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The extremely poor prognosis of Glioblastoma multiforme highlights the urgent
need for more efficient drugs to treat this disease. We have developed a series of small
molecules that induce a novel non-apoptotic cell death mechanism, methuosis, in cancer
cells. During the structure-activity relationship study of methuosis-inducing compounds,
we identified a group of unique chalcone derivatives with more potent anti-tumor activity.
The lead compound is 3-(6-methoxy-2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propene-
1-one (6-MOMIPP). 6-MOMIPP exhibits potent anti-proliferative and cytotoxic activity
in glioblastoma, melanoma, and lung cancer cell lines at concentrations in the nanomolar
range. However, cells treated with the new class of compounds did not morphologically
resemble cells undergoing methuosis. By 24 h, 6-MOMIPP causes the majority of cells to
round up from the culture dish and arrest in mitosis. By 48 h, cell viability is greatly
reduced, correlating with activation of caspases 9, 7, and 3. Caspase inhibitors block the
cell death induced by 6-MOMIPP, suggesting that cell death is caspase-dependent. Phase

contrast images show that the few cells remaining alive after treatment with 6-MOMIPP



are giant, flat, and multiple micronucleated. Whole cell tubulin polymerization assay shows
that 6-MOMIPP significantly reduces the amount of polymerized tubulin in living cells.
Immunofluorescence staining of microtubules reveals microtubule disruption in U251 cells
after treatment with 6-MOMIPP at a concentration of 250 nM or higher. In vitro
scintillation proximity assay and EBI cross-linking studies of -tubulin in intact cells both
reveal that 6-MOMIPP binds to tubulin on the colchicine binding site. Blocking Cdk1l
activity with BMS-265246 greatly reduces cell death induced by 6-MOMIPP, but has no
effect on the mitotic arrest, suggesting that blockage of metaphase-anaphase transition by
prolonged Cdk1 activation is responsible for the 6-MOMIPP-induced death. Treatment of
cells for 24 h with 6-MOMIPP induces phosphorylation of Bcl-2 and Bcl-xL, which could
be eliminated by inhibiting Cdk1, suggesting that Cdk1 plays a key role in phosphorylation
of the anti-apoptotic Bcl proteins. Cell death induced by 6-MOMIPP is also accompanied
by activation of JNK and its downstream substrate c-Jun. Blocking JNK activity with
SP600125 reduces the percentage of dead cells, indicating that JNK activation may
contribute to the cell death. Cell viability studies have shown the toxicity of 6-MOMIPP is
substantially reduced in quiescent human fibroblasts, HUVEC (human umbilical vein
endothelial cells) and rat neuronal progenitor cells. Pharmacokinetic studies in mice show
that 6-MOMIPP attains brain concentrations that are nearly equal to plasma concentrations
at time points up to 8 h after intraperitoneal (i.p.) injection, suggesting that 6-MOMIPP
readily crosses the blood-brain barrier. 6-MOMIPP administration at 20 mg/kg every 12
h for 12-15 days significantly decreases the growth of glioblastoma in subcutaneous and
intracranial xenograft models without notable toxicities, suggesting that 6-MOMIPP has

good anti-tumor activity in vivo. These preliminary findings suggest that 6-MOMIPP



merits further preclinical evaluation as a potential therapeutic agent for primary and

metastatic brain tumors.
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Chapter 1

Literature Review

1.1 Current Challenges in Treatments for Brain Cancer

1.1.1 Glioblastoma multiforme (GBM)

Malignant brain cancer is one of the most feared cancers due to its extremely poor
prognosis. The most common form of brain malignancy is glioma, which includes
astrocytomas, ependymomas, oligodendrogliomas, and some other less frequent
subtypes [1-4]. Based on the histologic classification from the World Health
Organization (WHO), astrocytoma can be divided into four grades: grade I, pilocytic
astrocytoma; grade I, diffuse astrocytoma; grade 11, anaplastic astrocytoma; and grade
IV, glioblastoma [5]. Grade IV astrocytoma or glioblastoma multiforme (GBM) is the
most widespread and lethal brain cancer of the central nervous system, accounting for
more than 60% of all brain tumors in adults [6]. GBM can occur at any age but is more
commonly found between ages 55 to 60. The average survival rate of GBM patients after

diagnosis is only15 month [7].



The incidence and treatment outcomes of GBM are influenced by many factors
including age, grade, and specific mutation markers. For patients between age 30 to 85,
the median survival is reduced by 0.5-4 months with each 5-year increment in age [8].
Primary GBM, which accounts for 90% of GBM, is usually found in patients 50 years
old and above. Primary GBM is characterized by overexpression of EGFR (epidermal
growth factor receptor), loss of heterozygosity of chromosome 10q (LOH), PTEN
(phosphatase and tensin homology gene) mutations, and p16 deletion [9]. Secondary
GBM, which evolves from low-grade astrocytomas or oligodendrogliomas is usually
found in younger patients and is less common than primary GBM [10]. Secondary GBM
generally harbors mutations in TP53 and IDH1, 19p loss, and overexpression of platelet-
derived growth factor receptor (PDGFR) and Rb [9-11]. The genetic differences between
primary and secondary GBM may lead to different responses to radiotherapy and

chemotherapy.

1.1.2 Treatment for Glioblastoma

The current standard treatment for GBM patients is maximal surgical resection when
feasible (depending on the location of the tumor), followed by radiotherapy plus daily
temozolomide (TMZ) [12-14]. Surgery cannot completely remove the malignant glioma
due to its high infiltration, and relapse occurs in approximately 95% of patients within
7-20 months after surgery [15]. Radiotherapy also has its limitations, which include
severe neurological disorders, permanent neuronal damage, and radiation therapy
resistance of some tumors. Large-scale clinical trials have shown that a combination of

radiotherapy and TMZ can increase patients’ survival rate [12], but this can also cause



severe side effects [13]. In addition to standard chemotherapy, alternative
chemotherapies including PVC drug combination (procarbazine-vincristine-CCNU),
CAP drug combination (cyclophosphamide-doxorubicin-cisplatin), and BCNU (bis-
chloroethyl nitrosourea) have been developed. Also, approaches based on different
mechanisms like the anti-VEGF agent, bevacizumab; the anti-EGFR agent, erlotinib;
and tyrosine kinase inhibitors have been investigated [14]. However, none of these have
been found to significantly improve the outcomes in clinical trials. Immunotherapy,
which kills the tumor cells by activating the immune system, and gene therapy, which
involves delivering genetically modified virus-based vectors into the cancer cells seem
to give promising results in preclinical trials, but further investigations are still needed.

With all the attempts to improve standard therapy, the best treatment can only
provide patients with a median survival of 15 months [16]. GBM recurrence occurs in
almost all patients, and treatment options for recurrent diseases are even more limited.
The recent discovery of cancer stem cells (CSC) may provide one explanation for
therapeutic resistance, since traditional therapy that focuses on eliminating the bulk of
cancer cells may have no effect on removing CSC [15]. Other factors that may contribute
to chemoresistance of GBM may include overexpression of O6-methylguanine-DNA
methyltransferase (MGMT), up-regulation of multidrug resistance genes, and defects in
the genes that regulate programmed cell death via apoptosis [17-19].

Major challenges in treating GBM include the high infiltration characteristics of
the tumor and the rapid proliferation rate of cancer cells, the ability of the blood-brain

barrier (BBB) to prevent effective drug delivery to CNS, and specific gene alterations in



the GBM cells (e.g., MGMT methylation, IDH1, IDH2, TERT mutations) [20-22].
Overcoming these difficulties is crucial for improving the overall survival of the patients

and should be prioritized in new therapy development.

1.1.3 Brain metastases and treatment

Primary brain tumors arise from cells in the CNS, while secondary brain tumors
metastasize from a distant tumor. Brain metastasis (BM) is the most serious clinical
complication of cancer given that it is 10 times more common than primary brain tumors.
As cancer therapies improve the patient’s overall survival, they are at higher risk to
develop BM in the long run. Around 20-40% of patients with cancer will develop brain
metastases [23]. With limited treatment options, the average survival period of patients
with BM is less than 2 months. Brain metastases usually arise from lung, breast, and
melanoma malignancies, and account for 67—-80% of BM [24, 25]. Current care for
patients with BMs includes whole-brain radiation therapy (WBRT), surgery, stereotactic
radiosurgery (SRS), and systemic therapy depending on the number, size, and site of
metastases [26]. Whole-brain radiation therapy (WBRT) has been considered the main
radiation treatment option for brain metastases [27], but it leads to significant cognitive
side effects such as neurocognitive decline or radiation encephalopathy, dementia, brain
atrophy, and coma [28]. SRS can deliver radiation to a focal tissue with better accuracy
and shorter treatment duration but is limited beyond certain numbers of BM [29].
Systemic therapy, particularly chemotherapy, provides simultaneous treatment for both
primary cancer and brain metastasis, but BM that arise from a subpopulation of the

primary tumor or have acquired new mutations may exhibit drug resistance [30]. BBB



permeability is another potential obstacle for BM treatment. Around 98% of the CNS
cancer drugs fail to enter clinical trials due to insufficient drug penetration of the BBB
[31]. In order to tackle brain metastases, efforts should concentrate on identifying novel
targets to prevent and treat BM and drug design to improve CNS penetration and balance

between treatment efficacy and neurotoxicity.

1.2 Microtubules as targets for cancer treatment

1.2.1 Why target Microtubules?

Microtubules (MTs) play very important roles in cells. They are the major components
of the mitotic spindle, which separates two sets of duplicated chromosomes into two
daughter cells. Disruption of microtubule function induces defects in spindle assembly
or spindle-kinetochore attachment, which the activates the spindle assembly checkpoint
(SAC) and prevents cells from entering metaphase-anaphase transition [32]. Prolonged
cell cycle arrest eventually will lead to cell death. Tumor cells have uncontrolled mitosis
compared to normal cells. The rapid progression of cancer cells through mitosis makes
them more vulnerable to anti-mitotic drugs [28]. Thus, microtubule targeting agents
(MTAS) that disrupt microtubule functions are among the most successful anti-tumor

strategies [29].

1.2.2 Microtubules and their complex dynamics
Microtubules are found in all eukaryotic cells and are one of the three major components
of the cytoskeleton. They are crucial for many cellular functions including maintenance

of cell shape, transportation of intracellular vesicles and organelles, cell motility, and



separation of chromosomes during cell division [33, 34]. MTs are tube-shaped polymers
of a-tubulin and B-tubulin heterodimers. A microtubule has two ends, the plus (+) end
and the minus end (-), where tubulin subunits are added or removed to accomplish the
growth or shrinkage of MT. At the plus end (+), the addition or removal of subunits is
faster, with B-tubulin facing out; while at the minus end (-), the addition or removal is
relatively slow, with the a-tubulin facing out. Tubulin polymerizes to MTs using the
energy provided by GTP (Fig. 1-1). Heterodimers slowly assemble to form a short MT
nucleus, followed by rapid, reversible, noncovalent addition of tubulin for elongation to
form a hollow cylinder [35]. The MT core is formed by tubulin-GDP, while stabilizing
tubulin-GTP caps at the ends of the MT inhibit depolymerization [36, 37].

MTs are not simply equilibrium polymers. They have complex polymerization
dynamics that are precisely controlled by numerous factors to regulate many cellular
functions. Dynamic instability and treadmilling are two types of dynamics that MT use
to accomplish movement. Dynamic instability is a process in which MT rapidly switch
between phases of growth and shrinkage, altering the length of MT [38]. On the other
hand, treadmilling, is a process by which MTs grow at one end while shortening on
opposite end, so that the length of MT remains unchanged [36]. The shift between

microtubule elongation and shortening is dynamic [39].
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Figure 1-1. Polymerization dynamics of microtubules and the GTP cap. (Jordan, Mary
Ann, and Leslie Wilson. "Microtubules as a target for anti-cancer drugs.” Nature
Reviews Cancer 4.4 (2004): 253-265.[40]) [Reprinted with permission of Nature

Reviews Cancer].

MT dynamics in cells are relatively slow during interphase, but increase 20-100 fold
during mitosis, as required for correct segregation of chromosomes [41, 42]. During
prometaphase, the MT in spindle poles grow and shorten rapidly to probe the three-
dimensional space facilitating chromosome capture and attachment to kinetochores. In
metaphase, microtubules oscillate back and forth under high tension with attached
chromosomes to align them at the metaphase plate [43]. During anaphase, microtubules
shorten at the same time to separate the chromosomes synchronously into two daughter

cells [44]. The importance of MT during mitosis and cell division makes them one of the



most successful anti-cancer drug targets. In general, cancer cells that divide rapidly and
undergo mitosis frequently are more vulnerable to mitotic poisons than normal cells.
MT dynamics can be affected by the expression and phosphorylation of the
microtubule associated proteins (MAPs), which include microtubule stabilizing proteins
(e.g. cyclin-dependent kinase 1, tau), microtubule destabilizing proteins (e.g.
oncoprotein 18, katanin, XKCM1) [32] and microtubule regulatory proteins (e.g. motor
proteins kinesins, dyneins) [39]. In addition, many natural or synthesized compounds
such as taxols, Vinca alkaloids and combretastatin, which are referred to as microtubule-

targeting agents (MTAS), can also affect the dynamics of MTs.

1.2.3 Microtubule targeting agents

In the past decades, a large number of compounds that bind to and act on tubulin or
microtubules have been successfully used in the treatment of cancer. MTAs interfere
with highly dynamic mitotic spindle microtubules, disrupt spindle assembly or spindle-
kinetochore attachment, and inhibit mitotic progression [45]. Based on the mechanism
of action, MTAs can be classified into two major groups: microtubule stabilizing agents
(MSASs) and microtubule destabilizing agents (MDAs). MSAs, such as paclitaxel and
docetaxel, stabilize microtubule polymers and inhibit microtubule depolymerization.
MDAs, such as Vinca alkaloids (vinblastine, vincristine) and colchicine, prevent
polymerization of tubulin subunits and destabilize the microtubules. Despite the
difference in mechanisms of action between MSAs and MDAs , the general anti-mitotic
outcome is similar: at high concentrations, those drugs block the dividing cells in mitosis

by increasing or decreasing the microtubule polymer mass; at low concentrations, they

8



block the mitosis by suppressing the dynamics of spindle microtubules without changing
the microtubule organization [46]. It is estimated that 1-2% binding can reduce
microtubule mass by 50%, which makes MTAs potent in killing cancer cells [47].
Different types of MTA bind to different sites on the tubulin heterodimer or at
different positions within the microtubules. There are generally three binding sites on
tubulin: the taxol binding site, the colchicine binding site, and the Vinca alkaloid binding
site (Fig. 1-2, Fig. 1-3). Vinca alkaloids (e.g. vinblastine, vincristine) bind to the plus end
of MT (Fig. 1-2A, Fig. 1-3) to suppress microtubule dynamics. Colchicine binds to
soluble tubulin dimers to form complexes, and then copolymerizes into the microtubule
lattice, suppressing microtubule dynamics. This process is slow and quasi-irreversible
(Fig. 1-2B, Fig. 1-3). Paclitaxel binds to the B-tubulin subunit along the microtubule
surface (Fig. 1-2C, Fig. 1-3), which promotes assembly and inhibits disassembly of

microtubules, thus stabilizing microtubule dynamics [48, 49].



Vinblastine

(-)end

Nature Reviews | Cancer

Figure 1-2. Three binding sites on microtubules. A. Vinblastine bound to high-affinity
sites at the microtubule plus end. B. Colchicine bound to soluble tubulin and suppressing
microtubule dynamics. C. Paclitaxel suppresses microtubules’ dynamics by binding
along the interior surface of the microtubule.

(Jordan, Mary Ann, and Leslie Wilson. "Microtubules as a target for anticancer drugs.”
Nature Reviews Cancer 4.4 (2004): 253-265.[40]) [Reprinted with permission of Nature

Reviews Cancer].
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a—tubulin
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Figure 1-3. 3D structure of tubulin heterodimer with three binding sites.

MTAs are unique compared to other types of anti-cancer agents due to their extreme
diversity and structural complexity. Drugs that bind to the Vinca alkaloid site, including
vinblastine, vincristine, vinorelbine, vindesine, vinflunine, dolastatins, are effective in
treating lymphomas, leukemias, bladder cancers, and breast cancers, but they typically
require intravenous (IV) administration and generally are associated with neurotoxicity
and myelosuppression [50, 51]. Drugs that bind to the taxol site, including paclitaxel and
docetaxel, are used to treat solid tumor malignancies [52, 53]. Epothilone and its
derivatives are taxol domain binding agents with increased water solubility and
improved penetration of the BBB [54]. Colchicine is not used as an anti-tumor drug
because of its severe toxicities. However, some drugs that bind to the colchicine site,
such as combretastatins, podophyllotoxin, and BNC105, are used as anti-angiogenesis

agents for cancer treatment [55]. Several other colchicine site-binding MTAs including
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plinabulin, ombrabulin and verubulin are currently under clinical investigation as anti-
cancer agents [56]. Currently, several microtubule destabilizing agents which bind to
novel sites on tubulin are under investigation as cancer therapeutics. These include
hemiasterlin, estramustine, noscapine, and herbicides [57].

Although MTAs are widely used as chemotherapeutic agents, a major limitation
Is their high toxicity. Disrupting microtubule dynamics in non-dividing cells, such as
peripheral neurons, can lead to neuropathy. Disrupting microtubules in hematologic cells
can induce myelosuppression. Neurotoxicity may be the result of inhibition of vesicle
trafficking along nerve fibers and disruption of the normal cytoskeleton of neurons. The
resulting morbidity, such as constipation or intestinal paralysis, is usually permanent
[58]. Another drawback of using MTAs clinically for cancer treatment is that many
cancers acquire resistance to those drugs over time. Development of resistance to MTAs
has several potential mechanisms. First, increased P-glycoprotein (P-gp, the product of
the multi-drug resistance gene) may accelerate drug efflux [59]. Second, mutation and/or
post-translational modification of tubulin may prevent drug binding. Third, changes in
expression of the 13 isotypes of a- and B-tubulin can alter microtubule dynamics and
response to MTAs. For example, increased level of BIII-tubulin is associated with
resistance to taxanes in lung, breast and ovarian cancers [60, 61]. Fourth, alterations in
the expression, intracellular localization, or post-translational modification of
microtubule-regulatory proteins can influence the sensitivity of microtubules to MTAs.
Last, but not least, cancer cells typically possess lesions in genes that mediate apoptosis,

which can reduce sensitivity to MTA-induced cell death.
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To overcome challenges like multidrug resistance and high toxicity, efforts
should be made in the following aspects of MTA development. Structure-activity
relationship studies can improve on existing compounds by selecting agents that are
insensitive to resistance mechanisms, with increased tumor selectivity, and reduced side
effects. Discovery of novel MTAs that are insensitive to active efflux can help to
overcome multidrug resistance. Discovery of new agents that disrupt mitosis without
interfering with microtubule dynamics in non-dividing cells can help to overcome high
toxicity. In addition, novel microtubule-interacting drugs with different binding sites
might have synergistic effects with current MTAs [62], which may help to widen the
therapeutic window, avoiding toxicity as well as cross-resistance. Besides multidrug
resistance and high toxicity, challenges such as low bioavailability, poor solubility, and
low penetrance through the BBB should also be considered when it comes to new drug
development. New formulations and different analogues can help to improve the MTA’s

pharmaceutical properties.

1.2.4 Chalcones as novel microtubule targeting agents

Although paclitaxel and Vinca alkaloids are widely used clinically for cancer treatment,
due to the limitations of those drugs, new MTAs with higher therapeutic index and better
biopharmaceutical properties are highly desired. Natural products are an excellent
resource for drug discovery; most MTAs were discovered from the large-scale screening
of natural products. Chalcones are widely distributed natural precursors of flavonoids,
and their derivatives (compounds with a 1, 3-diphenyl-2-3propen-1-one scaffold) have

been found to exhibit a variety of pharmacological properties, including broad spectrum
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anti-tumor activity [63]. In recent years, many chalcone-inspired compounds have been
designed and synthesized with the purpose of enhancing their anti-tumor activity. Some
studies have reported that microtubule destabilization is the major mechanism by which
chalcone derivatives exert their anti-tumor activity [64-70]. A recent study revealed that
chalcones with a methoxy group on the aromatic ring have selective anti-proliferative
activity in cancer cells compared to normal cells [71]. In addition, indole-based
chalcones with improved translational potential as anti-tumor drugs have been shown to
destabilize microtubules [64, 65, 72]. Thus, the above findings suggest that chalcone
synthesis and molecular modification is a promising strategy to gain better anti-tumor

agents.

Figure 1-4. Microtubule targeting indole-chalcone analogs. A. structure of chalcone.
Compounds B-C, which share the indole-chalcone scaffold, are reported as novel

microtubule disrupting compounds [64, 65].

1.3 MTA-induced cell death mechanism
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Figure 1-5. The function of the spindle assembly checkpoint during mitosis.

In prometaphase, unattached kinetochores activate the spindle assembly checkpoint,
which can inhibit the anaphase-promoting complex (also called APC/C or cyclosome)
from signaling mitotic exit. Once all the chromosomes are stably attached to kinetochore
spindle microtubules, APC/C will degrade cyclin B1 and securin. The degradation of
these two proteins signals chromatid separation and mitotic exit. (Topham, Caroline H.,
and Stephen S. Taylor. "Mitosis and apoptosis: how is the balance set?" Current Opinion
in Cell Biology 25.6 (2013): 780-785. [73]) [Reprinted with permission of Current

Opinion in Cell Biology].

Non-replicating mammalian cells are in the Go (quiescence) phase. Replicating cells

undergo a classical “cell cycle” consisting of interphase and the mitotic phase.
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Interphase is typically divided into the G1 phase (first growth phase), S phase (DNA
replication), and G phase (second growth phase). The mitotic or M phase (also known
as chromosome separation phase) can be divided into 6 subphases: prophase,
prometaphase, metaphase, anaphase, telophase, and cytokinesis. Cell cycle progression
Is monitored by three checkpoints to ensure the fidelity of chromosome replication and
segregation. These checkpoints include the G1 checkpoint at the end of the G phase, the
G2 checkpoint during G2/M transition, and the spindle assembly checkpoint (SAC)
during mitosis. The SAC keeps the fidelity of mitosis progression by transiently blocking
the metaphase-anaphase transition until all chromosomes obtain bipolar attachment to
kinetochore microtubules [32]. Upon proper attachment of chromosomes, the SAC is
switched off to allow APC/C to degrade cyclin B and securin, which signals chromosome
separation and mitosis exit. MTAs disrupt assembly of spindle microtubules, reduce the
tension at chromosomal kinetochores, and prevent chromosomes from obtaining correct
bipolar attachment. The presence of a single chromosome that is unable to achieve
correct attachment is sufficient to sustain the activity of SAC. Prolonged activation of
SAC blocks mitotic progression and triggers cell death machinery [74]. More frequent
cell division and a high frequency of cell-cycle checkpoint deficiencies in cancer cells

can make them more sensitive to MTA-induced mitotic cell death.

1.3.2 Cyclin-dependent kinases
Cyclin-dependent kinases (Cdks) are a family of serine/threonine protein kinases
comprised of three cell-cycle-related subfamilies (e.g. Cdkl, Cdk4, and Cdk5), whose

activities depend on formation of regulatory complexes with one of 29 noncatalytic
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regulatory cyclins (e.g. cyclin B, cyclin Y, and cyclin C) [75, 76]. Progression of the cell
cycle is precisely controlled by the complexes of Cdks and cyclins [77]. Cyclin B is a
pivotal activator of Cdkl in mitosis. The Cdk1/cyclin B1 complex regulates cell cycle
progression in mitosis. The activity of Cdk1/cyclin B1 must be sustained from prophase
to metaphase (Fig. 1-6). Otherwise, cells stay at G2 phase without entering mitosis [78].
The activity of Cdkl is controlled by the following mechanisms: 1) Cyclin Bl
distribution and degradation is tightly associated with Cdk1 activity. During early
mitosis, the Cdkl/cyclin B1 complex translocates from the cytosol to the nucleus to
phosphorylate and activate mitotic substrate proteins. By the end of metaphase, cyclin
B1 is degraded by the ubiquitin-proteasome pathway, which turns off Cdk1 and signals
mitotic exit [79-81]. Premature entry of the complex into the nucleus leads to premature
chromatin condensation and apoptosis [82]. 2) Phosphorylation of Cdk1 inhibits its
activity during the G2 phase, while dephosphorylation of Cdk1 during early mitosis
activates Cdkl [83]. 3) Intracellular Cdc25 phosphatases activate Cdkl by
dephosphorylating Cdk 1 on Thr 14 and Tyrl5 sites [84]. Cdk 1 is maintained in an
inactive state through the phosphorylation of these two sites by members of the
Weel/Mik1l/Mytl protein kinase family [84, 85]. Checkpoint kinases (Chkl, Chk2)
inhibit Cdk1 activity at G2/M phase [86].

MTAs lead to prolonged SAC activation and APC/C inhibition. Without APC/C-
mediated degradation of cyclin B1, Cdkl maintains its activity, which blocks the cell
cycle at the metaphase-anaphase transition phase. Prolonged activation of Cdk1 can also

stimulate p53 to upregulate the expression of pro-apoptotic Bcl-2 proteins, and Cdk1 can
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directly phosphorylate Bcl-2, leading to mitochondrial membrane permeabilization

(MMP) and apoptosis [87,

88].
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Figure 1-6. Involvement of Cdk1/cyclin B1 complex in cell cycle control.

During G2-M transition, cdc25 dephosphorylates Cdk1 on Thr-14 and Tyr-15, thereby

promoting the assembly

of an activeCdkl/cyclin B1 complex. Upon activation,

Cdk1/cyclin B1 complex translocate to the nucleus and triggers the phosphorylation of

mitotic substrate proteins. Once all chromosomes have obtained the bipolar attachment,

APC/C induces the ubiquitination of cyclin B1, triggering entry into anaphase. (Castedo,

Maria, et al. "Cell death by mitotic catastrophe: a molecular definition.” Oncogene 23.16

(2004): 2825. [79]) [Reprinted with permission of Oncogene].

18




1.3.3 Mitotic catastrophe

Nature Reviews | Molecular Cell Biology

Figure 1-7. Electron microscopy images of different cell death processes.

a: HCT-116 cells undergo mitotic catastrophe showing the accumulation of multiple
micronuclei (N, nucleus). b: HelLa cells undergoing apoptosis with chromatin
condensation and plasma membrane blebbing. c: CT26 cells undergoing necrosis show
nuclear membrane dilatation, circumscribed chromatin condensation, and cytoplasm
swelling. d: Murine striatal cells exhibiting autophagic vacuolization. (Vitale, Ilio, et al.
"Mitotic catastrophe: a mechanism for avoiding genomic instability." Nature reviews.
Molecular cell biology 12.6 (2011): 385.[89]) [Reprinted with permission of Nature

reviews.

Mitotic catastrophe (MC) is a cell death process that occurs as a result of failure to
complete mitosis [90]. It is an oncosuppressive mechanism used by the cell to drive itself
to an irreversible fate when it senses mitotic failure. The concept of MC was first used
in 1986 to describe cells that prematurely entered mitosis [91]. It has been a controversial
concept because some considered it as a cause of cell death rather than a mode of cell
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death [92]. Nevertheless, definitions of MC that cover both morphological and
biochemical aspects have been widely used. MC can be triggered by DNA damage,
microtubule disruption, or dysfunctional cell cycle checkpoints [89, 92]. Formation of
multiple spindle poles due to centrosome overduplication can also trigger MC [17]. MC
is always accompanied by mitotic arrest, and the most prominent morphological
characteristic is the formation of giant cells with multiple micronuclei that originate from

aberrant chromosome segregation [92].
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Figure 1-8. Outcomes of mitotic catastrophe. a. A healthy cell progress through the Gg,
S, G2 and M phases to complete a normal cell cycle. During mitotic catastrophe, mitotic
arrest can trigger different fates: b. Cells die during mitosis arrest. c. Cells die in the G1
phase of the subsequent cell cycle after mitotic slippage, d. Cells exit mitosis and
undergo senescence. (Galluzzi, Lorenzo, et al. "Molecular definitions of cell death

subroutines: recommendations of the Nomenclature Committee on Cell Death 2012."
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Cell death and differentiation 19.1 (2012): 107. [90]) [Reprinted with permission of Cell

death and differentiation].

Cell death through MC is not homogeneous because different initiating stimuli or genetic
backgrounds can lead to different outcomes. Currently, there are three major outcomes
of mitotic catastrophe that have been well addressed [89, 90].

The first possible outcome is mitotic cell death, during which cells die without
exiting mitosis after a prolonged mitotic arrest (Fig. 1-8 b). During ‘mitotic death’,
mitotic derangement activates SAC that arrests cells in the mitotic phase. Cell death
machinery will be triggered in the presence of accumulated cyclin B1 [93]. Cell death
occurring at this phase is characterized by caspase-2 activation and mitochondrial
membrane permeabilization, with release of cell death effectors such as cytochrome c
[79]. The second possible outcome is mitotic slippage. In this case, some cells can
escape SAC after extended mitosis to get into the G1 phase of the subsequent cell cycle
without dividing (Fig. 1-8c) [94]. Cells that have gone through mitotic slippage cannot
avoid the fate of death. In the normal cell cycle, Cdk1/cyclin B1 activation drives cells
into mitosis and degradation of cyclin B1 allows cells to exit mitosis. During MC, cyclin
B1 degradation is prevented by SAC, but cyclin B1 cannot escape unspecific slow
degradation during sustained mitotic arrest [95]. Once the checkpoint loses its activity
due to cyclin B1 degradation, cells with deranged chromosomes will exit mitosis without
cell division, with nuclear envelopes reformed around random groups of chromosomes

to form multinucleated cells [95]. Mitotic cell death and mitotic slippage are two
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independent and competing mechanisms, the final fate of the cell is decided by which
branch occurs first [58, 73]. A third possible outcome is senescence, a process associated
with the cell being trapped in a state of irreversible cell cycle arrest (Fig. 1-8d). This only
happens in a limited number of cells. Senescent cells are generally characterized by
enlarged cell morphology and increased senescence-associated -galactosidase activity
(SA-B-gal). The crosstalk between TP53 and mTOR may determine whether or not a cell
undergoes senescence [96]. Some consider this permanent growth arrest state as a type
of cell death [97, 98].

Mitotic catastrophe can eliminate cells with defects in mitosis through apoptosis,
necrosis, or senescence [89, 90]. Therefore, cell death during mitosis often occurs in
conjunction with apoptosis and necrosis [99]. MC shares some biochemical hallmarks
with apoptosis such as mitochondrial membrane permeabilization and caspase activation
[100]. In cells competent to undergo apoptosis, mitotic catastrophe is always followed
by apoptosis. But mitotic catastrophe is fundamentally different from apoptosis, as cells
that die through mitotic catastrophe usually do not show DNA fragmentation or
cytoplasm shrinkage that are observed in apoptotic cells [79]. Blocking apoptosis by
treatment with caspase inhibitors cannot prevent the formation of giant multinucleated
cells induced by spindle poisons [101]. Although commonly, apoptosis is not absolutely
required for the lethal effect of mitotic catastrophe [102, 103]. In the absence of

apoptosis, MC is sufficient to induce cell death by other mechanisms [104].
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Figure 1-9. Mitotic catastrophe induced by microtubule targeting agents. (Nakayama,
Yuji, and Toshiaki Inoue. "Antiproliferative fate of the tetraploid formed after mitotic
slippage and its promotion; a novel target for cancer therapy based on microtubule

poisons.” Molecules 21.5 (2016): 663. [105]) [Reprinted with permission of Molecules].

1.3.4 Apoptosis

Apoptosis, also known as type | programmed cell death, is a highly regulated and
controlled cell death mechanism in eliminating cells. It is the most important and well-
studied programmed cell death mechanism. Apoptosis plays very important roles in
many physiological processes including execution of immune effector functions,
embryonic development, and chemical-induced cell death [106]. Apoptosis can be
triggered by a wide variety of stimuli such as radiation, oxidative stress, ER stress, and
some drugs [106]. As shown in Fig. 1-7, the morphology of apoptosis is distinct from
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MC, with cytoplasm shrinkage, chromatin condensation, nucleosome fragmentation and
plasma membrane blebbing in apoptotic cells, as compared to the formation of nuclear
envelopes around individual clusters of missegregated, uncondensed chromosome in
giant cells undergoing MC [106, 107]. Cysteine-aspartic proteases (caspase) are the
executioners of apoptosis and they are essential for the morphological and biochemical
changes of apoptosis [108]. The caspase family is comprised of initiator caspases,
including caspase-2, -8, -9, -10, and executioner caspases, including caspases-3, -6 and
-7 [109]. All are synthesized as inactive pro-caspase precursors and are activated by
proteolytic cleavage. Exposure of phosphatidylserine on the surface of the cell
membrane (detected by annexin-V binding) is another hallmark of apoptosis.

There are two main apoptotic pathways: the extrinsic or death receptor pathway
and the intrinsic or mitochondrial pathway (Fig. 1-10). Both intrinsic and extrinsic
pathways can trigger the activation of caspases, which play the major role in executing
apoptosis [110-112]. The extrinsic or death receptor apoptotic pathway requires external
stimulation by ligands such as TNF-related apoptosis-inducing ligand (TRAIL) or FAS
to activate the plasma membrane death receptors, The activated death receptors recruit
adaptor proteins, such as TRAILR or FAS-associated death domain protein (FADD) to
activate initiator caspases [113]. Initiator caspases cleave and activate the executioner
caspase-3 and -7, ultimately lead to subsequent cleavage of various cellular proteins and
cell death [106, 111, 113]. The intrinsic or mitochondrial pathway of apoptosis is
triggered by stimuli such as DNA damage, ER stress, and cytokine deprivation. In

response to different stimuli, pro-apoptotic BH3-only proteins become activated. For
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instance, BID is activated by death receptor stimulation, cytotoxic T-lymphocyte killing
and heat shock induced caspase-8 activation; BAD is activated by phosphorylation; and
PUMA, Noxa are upregulated by p53 [114]. The BH3-only proteins facilitate the Bax
and Bak to form dimers and oligomers on the outer mitochondrial membrane (OMM)
and subsequently lead to mitochondrial outer membrane permeabilization (MOMP)
[114, 115]. Upon MOMP, mitochondrial intermembrane space proteins like
cytochrome ¢ and SMAC are released from mitochondria [109, 110, 116]. Cytochrome ¢
promotes assembly of Apaf-1 to form the apoptosome, which then activates the initiator
caspase-9. The latter cleaves and activates the executioner caspases -3 and -7 [111, 116].
Initiator and executioner caspases play distinct roles during intrinsic apoptosis, with the
initiator caspase responsible for mitochondrial morphological changes and ROS
production, and the executioner caspases promoting DNA fragmentation, membrane

blebbing, chromatin condensation, and cell shrinkage [117].
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Figure 1-10. Overview of intrinsic and extrinsic pathways of apoptosis. (Ichim, Gabriel,

and Stephen WG Tait. "A fate worse than death: apoptosis as an oncogenic process."
Nature Reviews Cancer 16 (2016): 539-548. [116]) [Reprinted with permission of Nature

Reviews Cancer].

1.3.5 Necrosis
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Necrosis has traditionally been regarded as a form of unregulated cell death, in which
there is an unordered response to damage such as infection, ischemia, or toxins. Necrotic
cell death is characterized by organelle swelling, loss of cell membrane integrity, nuclear
distension, and cell lysis, typically followed by an inflammatory response to cell debris
[118]. Recently, a regulated and programmed mode of necrosis has been found, which
is termed necroptosis [107]. Necroptosis plays an important role in some pathologies and
normal embryonic development. Necroptosis is characterized by cellular swelling and
leakage, cytoplasmic granulation, organelle dysfunction, and cell lysis [119].
Necroptosis can be triggered by stimuli such as TNF (tumor necrosis factor), CD95L,
TRAIL, and TWEAK (TNF-related weak inducer of apoptosis). Death receptors that are
involved in initiating apoptosis will induce necroptosis if caspases are inhibited or if
ATP levels are low [120-122]. Fig. 1-11 illustrates cell death signaling pathways induced
by TNF via the TNFR. When caspase-8 functions normally, upon stimulation, TNFR1
recruits caspase 8, FADD and TRADD to form death-inducing signaling complex
(DISC, also called complex 1) and initiate pro-apoptotic caspase activation [119, 123].
However, when caspase is inhibited, DISC cannot induce apoptosis, and a complex
named the necrosome, (composed of RIPK1, RIPK3 and FADD) will form and trigger

necrosis [107, 118].
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Figure 1-11. TNFR1 can induce either apoptosis or necroptosis via different signaling
pathways. (Berghe, Tom Vanden, et al. "Regulated necrosis: the expanding network of
non-apoptotic cell death pathways." Nature reviews. Molecular Cell Biology 15.2
(2014): 135. [119]) [Reprinted with permission of Nature Reviews. Molecular Cell

Biology].

1.3.6 Bcl-2 anti-apoptotic family

The B cell leukemia/lymphoma gene 2 (Bcl-2) family proteins are predominantly
localized to perinuclear endoplasmic reticulum or to mitochondrial membranes. Bcl-2
family members play important roles in cell death process by regulating the MOMP and
the release of death effector molecules. There are three subfamilies of Bcl-2 proteins: the

pro-apoptotic effector proteins,(e.g. Bax, Bak, Bad), the anti-apoptotic members (e.g.
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Bcl-2, Bel-xL, and Mcl-1), and the pro-apoptotic BH3-only proteins(e.g. PUMA, BID
and BIM) [116]. The pro-apoptotic proteins trigger MOMP by forming dimers and
oligomers on the mitochondrial membrane following the apoptotic stimuli. The anti-
apoptotic proteins inhibit the permeabilization of mitochondria by binding to pro-
apoptotic Bcl-2 proteins to prevent formation of pores on mitochondria. BH3-only
proteins sensitiz to apoptosis by antagonizing the anti-apoptotic members or promoting
the Bax or Bak oligomerize insert into the OMM to induce MOMP. For a long time, the
anti-apoptotic members of the Bcl-2 family have been closely associated with protection
from apoptosis, and the phosphorylation of these proteins can increase the sensitivity of
tumor cells to anti-cancer drugs by facilitating apoptosis [124]. However, recent studies
showed that Bcl-2 is not always associated with the sensitivity of cells to death-
promoting stimuli, it is also involved in the cell cycle progression [125, 126]. In one
study Bcl-2 was detected within the nucleus and its expression is upregulated during
prophase and metaphase, decreased in telophase, and lost after the cell division [126].
MTAs induce phosphorylation of Bcl-2 on T69, S70 and S87 sites and Bcl-xL on T47
and S62 sites. It remains unclear whether the phosphorylation of Bcl-2 is simply a
consequence of G2/M arrest or a determinant of apoptosis [124, 127-131]. In addition, it
has been suggested that Bcl-2 family members are critical in the execution of mitotic
catastrophe and the determination of cell fate following mitotic catastrophe [132, 133].
Bcl-2 overexpression enhances the frequency of catastrophic mitoses [134].

Bcl-2 family members can be phosphorylated and regulated by numerous kinases

such as JNK, c-Raf, protein kinase A, p38, protein kinase C, mTOR, Cdk1, and GSK3
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[129]. MTA- induced phosphorylation of Bcl-2 and Bcl-xL during mitosis is mediated
by Cdk1 and the phosphorylation is the link coupling mitotic arrest to cell death [133,
135, 136]. Other studies have shown that activation of the JNK pathway is responsible
for MTA-induced Bcl-2 phosphorylation [137, 138]. The conflict between these studies
may be due to the use of cancer cell lines with different genetic backgrounds. In addition,
cell death phenotypes occurring after treatment with MTAs often are not well
characterized to distinguish between apoptosis, mitotic catastrophe, and necrosis, which

makes it difficult to draw a conclusion or compare results from different studies.

1.3.7 Involvement of INK in cell cycle and cell death
C-Jun NHz-terminal kinases (JNKs) also known as stress-activated protein kinases
(SAPKSs), are essential in cellular responses to stress factors and cytotoxic agents. The
JNK signaling pathway can be activated by a wide range of stimuli such as irradiation,
anti-tumor agents, inflammatory cytokines, and oxidative stress [139, 140]. There are
three isoforms of JNK: JNK 1 and 2 are ubiquitously expressed, JNK 3 is found mainly
in the nervous system [141]. JNKSs inhibit cells growth and mediate apoptosis through
the following mechanisms; 1) Activation of downstream transcription factor substrates
like c-Jun, ATF2, p53 and c-Myc, 2) inhibition of anti-apoptotic Bcl-2 family members
such as Bcl-2 and Bcl-xL via phosphorylation, and 3) induction of the release of
apoptotic factors such as cytochrome ¢ from mitochondria [142-145].

Recent studies have suggested that JNKs may also play complex and
controversial roles in cell cycle progression [146]. JNKs localize to centromeres to

phosphorylate c-Jun during mitosis and the early G1 phase. But INK activity also appears
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to be sustained from S phase to anaphase with peak activity in metaphase [147]. INK
induces cdc25c¢ phosphorylation during the G2 phase, which has the effect of inhibiting
Cdk1. On the other hand, inhibition of JNK has also been reported to delay activation of
Cdk1 and prevent cyclin B1 degradation [148]. Finally, JNKs have been reported to
promote Aurora B expression and Histone-H3 phosphorylation [148, 149] as well as
Gadd45a and Gadd45y induced G2/M phase arrest [150].

Many studies support the correlations between MTA-induced cell cycle arrest,
JNK activation, phosphorylation of Bcl-2 during G2/M phase and cell death [146, 149,
151-153]. MTAs induce early activation of JNKs and subsequent activation of their
downstream targets, c-Jun, JunD, and ATF2 [154]. Activation of JNK by MTAs inhibits
the anti-apoptotic proteins of Bcl-2 and Bcl-xL by inducing phosphorylation [137, 151,
153, 155]. Paclitaxel-induced apoptosis is JNK-dependent, corresponding with
cytochrome c release and caspase-3 activation in ovarian cancer cells, but inhibition of

JNK does not interfere with paclitaxel-induced mitotic arrest [156].
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Chapter 2

Evaluation of Novel Indole-Based Chalcones as
Microtubule-Targeted Agents for Brain Cancer
Therapy

2.1 Abstract

We have developed a series of small molecules that induce a novel, non-apoptotic cell
death mechanism, methuosis, in cancer cells. During structure-activity relationship
studies of methuosis-inducing compounds, we designed and synthesized a group of
unique chalcone derivatives with improved anti-tumor activity and a different
mechanism of action. Our lead compound in this class is 3-(6-methoxy-2-methyl-1H-
indol-3-yl)-1-(4-pyridinyl)-2-propene-1-one (6-MOMIPP). 6-MOMIPP exhibits potent
anti-proliferative and cytotoxic activity in glioblastoma and other cancer cell lines, with
Glso in the nanomolar range. However, 6-MOMIPP does not induce methuosis. Instead,
by 24 h, 6-MOMIPP causes the majority of cells to round up from the culture dish and
arrest in mitosis. By 48 h, cell viability is greatly reduced, correlating with activation of
caspases 9, 7, and 3. Caspase inhibitors block cell death induced by 6-MOMIPP,

suggesting that cell death is caspase-dependent. Phase-contrast images show that the few
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remaining live cells are enlarged, flattened, and contain multiple micronuclei. 6-
MOMIPP significantly decreases the amount of polymerized microtubules in the cells,
supporting a role for 6-MOMIPP in microtubule depolymerization. Immunofluorescence
staining of tubulin reveals general disruption of the microtubule network in U251 cells
after treatment with 6-MOMIPP at 250 nM and above. In vitro drug-binding competition
and cross-linking studies with -tubulin suggest that 6-MOMIPP binds directly to tubulin
at the colchicine binding site. Inhibiting Cdk1 activity with BMS-265246 greatly reduces
cell death induced by 6-MOMIPP, indicating that prolonged Cdk1 activation may cause
a blockage of the metaphase-anaphase transition, and leading to cell death. 6-MOMIPP-
induced cell death is also accompanied by activation of the JNK signaling pathway, and
a JNK inhibitor, SP600125, provides modest protection. Cell viability studies have
shown that toxicity of 6-MOMIPP is substantially reduced in quiescent human
fibroblasts, HUVEC (human umbilical vein endothelial cells), and rat neuronal
progenitor cells. These results suggest that 6-MOMIPP represents a group of new tubulin

binding agents with promising potential as anti-cancer agents.

2.2 Introduction

The standard of chemotherapy for GBM is temozolomide (TMZ), which works by
damaging DNA and triggering the intrinsic apoptotic pathway. However, glioblastoma
cells harbor a series of mutations, enabling them to easily develop resistance to TMZ and
other alkylating agents by increasing their capacity to repair DNA lesions [157]. In order
to improve the treatment for GBM and other drug-resistant cancers, approaches that

trigger cell death through non-apoptotic cell death mechanisms need to be developed.
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We have defined a novel non-apoptotic form of cell death termed as ‘methuosis’ [158].
Methuosis was initially described in GBM cells that ectopically expressed active Ras or
Racl [159]. It is a form of caspase-independent cell death that involves massive
vacuolization of macropinosomes and endosome compartments [160, 161]. To explore
this type of cell death, we have designed and synthesized indolyl-pyridinyl-propenones
(IPP, a subclass of synthetic indole-based chalcones) that induce methuosis in
glioblastoma and other tumor cell lines [158, 162, 163]. In the course of performing
structure-activity relationship studies, our group identified a lead compound, 3-(5-
methoxy-2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propene-1-one  (MOMIPP) that
effectively induces methuosis at micromolar concentrations. Continuing in the effort to
discover small molecules that induce methuosis, the scaffold of MOMIPP was modified
to generate a series of indole-chalcone derivatives. Some of these revamped indolyl-
pyridinyl-propenones (IPPs) exhibited potent anti-proliferative and cytotoxic activity in
glioblastoma and other cancer cell lines, with Glsp in the nanomolar level. However,
during the biological activity studies of these new compounds, we found that the cell
death mechanism did not correspond to the features of methuosis. Rather, preliminary
studies suggested that the more potent compounds might represent a distinct class of
microtubule-targeted agents (MTAS) [164].

MTAs are among the most widely used chemotherapeutic agents [45]. By
interfering with highly dynamic mitotic spindle microtubules, MTAs activate the spindle
assembly checkpoint (SAC) to arrest mitotic progression and trigger cell death [46].

Generally, MTAs are divided into three subgroups according to their binding sites on
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tubulin and modes of activity: Vinca alkaloids [50], taxanes [54], and drugs that bind to
the colchicine site, such as combrestatine and podophyllotoxin [165]. Although MTAs
are among the most successful chemotherapeutic agents, their utility is limited by
myelosuppression and neurotoxicity [58] and acquired chemoresistance, [59-61]. New
agents with better tumor selectivity, fewer side effects, and resistance to active efflux are
needed. In addition, challenges such as low bioavailability, poor solubility, and low
passage through the BBB must be overcome.

In order to rationally guide chemotherapeutic development, it is important to
understand the precise mechanisms of action of the new group of microtubule-targeted
IPPs we have discovered. In the present studies, the most stable and potent compound,

6-MOMIPP, was selected to be our prototype to carry out mechanistic studies.

2.3 Materials and Methods

2.3.1 Cell Culture

U251 human glioblastoma cells were obtained from the Development Therapeutics
Program (DTP), NCI Division of Cancer Treatment and Diagnosis (DCTD) (operated
by Charles River Laboratories for the National Cancer Institute). TMZ-resistant U251
cells were generated in our lab as described previously [158]. A172 (CRL-1620), LN229
(CRL-2611), T98G (CRL-1690), and U87MG (HTB-14) cell lines were obtained from
the American Type Culture Collection. SNB75 (503406), SNB19 (502596), and SF295
(503169) cell lines were purchased from the DCTD Tumor Repository. Unless stated

otherwise, cell lines were maintained in Dulbecco’s modified Eagle medium (DMEM),
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supplemented with 10% (v/v) fetal bovine serum (FBS) (JR Scientific) at 37 °C with 5%
CO2/95% air.

Melanoma cell lines: SK-MEL-5, M238 parental, M238 B-RAF inhibitor resistant,
M249 parental, M249 B-RAF inhibitor resistant, SK-MEL-28, SK-MEL-5 human
melanoma cell line and B16F10 mouse melanoma cell line were provided by Dr. Kam
C. Yeung (University of Toledo, Toledo, OH). A375, WM2664, SK-MEL-2, UACC-62,
M14, and LOX-IMVI human melanoma cell lines were obtained from Dr. lvana de la
Serna (University of Toledo, Toledo, OH). SK-MEL-2, M238 parental, M249 parental,
UACC-62, M14, and LOX-IMVI cell lines were maintained in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% (v/v) FBS at 37 °C with 5%
C02/95% air. M238 B-RAF inhibitor-resistant cells and M249 B-RAF inhibitor-resistant
cells were maintained in RPMI 1640 medium containing 3uM PLX4032 (dissolved in
DMSO). SK-MEL-5 and SK-MEL-28 cells were maintained in Minimum Essential
Medium (MEM) supplemented with 10% (v/v) FBS and 10% (v/v) Non-Essential Amino
Acid at 37 °C with 5% CO2/95% air.

Lung cancer cell lines: The H460 large cell lung cancer cell line was provided by Dr.
James C. Willey (University of Toledo, Toledo, OH). A549 human lung carcinoma cells,
H292 human mucoepidermoid pulmonary carcinoma cells, H125 adenocarcinoma cells
and H125 cisplatin-resistant (CPT-R) cells were generously provided by Dr. Randall J.
Ruch (University of Toledo, Toledo, OH). H460, A549, H292, and H125 were
maintained in RPMI supplemented with 10% (v/v) FBS at 37 °C with 5% CO2/95% air.

H125 CPT-R cells were maintained in RPMI containing 1uM cisplatin.
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The RN46A-B14 cell line was a gift from Dr. Bryan Yamamoto (Indiana University,
Indianapolis, IN). The parental RN46A cell line is immortalized with SV40 large T
antigen and transfected with human brain-derived neurotrophic factor which is required
for serotonergic differentiation [166]. RN46A-B14 cells were maintained in DMEM/F12
1:1 Media, supplemented with 100 ug/ml hygromycin, 250 pg/ml G418, and 10% (v/v)
FBS at 33°C with 5% CO./95% air. Cells were differentiated by maintaining at 39°C in
DMEM/F12 1:1 medium containing 100 pg/ml hygromycin, 250 pg/ml G418, and 1 mM
cAMP (Fisher Cat. No. AC22580-0010) for 10 days, with replenishment of fresh
medium and drug every day.

Human Umbilical Vein Endothelial Cells (HUVEC) were purchased from Thermo
Fisher Scientific (Cat. No.C0035C). Cells were maintained in Medium 200PRF (Thermo
Fisher Scientific Cat. No. M200PRF) supplemented with Low Serum Growth
Supplement (Thermo Fisher Scientific Cat. No. S00310) at 37°C with 5% C02/95% air.
Normal human skin fibroblast cells were derived from a skin biopsy as described
previously [167]. Cells were maintained in DMEM supplemented with 10% (v/v) FBS

at 37 °C with 5% C02/95% air.

2.3.2 Chemicals

The indole-based chalcones, MOMIPP, MOFLIPP (2j), CT-1-125 (2l), CT-2-36 (2m),
6-MOMIPP (9b) were synthesized as described previously [162, 164, 168]. Compounds,
unless indicated otherwise, were stored at -20 °C as 20 mM stock solutions in DMSO,
and then serially diluted in DMSO so that the desired final drug concentrations could be

achieved by making a 1/1000 dilution into the culture medium. Caspase-9 inhibitor Z-
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LEHD-FMK was obtained from R&D Systems, Inc. (Cat. No. FMKO008). Pan-caspase
inhibitor PRO-VAD-FMK was purchased from Vergent Bioscience (Cat. No. 90101).
JNK inhibitor SP600125 was obtained from Cayman Chemical (Cat. No. 10010466) and
stored at -20°C as a 15 mM stock in DMSO. Roscovitine was purchased from Santa Cruz
Biotechnology (Cat. No. sc-24002A) and stored at -20°C as a 10 mM stock in DMSO.
BMS-265246 was obtained from Selleckchem (Cat. No. S2014) and was stored at -20°C
as a 5 mM stock in DMSO. N, N’-Ethylenebis iodoacetamide (EBI) was purchased from
Toronto Research Chemicals (Cat. No. E917500) and was stored at -20°C as a 100 mM

stock in DMSO.

2.3.3 Live-cell Imaging

For acquisition of phase-contrast images of live cells, 100,000 U251 cells were seeded
in 35 mm culture dishes and allowed to attach for 24 h. Thereafter, cells were incubated
in medium with the compounds at the indicated concentrations or the equivalent volume
of vehicle (DMSO). Phase-contrast images were obtained at the indicated time intervals
after treatment, using an Olympus IX70 inverted microscope equipped with a heated
stage, a DP80 digital camera, and cellSens™ imaging software (Diagnostic Instruments,
Inc.). The seeding densities of different cell lines for live-cell imaging studies were:
melanoma cancer cell lines, 200,000 cells/dish; lung cancer cell lines, 100,000 cells/dish;
HUVEC, high/low density, 400,000/100,000 cells/dish; fibroblasts, high/low density,
400,000/100,000 cells/dish. RN46A-B14 cells were seed at a density of 100,000

cells/dish and allowed to differentiate forl0 days. Thereafter, cells were incubated with
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the indicated concentrations of compounds and phase-contrast images were taken at

indicated time intervals after treatment.

2.3.4 SRB Assay

Sulforhodamine B (SRB) colorimetric assay was used to assess effects of compounds on
cell proliferation after two-days of treatment [169]. Cells were seeded into 96-well plates
with four replicate wells for each culture condition. One day later, four wells in a separate
plate were assayed to establish a pre-drug (time-0) baseline, which indicates the cell
density at the beginning of the drug treatment. At the same time, the rest of cells were
exposed to compounds at indicated concentrations for 48 h. At the endpoint of the assay,
cells were fixed with 10% trichloroacetic acid (TCA) and stained with SRB (Sigma
Aldrich. Cat. No. S9012-5G). After extensive washing, the SRB in the cells was
dissolved in 10 mM Tris-HCI and absorbance at 515 nm was quantified on SpectraMax
Plus plate reader (Molecular Devices). The concentration of compound producing fifty-
percent growth inhibition (Glso) relative to the control without drug was calculated as

described in  the NCI-60 human cell line screening  protocol

(http://dtp.nci.nih.gov/branches/btb/ivclsp.html). The density of individual cell lines
seeded for SRB assay in 96-well plates was: U251, 2000 cells/well; SNB75, 6000
cells/well; U87, 5500 cells/well; SNB19, 5000 cells/well; SFB295, 5500 cells/well;
LN229, 5500 cells/well; A-172, 3500 cells/well; T89G, 3500 cells/well; A375, 2000
cells/well; WM2664, 4000 cells/well; SK-MEL-2, 5000 cells/well; SK-MEL-5, 4000
cells/well; SK-MEL-28, 4000 cells/well; ~ M238 parental, 4000 cells/well; M238

resistant, 5000 cells/well; M249 parental, 4000 cells/well; M249 resistant, 5000
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cells/well; UACC-62, 2000 cells/well; M14, 2000 cells/well; LOX-IMVI, 3000

cells/well.

2.3.5 ATP Cell Viability Assay

Cell viability was assessed by measuring cellular ATP, using the CellTiter-Glo®
luminescence assay Kit according to the manufacturer’s protocol (Promega Corp. Cat:
No. PR-G7571). Cells were seeded in white-walled opaque 96-well plates with four
replicate wells for each culture condition. On the second day, compounds at the indicated
concentrations were added and cell viability was assayed after 48 h. Luminescence was
read by using a Berthold Tech Centro XS3 LB 960 luminometer and data were acquired
with the MikroWin software. The seeding density for each cell line was: U251, 2000
cells/well; U251 TMZ-R, 2000 cells/well; UB7MG, 5500 cells/well; LN229, 5500
cells/well; T98G, 3500 cells/well; A172, 3500 cells/well; H460, 5000 cells/well; H125,
4000 cells/well; H125 CPT-R, 4000 cells/well; H292, 5000 cells/well; A549, 5000
cells/well; A375, 2000 cells/well; SK-MEL-2, 5000 cells/well; SK-MEL-5, 4000
cells/well; UACC-62, 2000 cells/well; B16F10, 4000 cells/well; HUVEC 12000,
cells/well; fibroblasts, 12000 cell/well. RN46A-B14 cells were seeded at a density of
5000 cells/well and allowed to differentiate for 10 days. Thereafter the cells were treated

with compounds and cell viability was assayed at a 48 h end-point.

2.3.6  Whole Cell Tubulin Polymerization Assay
Microtubules in whole cells were analyzed by flow cytometry as described previously

[170]. U251 cells were plated in 60 mm dishes at a density of 300,000 cells/dish with
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three replicate wells for each culture condition. After one day, cells were treated with the
indicated concentrations of 6-MOMIPP, colchicine, paclitaxel or an equivalent volume
of DMSO for 24 h. Thereafter, cells were harvested by trypsinization and pelleted (600
X g, 5 min), and cell pellets were resuspended and fixed in 1 ml of 0.5% glutaraldehyde
(Ted Pella Cat. No. 18420) in microtubule-stabilizing buffer (80 mM PIPES, pH 6.8, 1
mM MgClz, 5 mM EDTA, and 0.5% Triton X-100) for 10 min at room temperature.
Then glutaraldehyde was quenched by adding 0.7 ml of 1 mg/ml NaBH4 in PBS. After
that, cells were pelleted (1000 x g, 5 min) and resuspended in 100 pl of 50 pg/ml RNase
(Qiagen, Cat. No. 19101) in antibody diluting solution (AbDil: PBS, pH 7.4, 0.2% Triton
X-100, 2% bovine serum albumin, and 0.1% NaN3) for an overnight incubation at 4°C.
Finally, 25 ul of anti-a-tubulin—FITC antibody (1:50 dilution in AbDil) (Sigma Aldrich,
Cat. No. F2168, Lot 026M4824V) was added to each sample to incubate in the dark for
3 h. Then cells were incubated with 1 ml of 50 pg/ml propidium iodide in PBS for 10

min before being analyzed with a Becton-Dickinson FACS-Calibur flow cytometer.

2.3.7  Immunofluorescence

U251 cells were seeded on glass coverslips in 60 mm dishes at a density of 350,000 per
dish. One day after plating, fresh medium was added with DMSO or 6-MOMIPP at the
indicated concentration. After 24 h, cells were fixed with ice-cold methanol for 10 min
and blocked with 10% goat serum (Gibco, Cat. No. 16210-064) in PBS for 20 min. a-
tubulin was detected by immunofluorescence microscopy, using a primary mouse
monoclonal antibody (1:100, 1 h) (Sigma Aldrich, Cat. No.T5168, Lot 016K4886),
followed by Alexa Fluor 568-labeled goat anti-mouse 1gG (1:600, 1h) (Life

41



Technologies, Cat. No. A11031, Lot 482209A). Nuclear DNA was stained with 300 nM
4’, 6-diamidino-2-phenyl-indole (DAPI) (Sigma Chemical Co.) for 5 min and cells were
washed with deionized water. Images were obtained with an Olympus IX70 inverted

microscope.

2.3.8 Cell Cycle Analysis

U251 cells were seeded in 60 mm dishes at a density of 350,000 cells/dish, with
triplicates for each culture condition. On the second day after plating, the cells were
treated with 6-MOMIPP at indicated concentrations for 24 h or 48 h. Then the cells were
harvested by trypsinization, fixed with ice-cold 70% ethanol, washed twice by
centrifugation/resuspension in PBS, and finally resuspended in 900 pL PBS containing
6.25 mM MgSOs and 1 mM CaCly. 2uL of a 100 mg/mL RNase A solution was added
and the cells were incubated at 37 °C for 15 min. DNA was stained by adding 100 uL
of a 500 mg/mL aqueous solution of propidium iodide (PI) and cells were analyzed with
a Becton-Dickinson FACS-Calibur flow cytometer. Whole cells were identified based
on their forward scatter (FSC) and side scatter (SSC) traces. DNA histograms were

generated with CellQuest Pro software.

2.3.9 Cell Synchronization
350,000 U251 cells were seeded in 60 mm dishes. One day after plating, cells were
washed twice with PBS and then switched to DMEM without serum or leucine for 24 h

to induce cell cycle arrest (Crystalgen. Cat. No. 226-024) before further analysis.

2.3.10 Immunoblot Analysis
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U251 cells were seeded at density of 1,000,000 cells per 10 cm dish and allowed to attach
for 24 h. Thereafter, cells were treated with compounds at the indicated concentrations
or an equivalent volume of DMSO for 24 h or 48 h. In studies employing inhibitors (e.g.
caspase inhibitors, Cdk1 inhibitor BMS-265246 or JNK inhibitor SP600125), cells were
treated with inhibitors 2 h before adding the 6-MOMIPP. Then, both floating and
attached cells were harvested by trypsinization and lysed in SDS sample buffer (65 mM
Tris-HCI, 10% glycerol, 0.5% B-mercaptoethanol, 2% SDS, pH 6.8). The protein
concentration in each sample was determined by colorimetric assay using Bio-Rad
reagent (Bio-Rad, Cat. No. 5000006). Equal amounts of protein (generally 80 pg) were
subjected to SDS-PAGE in 12.5% polyacrylamide gels, and the proteins were
electroblotted on to PVDF membrane. The membranes were blocked by incubation with
5% nonfat milk in Tris-buffered saline-Tween buffer (TBST, 20mM Tris, 137mM NacCl,
0.2% Tween 20) at room temperature for 1 h. Primary antibody was then added and
incubation was continued overnight at 4°C followed by 1 h secondary antibody
incubation. Proteins were detected by enhanced chemiluminescne (ECL) using the ECL
detection kit obtained from Alkali Scientific Inc. (Cat. No. XR96) and an Alpha Innotech
Fluor Chem HD2 imaging system. Chemiluminescent signals were quantified by using
Alpha View software.

Primary antibodies used for immunoblot analysis were as follows: Rabbit anti-Caspase-
9 (Cat. No. 9502S); rabbit anti-Cleaved Caspase-3 (Aspl75) (Cat. No. 9661S); rabbit
anti-Caspase-7 (Cat. No. 9492S); rabbit anti-phospho-SAPK/INK (Thr183/Tyr185)

(Cat. No. 9251S); rabbit anti-SAPK/JNK antibody (Cat. No. 9252s); rabbit anti-Bcl-xL
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(54H6) (Cat. No. 2764s); rabbit anti- Phospho-Bcl-2 (Ser70) (5H2) (Cat. No. 2827s);
rabbit anti-phospho-c-Jun (Ser63) (Cat. No. 9261S); rabbit anti-c-Jun (60A8) (Cat. No.
9165s); rabbit anti- PP1a (Cat. No. 2582S); rabbit anti- Phospho-PP1a (Thr320) (Cat.
No. 2581S), all purchased from Cell Signaling Technology. Rabbit anti-phospho-Bcl-
XL (Ser62) (Cat. No. PA535496) was obtained from Thermo Fisher Scientific. Mouse
monoclonal anti-phospho-Histone H3 (Ser10) antibody (Cat. No. 05-806) was purchased
from Sigma-Aldrich. Mouse monoclonal antibody against a-tubulin (Invitrogen/Life
Technologies Cat. No. T5168). Secondary antibodies used in the experiments were HRP-
coupled goat anti-mouse (Cat. No. 554002) and goat anti-rabbit (Cat. No. 554021)

antibodies that were obtained from BD Biosciences.

2.3.11 Scintillation Proximity Assay

The colchicine and vinblastine competition-binding SPAs were conducted as described
previously [171]. 6-MOMIPP was stored at -20°C as a 1.3 mM stock in vehicle
consisting of DMSO, Solutol-HS15, and water (1:2:11v/v/v), and then serially diluted in
DI water so that the desired final drug concentrations could be achieved by making a
1/1000 dilution into the reaction mixture. Vinblastine and colchicine were dissolved in
the same solvent as 6-MOMIPP. [*H]-colchicine (1 mCi/ml, specific activity 60-87
Ci/mM; Cat. No. NET189250UC), [*H]-vinblastine (0.25 mCi/ml, specific activity 20.8
Ci/mM; Cat. No. NET1176050UC), and Streptavidin-yttrium silicate (YSI) beads (Cat.
No. RPNQO0015) were purchased from Perkin Elmer, Inc. Long-chain biotin-labeled
tubulin (Cat. No. T333P) and guanosine 5’-triphosphate sodium salt (GTP, Cat. No.

BST06-010) were obtained from Cytoskeleton Inc.
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[*H]-colchicine competition assay: 0.5uCi [®H]-colchicine (diluted with ethanol to a final
volume of 10 pl) was added to individual wells in white-walled 96-well plate (Perkin
Elmer Cat. N0.6005290) and allowed to air dry for 1 h. Then 90 pl of ice-cold binding
buffer (80 mM PIPES pH 6.8, 1 mM Mgcl2, 1 mM EGTA and 1 mM GTP) containing
50 pg long-chain biotin-labeled tubulin and unlabeled vinblastine, colchicine or 6-

MOMIPP (final concentrations 10 nM, 50 nM, 1 uM, 2.5 uM, 5 uM, 10 uM), were added
to each well. The reaction mixtures were incubated at 37°C for 2 hours, with 4 replicates
for each condition. At the end of the incubation, Streptavidin-YSI beads (0.08 mg
suspended in 20ul binding buffer) were added to each reaction well for 15 min and the
signal emitted from YSI in proximity to the tubulin-bound [*H]-colchicine was
quantified with a Packard TopCount®NXT™ Microplate Scintillation & Luminescence
Counter. Results were plotted by using GraphPad Prism 7.

[*H]-vinblastine competition assay: 0.5 uCi [°H]-vinblastine (diluted into to a final
volume of 10 pl ethanol) was 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) was added along with 1 pg long-chain biotin-labeled tubulin in a
total of 80 pl ice-cold binding buffer. Reaction mixtures were incubated at 37°C for 2 h,
with 4 replicates for each condition. Streptavidin-YSI beads (0.4 mg suspended in 50pl
binding buffer) were added to each reaction mixture and scintillation signals were

quantified after 15 min as described above.

2.3.12 EBI Cross-linking and Drug Binding Assay
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The ability of 6-MOMIPP to protect key residues in the colchicine binding site of [3-
tubulin from cross-linking by N,N’-ethylene-bis (iodoacetamide) (EBI) was assayed as
described previously [172]. U251 cells were seeded at the density of 1,000,000 cells per
10 cm dish and allowed to attach for 24 h. Thereafter, cells were treated for 4 h with 6-
MOMIPP, paclitaxel, colchicine or an equivalent volume of DMSO at indicated
concentrations, EBI was then added to the medium at a final concentration of 100 pM,
and incubation was continued for 1.5 h. Floating cells were combined with attached cells
(harvested by trypsinization) and cells were lysed in SDS sample buffer. The protein
concentration were determined by colorimetric assay using Bio-Rad reagent (Bio-Rad).
For each sample 80 pg protein was subjected to SDS-PAGE and transferred to PVDF
membrane. Immunoblot assays were performed as described earlier, using a mouse

monoclonal antibody against B-tubulin (Santa Cruz Biotechnology, Cat. No. sc-5274).

2.3.13 Annexin V live-dead Cell Assay

The Muse® Annexin V and Dead Cell Assay Kit (EMD Millipore Corporation, Cat. No.
MCH100105) was used to assess the extent of apoptosis in cells treated with test
compounds. 100,000 U251 cells were seeded in 35 mm dishes. On the second day, the
cells were treated with 6-MOMIPP at the indicated concentrations for 24 h or 48 h.
Floating and attaching cells were combined, and pelleted by centrifugation (1000 x g, 5
min). Cells were resuspended in PBS to a final concentration of 300,000 cells/ml and
incubated for 10 min with Annexin V and 7-ADD at room temperature. Finally, cells

were analyzed by using a Muse® Cell Analyzer to quantify the Annexin-positive (early
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apoptosis) and Annexin + 7-ADD positive (dead) populations. The total apoptosis cell

population was the summary of early apoptotic and dead cell populations.

2.3.14 Statistical Analysis

GraphPad Prism 7 was used for statistical analysis. For replicate experiments, data are
presented as the mean = S.D.. Statistical significance between control and treated groups
was determined by Student’s unpaired T test. * p<0.05, ** p<0.005, *** p<0.001, ****

p<0.0001.

2.4 Results

2.4.1 Indole-based chalcones inhibit proliferation of U251 cells

Newly synthesized indole-based chalcones were originally designed to improve the
efficacy of existing methuosis-inducing drugs [162, 164]. To evaluate the anti-
proliferative activities of these new derivatives, SRB assays against U251 cells, a
standard glioblastoma cell line, were performed. Our lead methuosis-inducing
compound, MOMIPP, was chosen for reference. Cells were treated with various
concentrations of compounds for 48 h and optical density, which reflects cell density,
was measured. As Fig. 2-1 shows, the four of the newly designed indole-based chalcones
are more potent in inhibiting the proliferation of U251 cells compared to MOMIPP. Glso
is the dose able to achieve 50% growth inhibition, compared to control treated only with
vehicle. As the results in Table 2-1 show, the Glso’s of the newly synthesized compounds
are in the nanomolar range, which are much lower than the Glso for MOMIPP. Among

all the compounds, CT-2-36 exhibited the best anti-tumor activity, suggesting the
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introduction of a propyl carboxylate group on the indole ring is beneficial to the anti-
tumor activity. In addition, moving the methoxy group from the 5-position (MOMIPP)
on the indole ring to the 6-position (6-MOMIPP) decreased the Glso from 2.32uM to
0.054uM, suggesting that the location of methoxy group is essential for anti-tumor
activity. Addition comparisons of the anti-proliferative activities of MOMIPP and CT-
2-36 in the NCI-60 cancer cell lines were done by NCI, with compounds we submitted
to their Chemotherapeutic Agents Repository. Results showed that CT-2-36 has much
lower Glso than MOMIPP in a broad spectrum of cancer cell lines, data are not shown

here.
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Table 2-1.

Chemical structure, structure name and Glso of indole-based chalcones used in the study.

Compound

Structure Name

Structure

Glsy (uM)

MOMIPP

3-(5-Methoxy-2-methyl-
1H-indole-3-y1)-1-(4-
pyridinyl)-2-propen-1-
one

2.32

CT-2-36

Propyl trans-3-(5-
Methoxy-1H-indol-2-
carboxylate-3-y1)-1-(4-
pyridinyl)-2-propen-1-
one

0.008

CT-1-125

Ethyl trans-3-(5-
Methoxy-1H-indol-2-
carboxylate-3-y1)-1-(4-
pyridinyl)-2-propen-1-
one

0.014

MOFLIPP

trans-3-(5-Methoxy-2-
trifluoromethyl-1H-indol-
3-yD-1-(4-pyridiny])-2-
propen-1-one

0.118

6-MOMIPP

trans-3-(6-Methoxy-2-
methyl-1H-indole-3-y1)-
1-(4-pyridinyl)-2-propen-
1-one

0.054
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Figure 2-1. Newly synthesized indole-based chalcones exhibit potent anti-proliferation
activity against U251 glioblastoma cells. U251 cells were treated with different
compounds at the indicated concentrations for 48 h. Cell mass remaining attached to the
wells was assessed by SRB colorimetric assay. The value at Time O reflects the cell

density at the beginning of treatment. Each point represents the mean + S.D. of 4

replicates.
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2.4.2 Indole-based chalcones induce accumulation of multinucleated cells

These newly designed compounds had much more potent anti-proliferation activity
compared to MOMIPP, so the next step was to evaluate their effect on cell morphology.
U251 cell morphology was examined by phase-contrast microscopy after treatment with
the new compounds. Two compounds, CT-2-36 and 6-MOMIPP, were selected to
conduct future experiments, given that CT-2-36 is the analog with the most potent anti-
proliferative activity and 6-MOMIPP has the structure that most highly resembles
MOMIPP. Phase contrast images of U251 cells treated with CT-1-125 and MOFLIPP
were published previously [162], and those cells died without the cytoplasmic
vacuolization typical of methuosis. In Fig. 2-2, U251 cells were treated with DMSO, 10
uM MOMIPP, 0.6 uM CT-2-36 or 1 uM 6-MOMIPP and phase-contrast images were
obtained at 4 h, 24 h, 48 h, and 72 h. Instead of the characteristic vacuoles seen in cells
undergoing methuosis, cells treated with CT-2-36 and 6-MOMIPP exhibited extensive
blebbing of plasma membrane at the early time points and detached from the culture
dish. At the later time points, the majority of cells lost viability, and the few remaining
attaching cells contained multiple micronuclei. These distinct morphological changes
suggested that the increased cytotoxicity of the new indolyl chalcones derivatives may
be attributed to their having different biological activity from our previous methuosis-

inducing compounds.
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Control

CT-2-36 MOMIPP

6-MOMIPP

cells. 100,000 U251 cells were seeded in 35mm dishes and treated with DMSO, 10 uM
MOMIPP, 0.6 uM CT-2-36 or 1 uM 6-MOMIPP. Phase-contrast images were taken after

4h,24h,48 h,or 72 h.

2.4.3 6-MOMIPP induces G2/M arrest in glioblastoma cell lines

The increased cytotoxicity and distinct morphological effects of the new compounds
suggest that they might be affecting cell growth and viability through a mechanism other
than methuosis. Cell rounding and detachment from substratum is frequently observed
in the cells treated with mitotic inhibitors. To determine if these new compounds have
an influence on the mitotic process, cell cycle analysis was performed. Cell cycle
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progression was analyzed by quantifying DNA content by flow cytometry following
drug treatment. 6-MOMIPP was chosen as our prototype to carry out further studies due
to it is more stable in the culture medium compare to CT-2-36. U251 cells were treated
with concentrations of 6-MOMIPP ranging from 0.1 pM to 5 uM for 24 h, 48 h, or 72 h.
Then both attached and detached U251 cells were collected and subjected to flow
cytometry after staining the DNA with PI. As DNA histograms show in Fig. 2-3,
treatment with 6-MOMIPP resulted in substantial accumulation of cells in G2/M (4N) at
24 h, with a concomitant decrease in G1 and S phase. A sub Go population increased
when the incubation time was extended to 48 h or longer, indicating that majority of cells
underwent death after 48 h (Fig. 2-3). Fig. 2-4 A-C depicts the quantified cell cycle
distribution, in each phase, after treatment with 6-MOMIPP for 24 h, 48 h, or 72 h. The
results demonstrate that 6-MOMIPP induces cell cycle arrest in a concentration-
dependent manner. The majority of U251 cells were arrested in Go/M by 24 h at
concentrations above 250 nM. The G2/M phase population decreased and the sub-Go
population increased between 48 h and 72 h, suggesting that 6-MOMIPP- induced G2/M
arrest is followed by extensive cell death. The effects of the other three new compounds
(CT-2-36, CT-1-125, MOFLIPP) on cell cycle distribution were previously described
[162], and are consistent with 6-MOMIPP. These results were confirmed in another

glioblastoma cell line, T98G, as shown in Appendix A Fig. 1- Fig. 2.
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Figure 2-3. Effect of 6-MOMIPP on cell cycle distribution in U251 cells. DNA

Counts

histograms of cells treated with 6-MOMIPP at 1 uM for 24 h, 48 h or 72 h were generated
by flow cytometry as described in the Material and Methods section. The results shown

are representative of three separate replicates.
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Figure 2-4. Quantification of cell cycle distribution in U251 cells treated with 1 uM 6-
MOMIPP for 24 h (A), 48 h (B) or 72 h (C). CellQuest Pro software was used to

determine cells in G1, S and G2/M compartments based on DNA content. At each time
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point the results from three separate experiments were analyzed and the results

(percentage of cells in each phase of the cell cycle) represent the mean + S.D.

2.4.4 6-MOMIPP induces caspase-dependent cell death in U251 cells

The preceding cell cycle analysis revealed that 6-MOMIPP induced substantial cell death
by 48 h, as indicated by an increase in the sub-Go population. To evaluate and quantify
the cytotoxicity of 6-MOMIPP in more detail, ATP assays and Annexin V live-dead cell
assays were performed. The ATP assay determines the number of viable cells in culture
based on the amount of ATP present, which reflects the metabolically active cells. The
annexin V live-dead cell assay can distinguish between healthy cells, early apoptotic
cells, and late apoptotic/dead cells by Annexin V (stains phosphatidylserine on the
membrane of apoptotic cells) and 7-AAD (a membrane permeable dye that stains nuclear
DNA in cells that have lost membrane integrity). ATP assays were performed in U251
cells, after a 48 h treatment with 6-MOMIPP. The results in Fig. 2-5A show that 6-
MOMIPP inhibited U251 cell viability with an ICso of 0.358 uM after 48 h. The viability
of cells dramatically decreased at concentrations above 0.5 uM. The live-dead cell
assays revealed that the proportions of early apoptotic, late apoptotic, and dead cells
increased after 48 h treatment with 6-MOMIPP at concentrations ranging from 0.5 uM

to 5 uM (Fig. 2-5B), which is consistent with the ATP assay results.
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Figure 2-5.6-MOMIPP-induces cell death in U251 cells. A. Cells were seeded in white-
walled opaque 96-well plates at a density of 2000 cells/well. On the second day, cells
were treated with 6-MOMIPP at the indicated concentrations for 48 h. ATP was
measured by CellTiter-Glo® luminescence assay as described in the Methods. Values
represent the mean + S.D. of four replicates. B. 100,000 U251 cells were seeded in 35
mm dishes. On the second day, the cells were treated with 6-MOMIPP at the indicated
concentrations for 24 h or 48 h. Cells were harvested and stained with annexin-V and 7-

ADD and the percentages of live, early apoptotic and late apoptotic/dead cells were
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determined with the Muse® system, as described in the Methods. The values on the bar

graphs represent the mean £ S.D. derived from three replicate cultures.

Caspase activation, detected by cleavage of procaspases to lower molecular weight
active caspases, is a major indicator of apoptosis. It is essential for the morphological
and biochemical changes that accompany this form of cell death. To determine whether
the cell death induced by 6-MOMIPP is associated with caspase activation, the status of
several caspases was measured by immunoblot analysis. U251 cells were treated with 1
UM of 6-MOMIPP for 24 h or 48 h and then both attached and floating cells were
subjected to SDS-PAGE. Immunoblot results show that 6-MOMIPP caused time-
dependent cleavage of caspase-9, caspase-7, and caspase-3 (Fig. 2-6A). Caspase
activation was detected after 48 h incubation with 6-MOMIPP, which is consistent with
the cell cycle analysis showing that sub-Go (dead) cells accumulate at that time. It is also
consistent with the cell viability assays showing extensive cell death by 48 h. To evaluate
whether 6-MOMIPP-induced caspase activation is required for cell death, two caspase
inhibitors were used to block caspase activation. As illustrated in Fig. 2-6A, Pro-VAD-
FMK (a pan-caspase inhibitor) and Z-LEHD-FMK (caspase- 9 specific inhibitor)
combined together effectively blocked caspase activation induced by 6-MOMIPP at 48
h. ATP assays showed that by blocking caspase activation, the number of viable cells
was significantly increased after 6-MOMIPP treatment (Fig. 2-6B). Annexin-V live-
dead cell assay was also performed to assess the dead cell percentage after caspase

inhibition. (Appendix A Fig. 3). These results agree with the ATP assay. Taken together,
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the data demonstrate that 6-MOMIPP induces caspase activation by 48 h, and that

caspase activation is required for 6-MOMIPP-induced cell death in U251 cells.
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Figure 2-6. 6-MOMIPP induces caspase-dependent cell death in U251 cells. A. U251
cells were treated with 1 uM 6-MOMIPP or the equivalent volume of DMSO for 24 h or
48 h. For the inhibitor study, cells were pretreated with Pro-VAD-FMK and Z-LEHD-

FMK for 2 h before 6-MOMIPP treatment. The cells (attached and detached) were
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harvested and lysed in SDS sample buffer and subsequently subjected to immunoblot
analysis as described in the Methods. The results shown are representative of three
separate experiments. B. U251 cells were seeded in a white-walled opaque 96-well plate
at a density of 2,000 cells/well and treated with 1uM 6-MOMIPP or the equivalent
volume of DMSO for 48 h. Caspase inhibitors were added 2 h before 6-MOMIPP
treatment. Cell Titre Glo® viability assays were performed and luminescence was
determined as described in the Methods. Values represent the mean + S.D. of four
replicates. *Increases in viability observed with addition of caspases inhibitors were

significant at p<0.05.

2.4.5 6-MOMIPP inhibits polymerization of cellular microtubules

6-MOMIPP induces mitotic arrest and causes accumulation of micronuclei in U251 cell,
similar to the effects typical of MTAs. To investigate the underlying mechanism of 6-
MOMIPP, the effects of compound on tubulin polymerization were assessed in U251
cells. It is well-known there are two groups of MTAs: microtubule stabilizing agents,
such as paclitaxel, and microtubule destabilizing agents, like vinblastine and colchicine
[40]. In this study, paclitaxel and colchicine were chosen as reference drugs. Tubulin
polymerization assays in U251 cells were based on whole cell microtubule analysis by
flow cytometry [170]. U251 cells were exposed to 6-MOMIPP, paclitaxel, or colchicine
for 24 h, then glutaraldehyde was used to fix the microtubule network after the soluble
tubulin was washed out. FITC-conjugated antibody against a-tubulin was then used to
stain the polymerized tubulin and flow cytometry was used to quantify the fluorescence

signal in individual cells. As Fig. 2-7 shows, the microtubule destabilizer, colchicine,
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significantly reduced median fluorescence signal of the treated cell population compared
to DMSO control, indicating tubulin depolymerization. The microtubule stabilizer,
paclitaxel, dramatically increased the median fluorescence, indicating that tubulin
polymerization was enhanced. In 6-MOMIPP treated U251 cells, the median
fluorescence of polymerized tubulin decreased in a concentration depended manner,
suggesting that 6-MOMIPP acts in a manner similar to the microtubule destabilizer,

colchicine.
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Figure 2-7. Effects of 6-MOMIPP on tubulin polymerization in cultured U251 cells.

Cells were treated with DMSO, colchicine (1 pM), paclitaxel (1 pM) or indicated
concentrations of 6-MOMIPP for 24 h. Tubulin monomers were washed out of the cells
and polymerized microtubules were fixed, immunostained and analyzed by flow
cytometry as described in the Methods. The fluorescence intensity is depicted in
histogram form in panel A, and as median fluorescence intensity in panel B. Each bar
represents mean £ S.D. of three cultures. Significance of changes in median fluorescence

relative to the control was: * p < 0.05, ** p < 0.005, *** p < 0.001.

To visualize the effects of 6-MOMIPP on microtubule organization in U251 cells, a-
tubulin was immunostained and cells were subjected to fluorescence microscopy. As
shown in Fig. 2-8, the vehicle-treated cells displayed an organized microtubule network,
with distinct filamentous microtubules and surrounding an uncondensed cell nucleus.
Cells treated with 0.1 pM 6-MOMIPP for 24 h also exhibited a dense network of
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microtubules, similar to the DMSO control. However, in cells treated with higher
concentrations of 6-MOMIPP, the microtubules were dispersed and disorganized. Some
of the few cells that remained attached to the culture dish contained multiple micronuclei.

This result confirms that 6-MOMIPP acts as a microtubule destabilizer.

Control 6-MM (0.1pM)

6-MM (0.25uM) 6-MM (0.5uM)

6-MM (0.75uM) 6-MM (1puM)

64



Figure 2-8. 6-MOMIPP disrupts microtubules and induces multiple-micronuclei in
U251 cells. Cells were treated with DMSO (control) or 6-MOMIPP at the indicated
concentrations for 24 h. Microtubules were stained with anti-a-tubulin primary antibody
and Alexa Fluor 568-labeled goat anti-mouse secondary antibody (red fluorescence).

Nuclei were stained with DAPI (blue fluorescence).

2.4.6 6-MOMIPP binds to tubulin on the colchicine binding site
To obtain information about how 6-MOMIPP interacts with tubulin, a competition-
binding scintillation proximity assay (SPA) was performed [171]. The principle of this
assay is that compounds that can bind to the colchicine site on tubulin can compete with
[3H] - colchicine. This will diminish the signal generated when biotinylated tubulin
bearing [3H]-colchicine interacts with streptavidin-coated yttrium sensor beads. As
shown in Fig. 2-9A, 6-MOMIPP substantially inhibited the binding of [®*H]-colchicine
to tubulin when added in a concentration range of 1-10uM. As expected, unlabeled
colchicine also diminished the binding of [*H]-colchicine, but vinblastine had no effect.
In a converse experiment, the same set of MTAs was used to compete with [3H]-
vinblastine, in that case, only unlabeled vinblastine inhibited the binding of [*H]-
vinblastine to tubulin, whereas colchicine and 6-MOMIPP did not affect the bound
radioactivity (Fig. 2-9B). This experiment strongly suggests that 6-MOMIPP binds to
tubulin at or near the well-defined colchicine binding site.

To confirm the binding site of 6-MOMIPP on tubulin, we used an additional
technique that is based on the principle that EBI (N, N’-ethylene-bis iodoacetamide)

forms a crosslink between two cysteine residues (cys-239 and cys-354) on B-tubulin in
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living cells. These two cysteine residues are involved in the colchicine-binding site. The
covalent binding of EBI to B-tubulin generates a second band that migrates at a lower
molecular weight than non-crosslinked B-tubulin on SDS gels [172]. When colchicine
occupies its tubulin binding site, EBI access to the target cysteines will be blocked. U251
cells were treated with DMSO, 6-MOMIPP, colchicine, or vinblastine for 4 h followed
by 1.5 h incubation with EBI. Then cells were harvested and subjected to SDS-PAGE
and immunoblot analysis for B-tubulin. As shown in Fig. 2-10, incubation with
colchicine, but not vinblastine, prevented the formation of the EBI crosslinked band.
Similar to colchicine, 6-MOMIPP inhibited the formation of the EBI-crosslinked band
at concentrations of 1 uM and above, suggesting that 6-MOMIPP occupies the colchicine

binding site on B-tubulin.
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Figure 2-9. 6-MOMIPP competes with [*H]-colchicine but not [*H]-vinblastine binding
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to tubulin. A. 0.5 pCi [3H] colchicine, was incubated with unlabeled vinblastine,
colchicine or 6-MOMIPP (final concentrations 10 nM, 50 nM, 1 uM, 2.5 uM, 5 uM, 10
uM), and 0.5 pg of long-chain biotin-labeled tubulin for 2 h. Then streptavidin SPA
beads were added to each reaction mixture and scintillation signals were measured as
described in the Methods. Each point represents the mean = S.D. of 4 replicates. B. 0.5
UCi [*H]-vinblastine was incubated for 2 h with unlabeled vinblastine, colchicine or 6-
MOMIPP (final concentrations 0.24 uM or 2.4 uM), and 1 pg of long-chain biotin-
labeled tubulin. Then streptavidin SPA beads were added and scintillation signals were
quantified. Each point represents the mean + S.D. of 4 replicates. * p < 0.05, ** p <

0.005, *** p < 0.001.
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Figure 2-10. 6-MOMIPP behaves like colchicine in preventing EBI from forming
crosslinks on B-tubulin. U251 cells were incubated for 4 h with 1 uM vinblastine, 1 uM
colchicine, or 6-MOMIPP at indicated concentrations. Controls received an equivalent
volume of DMSO. Cells were then harvested for SDS-PAGE and immunoblot analysis
after a 1.5 h incubation with 100uM EBI. The results shown are representative of three

separate experiments.

2.4.7 G2/M arrest is required for 6-MOMIPP-induced cell death

It is clear that 6-MOMIPP destabilizes microtubules by binding to tubulin on the
colchicine binding site. We also noted that the arrest at the G>/M phase by 6-MOMIPP
is followed by massive cell death, but the cell death mechanism and signaling pathways
involved are not clear. Greater insight into this mechanism could help to better evaluate
the translational potential of 6-MOMIPP. The relationship between 6-MOMIPP
associated G2/M arrest and cell death was assessed by arresting cells at the G1/Go phase
through serum and leucine starvation prior to addition of 6-MOMIPP. As shown
previously, cells in normal medium underwent G2/M arrest after 6-MOMIPP treatment
(Fig. 2-3 and 2-4). In contrast, the cells maintained in serum/leucine-free medium stayed
at the G1/Go phase after addition of 6-MOMIPP for 24 h or 48 h (Fig. 2-11 A and B).

The annexin V live-dead cell assay was used to evaluate the percentage of dead cells in
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the same samples. As shown in Fig. 2-12, in normal medium, about 66% of cells died
after 48 h 6-MOMIPP treatment, which is a six-fold increase compared to control (11%
percent). In serum/leucine-free medium, the baseline of dead cells in vehicle-treated
controls was higher than in normal medium (36%). 6-MOMIPP treatment resulted in
62% dead cells, which is only 1.7-fold increase compared to control. This suggests that
preventing cells from undergoing G./M arrest has a protective effect (albeit, not
complete) on cell death induced by 6-MOMIPP (Fig. 2-12). Taken together, these results

suggest that mitotic arrest plays an important role in cell death induced by 6-MOMIPP.
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Figure 2-11. Serum/leucine starvation prevents Go/M arrest induced by 6-MOMIPP in
U251 cells. A. U251 cells were seeded at 350,000 cells in 60 mm dishes with DMEM
medium supplemented with 10% FBS. On the next day, the medium was substituted with
serum/leucine-free DMEM medium and incubation was continued for 24 h. Then the
cells were treated with or without 1 uM 6-MOMIPP for 24 h or 48 h. Both attached and

detached cells were harvested and processed for cell cycle analysis. B. Cell cycle
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distribution after treatment of serum/leucine-starved cells with 6-MOMIPP for 24 h and

48 h. Bar graphs depict the results of three separate determinations (mean £ S.D.).
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Figure 2-12. Serum/leucine starvation prevents cell death induced by 6-MOMIPP. U251
cells were seeded at 350,000 cells in 60 mm dishes with DMEM medium supplemented
with 10% FBS. On the next day, the medium was replaced with either regular medium
(left panel) or serum/leucine-free DMEM medium (right panel) for 24 h. Then the cells
were treated with or without 6-MOMIPP at indicated concentrations for 48 h. Both
attached and detached cells were harvested and processed for the live-dead cell assay as
described in the Methods. Each point represents mean + S.D. of triplicate determinations.
Significance differences compared to the controls: * p < 0.05, ** p < 0.005, **** p <

0.0001.

2.4.8 Involvement of Cdk1 in regulating mitotic arrest and cell death induced by

6-MOMIPP
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Mitotic arrest plays a key role in cell death induced by MTAs, but the signals that direct
cells toward cell death after Go/M arrest are only partly understood. To further
investigate the connections between 6-MOMIPP-induced G2/M arrest and cell death,
some regulatory proteins involved in the G2/M phase transition were analyzed. Cdk1 /
cyclin B1 activity is required for cells to stay in mitosis until all chromosomes acquire
bipolar attachment to kinetochore microtubules. MTA-induced mitotic arrest is
associated with prolonged activation of the Cdk1/cyclin B1 complex. The phosphatase,
PPl-a, is a direct substrate of the Cdkl/cyclin B1 complex in mitosis, with
phosphorylation at Thr-320 during metaphase contributing to the activation of proteins
critical to mitotic progression [173]. To determine the effects of 6-MOMIPP on
Cdkl/cyclin Bl activity, the phosphorylation status of PP1-a was assessed after 6-
MOMIPP treatment. Western blots (Fig. 2-13) showed that 6-MOMIPP induced
phosphorylation of PP1-a on Thr-320 in a time-dependent manner, paralleling G./M
arrest (Fig. 2-13). At 24 h, when the majority of cells were in mitosis, PP1-a was
phosphorylated, whereas, at 48 h, when most cells underwent cell death, phosphorylated
PP1-a was markedly decreased. A specific Cdkl inhibitor, BMS-265246, was used to
confirm that the phosphorylation of PP1-a induced by 6-MOMIPP at 24 h, is due to
increased Cdk1/cyclin B1 activity in the mitotically arrested cells.

MTAs target the spindle microtubule dynamics and trigger SAC, which inhibits
APC/C activity and prevents cyclin B1 degradation. As a result, Cdkl maintains its
activity and blocks metaphase-anaphase transition. To evaluate the metaphase/anaphase

transition in cells treated with 6-MOMIPP, we evaluated the phosphorylation state of
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histone-H3. The latter contributes to chromatin condensation during prophase, which is
critical for the transition into metaphase [174]. Histone-H3 is phosphorylation on Ser-10
commences during late G2 phase, is completed in prophase, and is maintained through
metaphase. Ser-10 dephosphorylation begins at anaphase and ends at early telophase; it
must be removed upon metaphase/anaphase transition [175-177]. Immunoblots (Fig. 2-
13) show that 6-MOMIPP-induced cell cycle arrest was accompanied by robust histone-
H3 Ser-10 phosphorylation at 24 h (Fig. 2-3). This indicates that the majority of cells
were arrested in prophase and/or metaphase, consistent with the effects of MTAs on
mitotic spindle assembly. At 48 h, histone-H3 Ser-10 protein was dephosphorylated,
consistent with a high percentage of dead cells and the possibility of mitotic slippage, as
described earlier. Blocking the activity of Cdkl with BMS-265246 abolished histone-
H3 phosphorylation in cells treated with 6-MOMIPP at 24 h, with no change in the total
amount of histone-H3. Interestingly, DNA histograms of cells treated with BMS-265246
(with or without 6-MOMIPP) showed a prominent G»/M peak (Fig. 2-14 A and B). When
taken together with the lack of histone phosphorylation, this suggests that cells treated
with the Cdk1 inhibitor were arrested at the G2 — prophase transition. Unlike cells
treated with 6-MOMIPP alone, the cells treated with 6-MOMIPP plus the Cdk1 inhibitor
did not have a large increase in the sub-Go population, (Fig. 2-14 A and B). This suggests
that prolonged activation of Cdkl during prophase/metaphase arrest may play an
essential role in the 6-MOMIPP induced cell death mechanism. To explore this concept
further, the effects of BMS-265246 on the viability and morphology of U251 cells treated

with 6-MOMIPP were directly evaluated using ATP assays and phase contrast imaging.
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As shown in Fig. 2-15 A and B, BMS-265246 by itself did not affect cell viability but
induced flat, round cell morphology. Adding BMS-265246 to cells treated with 6-
MOMIPP prevented the cells from rounding and detaching, and provided significant
protection from loss of cell viability. In considering how abnormal activation of
Cdk1/cyclin B1 may be linked to the initiation of apoptosis, one prominent possibility is
that Cdk1 may inactivate anti-apoptotic Bcl-2 family proteins via phosphorylation [124].
Some groups have shown that Bcl-2 phosphorylation was closely associated in time with
M phase arrest and activation of Cdk1. Therefore, the next series of studies was designed
to examine the effects of 6-MOMIPP on the Bcl-2 anti-apoptotic family members and
the relationship between Cdk1 activation and Bcl-2 phosphorylation. Western blot
results (Fig. 2-13) revealed that at 24 h, by the time the majority of 6-MOMIPP-treated
cells were arrested in mitosis, Bcl-2 was phosphorylated. The three mobility shifted
bands most likely correspond to Ser70, Ser80, and Thr69 phosphorylation, respectively
[138]. By 48 h, when most cells underwent cell death, Bcl-2 phosphorylation was lost.
Essentially identical results were obtained when we examined the other abundant anti-
apoptotic protein, Bcl-xL. The total amounts of the Bcl-2 and Bcl-xL proteins were not
markedly reduced at 48 h, indicating that the loss of phosphorylation was not due to
degradation of the proteins. Of particular note, the Cdkl inhibitor, BMS-265246,
blocked the phosphorylation of Bcl-2 and Bcl-xL. These experiments were confirmed
by using another, less specific, but widely used, Cdk1 inhibitor, roscovitine, and results

are shown in Appendix A Fig.4- Fig.6.
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It remains unclear whether the effects of the Cdk1 inhibitors are direct (inhibiting
Cdk1 phosphorylation of Bcl-2 proteins) or indirect (preventing transition to mitotic
prophase/metaphase, where other kinases might phosphorylate Bcl-2/Bcl-xL)
Nevertheless, these results strongly support the notion that increased Cdk1 activity plays
a key role in promoting the phosphorylation and potential inactivation of anti-apoptotic
Bcl-2 family members.
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Figure 2-13. 6-MOMIPP-induced Cdk1 activation plays important role in mitotic arrest
and Bcl-xL/Bcl-2 phosphorylation. 10 U251 cells were seeded in the 10 cm dishes and
treated with 1 uM 6-MOMIPP, or an equivalent volume of DMSO. For the inhibitor
study, 5 UM BMS-265246 was added to the cells 2 h before the addition of 6-MOMIPP.

Detached and attached cells were harvested after 24 h or 48 h subjected to SDS-PAGE
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and immunoblot analysis for the indicated proteins as described in the Methods. The

results shown are representative of three replicate experiments.
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Figure 2-14. CDK1 inhibitor prevents cell death induced by 6-MOMIPP. A. 100,000
U251 cells were seeded in 35mm dishes. The next day, cells were treated with DMSO,

5 uM BMS-265246, 1 uM 6-MOMIPP or combination of both inhibitors, with  the
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BMS-265246 added 2 h before the 6-MOMIPP. Phase-contrast images were acquired at
4 h and 48 h. B. U251 cells were seeded in white-walled opaque 96-well plates at a
density of 2,000 cells/well. On the second day, 6-MOMIPP at the indicated
concentrations was added and cell viability was assayed by Cell Titre Glo® after 48 h.
For the inhibitor study, 5 uM of BMS-265246 was added 2 h before 6-MOMIPP

treatment. Values represent the mean £ S.D. of four replicates. ** p < 0.005.
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Figure 2-15. Effects of the Cdk1l inhibitor, BMS-265246, on the cell cycle. A. U251
cells were seeded at 350,000 cells in 60 mm dishes and treated with 1 uM 6-MOMIPP,

5 UM BMS-265246, or a combination of both compounds for 24 h or 48 h. For the
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combination, the BMS-265246 was added 2 h before the 6-MOMPP. Attached and
detached cells were harvested, fixed with 70% ethanol, stained with propidium iodide
(PI) and subjected to flow cytometry to generate DNA histograms as described in the
Methods. B. Data from triplicate cultures were used to determine the percentage of cells

in each phase of the cell cycle (mean £ S.D.).

2.4.9 Involvement of JNK in regulating mitotic arrest and cell death induced by
6-MOMIPP

JNKs (JNK1/2) are essential in the cellular response to stress and cytotoxic agents,
including MTAs [155, 178, 179]. MTA-induced G2/M arrest and cell death have been
correlated with activation of JNK and its downstream targets, c-Jun, JunD, and ATF2
[137, 151, 153-156]. To investigate whether or the JNK signaling pathway plays a role
in 6-MOMIPP-induced cell death, western blots were performed against several proteins
that are involved in JNK pathways. As shown in Fig. 2-16, 6-MOMIPP induced JNK
phosphorylation in a time-dependent manner, and JNK phosphorylation was associated
with the increase in mitotic cells. JNK phosphorylation/activation was highest after 24 h
of 6-MOMIPP treatment, when the majority of cells were arrested in mitosis, whereas at
48 h, JNK phosphorylation was diminished as most cells underwent cell death. This
suggested that JNK may be involved in the mitotic arrest induced by 6-MOMIPP. C-Jun,
the main substrate of JNK and an important component of the AP-1 transcription factor,
was also phosphorylated after 24 h of 6-MOMIPP treatment, matching the increase in
JNK kinase activity. There was no detectable phosphorylated c-Jun after 48 h exposure

to 6-MOMIPP. A specific mitogen-activated protein kinase inhibitor, SP600125, was
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used to examine the role of JNK kinase in the cell death. As shown in Fig. 2-16,
SP600125 significantly reduced the JNK phosphorylation at 24 h after 6-MOMIPP
treatment. The phosphorylation of its direct downstream substrate, c-Jun, was also
blocked by SP600125. JNK activation is known to be an upstream signal for Bcl-2 and
Bcl-xL phosphorylation, so Bcl-2 and Bcl-xL were also evaluated in this study. The INK
inhibitor abolished the phosphorylation of Bcl-2 and Bcl-xL. In addition, inhibition of
JNK by SP600125 also attenuated the activation of caspases 3, 7, and 9 at 48 h after 6-
MOMIPP treatment (Fig. 2-16), suggesting that JNK may play a role in 6-MOMIPP-
induced cell death. To confirm this, the effects of SP600125 on the viability and
morphology of 6-MOMIPP treated U251 cells were investigated by using ATP assays
and phase contrast imaging. As shown in Fig. 2-17 A and B, SP600125 induced a
flattened morphology in U251 cells and caused a modest reduction in cell growth,
reflected by decreased density compared to the control (Fig. 2-17 A) and a decreased
signal in the CellTiter-Glo® ATP assay (Fig. 2-17 B). However, when the JNK inhibitor
was added together with 6-MOMIPP, cell density (Fig. 2-17 A) and ATP levels (Fig. 2-
17 B) were not reduced beyond what was seen with SP600125 alone. Thus, the JINK
inhibitor appeared to provide some protection from 6-MOMIPP-induced cell death. As
in the case of the Cdk1, it remains to be determined whether the role of JNK in 6-
MOMIPP-induced cell death is related to its direct phosphorylation of Bcl-2/Bcl-xL, or
its regulation of cell cycle transition between the G2 and M phase. In this regard, recent
studies have found that JNK can play a complex role in cell cycle progression [146]. For

example, inhibition of JNK delays activation of Cdkl and prevents cyclin Bl
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degradation [148]. In addition, JNK promotes Aurora B expression and Histone-H3
phosphorylation enabling timely control of the G2/M transition [148, 149]. To check the
role of JNK in cell cycle progression in our studies, an immunoblot analysis of Histone-
H3 Ser-10 phosphorylation was performed. Inhibiting JNK activation with SP600125
abolished Histone-H3 Ser-10 phosphorylation at 24 h (Fig. 2-16), suggesting that the
cells were unable to progress beyond the G> checkpoint to enter mitotic prophase and
metaphase. This was consistent with the DNA histogram for cells treated with SP600125
alone, which revealed a prominent Go/M peak (Fig. 2-18). Adding the SP600125 to cells
treated with 6-MOMIPP did not change the shape of the DNA histogram, which
remained indicative of G2/M arrest (Fig. 2-18), but unlike cells treated with 6-MOMIPP
alone, the cells treated with the combination of 6-MOMIPP and SP600125 did not show
any Histone H3 phosphorylation (Fig. 2-16). This indicates that the JNK inhibitor
prevented the 6-MOMIPP-treated cells from transitioning from G into M phase, where
Cdk1 activation, Bcl-2 phosphorylation and dysfunction of mitotic spindle assembly

could trigger caspase activation and cell death.
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Figure 2-16. 6-MOMIPP activates JNK signaling pathway. 10° U251 cells were seeded
in 10 cm dishes and treated with 1 uM 6-MOMIPP or an equivalent volume of DMSO
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h or 48 h, either alone or together with 6-MOMIPP. The JNK inhibitor was added 2 h
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subjected to SDS-PAGE and immunoblot analysis, as described in the Methods. Similar

results were obtained in three experiments.
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Figure 2-17. SP600125 blocks cell death induced by 6-MOMIPP. A. 100,000 U251 cells
were seeded in 35 mm dishes. The next day, cells were treated with DMSO, 75 uM
SP600125, 1 uM 6-MOMIPP or combination of both (with SP600125 added 2 h before
6-MOMIPP). . Phase-contrast images were acquired at 4 h and 48 h. B. U251 cells were
seeded in white-walled opaque 96-well plates at a density of 2,000 cells/well. On the
second day, 6-MOMIPP at the indicated concentrations was added and cells and viability
was assayed by Cell Titre Glo® after 48 h. For the inhibitor study, 75 uM SP600125 was
added 2 h before 6-MOMIPP and the two drugs were maintained for 48 h. Values

represent the mean £ S.D. of four replicates. **** p < 0.0001.
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Figure 2-18. Effects of the JNK inhibitor, SP600125, on the cell cycle. A. U251 cells
were seeded at 350,000 cells per 60 mm dish and treated with 1uM 6-MOMIPP for 24 h
or 48 h. For the inhibitor study, 75 uM SP600125 was added 2 h before the 6-MOMPP
and maintained throughout the time-course. Attached and detached cells were harvested,
fixed with 70% ethanol and stained with propidium iodide (PI). The cellular DNA
content in each sample was analyzed by flow cytometry as described in the Methods.
The bar graphs show the cell cycle percentages based on the mean + S.D. of

determinations from three separate cultures.

2.4.10 Effects of 6-MOMIPP on viability of multiple cancer cell lines

Metastatic brain cancer is 10 times more common than primary brain tumors, given that
20-40% of patients with cancer develop brain metastases [23]. The majority of brain
metastases come from lung cancer (50-60%), breast cancer (20-30%), and melanoma
(5-10%) [180]. To better define 6-MOMIPP as a potential treatment for brain cancer and
brain metastases, the cytotoxicity of 6-MOMIPP was evaluated in 16 cancer cell lines,
derived from three different tumor types. These include 5 human glioblastoma cell lines:
U251, UB7TMG, A172, LN229, T98G; 5 melanoma cell lines: A375, UACC62, B16F10,
SK-MEL-2 and SK-MEL-5; and 4 lung cancer cell lines: H460, H292, A549, and H125.
Acquired drug resistance often results in clinical chemotherapy failure, making the
development of drugs that can kill drug-resistance cell lines a priority. Thus, this study
also included two drug-resistant cell lines: U251 temozolomide resistant glioblastoma

cells and H125 cisplatin-resistant lung cancer cells. As shown in Figs. 2-19 through 2-

86



21, 6-MOMIPP significantly reduced cell viability in multiple cancer cell lines,
including drug-resistant cell lines. However, there were some major differences in
sensitivity to 6-MOMIPP among the tumor cell lines within each class. For example,
among the gliomas U87MG and A172 cells were much less sensitive than U251 or T98G.
Similarly, among the melanoma lines, the SK-MEL-2 line stood out as being less
sensitive than any of the other melanoma cells. The results also suggest that drug
resistance mechanisms may influence sensitivity to 6-MOMIPP to some degree, as the
TMZ-resistant variant of U251 and the cisplatin-resistant variant of H125 were both less
sensitive to 6-MOMIPP than the corresponding parental cell lines. These results indicate
that 6-MOMIPP could be used to treat brain metastases from lung and melanoma, in
addition to primary brain tumors. This further confirms the translational potential of 6-

MOMIPP as an anti-tumor agent.
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Figure 2-19. 6-MOMIPP inhibits the viability of glioblastoma cell lines. U251 Cells
were seeded in white-walled opaque 96-well plates at a density of 2,000 cells/well with
four replicate wells for each culture condition. The seeding densities for other cell lines
were: U251 TMZ-R, 2,000 cells/well; U87MG, 5,500 cells/well; LN229, 5,500
cells/well; T98G, 3,500 cells/well; A172, 3,500 cells/ well. On the second day, 6-
MOMIPP was added at the indicated concentrations and CellTiter-Glo® cell viability
assays were performed after 48 h, as described in the Methods. . The results are the mean
+ S.D. of four replicates. Significance of differences compared to the controls were: * p

<0.05, ** p <0.005, *** p < 0.001, **** p < 0.0001.
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Figure 2-20. 6-MOMIPP inhibits the viability of melanoma cell lines. The seeding
density for each cell line was: A375, 2,000 cells/well; SK-MEL-2, 5,000 cells/well; SK-
MEL-5, 4,000 cells/well; UACC-62, 2,000 cells/well; B16F10, 4,000 cells/well in white-
walled opaque 96-well plates, with four replicate wells for each culture condition. On
the second day, 6-MOMIPP was added at the indicated concentrations and viability
assays were performed after 48 h, as described previously. Values are the mean + S.D.
of four replicates. Significance of differences compared to the controls were: * p < 0.05,

**p <0.005, *** p <0.001, **** p < 0.0001.
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Figure 2-21. 6-MOMIPP inhibits the viability of lung cancer cell lines. The seeding
density of each cell line was: H460, 5,000 cells/well; H125, 4,000 cells/well; H125 CPT-
R, 4,000 cells/well; H292, 5,000 cells/ well; A549, 5,000 cells/well in white-walled
opaque 96-well plates with four replicate wells for each culture condition. On the second
day, 6-MOMIPP was added at the indicated concentrations and viability assays were
carried out after 48 h. Values are the mean £ S.D. of four replicates. Significance of
differences compared to the controls were: * p < 0.05, ** p < 0.005, *** p < 0.001, ****

p < 0.0001.
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2.4.11 6-MOMIPP has minimal effects on viability of non-transformed cell lines

The high toxicity of MTAs sometimes limits their use as anti-cancer agents, even if they
excel in killing cancer cells. Disrupting microtubules and affecting the division of normal
cells can induce myelosuppression, whereas disrupting microtubule dynamics in non-
dividing cells such as peripheral neurons can lead to neuropathy. Myelosuppression is
mainly due to the blockage of mitosis and proliferation of the rapidly cycling bone-
marrow cells. Neuronal toxicity may be associated with the effects of these drugs on
microtubules, which are key in carrying out many neuronal functions. To better evaluate
6-MOMIPP as an anti-tumor drug, cytotoxicity of 6-MOIMPP against 3 types of non-
transformed cells was measured. Cell lines used in this study were: RN46A-B14, a SV40
large T antigen-immortalized rat neuron progenitor cell line [166], a human skin
fibroblast cell line, and human umbilical vein endothelial cells (HUVEC). RN46A-B14
cells can be induced to differentiate into non-dividing cells with neuronal morphology
(Fig. 2-22 A). HUVEC and fibroblast cells are dividing cells, so they were seeded at two
different densities: confluent, which represents non-dividing status, and sub-confluent,
representing the dividing status. As shown in Figs. 2-22 through 2-24, 6-MOMIPP did
not have major effects on the viability of differentiated RN46A-B14 neurons, dividing
and non-dividing fibroblasts, or HUVEC cells, although the cellular morphology of the
latter exhibited a more flattened appearance. These findings suggests that 6-MOMIPP
selectively kills cancer cells, with limited toxicity to non-malignant cells at the

concentrations tested.
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Figure 2-22. Effect of 6-MOMIPP on a rat neuron progenitor cell line. A. RN46A-B14
cells were maintained in DMEM/F12 1:1 media, supplemented with 100 pg/ml
hygromycin, 250 pg/ml G418, 10% FBS at 33°C with 5% CO.. Cells were differentiated
to non-dividing neuronal cells at 39°C in DMEM/F12 1:1 medium containing 100 pg/ml
hygromycin, 250 pg/ml G418, 10% FBS and 1 mM cAMP for 10 d. B. Undifferentiated
RN46A-B14 cells were seeded at 5,000 cells/well in white-walled opaque 96-well plates
with four replicate wells for each culture condition. On the second day, the cells
switched to differentiation conditions for 10 d. Thereafter, cells were treated with DMSO
or 6-MOMIPP at the indicated concentration for 48 h, and cell viability (ATP) was
assayed as described previously. The bars depict the mean = S.D. of four replicates. C.

100,000 cells were seeded in 35 mm dishes and induced to differentiate for 10 d. After
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differentiation, cells were treated with DMSO or 6-MOMIPP at indicated concentrations

and phase contrast images were obtained after 4 h and 48 h.
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Figure 2-23. Effects of 6-MOMIPP on HUVEC cell line. A. Cells were seeded at 12,000
cells/well in 96-well plates, with four replicate wells for each condition. On the second
day, 6-MOMIPP was added at the indicated concentrations and cell viability (ATP) was
measured after 48 h. Values are the mean = S.D. B. HUVEC cells were seeded in 35 mm
dishes at 400,000 cells/dish (B) or 100,000 cells per dish (C). On the second day after
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plating, 6-MOMIPP was added at the indicated concentrations and phase contrast images

were acquired after 4 h and 48 h.
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Figure 2-24. Effects of 6-MOMIPP on normal human fibroblasts. A. Cells were seeded
at 12,000 cells/well in 96-well plates, with four replicate wells for each condition. On
the second day after plating, 6-MOMIPP was added at the indicated concentrations and
cell viability (ATP) was determined after 48 h. Values are the mean + S.D. of four

replicates. * p < 0.05, relative to the DMSO control. B. Fibroblasts were seeded in 35mm
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dishes at 400,000 cells/dish (B) or 100,000 cells per dish (C). On the second day after
plating, cells were treated with DMSO or 6-MOMIPP at indicated concentration and

phase contrast images were acquired after 4 h and 48 h.

2.5 Discussion

Methuosis is a form of non-apoptotic cell death, which can be used as a new approach
to treat GBM and apoptotic-resistant cancers [160, 161]. Indole-based chalcones were
designed and synthesized in our laboratory to help explore the mechanism behind
methuosis [158, 162, 163]. Our previous studies have established MOMIPP, our lead
compound, which can effectively induce methuosis in glioblastoma and other cancer cell
lines at micromolar concentrations [168]. During the SAR studies, a series of indole-
chalcone derivatives with improved anti-tumor activity was developed [164]. However,
biological activity studies showed that the morphology of cells treated with these new
indolyl-pyridinyl-propenones (IPPs) did not resemble cells undergoing methuosis.
Preliminary studies suggested that they are a group of new MTAS [164].

Based on preliminary studies evaluating the solubility and potency of this new
class of IPPs, 6-MOMIPP, with a Glsg of 0.054 uM and ICso of 0.358 uM, was selected
as the lead compound to conduct detailed mechanistic studies. The results presented here
demonstrate that 6-MOMIPP binds to tubulin on the colchicine binding site (Fig 2-9 and
Fig 2-10) and causes depolymerization of the microtubule network in U251 glioblastoma
cells (Fig 2-7 and Fig 2-8). Microtubule stabilizing agents and microtubule destabilizing
agents have a similar effects on mitotic progression, involving the inhibition of

microtubule dynamics. Thus, MTAs with different binding sites can act synergistically

95



as anti-tumor agents [181]. Furthermore, colchicine domain binding agents are not
widely used as anti-tumor agents because of their potent toxicity [182]. Thus, 6-
MOMIPP is particularly interesting as a novel colchicine domain binding molecule that
could potentially be used as an anti-tumor agent. Cellular microtubule dynamics are
precisely regulated to guarantee the correct division of cells. MTAs alter the dynamics
of microtubules and disrupt the spindle-kinetochore attachment, interrupting cell cycle
progression. Our studies reveal that 6-MOMIPP blocks U251 cells in the M phase after
24 h exposure (Fig 2-4), and the mitotic arrest is closely followed by extensive cell death
(Fig 2-5). Blocking caspase activation with caspase inhibitors can partially prevent cell
death induced by 6-MOMIPP (Fig 2-6), suggesting that the cell death is caspase-
dependent.

Most MTA-arrested cells are actually retained in mitotic prometaphase rather
than the G2 phase [183]. Some studies have shown that preventing cells from entering
mitosis by inducing G2 arrest can significantly reduce the cytotoxicity of MTAs [184-
186], suggesting that mitotic entry is a prerequisite for MTA-induced cell death. Our
studies employing the Cdk1 and JNK inhibitors support this conclusion, since cells
treated with those compounds were blocked at the transition from G into M, and were
protected from cell death (Figs. 2-13 through 2-18). We also found that by arresting
U251 cells in the G1/Go phase, the cytotoxicity of 6-MOMIPP was greatly reduced (Fig.
2-11, Fig. 2-12). Taken together, these observations indicate that mitotic entry is required

for cell death after microtubule disruption by 6-MOMIPP.
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In actively cycling cells or cells arrested in G1/Go, cellular insults are known to
trigger apoptosis mediated by p53 and the activation of caspases [104, 187]. By
comparison, the mechanisms linking G2/M arrest with nuclear abnormalities with
induction of caspase-dependent cell death are not well defined. Some studies have shown
that inhibition of Cdk1 blocks apoptosis induced by taxol in MDA-MB-435 cells and
MCEF-7 cells [188, 189]. Knockdown of Cdk1 with siRNA, or by inhibiting its activity,
increases the cell population at the G> phase with reduction of the M phase population
[190], indicating that Cdk1 activation or mitotic entry is a prerequisite for taxol-induced
apoptosis. High Cdk1/cyclin B1 activity is required for cells to stay in mitosis until all
the chromosomes acquire bipolar attachment to kinetochore microtubules. MTA-
induced mitotic arrest is associated with Cdk1/cyclin B1 complex upregulation, and the
increase is closely matched in timing with mitotic arrest [191]. We found that exposure
of U251 cells to 6-MOMIPP resulted in histone-H3 Ser-10 phosphorylation and Cdk1
downstream substrate PP1-a activation, with a timeline parallel to that of M-phase arrest
(Fig. 2-13). This suggests that 6-MOMIPP triggers the Cdk1 activation and prolongs the
metaphase-anaphase transition. Choi et al, proved that Cdkl contributes to MTA-
induced accumulation of prometaphase arrested cells by showing that the Cdk1 inhibitor,
roscovitine, can abrogate nocodazole-induced prometaphase arrest [191]. In our study,
we observed that blocking Cdk1 activation with BMS-265246 could prevent the majority
of cells from undergoing cell death (Fig. 2-14), demonstrating that Cdk1 activation plays
an important role in 6-MOMIPP-induced cell death. Cell cycle analysis showed that

BMS-265246 did not change the percentage of cells detained at the G2/M phase after 6-
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MOMIPP treatment. However, cell cycle analysis distinguishes cell cycle phase based
on DNA content, preventing it from delineating between populations in G2 and M phase.
Western blot results revealed that BMS-265246 diminishes Histone-H3 Ser-10 and PP1-
a phosphorylation induced by 6-MOMIPP, suggesting BMS-265246 might arrest cells
at G2 phase or prometaphase, and that this could prevent cell death induced by 6-
MOMIPP. In summary, 6-MOMIPP leads to the accumulation of cells in M phase and
upregulates the expression of major proteins involved in mitosis progression, suggesting
that cell death induced by 6-MOMIPP occurs after the prolonged metaphase-anaphase
transition, which may be triggered by Cdk1.

A common feature observed in cells treated with microtubule inhibitors is an
increase in Bcl-2 phosphorylation. The anti-apoptotic relative, Bcl-xL, also undergoes
phosphorylation in response to microtubule disruption. We found that Bcl-xL and Bcl-2
phosphorylation occurs after 24 h exposure to 6-MOMIPP, while dephosphorylation
takes place before extensive cell death occurs (Fig. 2-13). This is consistent with some
studies that show Bcl-2 and Bcl-xL undergo dephosphorylation before apoptosis ensues
[124, 192]. There is some evidence that abnormal accumulation of Cdk1/cyclin B1 is
associated with inactivation of anti-apoptotic Bcl-2 family proteins and that this accounts
for the initiation of apoptosis during mitotic arrest [135]. However, other groups suggest
that Bcl-2 phosphorylation is tightly associated with mitotic arrest but is not necessarily
a determinant of progression into apoptosis [124]. Our observation that Bcl-2/Bcl-xL
phosphorylation decreases as the number of apoptotic cells increases after 48 h of 6-

MOMIPP treatment argues against the idea that Bcl-2 phosphorylation needs to be
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maintained throughout the time course of mitotic cell death. However, it is possible that
transient phosphorylation of the anti-apoptotic Bcl-2/Bcl-xL triggers early changes that
shift cells into an irreversible cell death cascade that continues even when the
phosphorylation is reversed. We noted that the Cdkl inhibitor, BMS-265246, could
prevent phosphorylation of Bcl-2 and Bcl-xL (Fig. 2-13), signifying that Cdk1 may be
responsible for the extensive phosphorylation of Bcl-2 and Bcl-xL that occurs in
mitotically arrested cells. Signals generated in response to prolonged mitotic arrest are
eventually transduced to the cell death machinery. Therefore, the molecular and
functional correlation between mitotic arrest and cell death induced by 6-MOMIPP was
studied. JNK1/2 (collectively referred to as JNK) are stress- activated kinases that can
propagate pro-apoptotic signals. INK was phosphorylated after U251 cells were exposed
to 6-MOMIPP for 24 h, and cell death was attenuated by the JNK inhibitor, SP600125
(Fig. 2-16, Fig. 2-17). This demonstrates that JINK may be the primary stress signal
resulting from microtubule disruption and that the cell death is mediated by JNK
activation. JNK regulates the proliferation of cells largely by phosphorylation of c-Jun
and activation of the AP-1 transcription complex. Our results also showed that JNK
phosphorylates its downstream substrate, c-Jun, and that the JNK inhibitor could block
c-Jun phosphorylation (Fig. 2-16). It has been reported that vinblastine-induced
phosphorylation of Bcl-2 and Bcl-xL is mediated by JNK [137]. In our study, we found
that SP600125 could block phosphorylation of Bcl-2 and Bcl-xL just as well as the Cdk1
inhibitor. There are several possible interpretations of this observation. One possibility

is that both Cdk1 and JNK contribute to the phosphorylation of Bcl-2 proteins. This
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seems unlikely, since there is essentially no residual phosphorylation when either
inhibitor is used. A second possibility is that inhibitors used in this study are not entirely
specific. BMS-265246 and roscovitine have been reported to have high specificity for
Cdks [193, 194], but some non-specific inhibition of kinases other than JNK has been
reported with SP600125 [195]. Finally, the effect of SP600125 may not reflect direct
inhibition of JINK-mediated phosphorylation of Bcl-2/Bcl-xL, but rather, the inhibition
of G2 — M transition [196], so that the active Cdk1/cyclin B complex does not form and
is therefore unable to phosphorylate Bcl-2/Bcl-xL.

The current working model summarizing the effects of 6-MOMIPP on
glioblastoma cells is depicted in Fig. 2-25.

To further evaluate the efficacy of 6-MOMIPP as an anti-tumor agent and to
identify which tumors are most likely to respond to these agents, cytotoxic analysis of 6-
MOMIPP against 19 cancer cell lines and 3 non-malignant cell lines was performed.
ATP assays revealed that 6-MOMIPP displays a broad-spectrum anti-tumor activity in
multiple cancer cell lines, including glioblastoma, melanoma, and lung cancer. However,
there were significant differences in sensitivity observed among the various cell lines.
The basis for the differential sensitivity will be an important topic for future study.
Possibilities include variations in cell doubling times, tubulin isoform expression, or
apoptotic signaling pathways. Toxicity of 6-MOMIPP was substantially reduced in
quiescent human fibroblasts, HUVEC, and differentiated rat neuronal progenitor cells.
These findings indicate that 6-MOMIPP merits further evaluation as an anti-tumor agent

for treatment of primary and secondary brain tumors.
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Figure 2-25. A working model of 6-MOMIPP-induced cell death. 6-MOMIPP binds to
tubulin on colchicine binding site and causes destabilizes the microtubule network in
cells. Depolymerization of spindle microtubules triggers the spindle assembly
checkpoint (SAC) resulting in sustained activity of Cdkl and phosphorylation
(inactivation) of anti-apoptotic Bcl-2 family members, ultimately leading to activation
of caspases and cell death. JNK is also activated when cells are treated with 6-MOMIPP,
but it is not clear whether it is involved in directly phosphorylating Bcl-2/Bcl-xL or in

promoting G2 — M transition to allow activation of Cdk1.
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Chapter 3

In vivo Evaluation of 6-MOMIPP as a Brain
Cancer Therapy

3.1 Abstract

Although microtubule targeting agents (MTAS), such as Vinca alkaloids and taxanes, are
widely used as anti-neoplastic agents, they have shown little efficacy in treating primary
and metastatic brain tumors, partly due to their limited penetrance of the blood-brain
barrier (BBB). Pharmacokinetic studies of a new MTA, termed 6-MOMIPP, showed that
administration of a single 20 mg/kg dose via i.p. injection in mice, resulted in brain
concentrations above 0.5 uM for 8 h, closely approximating plasma concentrations of
the compound. This suggests that 6-MOMIPP readily cross the BBB and can reach a
tissue concentration that was previously shown to be effective in killing glioblastoma,
melanoma, and lung carcinoma cells in vitro (Chapter 2). Evaluation of 6-MOMIPP in
mouse glioblastoma xenograft models showed 6-MOMIPP treatment significantly
inhibits the growth rate of both subcutaneous and intracranial tumors without notable

general toxicity. These studies provide evidence that 6-MOMIPP could serve as a
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prototype for a new generation of MTAs that may be useful in treating primary and

metastatic brain tumors.

3.2 Introduction

Glioblastoma multiforme is among the most devastating types of human brain cancer,
with only 15 months average survival after diagnosis [7]. Therapeutic approaches that
can prolong survival with minimal side effects are desperately needed. MTAs are among
the most successful chemotherapeutic agents for many cancers. However, due to low
bioavailability, poor solubility, and limited penetrance of the BBB, toxicity of these
compounds (e.g. myelosuppression, neurotoxicity [58]) can be dose-limiting when trying
to use them for brain tumor therapy. Acquired drug resistance [59-61] is another factor
that limits the efficacy of current MTAs for some cancers. For all of these reasons, there
is considerable interest in developing new generations of MTAs.

The colchicine binding site is one of the important pockets for potential tubulin
depolymerization compounds. However, among the different types of anti-tubulin
agents, colchicine itself has not been widely used to treat cancer despite its potency in
killing cancer cells. Colchicine is used to treat familial Mediterranean fever and acute
gout, but clinical cancer treatment was hampered due to its significant toxicity. Similarly,
the use of ZD6126 and nocodazole for cancer treatment was terminated due to the
development of various side effects in patients [197]. Newer colchicine domain binding
drugs, such as the combretastatin-A4 analogs, ombrabulin, and phenstatin, have been

used as anti-angiogenesis agents [198] and have shown promising anti-tumor activity
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[56, 199, 200]. However, these compounds remain to be fully evaluated in clinical trials.
Chapter 2 described our work leading to the identification of a group of novel MTAs that
bind to the colchicine domain on tubulin and induce mitotic arrest and cell death in
glioblastoma and other cancer cells at micromolar concentrations in vitro. However,
there are fundamental differences between cultured cells and whole organisms when it
comes to the administration and pharmacokinetics of drugs. Thus, in this chapter, studies
aimed at evaluating the pharmacokinetic (PK) properties and anti-tumor efficacy of our
lead compound, 6-MOMIPP, in mice were described. The results demonstrate that 6-
MOMIPP crosses the BBB efficiently and has significant inhibitory effects on the growth

of subcutaneous and intracranial glioblastoma xenografts.

3.3 Materials and methods

3.3.1 Cellline

U251 human glioblastoma cells were transfected with a pPCMV5-Neo-pGL3 vector and
selected in medium containing G418 to generate a stable cell line that expresses firefly
luciferase. The resulting cell line, termed, U251-LUC, was maintained in DMEM
supplemented with 10% (v/v) fetal bovine serum (FBS) and 200 pg/ml G418 at 37 °C

with 5% CO2/95% air.

3.3.2 Chemicals
6-MOMIPP was synthesized by Dr. Christopher Trabbic as described previously [168]
and stored at -20°C as a 2 mg/ml stock in NSP vehicle, which is comprised of 7.5% n-

methyl-2-pyrrolidone (NMP, Sigma Cat. No. 328634), 15% Solutol HS15 (Sigma Cat.
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No. 42966) and 77.5% phosphate-buffered saline (PBS). The other two vehicles that
were tested in PK studies were, MTD (2% methylcellulose, 0.2% Tween 80, and 0.2%
DMSO) and NSP300 (5% NMP, 15% Solutol HS15, and 80% polyethyleneglycol (PEG)
300 (Spectrum Chemicals Cat. No. PO108). For assay of drug levels, tissues were
homogenized in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP40, 0.5% sodium
deoxycholate, 1% SDS, pH 7.5). Matrigel was purchased from Corning Life Science
(Cat. No. 356230) and kept on ice during the subcutaneous tumor implantation.
XenoLight D-Luciferin (K+ salt) Bioluminescent Substrate was purchased from Perkin
Elmer (Cat. No. 122799) and stored at -20°C as a 15 mg/ml stock in deionized water.
Surgical glue (Cat. No.NC0621124), MD bone wax (Cat. No. 50-854-876), and Vet
Ointment (Cat. No. NC0138063) were obtained from Fisher Scientific. Buprenorphine
(Cat. No. 059122), Xylazine (Cat. No. 033198) and Ketamine were purchased from

Henry Schein.

3.3.3 Pharmacokinetic study of 6-MOMIPP

Swiss Webster mice (8-10 weeks, female) were purchased from Charles River
Laboratories and housed in ventilated cages on a 12 h light-dark cycle. 6-MOMIPP was
formulated in MTD or NSP300 was administered to the mice at a dose of 20 mg/kg by
P.O. using gavage. 6-MOMIPP was formulated in NSP and administered to mice via
I.P. injection at a dose of 20 mg/kg. Mice in control groups received an equivalent
volume of vehicle in the same manner. Mice were euthanized and blood, brain, and liver
were harvested at intervals of 30 min, 1 h, 2 h, 4 h or 8 h after drug administration. Blood

was collected by cardiac puncture, stored on ice in EDTA-coated collection tubes
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(Fisher, Cat.N0.365794), and centrifuged at 10,000g 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 tissue was weighed and
added to RIPA buffer (1:9 dilution) for homogenization. For tissue samples, the 6-
MOMIPP levels were expressed as nmol/kg tissue.

To determine the level of 6-MOMIPP, plasma (200 pl) or tissue homogenate (500
ul) were extracted with ethyl acetate (1000 pl) by incubating at 37°C for 20 min followed
by centrifugation for 2 mins at 16,000 x g. The 800 pl of supernatant, which contains 6-
MOMIPP, was vacuum centrifuged at 30°C for 1 h followed by suspending in 30 pl
acetonitrile plus 70 ul water containing 0.1% formic acid. Thereafter, the mixture was
centrifuged and the supernatant was transferred to autosampler vials and stored at 4°C
until LC-MS analysis. Liquid chromatography (LC) separations were performed by Dr.
Jeff Sarver on a Waters 2795 HT-Alliance LC Separations Module with a 10 pl sample
injection onto a Waters Ascentis Express C18 column (75 x 21 mm, 2.7 pum) with
matching guard column. An isocratic elution method was used with a flow rate of 0.3
ml/min of 70% water containing 0.1% formic acid and 30% acetonitrile. MOMIPP and
three metabolites (not discussed elsewhere in this document) were detected via multiple
reaction monitoring (MRM) on a Micromass Quattro Micro Mass Spectrometer (MS) in
ESI+ mode with capillary voltage 3.0 kV, source temperature 100°C, desolvation
temperature 400°C, desolvation gas flow 650 L/hr, cone gas flow 40 L/hr, and dwell time
0.2 sec. 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. While not discussed elsewhere in this
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document, three metabolites formed by the reduction of the o,B-unsaturated chalcone
bridge can also be detected using this same method with a cone voltage of 30V and
collision energy of 23V as follows: Metabolite M2A (reduced at the carbon-oxygen
double-bond) was detected as 295.1 > 174.1 at a retention time of 1.0 min, Metabolite
M2B (reduced at the carbon-carbon double-bond) as 295.1 > 122.0 at a retention of 3.7
min, and Metabolite M1 (reduced at both the carbon-carbon and carbon-oxygen double-
bond) as 297.1 > 174.1 at 0.9 min retention. Nitrogen gas is used as the carrier gas
through the mass spectrometer, while Argon gas is used in the collision chamber. All
animal protocols were reviewed and approved by the University of Toledo Institutional

Animal Care and Use Committee.

3.3.4 Invivo subcutaneous tumor xenograft study

CrTac: NCR-Foxnl<nu> mice (female, 7-10 Weeks) were purchased from Taconic
Biosciences, Inc. and housed in ventilated cages on a 12 h light-dark cycle. Each mouse
was inoculated subcutaneously in the right flank with 5,000,000 (10,000,000 for the
second study) U251-LUC cells in 100 ul DMEM/Matrigel (1:1) using a 27 g needle.
When the tumors were palpable and detectable by bioluminescence imaging (4 to 5 d),
mice were sorted randomly into control and treatment groups. 6-MOMIPP was
administered in NSP vehicle at a dose of 20 mg/kg via I.P. injection every 12 h for 15
consecutive days and control mice received injections of an equivalent volume of
vehicle. Tumor growth was assessed on the indicated days by bioluminescence imaging
with an VIS Spectrum System (PerkinElmer). Mice were injected with 200 pl of 15

mg/ml Luciferin solution 15 min before imaging. After 15 days (14 days for the second
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study) of treatment, all mice were euthanized and tumors were weighed and fixed in 10%
neutral buffered formalin for 24 h (20:1, formalin to tissue). Finally, the tumors were
transferred to 70% ethanol and processed for histology. All animal protocols were
reviewed and approved by University of Toledo Institutional Animal Care and Use

Committee.

3.3.5 Invivo intracranial tumor xenograft study

The intracranial xenograft tumor model was established based on the method described
previously [201]. CrTac: NCR-Foxnl<nu> mice (female, 7-10 Weeks) were purchased
from Taconic Biosciences, Inc. and housed in ventilated cages on a 12 h light-dark cycle.
Anesthesia of mice was achieved by I.P. injection of 80 mg/kg ketamine and 5 mg/kg
xylazine mixture. Thereafter, each mouse received 0.06 mg/kg buprenorphine through
S.C. injection. Before surgery, the skin on top of the head was scrubbed with 10%
povidone-iodine topical solutions followed by 70% alcohol. A 1 cm incision was made
down the midline of the scalp and a small hole was drilled in the skull using a 25 g needle
at a point 1 mm anterior and 2 mm lateral to the bregma. 400,000 cells (suspended in 3
pl of DMEM medium) were drawn into a sterile 10 microliter Hamilton syringe with a
plastic cuff placed 3 mm from the tip of the 27 g needle. After injection of 3 ul cell
suspension, the hole in the skull was sealed with sterile bone wax and the skin incision
was closed with surgical glue. 0.06 mg/kg buprenorphine was given to mice via S.C.
injection on the day after surgery. Tumor growth was monitored by bioluminescence
imaging, as described in the previous section. By the fifth day all of the mice had tumors

that emitted 107 - 108 photons. Mice bearing tumors were grouped randomly into control
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and treatment groups and treatment with 6-MOMIPP (20 mg/kg) or vehicle started, with
I.P. injections administered every 12 h for 12 consecutive days. Tumor growth was
monitored by IVIS imaging on the indicated days, starting from the first day of treatment
as day 1. After 12 days, the control and 6-MOMIPP-treated mice were euthanized and
the brains fixed in 10% neutral buffered formalin for 24 h and processed for histology.
At the same time, blood was collected by the cardiac puncture, stored in lithium heparin-
coated collection tubes (Fisher, Cat.N0.0265729), and centrifuged at 10,0009 for 20 min
for plasma isolation. The plasma samples were stored at -80°C until they were used for

toxicity screens.

3.3.6 H&E staining and immunohistochemistry

Fixed and dehydrated subcutaneous tumors were embedded in paraffin and serial
sections were prepared. Three 5 um sections were mounted on each slide and stained
with hematoxylin and eosin (H&E). The histology procedures were carried out by Allen
Schroering in the UT Microscopy and Imaging Core Facility.

To assess apoptosis in tumor xenografts, immunohistochemistry was carried out
to detect active caspase 3. Unstained sections were deparaffinized with xylene for 5 min,
followed by sequential rehydration with double-distilled water. Sections were then
subjected to heat-induced antigen retrieval by boiling in Tris-EDTA buffer for 20 min.
Thereafter, the samples were incubated with 10% FBS for 2 h followed by overnight
incubation with a primary antibody that specifically detects the large fragment (17/19
kD) of activated caspase-3 (Cell Signaling Technology, Cat. No. 9661S) in 10% FBS in

TBS (50mM Tris Base, 0.9% NaCl, PH 7.6) at 4°C. On the second day, samples were
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incubated with 3% H202 in TBS for 15 min followed by 1 h incubation with biotinylated
goat anti-rabbit IgG secondary antibody (Vector. Cat. No. BA-1000). Slides were
developed by incubation with Sigmafast 3, 3’-Diaminobenzidine (Cat. No. D4293),
mounted and analyzed with a Cytation 5 image reader (BioTek).

Fixed brains bearing intracerebral tumors were embedded in paraffin and serial
coronal sections were prepared, moving anterior to posterior in 100 pm steps. At each
step three 5 um sections were mounted and stained with H & E. Central regions of the
tumors were identified and images were obtained with an Olympus Virtual Slide
Microscope VS120. CellSense software was used to draw contours around the tumor to
determine the tumor area. For each brain the areas were determined for four separate

sections in the central part of the tumor and the values were averaged.

3.3.7 Blood tests to assess potential toxicity of 6-MOMIPP

Plasma samples obtained from control and 6-MOMIPP-treated mice at the time of
euthanasia were analyzed to determine alanine aminotransferase (ALT), albumin (ALB),
alkaline phosphatase (ALP), amylase (AMY), total calcium (Ca*™), globulin (GLOB),
glucose (GLU), phosphorus (PHOS), sodium (Na*), total protein (TP), and blood urea
nitrogen (BUN) using a comprehensive diagnostic profile kit (Abaxis, Cat. No.
500003824) using a VetScan VS2 Analyzer (Abaxis), following standard procedures

detailed in the manufacturer’s instructions.

3.3.8 Statistical analysis
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GraphPad Prism 7 was used for statistical analysis. Data are presented as the means +
S.D., and statistical significance of end-point differences between control and treated

groups was determined using a Student’s unpaired t-test.

3.4 Results

3.4.1 Tissue distribution and pharmacokinetic properties of 6-MOMIPP

To assess the in vivo PK properties of 6-MOMIPP and evaluate its ability to penetrate
the BBB, 6-MOMIPP was formulated in three different solvents, MTD, NSP300, and
NSP, and administered to mice via P.O. or I.P. at a dose of 20 mg/kg. Quantification of
6-MOMIPP by LC-MS showed that plasma concentrations were below 1 uM after a
single oral dose in MTD or NSP300 (Fig 3-1A and B). Consistent with the PK behavior
of many drugs, liver concentrations of the 6-MOMIPP were substantially higher than the
plasma levels at all time points. In accord with the low circulating drug levels, the
concentration of 6-MOMIPP in the brain was at or below 0.1 uM following oral dosing
(Fig. 3-1 A and B). Based on results obtained with cultured cells in Chapter 2, this would
not be expected to be a therapeutic concentration. Therefore, we next tried administering
6-MOMIPP via I.P. injection using the NSP formulation. The results showed that a 20
mg/kg injection yielded a plasma concentration above 10 uM after 30 min. The plasma
concentration gradually dropped over 8 h, but remained above the 0.5 puM threshold
previously shown to cause mitotic arrest and cell death in culture U251 cells (Fig. 3-1
C). Of particular note, the concentration of 6-MOMIPP in the brain mirrored the
concentration in the plasma throughout the time-course. This suggested that 6-MOMIPP

is able to cross the BBB freely and reach a potential therapeutic concentration (=0.5 pM)
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for at least 8 h after a single I.P. injection. Observation of the behavior of the mice during
the period of the PK study did not reveal any behavioral changes indicative of acute

toxicity.
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Figure 3-1. PK studies with 6-MOMIPP in mice. A and B. Mice received a single 20

mg/kg dose of 6-MOMIPP that was formulated in MTD (A) or NSP300 (B) by P.O.
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administration. Blood, brain, and liver were harvested from the mice at the indicated
time points after drug administration. Each point represents mean = S.D. of values
derived from 3 mice. C. Mice received a single 20 mg/kg of 6-MOMIPP formulated in
NSP by I.P injection and tissues were harvested at the indicated time points. 6-MOMIPP
concentration was determined as described in the Methods. Each value represents the

mean + S.D. derived from 6 mice.

3.4.2 Anti-tumor activity of 6-MOMIPP in subcutaneous xenograft model

To determine if 6-MOMIPP affects glioblastoma growth in vivo, a subcutaneous
xenograft mouse model was used to assess the anti-tumor activity of 6-MOMIPP. U251-
LUC cells were subcutaneously implanted into immune compromised mice and allowed
to grow for 4 days. Thereafter, mice were treated twice daily with 20 mg/kg 6-MOMIPP
via I.P. injection for 15 days. 6-MOMIPP was well tolerated, with no signs of systemic
or local toxicity in the treated animals. Body weight of mice in the drug treatment group
did not decrease during the experiment (Appendix B Fig. 1). Tumor growth was
monitored by bioluminescence imaging system and the result showed that 6-MOMIPP
significantly decreased tumor growth, as measured by luminescence intensity (p < 0.01)
(Fig. 3-2) and tumor weight (p < 0.01) (Fig. 3-3). The study was repeated a second time,
with consistent results (Fig. 3-4, Fig. 3-5 and Appendix B, Fig. 2). H&E staining shows
that the tumors from the vehicle-treated control mice contained abundant, densely
packed cells with predominant euchromatic nuclei and abundant mitotic figures. The
cells were mostly negative when stained for active caspase 3 (Fig. 3-6A). In contrast, the

tumors from the 6-MOMIPP-treated mice contained large areas of fluid and necrosis,
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surrounded by cells with pyknotic nuclei (Fig. 3-6B). Areas that stained positively for
active caspase-3 were readily detected by immunohistochemistry, consistent with

massive cellular death in the treated tumors. (Fig. 3-6B).
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Figure 3-2. 6-MOMIPP inhibits tumor growth in subcutaneous human glioblastoma

xenografts in nude mice.
A. Mice were subcutaneously implanted with 5 x 10° U251-LUC cells. After tumors
were established (4 days), treatment with 6-MOMIPP commenced (1.P. 20 mg/kg, every

12 hours for 15 days). Control mice received an equivalent volume of NSP vehicle. The
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picture shows the results of bioluminescence imaging of the mice after the 15 days of
treatment. B. The graph represents mean + S.D. of the day-15 luminescence signals from

the control and treated mice (n=8 for each group).
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Figure 3-3. 6-MOMIPP reduces tumor weight in subcutaneous xenograft mice.

Immunocompromised mice bearing subcutaneous U251-LUC tumors were treated with
20 mg/kg 6-MOMIPP every 12 hours for 15 days by I.P. injection and the control group
received same volume of vehicle. After bioluminescence imaging on day-15 (see Fig. 3-

2) the mice were euthanized and tumor wet weight was measured. Panel A shows the
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gross appearance of the mice and the excised tumors. Panel B depicts the mean + S.D.

of the tumor weights in the control and 6-MOMIPP treated groups (n=8 for each group).
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Figure 3-4. 6-MOMIPP inhibits the growth of subcutaneous glioblastoma xenografts in

nude mice. This was a replication of the study described in Fig. 3-2 A&B, with the

following minor modifications: Tumors were initiated with 107 cells instead of 5 x 108

cells. Eleven mice were included in the control and treatment groups, instead of eight.

The study was concluded after 14 days of treatment, instead of 15 days.
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Figure 3-5. 6-MOMIPP reduces tumor weight in subcutaneous xenograft mice.

The results are from the experiment described in Fig. 3-4. Panel A shows the gross

appearance of the mice and the excised tumors. Panel B depicts the mean + S.D. of the

tumor weights in the control and 6-MOMIPP treated groups (n = 11 for each group).
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Figure 3-6. H&E staining of subcutaneous tumors. Subcutaneous tumors derived from
the experiment described in Figures 3-2 and 3-3 were stained with H&E (upper panels)
or antibody to detect activated caspase-3 by peroxidase staining (lower panel). A.

Control tumor (C3.3). B. 6-MOMIPP-treated tumor (M2.2)

3.4.3 Anti-tumor activity of 6-MOMIPP in an intracranial xenograft model
Having shown that 6-MOMIPP can inhibit subcutaneous tumor growth and can readily
cross the BBB, the next logical step was to determine if 6-MOMIPP can inhibit brain
tumor progression. Immunocompromised mice bearing intracranial U251-LUC
glioblastoma implants were treated with 20 mg/kg 6-MOMIPP every 12 hours via I.P.
administration beginning 5 days after tumor implantation. By 12 days following the start
of drug treatment, all animals were euthanized due to morbidity in control group. Within
the 12 days of drug treatment, 6-MOMIPP was well tolerated, with no signs of systemic
or local toxicity, and no detectable weight loss during the first 9 days of drug treatment,
as shown in Appendix B Fig. 3. With brain tumor progression, control mice exhibited
significant weight loss between day 10 and day 12, and the 6-MOMIPP-treated group
also showed weight loss, but less than the control. Tumor growth was monitored by
bioluminescence imaging. As shown in Fig. 3-7, the bioluminescence signals indicated
that 6-MOMIPP caused a significant reduction in tumor growth compared to the control
group after 12 days of treatment.

Analysis of blood samples collected at the end of the study indicated that the 12-
day treatment with 6-MOMIPP did not cause major toxicity in the mice. No significant

changes were observed in alanine aminotransferase (ALT), blood urea nitrogen (BUN),
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total calcium (Ca*™), glucose (GLU), and total protein (TP) levels in plasma (Fig. 3-8).
There were small decreases in albumin (ALB), phosphorus (PHOS), and amylase
(AMY) and a slight increase in globulin (GLOB).

The only parameter that was substantially altered was alkaline phosphatase
(ALP), which was decreased by about 80% in the 6-MOMIPP treated mice. No obvious
gross pathologic changes were observed upon visual examination of organs and tissues
including heart, lung, kidney, spleen, small and large intestine, liver.

Fixed brains bearing intracerebral tumors were sectioned and stained with H &
E. Fig. 3-9A shows size of the tumors area obtained by CellSense software were

significantly smaller in 6-MOMIPP treated mice compare to control group.
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Figure 3-7. 6-MOMIPP inhibits growth of intracranial glioblastoma xenografts in
mice.

Immunocompromised mice received intracranial implants of U251-LUC as described in
the Methods. After 4 days treatment was initiated with 6-MOMIPP (20 mg/kg, I.P., every
12 h) and continued for 12 d. Panel A shows the individual bioluminescence images
captured just prior to euthanasia of the mice on day-12 of treatment. The quantitative
results (photons) are graphed in panel B, with the mean = S.D. derived from 10 mice in

each group.
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Figure 3-8. 6-MOMIPP reduces the size of intracranial glioblastoma xenografts in
mice. The brains from the mice described in Fig. 3-7 were processed for histology.
Central tumor regions of the brain tumors in each mouse were identified in serial

coronal sections stained with H&E and tumor areas were calculated as described in the
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Methods. The graph shows mean £ S.D. calculated for the 10 control and 10 treated

mice.
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Figure 3-9. Blood chemistry profiles obtained after 12 days of treatment with

MOMIPP or vehicle.
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At the time of euthanasia, blood was collected from 8 control and 8 treated mice in the
study described in Fig. 3-7. Plasma samples were analyzed using a VetScan VS2
instrument as indicated in the Methods. Each graph depicts the mean + S.D. and
significant differences are between control and treated groups are noted above each
graph. All control values were within the normal range for NCR-Foxnl female nude

mice.

3.5 Discussion

In studies presented in Chapter 2, | described a group of novel indole-based chalcones
with microtubule-depolymerization activity. The lead compound, 6-MOMIPP, causes
mitotic arrest and cell death in a broad spectrum of cancer cell lines, with comparatively
low toxicity in normal cell lines. In this chapter, the in vivo anti-tumor activity of 6-
MOMIPP was evaluated. Pharmacokinetic studies using three different formulations and
two different routes of administration (P.O. and I.P.) indicated that a single I.P. injection
of 6-MOMIPP (formulated in NSP) could produce optimal sustained concentrations
above 0.5 uM in the plasma for at least 8 h. Concentrations above 0.5 uM were optimal
for microtubule disruption, mitotic arrest and cell death in vitro (see Chapter 2). Since
the concentration of 6-MOMIPP in the brain mirrored the concentration in plasma, the
results suggested that 6-MOMIPP freely cross the BBB. The BBB is composed of
endothelial and neuron cells, which function as a physical and enzymatic barrier at the

brain-blood interface to regulate the entry of molecules into the CNS [202]. Common
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anti-cancer drugs have limitations in treating GBM and brain metastasis due to the poor
distribution caused by BBB [203]. Thus, during new drug development for brain cancer,
the ability of drug to cross the BBB is important. The results of our PK studies provided
a strong rationale for moving forward with studies to evaluate the antitumor efficacy of
6-MOMIPP in glioblastoma xenograft models.

The in vivo studies used U251-LUC cells in two mouse xenograft models; subcutaneous
and intracranial. The results in both models revealed that 6-MOMIPP inhibited tumor
growth in a statistically significant manner when administered at a dose of 20 mg/kg.
MTAs, especially colchicine-domain binding agents, remain controversial in regard to
their toxicity in biological systems [204]. During treatment periods of 12-15 days, 6-
MOMIPP did not cause significant changes in body weight or other behavioral signs of
toxicity (e.g. hunched posture, lethargy, and ataxia). In addition, no significant changes
were observed in several blood chemistry parameters such as ALT, BUN, and Na*. ALT
is typically used to detect liver dysfunction, including viral hepatitis and cirrhosis. BUN
measurement is used to detect liver and kidney failure. Na* is a factor that is used to
determine dehydration and diabetes. We did detect small but significant decreases in
ALP, ALB, AMY, and PHOS in plasma of 6-MOMIPP-treated mice, however the
decreases in ALB, PHOS are still within normal range. Elevations of ALP may reflect
liver, bone, parathyroid, and intestinal disorders, but decreases of ALP are relatively
uncommon. Decreased ALB level in serum indicate liver and kidney diseases. AMY is
the measurement used to determine kidney and pancreatic function, and the disease is

indicated by increasing in serum AMY. PHOS elevation is a biomarker for kidney
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disease, hypoparathyroidism and nutritional disorders. Therefore, the slightly decreased
levels of ALB may be related to minor liver and kidney damages. There were no
statistically significant differences in the TP, glucose, and Ca™ after 6-MOMIPP
exposure. TP level reflects the dehydration, kidney and liver disease, metabolic and
nutritional disorders; GLU levels reflects diabetes, hyperglycemia, hypoglycemia,
diabetes and liver disease; and Ca*™ is the measurements for parathyroid, bone and
chronic renal disease. Over all, the blood biochemical parameters measured in this study
suggested that 6-MOMIPP long-term treatment did not result in a significant metabolic
alterations and organ damage. The principle findings from the nude mouse xenograft
models provide valuable evidence to support additional study of and further development
of 6-MOMIPP as an anti-tumor drug, particularly for brain tumors that are not usually

treatable with other MTAs.
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Chapter 4

Summary and Future Direction

The current standard treatments for GBM can only provide patients with a median
survival of 15 months and recurrence occurs in almost all patients. Secondary brain
tumors arising from metastases from cancers in distant tissues (e.g., lung, breast, skin)
also represent an intractable clinical problem. Therefore, new therapeutic agents are
desperately needed to treat brain cancers. In this study we have identified several new
indolyl-pyridinyl-propenones that act as microtubule destabilizing agents and exhibit
significant inhibitory activity against the proliferation and survival of glioblastoma and
other cancer cells. The goals of the studies in this dissertation were 1) to understand the
mechanism of action of these newly synthesized IPPs and 2) to conduct a preclinical
evaluation of the translational potential of these compounds as anti-tumor drugs.

In the studies presented in Chapter 2, | have established that the IPPs function as
novel microtubule-targeting agents that kill cancer cells by binding to colchicine site on

tubulin, disrupting microtubule dynamics and blocking cell cycle in M phase. | also noted
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that cell death is caspase-dependent and occurs after the prolonged metaphase-anaphase
transition, which may be mediated by Cdk1. Increased phosphorylation of anti-apoptotic
members of the Bcl-2 family of proteins is closely associated with M phase arrest and
activation of Cdk1, but precedes cell death. | next provided evidence that activity of the
stress-activated kinase, JNK, is increased in connection with microtubule disruption, and
that INK activation plays an important role in cell death. Cytotoxicity analyses showed
that our lead microtubule-disrupting IPP, 6-MOMIPP, displays a broad-spectrum of anti-
tumor activity in glioblastoma, melanoma, and lung cancer cell lines. Toxicity of 6-
MOMIPP is substantially lower in quiescent human fibroblasts, HUVEC, and rat
neuronal progenitor cells. Two drug resistant cancer cell lines exhibited reduced
sensitivity to 6-MOMIPP, although the compound was still partly effective. In the future,
it will be worthwhile to evaluate 6-MOMIPP activity in additional multidrug resistance
cell lines, and to determine whether the compound is a substrate for drug efflux via ABC
transporters. Pharmacokinetic studies presented in Chapter 3 show that 6-MOMIPP
freely crosses the BBB and maintains a therapeutic concentration above 0.5 puM for at
least 8 h. In this respect, 6-MOMIPP offers a major advantage over other established
MTASs, such as vinblastine, vincristine and taxol. During the PK studies, we found that
6-MOMIPP has low bioavailability through P.O. administration. I.P. injection increases
the bioavailability of 6-MOMIPP, permitting preclinical studies in mice. However, to
make 6-MOMIPP a better candidate as an anti-tumor drug, future studies will be required
to design new formulations and/or different analogues that can be administered by

methods more amenable to human trials. Orally available chemotherapeutic drugs can
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help avoid complications such as hypersensitivity reactions, toxic reactions, and variable
blood flow to the intraperitoneal cavity.

The in vivo study described in Chapter 3, two mouse xenograft models,
(subcutaneous and intracranial U251 glioblastoma) showed that 6-MOMIPP
significantly inhibited tumor growth in both cases. Currently available anti-cancer drugs
are known to depress bone marrow function, damage immune system, cause severe
peripheral neuropathies, and lead to gastrointestinal toxicity. During the course of our
studies, we did not detect significant changes in body weight or behavior, and blood
chemistry changes were generally minor, arguing against major toxic effects on liver or
kidney function. Preliminary studies with rat neural progenitor cells in vitro (Chapter 2)
indicate that 6-MOMIPP may not trigger substantial neurotoxicity, but future evaluation
of neurotoxicity and potential bone marrow suppression needs to be conducted in vivo.

The cumulative results from these studies demonstrate that 6-MOMIPP has
promising efficacy as an anti-tumor agent in treating glioblastoma and brain cancer
metastases. 6-MOMIPP exhibits a number of properties that make it an excellent
candidate for preclinical development. The novelty of our drug lies in its penetration of
BBB and absence of systemic toxicity, compared to other MTAs. Our results compel us
to continue to examine the effects of 6-MOMIPP on other human neoplasms and
designing better analogues/formulations with the final goal of taking them to the clinic.
In the future, the utility of 6-MOMIPP and related compounds should also be evaluated

in combination with other drugs. Specifically, combining 6-MOMIPP with exist MTAS,
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such as paclitaxel or vinblastine that bind to different binding sites, might have

synergistic effects and increase the therapeutic index.
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Appendix A Figure 1. Effect of 6-MOMIPP on cell cycle distribution in T98G cells.
DNA histone-grams of cells treated with 6-MOMIPP at 1 uM for 24 h, 48 h or 72 h were
generated by FACS-Calibur flow cytometry as described in the Material and Methods
section. Cells in the G2/M phase were identified based on the 4N Pl stain. DNA

histograms were generated with CellQuest Pro software. Experiment was repeated 3

times.
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Appendix A Figure 2. Effects of 6-MOMIPP on cell cycle distribution in T98G cells.
A. The assessment of cell cycle distribution was repeated in T98G cells treated with 6-
MOMIPP at indicated concentrations. Both attached and detached cells were harvested
at 24 h and subjected to FACS-Calibur flow cytometry. Data were analyzed by GraphPad

Prism 7 and each point represents mean = S.D. derived from three separate cultures. B.
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DNA histograms of U251 cells that were treated with 6-MOMIPP for 48 h. C. U251

cells were treated with 6-MOMIPP for 72 h.
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Appendix A Figure 3. Caspase inhibitor study. 100,000 U251 cells were seeded in 35
mm dishes. On the second day, the cells were pretreated with or without Caspase 9
inhibitor Z-LEHD-FMK and Pan-Caspase inhibitor PRO-VAD-FMK for 2 h followed
by 6-MOMIPP treatment for the indicated time. Cells were harvested and stained with
annexin V and 7-ADD before being analyzed. Data were analyzed with GraphPad Prism

7 and each point represents mean £ S.D. of triplicates.
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Appendix A Figure 4. 6-MOMIPP-induced Cdk1 activation plays an important role in
mitotic arrest and Bcl-xL/Bcl-2 phosphorylation. 10° U251 cells were seeded in the 10
cm dishes and treated with 1 uM 6-MOMIPP, or an equivalent volume of DMSO. For
the inhibitor study, 15 puM roscovitine was added to the cells 2 h before the addition of
6-MOMIPP. Detaches and attached cells were harvested after 24 h or 48 h subjected to
SDS-PAGE and immunoblot analysis for the indicated proteins as described in the

Methods. The results shown are representative of three replicate experiments.
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Appendix A Figure 5. CDK1 inhibitor, roscovitine, blocks cell death induced by 6-

MOMIPP. A. 100,000 U251 cells were seeded in 35 mm dishes. The next day, cells were
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treated with DMSO, 15 uM roscovitine, 1 uM 6-MOMIPP or combination of roscovitine
(2 h pretreatment with 1 uM 6-MOMIPP. Phase-contrast images were obtained at 4 h
and 48 h B. U251 cells were seeded in a white-walled opaque 96-well plate at a density
of 2,000 cells/well. On the second day, 6-MOMIPP at the indicated concentrations was
added and cell viability was assayed after 48 h. For the inhibitor study, 15 uM of
roscovitine was added 2 h before 6-MOMIPP treatment. Luminescence was determined
as described in the Methods. Values represent the mean + S.D. of four replicates. ****

p < 0.0001.
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Appendix A Figure 6. Effects of the Cdk1 inhibitor, roscovitine, on the cell cycle arrest
induced by 6-MOMIPP. A. U251 cells were seeded at 350,000 cells in 60 mm dishes

and treated with 1 uM 6-MOMIPP for 24 h or 48 h. For the inhibitor study, 15 uM
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roscovitine was added 2 h before the 6-MOMPP treatment. Then both attached and
detached cells were harvested, fixed with 70% ethanol and stained with propidium iodide
(PI). The cellular DNA content in each sample was analyzed by flow cytometry as
described in the Methods. B. Cell cycle data were quantified and plotted with GraphPad

Prism 7. Each point represents mean + S.D. of triplicates.
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Appendix B Figure 1. 6-MOMIPP does not affect body weight of mice bearing
subcutaneous U251 xenografts. Mice from Figure 3-3 were treated with 20 mg/kg 6-
MOMIPP every 12 h for 15 d by I.P. injection. The control group received the same
volume vehicle. Body weight of each mouse was recorded on the indicated days after

the drug treatment. Each point represents mean + S.D., with n = 8 for each group.
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Appendix B Figure 2. 6-MOMIPP does not affect body weight of mice bearing
subcutaneous U251 xenografts. Mice from Figure 3-5 were treated with 20 mg/kg 6-
MOMIPP every 12 h for 14 days by I.P. injection. The control group received the same
volume vehicle. Body weight of each mouse was recorded on the indicated days after

the drug treatment. Each point represents mean + S.D., with n = 11 for each group.
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Appendix B Figure 3. 6-MOMIPP does not affect body weight of mice bearing
intracranial U251 xenografts. Mice from Figure 3-7 were treated with 20 mg/kg 6-
MOMIPP every 12 h for 12 d by I.P. injection. The control group received the same
volume vehicle. Body weight of each mouse was recorded on the indicated days after

the drug treatment. Each point represents mean + S.D., with n = 10 for each group.
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