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Abstract

Purpose 3-(6-Methoxy-2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propene-1-one (6-MOMIPP) is a novel indole-based
chalcone that disrupts microtubules. The present study aims to define the mechanism through which 6-MOMIPP induces
cell death and to evaluate the efficacy of the compound in penetrating the blood—brain barrier and inhibiting growth of
glioblastoma xenografts.

Methods The effects of 6-MOMIPP were evaluated in cultured U251 glioblastoma cells, using viability, flow cytometry, and
tubulin polymerization assays. Scintillation proximity and tubulin crosslinking methods were used to identify the binding site
of 6-MOMIPP on tubulin, and western blots were performed to define the signaling pathways that contribute to cell death.
LC/MS assays were used to study the pharmacokinetic behavior of 6-MOMIPP in mice. Subcutaneous and intracerebral
xenograft models were utilized to assess the effects of 6-MOMIPP on growth of U251 glioblastoma in vivo.

Results The findings indicate that 6-MOMIPP targets the colchicine site on f-tubulin. At concentrations >250 nm,
6-MOMIPP induces mitotic arrest, caspase activation and loss of cell viability. Cells are protected by caspase inhibi-
tors, pointing to an apoptotic mechanism of cell death. Loss of cell viability is preceded by activation of Cdk1(Cdc2) and
phosphorylation of Bcl-2 and Bcl-xL. Inhibition of both events with a Cdk1 inhibitor prevents cell death. 6-MOMIPP has
broad activity against the viability of multiple glioblastoma, melanoma and lung carcinoma cell lines. Viability of normal
cells, including differentiated neurons, is not significantly affected at a drug concentration (1 uM) that reduces viability in
most cancer lines. Pharmacokinetic studies in mice show that concentrations of 6-MOMIPP in the brain mirror those in
the plasma, indicating that 6-MOMIPP readily penetrates the blood—brain barrier. Studies with mice bearing human U251
glioblastoma xenografts demonstrate that 6-MOMIPP is effective in suppressing growth of subcutaneous and intracerebral
tumors without causing general toxicity.

Conclusions The results indicate that 6-MOMIPP is a novel microtubule disruptor that targets the colchicine binding site on
B-tubulin to induce mitotic arrest and cell death. The ability of 6-MOMIPP to penetrate the blood—brain barrier and inhibit
growth of glioblastoma xenografts suggests that it warrants further preclinical evaluation as potential small-molecule thera-
peutic that may have advantages in treating primary and metastatic brain tumors.
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Microtubule-targeting agents (MTAs) are widely used as
anti-cancer drugs [1, 2]. They can be classified into two
major groups: (1) Microtubule-stabilizing agents, such as
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effects. By perturbing highly dynamic mitotic spindle assem-
blies, MTAs arrest mitotic progression and eventually kill
cancer cells through mitotic catastrophe or apoptosis [5-8].
Despite their widespread use, MTAs are not without draw-
backs, including acquired resistance [2] and dose-limiting
myelosuppression and neurotoxicity [1].

Among the challenges in cancer treatment, perhaps none
is greater than the need for more effective therapies for brain
tumors, including primary lesions like glioblastoma [9, 10]
and secondary tumors that originate from metastatic spread
of cancers from other tissues [11]. Established MTAs like
the Vinca alkaloids and taxanes have limited utility in these
settings because of their relatively poor passage across the
blood-brain barrier [12—15]. Thus, ongoing studies continue
to seek new MTAs with properties that may overcome the
current limitations.

Commencing with the early work of Edwards et al. [16],
studies have shown that synthetic chalcones resembling the
naturally occurring flavonoid precursor, 1,3-diphenyl-2-pro-
pen-1-one, have anti-proliferative activities when applied to
cancer cells in vitro [17-20]. Chalcone analogs in which one
phenyl ring of the prototypical structure is replaced with a
modified indole, while the other phenyl ring is substituted
with a trimethoxyphenyl, have proven to be particularly
effective antineoplastic agents in vitro [21, 22] and in sub-
cutaneous tumor xenografts in mice [23, 24].

Our laboratory has been working with synthetic chal-
cones broadly characterized as indolyl-pyridinyl-propenones
(IPPs). We previously reported that some compounds of
this class, most notably trans 3-(5-methoxy-2-methyl-1H-
indol-3-yl)-1-(4-pyridinyl)-2-propene-1-one (abbreviated
MOMIPP), can induce a unique form of non-apoptotic cell
death termed ‘methuosis’ in glioblastoma and a wide vari-
ety of other cancer cells [25, 26]. While performing struc-
ture—activity relationship studies to define the features of
IPPs that are required for induction of methuosis, we dis-
covered that seemingly subtle modifications of the indole
ring resulted in major alterations of biological activity,
yielding compounds with the ability to disrupt microtubule
architecture [27]. In particular, moving the methoxy group
on MOMIPP from the 5' position to the 6’ position on the
indole ring (yielding 6-MOMIPP) was sufficient to switch
the biological activity of the compound from methuosis to
microtubule-disruption [28].

In the present study we extend our investigation of
6-MOMIPP to establish its mechanism of action and evalu-
ate its anti-tumor efficacy in vitro and in glioblastoma xeno-
graft models. The results indicate that 6-MOMIPP inter-
acts with the colchicine binding site on p-tubulin to induce
mitotic arrest and cell death by a caspase-dependent mech-
anism. Most importantly, 6-MOMIPP readily crosses the
blood—brain barrier (BBB) and exhibits significant activity
against both subcutaneous and intracerebral glioblastoma.
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Therefore, 6-MOMIPP and related IPPs merit further pre-
clinical evaluation as potential therapeutic agents for treat-
ment of primary and metastatic brain tumors.

Methods
Chemicals

6-MOMIPP, was synthesized as described previously [28].
The compound was serially diluted in dimethylsulfox-
ide (DMSO) to achieve the desired final concentration in
tissue culture medium with 0.1% DMSO. BMS-265246
(Selleckchem), SP600125 (Cayman Chemical), z-LEHD-
fmk (R&D Systems, Inc.) and pro-VAD-fmk (Vergent
Bioscience) were purchased from the indicated sources
and dissolved in DMSO. N,N'-Ethylenebis iodoacetamide
(EBI) was from Toronto Research Chemicals. XenoLight
p-Luciferin—K* salt bioluminescent substrate was pur-
chased from Perkin Elmer. NMP and Solutol-HS15 were
from Sigma-Aldrich.

Cell culture

U251 human glioblastoma cells were obtained from the
Development Therapeutics Program (DTP) Tumor Reposi-
tory, NCI Division of Cancer Treatment and Diagnosis
(DCTD). Cells were maintained in Dulbecco’s modified
Eagle medium (DMEM), supplemented with 10% (v/v)
fetal bovine serum (FBS) (JR Scientific), at 37 °C with 5%
C0O,/95% air. Cultures were periodically tested for Myco-
plasma contamination by staining with 4',6-diamidino-
2-phenyl-indole (DAPI) or use of the PlasmoTest assay
(InVivogen) and were confirmed to be negative. Informa-
tion about the origin and culture conditions for other cell
lines tested for susceptibility to 6-MOMIPP can be found in
Online Resource 1.

Cell viability

Viability of cells in vitro was assessed by measuring cellular
ATP using the CellTiter-Glo® luminescence assay according
to the manufacturer’s protocol (Promega Corp). U251 cells
were seeded in white-walled opaque 96-well plates (6250
cells/cmz), with four replicate wells for each culture con-
dition. After addition of compounds at the indicated con-
centrations, cell viability was assayed at a 48 h end-point.
Luminescence was quantified with a Berthold Tech Centro
XS3 LB 960 luminometer, using the preinstalled MikroWin
software. To compensate for differences in growth rate, other
cell lines were seeded at densities noted in Online Resource
1.
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Phase contrast and immunofluorescence imaging

For live cell imaging studies, cells were seeded in 35 mm
dishes at 12,500 cells/cm? and incubated for 24 h before
commencing treatment with compounds. Cells were exam-
ined by phase contrast microscopy using an Olympus
IX70 inverted microscope equipped with a heated stage, a
DP80 digital camera, and CellSens™ software (Olympus
America). Immunofluorescence visualization of microtu-
bule architecture was carried out as described previously
[27]. Briefly, cells were plated on glass coverslips in 60 mm
dishes at 16,700 cells/cm? and compounds were added 1 day
after plating. Cells were fixed with cold methanol and incu-
bated for 1 h with a monoclonal antibody against a-tubulin
(Cat. No. T5168, Sigma Chemical Co.) at 1:100 dilution,
followed by Alexa Fluor 568-labeled goat anti-mouse IgG
(ThermoFisher Scientific) (1:600, 1 h). Nuclear DNA was
stained with DAPI for 5 min.

Cell cycle analysis

Cells were seeded in 60 mm dishes at 16,700 cells/cm?.
On the next day, the sub-confluent cells were treated with
6-MOMIPP or other compounds at the concentrations
indicted in the figure legends. After 24 h the cells were
harvested by trypsinization, fixed in ice-cold 70% ethanol,
washed twice by centrifugation/resuspension in phosphate-
buffered normal saline (PBS), and then suspended in 900 ul
PBS containing 6.25 mM MgSO, and 1 mM CaCl,. After
incubation at room temperature for 15 min, 2 pl of a 100 mg/
mL solution of RNase A was added and cells were incubated
at 37 °C for 15 min. Finally, 100 pl of a 500 mg/ml aque-
ous solution of propidium iodide was added and the cells
were analyzed with a Becton—Dickinson FACS-Calibur flow
cytometer. DNA histograms were generated with CellQuest
Pro software.

Tubulin polymerization in intact cells

The polymerization state of microtubules in intact cells was
analyzed by flow cytometry essentially as described by Mor-
rison et al. [29]. Cells were plated in 60 mm dishes at 14,300
cells/cm?. After 1 day, while cells were still sub-confluent,
cells were treated with the indicated concentrations of
6-MOMIPP, colchicine, paclitaxel or an equivalent volume
of DMSO for 24 h. Cells were harvested and pelleted by
centrifugation (600xg, 5 min), then fixed for 10 min in 1 ml
microtubule-stabilizing buffer (80 mM PIPES, pH 6.8, | mM
MgCl,, 5 mM EDTA, 0.5% Triton X-100) containing 0.5%
glutaraldehyde. The glutaraldehyde was quenched by adding
0.7 ml PBS containing 1 mg/ml NaBH, and the cells were
collected by centrifugation (1000xg, 5 min). The cell pellet
was re-suspended in 100 ul of antibody-diluting solution

(PBS, pH 7.4, 0.2% Triton X-100, 2% bovine serum albu-
min, and 0.1% NaN3) containing 50 ug/ml RNase (Qiagen)
for an overnight incubation at 4 °C. Samples were then incu-
bated in the dark for 3 h with 25 pl of anti-a-tubulin—FITC
conjugate (Sigma, 1:50 dilution). Tubulin fluorescence of
individual cells was analyzed with a Becton—Dickinson
FACS-Calibur flow cytometer.

Immunoblot analysis

Cells were seeded in 10 cm dishes at 22,700 cells/cm? in
DMEM containing 10% FBS. After 24 h, while cells were
still sub-confluent, fresh medium containing the indicated
compounds or an equivalent volume of DMSO was added
and cells were harvested after 24 or 48 h. Cells were lysed
in sodium dodecyl sulfate (SDS) sample buffer [30] and the
protein concentration was determined by colorimetric assay
using Bio-Rad reagent (Bio-Rad, Inc.). Equal amounts of
protein (80 pg) were subjected to SDS—polyacrylamide gel
electrophoresis (SDS—PAGE), transferred to polyvinylidene
difluoride membrane, and analyzed by immunoblot proce-
dures described previously [31]. Chemiluminescent signals
were quantified using an Alpha Innotech FluorChem HD2
imaging system with Alpha View software. Mouse monoclo-
nal antibody against p-tubulin (Cat. No. sc-5274,) was pur-
chased from Santa Cruz Biotechnology. All of the following
antibodies were obtained from Cell Signaling Technology:
Rabbit anti-caspase-9 (Cat. No. 9502S); rabbit anti-cleaved
caspase-3 (Aspl75) (Cat. No. 96618S); rabbit anti-caspase-7
(Cat. No. 9492S); rabbit anti-pospho-SAPK/INK (Thr183/
Tyr185) (Cat. No. 9251S5); rabbit anti-SAPK/INK anti-
body (Cat. No. 9252s); rabbit anti-Bcl-xL (54H6) (Cat. No.
2764s); rabbit anti-phospho-Bcl-2 (Ser70) (5H2) (Cat. No.
2827s); rabbit anti-phospho-c-Jun (Ser63) (Cat. No. 92615);
rabbit anti-c-Jun (60A8) (Cat. No. 9165s); rabbit anti-PP1a
(Cat. No. 25828S); and rabbit anti-phospho-PP1a (Thr320)
(Cat. No. 25818S). Rabbit anti-phospho-BcL-xL (Ser62)
(Cat. No. PA535496) was obtained from Thermo Fisher Sci-
entific. Mouse monoclonal anti-phospho-histone H3 (Ser10)
(Cat. No. 05-806) was purchased from Sigma. Horseradish
peroxidase (HRP)-coupled goat anti-mouse IgG (Cat. No.
554002) and goat anti-rabbit IgG (Cat. No. 554021) were
from BD Biosciences.

Scintillation proximity assay

For the colchicine competition assay, [3H]colchicine (ring C,
methoxy-3H, 1 mCi/ml, SA=60-87 Ci/mmol) was purchased
from PerkinElmer and diluted 1/20 into ethanol. 10 pl of the
diluted [*H]colchicine (0.5 uCi) was added to each well in
a 96-well white-walled plate (PerkinElmer) and air-dried for
1 h. Then 90 pl of ice-cold binding buffer (80 mM PIPES,
pH 6.8, 1 mM MgCl,, 1 mM EGTA, 1 mM GTP) was added,
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followed by escalating concentrations of 6-MOMIPP, colchi-
cine or vinblastine in 1 pl water. For this purpose, 6-MOMIPP
was first dissolved in a solvent composed of 7.5% NMP, 15%
Solutol-HS 15, and 77.5% PBS to concentration of 1.3 mM,
and serial dilutions were prepared in deionized water. Biotin-
labeled B-tubulin and GTP were purchased from Cytoskel-
eton, Inc. The biotinylated tubulin (0.5 pg) was added to the
assay in 10 pl ice-cold binding buffer and the reaction mixture
was incubated at 37 °C for 2 h. Finally, 0.08 mg streptavidin-
yttrium silicate (YSI) beads (PerkinElmer) were added in 20 pl
binding buffer, and incubation was continued for 15 min. The
signal emitted from the interaction between [*H]-colchicine on
biotinylated tubulin and streptavidin-YSI beads was quantified
with a Packard TopCount®NXT™ Microplate Scintillation &
Luminescence Counter. Results were plotted using GraphPad
Prism 7.

[PH]Vinblastine was obtained from PerkinElmer
(0.25 mCi/ml, SA =20.8 Ci/mmol). For the vinblastine
competition assay, 0.5 uCi of [*H]vinblastine was diluted
into 10 pl ethanol, and added to the wells of a white-walled
96-well plate to air dry for 1 h. Then unlabeled vinblastine,
colchicine, or 6-MOMIPP (final concentrations 0.24 uM or
2.4 uM) were added along with 1 pg biotinylated tubulin
in 80 ul cold binding buffer. Reaction mixtures were incu-
bated at 37 °C for 2 h, with 4 replicates for each condition.
Streptavidin-YSI beads (0.4 mg suspended in 50 pl binding
buffer) were added to each reaction mixture and scintillation
signals were quantified after 15 min as described above.

Tubulin crosslinking and drug binding assay

The ability of 6-MOMIPP to protect key residues in the col-
chicine binding site of B-tubulin from crosslinking by EBI
was adapted from a published procedure [32]. U251 cells
were seeded in 10 cm dishes at 22,700 cells/cm? and allowed
to attach for 24 h. Thereafter, the sub-confluent cells were
pretreated for 4 h with 6-MOMIPP, paclitaxel, colchicine or
an equivalent volume of DMSO at concentrations indicated
in Fig. 3c. EBI was then added to the medium at a final
concentration of 100 uM, and incubation was continued for
1.5 h. Cells were harvested and lysed in SDS sample buffer,
and protein concentration was determined by the Bio-Rad
colorimetric assay. For each sample 80 ug protein was sub-
jected to SDS-PAGE and transferred to PVDF membrane.
Immunoblot assays were performed as described earlier,
using a mouse monoclonal antibody against f-tubulin (Santa
Cruz Biotechnology, Cat. No. sc-5274).

Pharmacokinetics and tissue distribution
of 6-MOMIPP in vivo

Swiss Webster mice (8—10 weeks, female) were purchased
from Charles River Laboratories and housed in ventilated
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cages on a 12 h light—dark cycle. 6-MOMIPP was dissolved
in NSP (7.5% N-methyl-2-pyrrolidone, 15% Solutol-HS15,
77.5% PBS) to generate a 2 mg/ml solution and adminis-
tered to mice via intraperitoneal (ip) injection at a dose of
20 mg/kg. Mice were euthanized at intervals of 30 min, 1 h,
2 h, 4 h, and 8 h after drug administration. Blood was col-
lected by cardiac puncture, stored on ice in EDTA-coated
collection tubes, and centrifuged at 10,000xg for 20 min
to obtain plasma. Thereafter, plasma was stored at — 80 °C
until analysis. Brain and liver were snap-frozen in liquid
nitrogen and stored at — 80 °C until analysis. Frozen tissues
were weighed and homogenized 1:9 (w/v) in RIPA buffer
(150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 1%
SDS, 50 mM Tris, pH 7.5).

To determine the concentration of 6-MOMIPP, plasma
(200 pl) or tissue homogenate (500 ul) were extracted with
1 ml ethyl acetate by incubating at 37 °C for 20 min, fol-
lowed by centrifugation for 2 min at 16,000xg. An 800 pl
aliquot of supernatant was vacuum centrifuged at 30 °C for
1 h and the residue was suspended in 100 pl of 30% (v/v)
acetonitrile, 0.1% (v/v) formic acid in deionized water. Liq-
uid chromatography separations were performed on a Waters
2795 HT-Alliance LC Separations Module with a 10 ul sam-
ple injection onto a Waters Ascentis Express C18 column
(7521 mm, 2.7 uym) with matching guard column. Iso-
cratic elution was performed with 30% (v/v) organic phase
composed of acetonitrile, and 70% aqueous phase made up
of deionized water containing 0.1% (v/v) formic acid, at
a total flow rate of 0.3 ml/min. 6-MOMIPP was detected
via multiple reaction monitoring (MRM) on a Micromass
Quattro Micro Mass Spectrometer in ESI+ mode with capil-
lary voltage 3.0 kV, source temperature 100 °C, desolvation
temperature 400 °C, desolvation gas flow 650 I/h, cone gas
flow 40 1/h, and dwell time 0.2 s. 6-MOMIPP was detected
as 293.1>95.9 at cone voltage 40V, collision energy 23V,
and at a column retention time of 2.1 min. Plasma sample
measurements were calibrated using standards prepared in
commercial EDTA-treated mouse plasma purchased from
Pel-Freez Biologicals (Rogers, AZ, USA). Brain and liver
homogenate samples were calibrated using RIPA homoge-
nates made from brain and liver tissues, respectively, col-
lected from untreated control mice. Standards were spiked to
give a known concentration of MOMIPP in units of nM; i.e.,
nmol/l for plasma, or nmol/kg for brain and liver homogen-
ates, with the latter based on the tissue mass contained in the
homogenates (9 ul RIPA buffer added per mg tissue). Plasma
levels of 6-MOMIPP were measured based on plasma vol-
ume and expressed as nM concentration. Brain and liver
homogenate levels were measured based on tissue mass prior
to homogenization, so that these concentrations represent
nmol/kg tissue. For ease of comparison, tissue densities were
approximated as 1.0 g/ml, so that brain and liver levels could
be expressed as nM concentration.
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Anti-tumor efficacy studies in xenograft models

Athymic CrTac:NCR-Foxnl<nu>mice (female, 7-8
weeks) were purchased from Taconic Biosciences (Rens-
selaer, NY). For generation of glioblastoma xenografts
suitable for bioluminescence imaging (BLI), U251 human
glioblastoma cells were transfected with a vector (pCMV5-
Neo-pGL3) encoding firefly luciferase, and a stable cell
line was generated by clonal selection in medium con-
taining G418. The resulting cell line, termed U251-LUC,
was maintained in DMEM supplemented with 10% (v/v)
FBS and 200 pg/ml G418 and was periodically tested for
uniform luciferase expression in vitro.

To initiate subcutaneous (sc) xenografts, mice received
flank injections of 5 x 10® U251-LUC cells suspended in
100 ul DMEM with 50% Matrigel (Corning Life Science).
After 4 days, when a small mass was palpable, each mouse
was subjected to BLI in an IVIS Spectrum imaging sys-
tem (PerkinElmer), 15 min after receiving an ip injection
containing 0.3 mg p-luciferin in PBS. Mice with tumors
detectable by BLI were allocated randomly into control
or treatment groups. Thereafter, the mice in the treatment
group received 20 mg/kg 6-MOMIPP via ip injection every
12 h for 14 days, while controls received injections of
vehicle (NSP). Mice were weighed periodically through-
out the study and tumor growth was monitored by BLI
at the indicated intervals. Upon termination of the study,
final luminescence images were acquired and all tumors
were excised and weighed. The study was repeated twice,
once with 8 mice per group, and once with 11-12 mice
per group.

The orthotopic glioblastoma xenograft model was
established in athymic mice based on a previously pub-
lished method [33]. Each mouse received an intracerebral
injection of 4 x 10° U251-LUC cells. Tumor growth was
monitored by BLI. By the fourth day, all of the mice had
tumors that emitted 10’—10® photons when injected with
D-luciferin as described earlier. Mice bearing tumors were
grouped randomly into control and treatment groups and
6-MOMIPP (20 mg/kg) or vehicle was administered by ip
injection every 12 h for 12 consecutive days. Mice were
weighed and monitored for signs of toxicity or neurologi-
cal impairment throughout the treatment period. Upon
termination of the study, a final bioluminescence scan
was performed and the brains were fixed in 10% neutral
buffered formalin. At the same time, blood was collected
by cardiac puncture, stored in lithium heparin-coated col-
lection tubes (ThermoFisher), and centrifuged at 10,000xg
for 20 min to isolate plasma. The plasma samples were uti-
lized for toxicity screens with a comprehensive diagnostic
profile kit and a VetScan VS2 Analyzer (Abaxis), follow-
ing standard protocols recommended by the manufacturer.

Histology

Fixed brains bearing intracerebral tumors were embedded
in paraffin and serial coronal sections were prepared, mov-
ing anterior-to-posterior in 100 um steps. At each step three
5 pm sections were mounted and stained with hematoxylin
and eosin (H&E). Central regions of the tumors were iden-
tified and images were obtained with an Olympus Virtual
Slide Microscope VS120. CellSense™ software was used to
draw contours around the tumors and determine the tumor
area. For each brain, the mean tumor area was determined
from four separate sections in the central part of the tumor.

Statistical analysis

GraphPad Prism 7 was used for statistical analysis. For stud-
ies in vitro, statistical significance of differences between
control and treated cells in culture groups was determined
using Student’s unpaired ¢ test. For comparisons of BLI,
tumor weight, or tumor areas in control vs. treated groups of
mice at specific times, the Mann—Whitney test for unpaired
samples was used. Values of p <0.05 were considered to be
significant.

Results

6-MOMIPP induces mitotic arrest
and caspase-dependent death in glioblastoma cells

The structure of 6-MOMIPP is depicted in Fig. 1a. When
U251 glioblastoma cells were treated with 1 uM 6-MOMIPP,
the majority of cells rounded up and detached from the cul-
ture dish within 24 h, and the few remaining attached cells
contained multiple micronuclei (Fig. 1a). Flow cytometry
analysis revealed that cells treated with 6-MOMIPP at
concentrations ranging from 0.25 to 5.0 uM for 24 h were
arrested in the G2/M phase of the cell cycle (Fig. 1b). Upon
continued incubation with anti-mitotic concentrations of
6-MOMIPP for 48 h, DNA histograms of the combined
floating and attached cells demonstrated accumulation of
a sub-G1/GO0 population, suggestive of cell death (Fig. 1c).
Very similar effects were observed when 6-MOMIPP was
tested in a different human glioblastoma cell line, T98G
(Online Resource 1). Viability assays based on measure-
ment of cellular ATP confirmed loss of cell viability by 48 h
(Fig. 1d). These observations are consistent with the pro-
pensity of prolonged mitotic arrest to trigger cell death via
apoptosis [7, 34] or mitotic catastrophe, wherein faulty seg-
regation of chromosomes leads to nuclear abnormalities and
eventual death by caspase-dependent or caspase-independent
mechanisms [5, 35].
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apoptosis (Fig. le). Cleaved (active) forms of all three cas-
pases were not observed at 24 h, but were readily detected
at 48 h after addition of 6-MOMIPP, coinciding with the
accumulation of sub-GO cells and the decline in cellular
ATP. To determine if cell death was caspase-dependent, cells
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«Fig. 1 Effects of 6-MOMIPP on morphology, cell cycling and viabil-
ity of U251 glioblastoma cells. a U251 cells were seeded in 35 mm
dishes and treated with DMSO or the indicated concentrations of
6-MOMIPP. Phase contrast images were acquired at the indicated
time points. The bar in the 4 h control panel represents 20 um. b Cells
were treated for 24 h with increasing concentrations of 6-MOMIPP
and flow cytometry was performed after staining the cells with pro-
pidium iodide. The percentage of cells in each phase of the cell cycle
was determined from DNA histograms using CellQuest software
(n=3 at each drug concentration). ¢ Examples of DNA histograms
are shown for cells exposed to 1 pM 6-MOMIPP for 24 h or 48 h,
revealing accumulation of sub-G1/GO cells at the later time point. d
Cells were treated with 6-MOMIPP at the indicated concentrations
for 48 h and ATP was measured by CellTiter-Glo® luminescence
assay as described in the “Methods”. Values represent the mean+ SD
of four replicates. e Cells were treated with 1 uM 6-MOMIPP or the
equivalent volume of DMSO for 24 h or 48 h. Separate cultures were
co-treated with 6-MOMIPP and caspase inhibitors (Pro-VAD-fmk
and z-LEHD-fmk), which were added 2 h before the 6-MOMIPP.
Cells treated with staurosporine served as positive controls for cas-
pase activation. Cells (attached and detached) were harvested and
lysed in SDS sample buffer and subjected to immunoblot analysis for
the indicated caspases, as described in the “Methods”. The results
are representative of three separate experiments. f U251 cells were
treated with DMSO (control), staurosporine (positive control for
apoptosis) or 1 uM 6-MOMIPP, with or without caspase inhibitors.
Cell viability was assessed at 24 h or 48 h using the CellTitre Glo®
ATP assay. Values are the mean (+SD) of four replicates. *Increases
in viability observed with addition of caspase inhibitors were signifi-
cant at p<0.05

were treated with 6-MOMIPP in the presence or absence of
a broad-spectrum caspase inhibitor, pro-VAD-fmk, plus a
caspase-9 inhibitor, z-LEHD-fmk. (The latter was included
because in our hands pro-VAD-fmk does not completely
inhibit activation of caspase 9). The results depicted in
Fig. le, f indicated that the inhibitor cocktail blocked cas-
pase activation in the cells treated with staurosporine or
6-MOMIPP and provided significant protection from cell
death.

Effects of 6-MOMIPP on viability extend to other
tumor cell lines

We next broadened the evaluation of 6-MOMIPP to include
several additional glioblastoma cell lines, as well as cell
lines representative of cancers that frequently give rise to
brain metastases (melanoma and lung cancer). The results
shown in Online Resource 2 indicate that all of the tested
cell lines responded to 6-MOMIPP with a decline in cell
viability (ATP) by 48 h. However, there were some marked
differences in sensitivity to 6-MOMIPP. For example, within
the glioma group, U87MG and A172 cells were much less
sensitive than U251 or T98G (Online Resource 2A). Simi-
larly, within the melanoma group, the SK-MEL-2 line was
less sensitive than any of the others tested (Online Resource
2C). In clinical settings, acquired drug resistance in recur-
rent tumors often results in failure of chemotherapy. Thus,

in this study we also included two drug-resistant cell lines:
U251-TMZR, glioblastoma cells selected for temozolo-
mide resistance [36], and H125-CPR, a lung carcinoma line
selected for cisplatin-resistance. Both cell lines exhibited
significant responses to 6-MOMIPP, although viability was
not decreased as much as in the corresponding parental cell
lines (Online Resource 2A &B).

Finally, we examined the effects of 6-MOMIPP in non-
transformed cells (Online Resource 2D). Viability of nor-
mal human skin fibroblasts or HUVEC was not significantly
decreased after 48 h with 1 uM 6-MOMIPP, a concentration
that was effective in most of the cancer cell lines. At 5 uM,
the effects of 6-MOMIPP on the viability of fibroblasts and
HUVEC were comparable to the weaker responses obtained
in some of the tumor cell lines (e.g., U§7MG, A172). To
assess the possibility of neuronal toxicity, we tested the
effects of 6-MOMIPP on RN46A-B14 cells, a SV40 large
T antigen-immortalized rat neuron progenitor cell line that
can be induced to differentiate into non-dividing cells with
neuronal morphology [37]. Viability of the differentiated
neuronal cells was not reduced with either 1 uM or 5 pM
6-MOMIPP, and cell morphology was not noticeably altered
after 48 h (Online Resource 2E).

6-MOMIPP causes microtubule depolymerization
by targeting the colchicine binding site on B-tubulin

Morphological rounding and mitotic arrest are features typi-
cally observed in cells treated with drugs that target micro-
tubules. In a previous study, we found that indolyl pyridinyl
propenones related to 6-MOMMIP caused cell rounding,
surface blebbing and tubulin depolymerization within 4 h
[27]. Likewise, we found that cell rounding and blebbing
are early effects of 6-MOMIPP [28]. These features are con-
sistent with the effects of direct microtubule depolymeriz-
ing agents. Thus, in the present studies, we extended the
examination of 6-MOMIPP to compare it longer-term effects
with those of other microtubule-targeting compounds. As
shown in Fig. 2a, U251 cells treated with vehicle alone or a
sub-lethal concentration of 6-MOMIPP (0.1 uM) exhibited
a flattened morphology with a distinct microtubule network.
In contrast, the few cells that remain attached to the dish
after treatment with 6-MOMIPP at higher concentrations
that cause cell cycle arrest and cell death exhibited a diffuse
tubulin staining pattern and sometimes contained multiple
micronuclei. To further evaluate the tubulin polymeriza-
tion state, we carried out a flow cytometric analysis that
measures polymerized tubulin in intact cells [29]. In this
assay, U251 cells were exposed to different concentrations
of 6-MOMIPP or a reference microtubule stabilizer (pacli-
taxel) or destabilizer (colchicine) for 24 h. After washing out
soluble tubulin monomers, the polymerized microtubule net-
work was fixed with glutaraldehyde and immunostained with
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Fig.2 6-MOMIPP disrupts A
tubulin polymerization and
promotes micronucleation in
cultured U251 cells. a Cells
were treated with DMSO
(control) or 6-MOMIPP at the
indicated concentrations for

24 h. Microtubules were stained
by immunofluorescence, using
anti-o-tubulin primary antibody
and Alexa Fluor 568-labeled
goat anti-mouse secondary
antibody (red fluorescence).
Nuclei were stained with DAPI
(blue fluorescence). b To
quantify polymerized tubulin,
cells were treated with DMSO,
colchicine (1 uM), paclitaxel

(1 uM) or indicated concentra-
tions of 6-MOMIPP for 24 h.
Tubulin monomers were washed
out of the cells and polymer-
ized microtubules were fixed,
immunostained and analyzed by
flow cytometry as described in
the “Methods”. Representative
fluorescence intensity histo-
grams are shown above the bar
graph, which depicts the median
fluorescence intensity (+SD)
determined from three separate
cultures. Asterisks denote
values that were significantly
increased or decreased rela-

tive to the controls (¥*p < 0.05;
*#p <0.001)

0.5 uM 0.1 uM control

1.0 uM

ount
g B g

FITC-conjugated antibody against a-tubulin. As expected,
colchicine significantly reduced the median fluorescence sig-
nal of the cell population compared to the DMSO control,
indicating tubulin depolymerization (Fig. 2b). The micro-
tubule stabilizer, paclitaxel, did the opposite, substantially
increasing the median fluorescence. In cells treated with
6-MOMIPP, the median fluorescence of polymerized tubu-
lin decreased in a concentration dependent manner (Fig. 2b),
suggesting that 6-MOMIPP acts in a manner similar to the
microtubule destabilizer, colchicine.

Among the various MTAs, colchicine and related com-
pounds bind to a site on p-tubulin that is distinct from the
sites targeted by Vinca alkaloids and taxanes [38]. To obtain
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information about how 6-MOMIPP interacts with tubulin,
a competition-binding scintillation proximity assay (SPA)
was performed [39]. In this assay compounds that can bind
to the colchicine site on p-tubulin will compete with [*H]
colchicine which, in turn, diminishes the scintillation sig-
nal generated when biotinylated p-tubulin containing [*H]
colchicine interacts with streptavidin-coated yttrium sen-
sor beads. The results depicted in Fig. 3a demonstrate that
6-MOMIPP was able to substantially inhibit the binding of
[*H]colchicine to p-tubulin when added in a concentration
range of 1-10 uM. As expected, unlabeled colchicine also
diminished the binding of [*H]colchicine, but vinblastine
had no effect. In a limited converse study, 6-MOMIPP did
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Fig.3 6-MOMIPP interacts with the colchicine binding site on
B-tubulin. a [PH]colchicine was incubated with biotin-labeled
B-tubulin for 2 h in the presence of unlabeled vinblastine, colchicine
or 6-MOMIPP at concentrations of 0.01, 0.10, 0.50, 1.0, 2.5, 5.0 or
10 uM. Streptavidin SPA beads were then added and scintillation sig-
nals were quantified as described in the “Methods”. Each point repre-
sents the mean+SD of 4 replicates. b [*H]vinblastine was incubated
for 2 h with biotin-labeled f-tubulin in the presence of unlabeled vin-
blastine, colchicine or 6-MOMIPP (final concentrations 0.24 pM or

not compete against binding of [*H]vinblastine to tubulin
(Fig. 3b). In that case, only unlabeled vinblastine inhibited
the binding of [*H]vinblastine to tubulin. These findings sup-
port the notion that 6-MOMIPP associates with p-tubulin at
or near the well-defined colchicine binding site.

To obtain additional confirmation of the site of
6-MOMIPP interaction on fB-tubulin, we used an alter-
native approach that is based on the principle that EBI
forms a crosslink between two cysteine residues (cys239
and cys354) in the colchicine binding pocket of p-tubulin
in living cells. The crosslinking of these cysteine residues
generates a mobility shift that can be detected as a faster-
migrating band when B-tubulin is subjected to SDS gel
electrophoresis [32]. When colchicine occupies its bind-
ing site on P-tubulin, EBI access to the target cysteines is
blocked. Thus, in this study U251 cells were treated with
DMSO, 6-MOMIPP, colchicine, or vinblastine for 4 h fol-
lowed by 1.5 h incubation with EBI. The cells were then
harvested and subjected to SDS-PAGE and immunoblot
analysis for B-tubulin. As expected, incubation of cells with
colchicine, but not vinblastine, prevented the formation of
the faster-migrating EBI-crosslinked band (Fig. 3c). Simi-
lar to colchicine, 6-MOMIPP inhibited the formation of the
EBI-crosslinked band at concentrations that caused mitotic
arrest and microtubule depolymerization (1 uM and above).

- + 4+ + + +

2.4 uM). Streptavidin SPA beads were then added and scintillation
signals were quantified. Each point represents the mean=+ SD of four
replicates. Significant decreases in binding (p <0.05) are denoted by
asterisks. ¢ Cells were pre-incubated for 4 h with DMSO (control),
1 uM vinblastine, 1 pM colchicine, or the indicated concentrations
of 6-MOMIPP. The cross-linker, EBI, was then added for 1.5 h and
the cells were harvested for SDS-PAGE and immunoblot analysis of
tubulin. The results shown are representative of three separate experi-
ments

Effects of 6-MOMIPP are associated with activation
of Cdk1 and phosphorylation of anti-apoptotic Bcl-2
proteins

Activation of Cdk1(Cdc2) promotes key events in the transi-
tion from G2 into the mitotic phase of the cell cycle, includ-
ing disassembly of the nuclear envelope and chromosome
condensation [40]. Cdk1 is activated by its binding to Cyc-
lin B1 and dephosphorylation by Cdc25. Upon assembly of
mitotic spindles and correct alignment of chromosomes in
metaphase, the activity of Cdk1 is switched off by degrada-
tion of Cyclin B1 and phosphorylation by Weeland Myt
kinases, facilitating mitotic exit [41, 42]. When spindle
dynamics and mitotic progression are disrupted by MTAs,
Cyclin B1 degradation is inhibited, thereby maintaining
Cdkl1 in an active state [43].

Anti-apoptotic members of the Bcl-2 family (e.g., Bcl-2
and Bcl-xL) are among the targets of Cdk1 [44], and there is
evidence that these proteins are functionally inactivated by
phosphorylation [45-47]. Therefore, we explored the pos-
sibility that increased phosphorylation of Bcl-2 proteins by
Cdk1 could provide a plausible link between 6-MOMIPP-
induced microtubule-disruption/mitotic arrest and the
initiation of apoptosis. We began by asking whether the
activity of Cdk1 was in fact elevated in cells treated with
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6-MOMIPP. The phosphatase, PP1a, is a known substrate of
the Cdk1/Cyclin B1 complex in mitosis, with phosphoryla-
tion occurring at thr320 [48]. As shown in Fig. 4a, treatment
of U251 cells with 1 uM 6-MOMIPP for 24 h caused readily
detectable phosphorylation of thr320 on PP1a, which was
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completely abolished when BMS-265246, a specific inhibi-
tor of Cdk1 [49], was added together with 6-MOMIPP. The
activation of Cdkl1 in cells treated with 6-MOMIPP coin-
cided with a marked increase in phosphorylation of Bcl-2
(Fig. 4b). Phosphorylation was maximal at 24 h and then
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«Fig. 4 Induction of cell death by 6-MOMIPP depends on activa-
tion of Cdkl and phosphorylation of Bcl-2 and Bcel-xL. a U251
cells were treated with 1 uM 6-MOMIPP or an equivalent volume
of DMSO (control), in the presence or absence of a Cdkl inhibitor,
BMS-265246 (5 uM). After 24 h the detached and attached cells were
harvested and equal amounts of protein from the same samples were
subjected to SDS-PAGE and immunoblot analysis for phosphoryl-
ated vs. total PPla. b Cells were treated with 1 uM 6-MOMIPP or
an equivalent volume of DMSO (control) for 24 h or 48 h. Where
indicated (MM + BMS), the Cdk]1 inhibitor, BMS-265246, was added
together with 6-MOMIPP. Immunoblots show the phosphorylated and
total Bcl-2 detected in equal aliquots of protein from each sample. ¢
Cells were treated with 1 uM 6-MOMIPP or an equivalent volume of
DMSO (control) for 24 h. Where indicated, the Cdkl1 inhibitor was
added together with 6-MOMIPP. Immunoblots show the phosphoryl-
ated and total Bcl-xL detected in equal aliquots of protein from each
sample. Results similar to those depicted in a—c were observed in
three separate studies. d Cells were treated for 24 h with 6-MOMIPP,
BMS-265246 or a combination of both (as above) and then stained
with propidium iodide and subjected to flow cytometry to acquire
DNA histograms. e Cells were treated with 1 uM 6-MOMIPP or an
equivalent volume of DMSO (control), in the presence or absence
of 5 uM BMS-265246, and harvested after 24 h. Equal amounts of
protein were subjected to immunoblot analysis for phosphorylated
histone H3, with o-tubulin as a loading control. f U251 cells were
seeded in 96-well plates and CellTiter-Glo® viability assays were
performed as described in the “Methods”, after 48 h treatment with
1 uM 6-MOMIPP, 5 uM BMS-265246 or a combination of both.
The controls were treated with vehicle (DMSO). Values are the
mean =+ SD of four replicates (* p<0.005). g U251 cells were treated
with 1 uM 6-MOMIPP or an equivalent volume of DMSO (control)
for 24 h, and immunoblot analysis was performed on equal aliquots
of protein to detect phosphorylated and total forms of JNK. h Cells
were incubated for 24 h with 1 uyM 6-MOMIPP or DMSO (control).
Where indicated, a JNK inhibitor, SP600125 (75 uM), was added 2 h
before addition of 6-MOMIPP and maintained throughout the subse-
quent 24 h incubation. Attached and detached cells were harvested
and equal amounts of protein were subjected to immunoblot analy-
sis for the proteins indicated at the left of each blot. Similar results
were obtained in three experiments. i Cells were treated for 24 h with
1 UM 6-MOMIPP, 75 uM SP600125 or a combination of both, and
then stained with propidium iodide and subjected to flow cytometry
to acquire DNA histograms. Controls were treated with a volume of
DMSO equivalent to that used for the addition of test compounds. j,
k Cells were treated with 1 uM 6-MOMIPP or an equivalent volume
of DMSO (control), in the presence or absence of SP600125 (75 uM).
After 24 h, the detached and attached cells were harvested and equal
amounts of protein were subjected to SDS-PAGE and immunoblot
analysis for j phosphorylated and total histone-H3 or k phosphoryl-
ated and total PPla. 1 U251 cells were seeded in 96-well plates and
CellTiter-Glo® viability assays were performed as described in
the “Methods”, after 48 h treatment with 1 uM 6-MOMIPP, 5 uM
SP600125, or a combination of both. The controls were treated
with vehicle (DMSO). Values are the mean=+SD of four replicates
(*p<0.005)

diminished at 48 h. The basis for loss of Bcl-2 phospho-
rylation at 48 h was not investigated further, because it cor-
responds with loss of ATP and cell viability (Fig. 1c, d),
which could affect multiple kinases. Like Bcl-2, the phos-
phorylation of the anti-apoptotic Bcl-xL was also mark-
edly increased after 24 h treatment with 6-MOMIPP. Most
notably, the phosphorylation of both Bcl-2 and Bcl-xL was

prevented by inclusion of the Cdk1 inhibitor, BMS-265246,
together with 6-MOMIPP (Fig. 4b, c). The Cdk1 inhibitor
by itself is predicted to prevent transition of cells from G2
into the M phase of the cell cycle. As depicted in Fig. 4d,
the DNA histograms of cells treated with BMS-265246,
6-MOMIPP, or a combination of both, were indistinguish-
able. However, by assessing the phosphorylation of histone-
H3 on ser10, we were able to separate the cell cycle effects
of BMS-265246 from those of 6-MOMIPP. Histone-H3
phosphorylation occurs in conjunction with chromatin con-
densation during mitotic prophase and is maintained through
metaphase [50]. Consistent with disruption of spindle micro-
tubules and mitotic arrest, cells treated with 6-MOMIPP
alone exhibited robust histone-H3 phosphorylation (Fig. 4e).
In contrast, cells treated with BMS-265246, either alone or
with 6-MOMIPP, showed no evidence of histone-H3 phos-
phorylation (Fig. 4e). Therefore, despite the similar DNA
histograms (Fig. 4d), cells treated with BMS-265246, with
or without 6-MOMIPP, appear to be arrested at an earlier
point in either G2 or mitotic prophase, before histone phos-
phorylation occurs.

Finally, we asked whether preventing 6-MOMIPP-treated
cells from becoming arrested in mitosis (with attendant
Cdk1 activation and Bcl-2/Bcl-xL phosphorylation) might
mitigate the loss of cell viability. BMS-265246 by itself did
not affect cell viability (Fig. 4f), but induced a flattened cell
morphology (Online Resource 3). When combined with
6-MOMIPP, the Cdk1 inhibitor offered significant protection
from loss of viability (Fig. 4f) and prevented the cells from
rounding up and detaching from the substratum (Online
Resource 3).

6-MOMIPP triggers activation of c-Jun N-terminal
kinase

Colchicine and other drugs that cause microtubule depo-
lymerization are known to promote sustained activation of
the stress-activated kinase, JNK [51, 52]. JNK activation, as
measured by its phosphorylation, has in turn been associated
with apoptosis induced by MTAs. Thus, we asked whether
treatment of U251 cells with 6-MOMIPP was associated
with activation of JNK. The results indicate that both the
p54 and p46 splice variants of JNK were robustly phos-
phorylated in cells exposed to 1 uM 6-MOMIPP for 24 h
(Fig. 4g). Consistent with JNK activation, phosphorylation
of the established JNK substrate, c-Jun, was increased in
cells treated with 6-MOMIPP (Fig. 4h). Induction of INK
activation by MTAs coincides with phosphorylation of anti-
apoptotic Bcl-2 and Bcl-xL proteins [53-55]. In accord with
these studies, we found that the phosphorylation of Bcl-2
and Bcl-xL triggered by 6-MOMIPP could be blocked by a
JNK inhibitor, SP600125 (Fig. 4h). The prevention of Bcl-2/
Bcl-xL phosphorylation by the JNK inhibitor appears may
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«Fig. 5 Pharmacokinetic properties and efficacy of 6-MOMIPP in sub-
cutaneous glioblastoma xenograft model. a Mice received a single
ip injection of 6-MOMIPP (20 mg/kg) formulated in NSP. At each
time point, mice were euthanized and blood was obtained by car-
diac puncture. The liver and brain were immediately frozen in liquid
N,. Tissue samples were homogenized, after which plasma and tis-
sue homogenates were extracted and analyzed by LC-MS/MS assay
to determine the concentrations of 6-MOMIPP as described in the
“Methods”. Each value represents the mean+SD derived from 6
mice. b Immunocompromised mice received sc implants of human
U251-LUC cells, as described in the “Methods”. When tumors
were detectable by BLI at 4 days after implantation, treatment with
6-MOMIPP commenced (20 mg/kg, every 12 h). The start of treat-
ment is designated as day-0. Control mice received an equivalent vol-
ume of NSP vehicle. Bioluminescence imaging was performed on all
mice in the control and 6-MOMIPP groups (n=S8 for each group) on
the days indicated in the graph (b). BLI values in the 6-MOMIPP-
treated group were significantly reduced on day-7 (p<0.01” and
day-14 (p <0.005*%*). The bioluminescence images captured on day-
14 of the study are shown in ¢. All mice were euthanized on day-14
and tumor wet weight was recorded (d). ***The difference in tumor
weight between the 6-MOMIPP-treated and control groups was sig-
nificant at p<0.005. e, f The previous study was replicated with
the following minor modifications: Tumors were initiated with 107
cells instead of 5x 10° cells. Eleven mice were included in the con-
trol group and 12 in the treatment group, instead of eight. Mice were
treated for 15 days instead of 14 days. e Bioluminescence images of
individual mice were acquired on the 15th day of treatment. f The
luminescence signals (photons) from the control and treated mice
show a significant decrease on day-15. g Tumor wet weights are
also significantly decreased after 15-day treatment (meanz+SD).
Significance was determined by the Mann-Whitney unpaired test.
*p <0.005; **p <0.001

be related to inhibition of the transition between G2 and
mitotic prometaphase. Thus, while treatment of cells with
SP600125 alone, or in combination with 6-MOMIPP, pro-
duced DNA histograms indicative of G2/M arrest (Fig. 41),
there was no phosphorylation of histone-H3 (a prometaphase
marker) (Fig. 4j) or activation of Cdk1 (phosphorylation of
PPla) (Fig. 4k), as there was with 6-MOMIPP alone. As
in the case of the Cdk1 inhibitor (Fig. 4f), the addition of a
JNK inhibitor together with 6-MOMIPP provided signifi-
cant protection from the loss of cell viability (Fig. 41). This
supports the notion entry into a state of prolonged mitotic
arrest is a key factor in the cell death program induced by
6-MOMIPP.

Pharmacokinetic study of 6-MOMIPP

To assess the pharmacokinetic properties of 6-MOMIPP
and evaluate its ability to penetrate the blood—brain barrier
(BBB), 6-MOMIPP was initially formulated in several dif-
ferent solvents and administered to mice via oral or intraperi-
toneal (ip) routes at various dosages. Based on the results of
these preliminary studies, we selected NSP (7.5% n-methyl-
2-pyrrolidone, 15% Solutol HS15, 77.5% phosphate-buffered
normal saline) as the optimal vehicle for ip administration
of 6-MOMIPP. As shown in Fig. 5a, when mice were given

a single injection of the compound at a dose of 20 mg/kg,
the plasma concentration exceeded 10 uM after 30 min. The
plasma concentration declined with a half-life of approxi-
mately 1.3 h, but at 8 h remained above the 0.25 uM thresh-
old shown to cause mitotic arrest in cultured U251 cells
(Fig. 1b). Consistent with the behavior of many drugs, liver
concentrations of 6-MOMIPP were substantially higher than
the plasma levels at all time points. Of particular note, the
concentration of 6-MOMIPP in the brain closely mirrored
the concentration in the plasma, approaching a brain to
plasma ratio near 1.0 throughout the time-course.

Anti-tumor efficacy of 6-MOMIPP in xenograft
models

Based on the foregoing studies, we elected to initiate a study
to evaluate the effects of 6-MOMIPP on the growth of sc
glioblastoma xenografts derived from U251-LUC cells.
Beginning four days after implantation of tumors cells, mice
received ip injections of 20 mg/kg 6-MOMIPP (or vehicle
for controls) twice daily, for a total of 14 days. The BLI
results depicted in Fig. 5b, ¢ show that the sc xenografts
in the control mice grew aggressively, and that treatment
with 6-MOMIPP significantly decreased tumor progression
as measured by this method. The end-point tumor weights
confirmed that 6-MOMIPP significantly inhibited growth
of the sc xenografts (Fig. 5d). The sc xenograft study was
carried out a second time with essentially the same results
(Fig. 5e-g). 6-MOMIPP was well tolerated, with no behavio-
ral signs of toxicity or loss of body weight during the course
of treatment (Online Resource 4A&B).

Considering the efficacy of 6-MOMIPP in suppressing the
growth of sc tumors, and the ability of the compound to pen-
etrate the BBB, we extended these studies to an orthotopic
glioblastoma xenograft model. The U251 human glioblastoma
cell line has been widely used to rapidly establish aggressive
intracerebral tumors with many of the pathological features
of human glioblastoma [56]. Beginning 4 days after tumor
cell implantation, mice bearing intracerebral U251-LUC xeno-
grafts were treated with 6-MOMIPP, using the same formu-
lation and dosing regimen applied in the sc xenograft study.
The study was terminated after 12 days of treatment (16 days
total), when some of the control mice began exhibiting signs
of distress. The results of BLI indicated a significant inhibitory
effect of 6-MOMIPP on the progression of the intracerebral
xenografts (Fig. 6a, b). This was confirmed by end-point mor-
phometric analysis of tumor areas in stained coronal sections
through four separate planes of each tumor, which revealed a
significant decrease in the size of the tumors in the group of
mice treated with 6-MOMIPP (Fig. 6¢, d). During the course
of the study, there was no significant difference in body weight
between the control and treated groups (Online Resource 4C).
The blood chemistry profiles of samples collected at the end of
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Fig.6 6-MOMIPP inhibits growth of intracerebral glioblas-
toma xenografts. Immunocompromised mice received intracranial
implants of U251-LUC as described in the “Methods”. Treatment
with 6-MOMIPP (20 mg/kg, every 12 h) or vehicle was initiated on
the 4th day after implantation (designated as day-0). BLI was per-
formed on the mice in the control and 6-MOMIPP groups (n=10)
on the indicated days (a) and the images from day-12 are depicted in
b. *The decrease in bioluminescence for the 6-MOMIPP group was
significant at p <0.01 on day-12. The brains removed from the con-

the study indicated that the 12-day treatment with 6-MOMIPP
did not have adverse effects on glucose, electrolytes, or indi-
cators of liver (alanine transaminase) or kidney (blood urea
nitrogen) function. (Online Resource 5). Small but significant
decreases were noted in albumin, amylase and phosphorous.
The basis for these small changes is unknown.

Discussion
The present studies show that a novel IPP (indolyl-pyridinyl-

propenone), 6-MOMIPP, acts as a microtubule-destabilizing
agent to induce mitotic arrest and caspase-dependent cell
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trol and treated mice were processed for histology and central tumor
regions were identified in serial coronal sections. For each tumor,
the area was quantified in four separate sections as described in the
“Methods”, and the mean tumor area was determined. ¢ Representa-
tive histology images are shown for three mice from each group, with
the numbering corresponding to the labels in b. d The areas deter-
mined for all tumors in the control and treated mice (mean=+SD)
are depicted in the graph. **The decrease in the 6-MOMIPP-treated
group was significant at p <0.01

death in glioblastoma and a variety of other cancer cell lines
in vitro. The compound also shows significant anti-tumor
activity against human glioblastoma xenografts grown sub-
cutaneously in mice. Most importantly, our findings estab-
lish that, unlike the majority of MTAs, 6-MOMIPP read-
ily penetrates the BBB and inhibits growth of intracerebral
tumors.

In addition to the demonstration of anti-tumor efficacy,
the results provide new insights into the mechanism of action
of 6-MOMIPP. Using two different approaches, namely
SPA and EBI-crosslinking, we show that 6-MOMIPP can
compete for occupancy of the colchicine binding site on
p-tubulin. Thus, the compound represents a new entry into
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the structurally diverse group of MTAs known to interact
with this site [57, 58]. While a number of these compounds
are chalcone derivatives [23, 24, 59, 60], 6-MOMIPP is
structurally unique in terms of having a modified indole ring
linked to a pyridinyl moiety via an a,f unsaturated ketone
bridge. Unlike closely related IPPs, which trigger vacuoli-
zation of endosomal compartments and non-apoptotic cell
death via methuosis [25, 26], 6-MOMIPP causes caspase-
dependent cell death as a result of disruption of mitotic pro-
gression. The DNA histograms, combined with a marked
increase in phosphorylation of histone-H3, suggest that cells
treated with 6-MOMIPP are arrested in prometaphase prior
to caspase activation and cell death. Consistent with this
conclusion, treatment with 6-MOMIPP results in marked
activation of Cdk1, manifested by phosphorylation of PP1a.

An important consequence of prolonged Cdkl activa-
tion in mitotically arrested cells is phosphorylation of Bcl-2
and Bcl-xL. This is thought to neutralize the anti-apoptotic
function of these proteins, contributing to the induction
of cell death [45-47]. The importance of Cdkl1 activation
and Bcl-2/Bcl-xL phosphorylation for cell death induced
by 6-MOMIPP is underscored by our finding that a Cdk1
inhibitor, BMS-265246, prevented Bcl-2/Bcl-xL phospho-
rylation and loss of cell viability. This observation is consist-
ent with previous reports indicating that inhibition of Cdk1
(Cdc2) can block taxol-induced apoptosis in breast cancer
cells [61, 62].

Treatment of U251 cells with 6-MOMIPP also resulted
in increased phosphorylation and activation of the stress
kinase, JNK. Like Cdk1, JNK has been implicated as a
mediator of Bcl-2 and Bcl-xL phosphorylation in mitoti-
cally arrested cells [63]. Indeed, our studies showed that
a JNK inhibitor, SP600125, was able to block Bcl-2/Bcl-
xL phosphorylation caused by 6-MOMIPP. Nevertheless,
the basis for the ablation of Bcl-2/Bcl-xL phosphorylation
by the JNK inhibitor remains controversial, especially in
light of the aforementioned studies implicating Cdk1 in this
event. One likely possibility is that the effect of SP600125
on Bcl-2/Bcl-xL phosphorylation is indirect, due to the role
of JNK in mitotic progression [64, 65]. In other words, cells
treated with SP600125 are prevented from completing the
transition between G2 and metaphase, where sustained Cdk1
activation occurs during mitotic arrest. Our studies support
this concept, since they show that SP600125 blocked cells at
a point after completion of DNA replication, but before the
phosphorylation of histone-H3 or activation of Cdk1 could
be detected.

The ability of 6-MOMIPP to induce mitotic arrest was
confirmed in two glioblastoma cell lines, and its ability
to inhibit growth and viability was confirmed in multiple
human glioblastoma cell lines, as well as in several mela-
noma and lung cancer lines. However, there were notable
differences among the various cell lines in terms of their

ability to survive in the presence of 6-MOMIPP. Deter-
mining the basis for this differential sensitivity will be an
important direction for future study. One factor that could
influence the response to mitotic inhibitors is the rate of
cell cycling, but this is unlikely to be the sole explanation.
For example, among the glioma cell lines, T98G and U251
(most sensitive) and U87MG (least sensitive) have similar
doubling times. Another factor that could affect sensitivity
to MTAs, particularly those that target the colchicine site,
is the expression profile of different p-tubulin isotypes [66,
67]. Finally, cell-type-specific differences in the ability of
multidrug resistance transporters to expel 6-MOMIPP may
play a role in determining sensitivity. This possibility is
supported by our observation that temozolomide-resistant
U251 cells and cisplatin-resistant HI125 cells were less
sensitive to 6-MOMIPP than their non-resistant counter-
parts. All of these possibilities merit further consideration
in future studies.

While 6-MOMIPP was toxic to most of the cancer cell
lines at a concentration of 1 uM, the viability of normal
fibroblasts and HUVEC was not significantly affected at
this concentration. At higher concentration (e.g., 5 uM),
the latter cell types were moderately affected, consist-
ent with the fact that they do proliferate at sub-confluent
densities. Given the dose-limiting neurotoxicity observed
with some MTAs [68], it was particularly interesting to
note that 6-MOMIPP had no detectable cytotoxicity in
differentiated neuronal cell cultures when applied at 1 or
5 uM. These findings suggest that a therapeutic window
exists wherein lower concentrations of 6-MOMIPP may
decrease the viability of cancer cells, with minimal effects
on normal cells.

Our preliminary PK studies indicated that plasma concen-
trations well above those required to induce mitotic arrest
and cell death in cultured glioblastoma cells (>0.25 uM)
could be maintained for at least 8 h following a single ip
dose of 6-MOMIPP at 20 mg/kg. Most importantly, there
was a striking parallel between plasma and brain concen-
trations of 6-MOMIPP at all time points, strongly suggest-
ing that the compound freely penetrates the BBB. With one
recent exception (ST-11) [69], most MTAs exhibit poor pas-
sage across the BBB, limiting their effectiveness for treating
primary or secondary brain tumors. Thus, 6-MOMIPP may
have potential advantages over the currently available micro-
tubule-destabilizing agents for treatment of brain malignan-
cies. This concept is supported by the results of our studies
in mice, which demonstrated that 6-MOMIPP significantly
inhibited the progression of both sc and intracerebral glio-
blastoma xenografts. Given that 6-MOMIPP was well tol-
erated when administered twice per day for 12 consecutive
days, these studies suggest that this new MTA merits further
preclinical evaluation as a monotherapy or a combination
agent that may synergize with established BBB-penetrant
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therapeutic drugs for treatment of glioblastoma and meta-
static brain tumors.
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