L
MgCl2, 0.5 mmol/L EGTA, 1.0 mmol/L GTP, 5% (v/v)
glycerol]. Concentrated (10×) working solutions of test
agents were prepared in G-PEM buffer containing 10%
DMSO. The final concentration of DMSO in all reactions
was 1%. Test agents were placed into wells (10 μL/well)
of 96-well half-area plates, which were then prewarmed
to 37°C in a VERSAMAX microplate reader (Molecular
Devices). Tubulin solution (100 μL/well) was added to
wells and mixed with compounds to achieve a final tubulin
concentration of 2.9 mg/mL. Plates were returned to the
plate reader and read at 340 nm once per minute for
60 min at 37°C using a kinetic protocol. Raw data were processed using the GraphPad Prism program to determine
Vmax and IC50 values.
In vitro Tubulin Binding Studies
Bovine brain tubulin was resuspended in G-PEM buffer
(described above) at a concentration of 0.5 mg/mL. Tubulin
solution (150 μL) was mixed with 3 μL of 3[H]ER-809878
(250 μmol/L, 10 mCi/mL) or 3 μL of 3 [H]ER-812906
(333 μmol/L, 10 mCi/mL), respectively. Reaction mixtures
were incubated for 30 min at 37°C. Each sample was then
distributed into 3 wells (50 μL/well) of a 96-well plate.
Plates were placed on ice and exposed to UV light
(350 nm) for 90 min using a UV hand lamp (model UVL28, 8W, UVP) at a distance of 1.5 cm from the sample.
Following UV cross-linking, samples were pooled and
mixed with Laemmli's sample buffer (Sigma-Aldrich), followed by heating to 100°C for 3 min and SDS-PAGE
(7.5% gels). One gel was stained with Coomassie Blue,
and a duplicate gel was treated with Amplify reagent
(Amersham Biosciences) for 30 min, dried, and exposed to
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Figure 4. E7974 blocks mitotic spindle formation and decreases microtubule density in DU 145 human prostate cancer cells. Left, DU 145 human prostate cancer cells were treated for 18 h: untreated (DMSO),
E7974 (19.5 or 65 nmol/L), or vinblastine (8.4 or 28 nmol/L). Cells were
then fixed and stained with DAPI (blue), anti–β-tubulin (green), and anti–
phospho-histone H3 (red; top three panels) or DAPI (blue) and anti–β-tubulin (green; two bottom panels) as described in Materials and Methods.
Staining was analyzed using a Leica SP5 confocal microscope at ×400
magnification with oil immersion.

in U-937 suspension cultures: treatment with 300 nmol/L
E7974 resulted in G2-M block and a presence of a significant
hypodiploid peak (data not shown). This suggests that DU
145 cells in monolayer culture undergo processes consistent
with apoptosis following prolonged E7974-induced mitotic
blocks.
In separate experiments, levels of phospho-histone H3
levels, a marker for mitosis (20), were determined by flow
cytometry in U-937 and DU 145 cells treated with E7974.
Approximately 80% of U-937 cells and 40% of DU 145 cells
collected in the G2-M peak after 14 hours of treatment were
positive for phospho-histone H3, suggesting that these fractions of the G2-M cell populations were actually in mitosis
(data not shown). Close to half of the hypodiploid U-937
cells were phospho-histone H3 positive, indicating that the
source of hypodiploid cells was directly the mitotic cell population (data not shown). The presence of apoptotic cells in
E7974-treated preparations was subsequently confirmed by
two biochemical criteria, cleavage of PARP and caspase-3
(see Fig. 3, below).
As described above, continuous exposure to E7974 induced complete mitotic arrest after 10 hours. However, in
a clinical setting, drug levels will decline after administration, and cells could potentially recover from effects of the
drug and start dividing again. An experiment was thus
done to determine the minimal time of exposure to E7974
needed to induce complete mitotic arrest (Fig. 2B). U-937
cells were exposed to 300 nmol/L E7974 for 0 to 60 minutes,
the drug was washed away, and the cells were incubated in
fresh medium for an additional 12-hour period. Cell cycle
distribution was analyzed by flow cytometry at the end of
the 12-hour washout period. As shown in Fig. 2B, only a
short 60-minute exposure to E7974 was sufficient to induce
complete mitotic arrest 12 hours later. By comparison, the
half-life of E7974 in patients ranged from 6.3 to 26.9 hours
as determined in phase I clinical studies (15). These
data suggest that E7974 can induce its maximum effect
before the blood levels of the drug decline between drug
administrations.
Induction of Apoptosis by E7974
To verify whether the hypodiploid DNA peaks seen in
Fig. 2A corresponded to true apoptotic cells, E7974-treated
cells were analyzed for the presence of two characteristic
biochemical markers of apoptosis, proteolytic cleavage
of procaspase-3, and PARP (21–23). Whole cell lysates of
U-937 cells treated with E7974 or vehicle were prepared
and subjected to SDS-PAGE followed by Western blot analysis with antibodies specific to caspase-3 and PARP. As
shown in Fig. 3, procaspase-3 cleavage (activation) and
PARP cleavage were both evident after 6 hours of exposure
to 300 nmol/L E7974, a similar time at which the appearance of the hypodiploid cell population was detected by
flow cytometry (Fig. 2). The presence of apoptotic cells in
E7974-treated preparations, suggested by flow cytometry,
was therefore confirmed by biochemical criteria.
Similar effects of E7974 (induction of mitotic block and
apoptosis) were also observed in vivo. In MDA-MB-435 human melanoma xenografts, a single 2.4 mg/kg dose of
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Figure 5.

these cells had not entered mitosis. Two mitotic cells in
metaphase can be seen in the untreated cell preparation
(top) with normal mitotic spindle architecture; nondividing
cells show a dense network of microtubules. Treatment with
both E7974 and vinblastine induced marked increases in
numbers of mitotic cells (positive for phospho-histone H3)
as well as disruption of mitotic spindle formation. Most
cells in E7974- and vinblastine-treated populations were
arrested in mitosis and were unable to complete this process; in these populations, mitotic spindles were highly disorganized tangled arrays of short microtubule fragments,
consistent with these two agents being inhibitors of microtubule polymerization. The chromosomal material in E7974treated preparations was also present in a disorganized
fashion, and the chromosomes evidently failed to align
at the center of the mitotic cell. All mitotic cells in E7974treated preparations were positive for phospho-histone
H3, indicating that the cells have entered prophase but
failed to progress to metaphase; suggesting that the arrest
occurred in late prophase or prometaphase. Morphology
of the chromosomal material in cells treated with vinblastine

Effects of E7974, vinblastine, and E7974 photoaffinity analogues on tubulin polymerization in vitro. The abilities of these compounds to
inhibit polymerization of purified bovine brain tubulin in vitro was assessed as described in Materials and Methods. Absorbance at 340 nm was determined
once per minute for 60 min. Points, means of triplicate measurements at each time point. A, E7974; B, vinblastine; C, ER-809878; D, ER-812906.

Mol Cancer Ther 2009;8(10). October 2009
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E7974 induced a 5- to 6-fold increase in the levels of phosphohistone H3 and cleaved caspase-3 24 h after drug administration (determined by immunohistochemical analysis of
tumor tissue).5
Disruption of Mitotic Spindle Apparatus in E7974Treated Cells
The mechanism of E7974-induced cell cycle arrest
described above was further studied in DU 145 human
prostate cancer cells (Fig. 4). DU 145 cells were treated with
19.5 or 65 nmol/L E7974, and 8.4 or 28 nmol/L vinblastine
for 18 h (concentrations that represented ∼3 and ∼10 times
the respective IC50 values in DU 145 cells6). Treated and untreated cells were stained with anti-tubulin antibodies to
visualize microtubules, anti–phospho-histone H3 antibodies
to visualize mitotic chromosomes, and with DAPI to label
chromosomal material. Stained cells were analyzed by fluorescence microscopy. The untreated cell preparation (top)
shows only small numbers of cells in mitosis, evident by
bright staining with anti–tubulin and anti–phospho-histone
H3 antibodies. In the untreated population, the majority of
cells were negative for phospho-histone H3, indicating that
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Figure 6. E7974 photoaffinity probes interact dominantly with α-tubulin.
Radiolabeled photoaffinity analogues of E7974, [3H]ER-809878, and [3H]
ER-812906 were incubated with bovine brain tubulin and UV cross-linked
by UV irradiation as described in Materials and Methods. Samples were
separated by SDS-PAGE followed by staining with Coomassie blue and
processing for autofluorography.

Discussion
Drugs affecting microtubule function, such as the Vinca
alkaloids and taxanes, are widely used clinically for the
treatment of cancer. Despite their widespread use, however,
such drugs are not universally efficacious in all cancers, and
even when initially useful, their effectiveness is often ultimately limited by development of drug resistance. Thus,
considerable opportunities exist for development of improved, microtubule-targeted agents.
Our interest in natural products as drug leads led us to
further investigate literature reports regarding the therapeutic promise of hemiasterlin (8). Our initial in vivo anticancer
evaluation of the natural product was hampered by the
strong toxicity of hemiasterlin (5).5 As a consequence, we
initiated a structure-activity study with the intent of identifying a molecule with: (a) an acceptable in vivo therapeutic
window and (b) an optimized drug profile and novel therapeutic effects compared with existing antimitotic agents.
The first set of analogues synthesized showed that hemiasterlin could be modified and still retain potent antiproliferative and antimitotic activity in vitro. This gave us hope that
an analogue of hemiasterlin could be found that would possess superior pharmaceutical potential compared with the
natural product itself. During the course of efforts to improve in vivo anticancer characteristics and pharmaceutical
properties of the parent hemiasterlin, we synthesized a
Mol Cancer Ther 2009;8(10). October 2009
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was similar to that of E7974-treated cells. Treatment with
higher concentrations of E7974 and vinblastine (19.5 and
8.4 nmol/L, respectively, ∼10-fold higher than the respective growth inhibitory IC50 values, as shown in the bottom
panels) affected microtubules in nonmitotic cells. In these
populations, there were marked decreases in microtubule
density with both agents. Disruption of normal mitotic
spindle formation and decreases in microtubule density
are both consistent with E7974's mechanism of action as
an inhibitor of tubulin polymerization.
In vitro Inhibition of Tubulin Polymerization by E7974
Effects of E7974 on polymerization of bovine brain tubulin in vitro were assessed and compared with those of the
known tubulin depolymerizing agent vinblastine. As shown
in Fig. 5A and B, both E7974 and vinblastine inhibited tubulin polymerization in a dose-dependent fashion, with E7974
and vinblastine showing similar Vmax IC50 values (3.9 and
3.2 μmol/L, respectively). Thus, E7974 inhibits tubulin polymerization similarly to the known tubulin polymerization
inhibitor vinblastine, consistent with observations of G2-M
cell cycle blockage and perturbation of mitotic spindle architecture as described above.
Two Photoaffinity Analogues of E7974 Interact with
α-Tubulin
To identify sites of interaction of E7974 with tubulin, two
radiolabeled (tritiated) photoaffinity probes were synthesized (Fig. 1). During the course of medicinal chemistry
optimization toward the final discovery of E7974, structureactivity relationships had indicated that the scaffold was
tolerant to modifications at the t-butylglycine alkyl group
and at the COOH terminus (24), at least with regard to cell
growth inhibition potency. These two areas of the molecule
were therefore chosen for modification into photoaffinity
probes (25). The benzophenone moiety was chosen as the
photo-labile group; it was incorporated via commercially
available p-(3,5-dibromobenzoyl)phenylalanine, and the
bromine atoms were replaced with tritium under standard
hydrogenolysis conditions (or via the analogous nonbrominated p-benzoylphenylalanine derivatives to prepare
nontritiated versions of the probes). The rationale for attaching probes both near the NH2 terminus and at the COOH
terminus was that this approach would provide more tubu-

lin binding information than if probe were attached only at
either end of the molecule. The benzophenone moiety was
incorporated into the E7974 scaffold either by replacing the
t-butylglycine with a p-benzoylphenylalanine amino acid or
by attaching a p-benzoylphenylalanine methyl ester to the
COOH terminus of E7974 by an amide bond (ER-809878
and ER-812906, respectively; Fig. 1C and D). Nonradiolabeled versions of the two probe compounds were prepared
and assayed for tubulin polymerization inhibition. Both
photoaffinity analogues ER-809878 and ER-812906 inhibited
tubulin polymerization in vitro, with Vmax IC50 values of 4.8
and 2.2 μmol/L, respectively (Fig. 5C and D). To cross-link
the two 3H-photoaffinity analogues to their binding sites on
tubulin, probes were incubated with purified bovine brain
tubulin and then exposed to UV irradiation. Following
binding and cross-linking, α- and β-tubulin subunits were
separated by SDS-PAGE and visualized by Coomassie blue
and autofluorography (Fig. 6). Identities of the two bands
(α- and β-tubulin, upper and lower bands, respectively)
were confirmed by Western blot analysis using tubulin
type–specific antibodies (data not shown). With ER809878, binding and cross-linking to α-tubulin (top band)
dominated, although faint binding to β-tubulin (lower
band) could also be seen. The second probe, ER-812906,
also preferentially bound and cross-linked to α-tubulin,
although in this case binding to β-tubulin was somewhat
greater than with ER-809878. Overall, results with both
probes suggest that the E7974 binding site is on α-tubulin
but probably very close to the β-tubulin junction within
the context of α/β tubulin dimer.
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kinase that is activated in response to microtubule damage.
Consistent with these findings, we previously reported that
exposure of cells to the halichondrin-based microtubule
dynamics inhibitor eribulin (previously E7389) leads to
Bcl-2 hyperphosphorylation followed by apoptosis (31).
Albeit speculative at this point, it is conceivable that Bcl-2
and associated kinase pathways may play a similar role in
apoptosis induction by E7974.
Our studies with photoaffinity analogues of E7974 suggest
that the agent binds primarily to α-tubulin, which represents
an uncommon mechanism of drug interaction with tubulin.
We prepared photoaffinity analogues of E7974 with the
photo-labile moiety near both ends of the scaffold to probe
as widely as possible. The most convenient areas of the scaffold for attaching a benzophenone while maintaining anti‐
tubulin activity were at the t-butyl position (ER-809878)
and at the COOH terminus (ER-812906). When these molecules were irradiated in the presence of tubulin, it was found
that ER-809878 covalently bound dominantly to α-tubulin,
whereas ER-812906 bound mainly to α-tubulin but also partially to β-tubulin. Our interpretation of these results is that
the E7974 scaffold binds to α-tubulin, near the α/β-tubulin
heterodimer interface, such that the COOH terminus of
E7974 (or a moiety attached to the COOH terminus) is in
proximity to β-tubulin. The benzophenone moiety in the
second probe (ER-812906) may have the flexibility and range
of motion necessary to extend across the α/β interface.
Most tubulin polymerization inhibitors bind to β-tubulin
(2, 32), and thus, polymerization inhibitors that bind to
α-tubulin are distinctive. Our results are not inconsistent
with those published for two similar photoaffinity analogues of taltobulin (HTI-286), a synthetic analogue of
hemiasterlin developed by Wyeth (33, 34). To make its
photoaffinity analogues, Wyeth incorporated a benzophenone, respectively, at either the NH2 terminus or at the t-butyl position of taltobulin (34). Thus, although our ER-809878
and one of Wyeth's probes each have a benzophenone
moiety in the position of the parent compounds' respective
t-butyl groups, ER-812906 and Wyeth's other probe have
their respective photoaffinity moieties on opposite ends of
the respective parent molecules. Unlike our probes, Wyeth's
probes were found to label α-tubulin exclusively (34).
Although ER-809878 and ER-812906 each have a benzophenone group not present in E7974, it seems likely that the
mechanism of E7974's antimitotic action is similar to that
of other hemiasterlin analogues (predominant binding to
α-tubulin) and is thus distinct from most other classes of
tubulin binding agents that principally bind to β-tubulin.
Based on its promising preclinical in vitro and in vivo
efficacy as well as its novel, α-tubulin–targeted mechanism,
E7974 was selected for clinical evaluation for cancer, and is
currently in phase I clinical trials. Results from those trials
will ultimately answer the question of suitability of this
agent for cancer therapeutic purposes.
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novel N-isopropyl-D-pipecolic acid derivative, E7974. E7974
inhibits proliferation of a wide variety of human cancer cell
types, is resistant to PgP-mediated drug efflux, and shows
strong anticancer activity against many human cancer xenograft models in vivo.6 The in vitro potency of E7974 does not
exceed that of parental hemiasterlin, and the favorable characteristic of being resistant to PgP-mediated drug efflux is
similar to that of hemiasterlin.5 However, the major advantage gained by our medicinal chemistry efforts to modify
hemiasterlin was in the improved in vivo toxicity profile. Although hemiasterlin showed in vivo efficacy in several models (5),5 such efficacy was observed only at doses that were
associated with significant toxicity (body weight loss and
mortality).5 In contrast, E7974 shows a much greater efficacy to toxicity ration, inducing strong tumor growth inhibition and tumor regression in several models at or below
maximally tolerated doses.6
In this report, we describe the antimitotic mechanism of
action of E7974. Like parental hemiasterlin, E7974 inhibits
polymerization of tubulin with an IC50 value similar to that
of known tubulin polymerization inhibitor vinblastine. Microtubule dynamics are critical for the proper attachment
and segregation of chromosomes during mitosis (1, 2); consistent with this, interference with tubulin polymerization
by E7974 results in the inability of cells to complete mitosis.
Immunofluorescence analyses of cells treated with E7974
show marked increases in numbers of cells positive for
phospho-histone H3, a marker for mitosis, as well as profoundly abnormal mitotic spindle formation. Similar to vinblastine, at low concentrations, E7974 caused marked
disruption of normal spindle architecture without noticeable effects on microtubule polymer mass. Decreases in
microtubule density was evident with these two agents only
at higher concentrations, consistent with reports suggesting
that microtubule targeting agents can suppress microtubule
dynamics at low concentrations without affecting the microtubule polymer mass (2, 26). These observations are also
consistent with the fact that both E7974 and vinblastine
are effective inhibitors of cell growth at much lower concentrations than those needed for inhibition of tubulin polymerization in vitro (sub to low nanomole per liter versus
low micromole per liter, respectively).
Based on other microtubule-targeted drugs, it seems likely that E7974-induced G2-M arrest followed by apoptosis is
related to the observed disruption in mitotic spindle formation. The presence of apoptotic cells in E7974-treated populations was suggested by increases in hypodiploid cells and
was further confirmed by marked proteolytic cleavage of
caspase-3 and PARP. Other agents that disrupt microtubule
dynamics (e.g., taxanes, Vinca alkaloids, halichondrins)
have also been reported to induce apoptosis following a mitotic arrest (27–31), although the precise signaling pathways
triggering apoptosis following mitotic arrest have not been
completely elucidated. Recent reports suggest that vinblastine may induce apoptosis by stimulating phosphorylation
of Bcl-2 and Bcl-xL (29, 30). Du et al. (29) hypothesized that
phosphorylation of these antiapoptotic proteins directly
precedes the onset of apoptosis and is carried out by a novel
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