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Abstract

Identification of Small Molecule Inhibitors of I-xB Kinase
By Xuesong Yang

Nuclear factor kB (NF-kB) transcription factor and its pivotal role in many physiological
and pathological processes have been intensely studied for decades. Aberrant regulation
of NF-xB and its controlling signaling pathway can result in many autoimmune diseases
as well as cancer, making it a desirable therapeutic target for drug development. Many
natural products such as curcumin have demonstrated their inhibition to NF-kB signaling
pathway, which contributes to their anticancer therapeutic potential. To circumvent the
problems of poor bioavailability and low potency with curcumin, while retaining its
safety profile, many synthetic analogs derived from curcumin have been developed. EF24,
a monoketone analog of curcumin, has been reported to have ten-fold better bioactivity
than curcumin. In this study, a novel class of compounds derived from curcumin was
tested for their anticancer activity. One compound, 3, 5-bis [(6-chloropyridin-2-yl)
methylidene]-1-methyl-4-piperidone, named AMS5, showed greater cytotoxic effect than
EF24. Furthermore, AM5 was indicated to directly target NF-xB signaling pathway, by
effectively blocking the nuclear translocation of NF-xB, impairing tumor necrosis factor
(TNF)-a-induced I-xB phosphorylation and degradation, and directly inhibiting the
catalytic activity of I-xB kinase. AM5 represents a new structure of curcumin analogs
that targets NF-«xB signaling more effectively, and the activities of compounds from the
same class have shed lights on further optimization and modification of AM5 to improve
its bioactivity for therapeutic application.
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Chapter 1:

Introduction



1.1. NF-«xB

1.1.1. Introduction of NF-xB

NF-kB is a transcription factor that was first discovered in B cells in 1986, It was
considered to play a pivotal role in the initiation of immune response®. After further
exploration, NF-xB was determined to be ubiquitously expressed in virtually all cells,
and to function in multiple ways in different physiological and pathological processes.
The activation of NF-kB can result from different stimuli, such as chemokines, free
radicals, stress, and ultraviolet radiation. Activated NF-xB, accompanied by different
transcriptional coactivators, regulates a range of genes responsible for cell death and

survival.

The mammalian NF-xB family consists of five members, RelA (also known as p65),
RelB, CRel, p50/p105, and p52/p100 (Figure 1.1)*. Each member contains a 300 amino-
acid Rel-homology domain (RHD), which regulates the dimerization of NF-xB at the
interface near the N-terminus*®. In fact, NF-kB functions as homo- or hetero-dimers
formed by any of the above members. Different combinations of the family members act
differently in the regulation of NF-kB transcription factor units, either activation or
repression’®. NF-kB dimers bind tightly to a highly conserved nucleotide sequence
(GGGGACTTTCC) named B site, and this is how NF-kB got its name as nuclear factor
kB, The presence of transactivation domain (TAD) in NF-kB dimers partly determines
their ability to activate target genes, and vice versa™. Among the five family members,

RelA, RelB and CRel all contain TAD, so they regulate target genes positively. However,



p100 and p105 need to heterodimerize with any of the TAD-containing family member to
obtain the function to activate transcription of target genes, since there is no TAD within
these two family members*’. On the other hand, p100 and p105 form homodimers or

heterodimers of each other to repress transcription of target genes'™*.

1.1.2. The role of NF-kB in immune response

It is well known that NF-kB plays a central role in the immune response®® . One typical
example is the growth and proliferation of T-cells regulated by the activation of NF-kB!"
¥ In rapidly proliferating T-cells, STAT5a (signal transducer and activator of
transcription 5a) activation induced by NF-kB is required for their further proliferation®.
Conversely, when NF-«B is inhibited in T-cells, STAT5a is not activated, leading to the
induction of T-cell apoptosis and the failure of their growth. However, T-cell mediated
immune response can be altered by sustained NF-xB activation through cytokine
production? %, Th-1 and Th-2, the two classes of helper T-cells, produce their specific
cytokines, which influence different aspects of normal and disease physiological
processes®*?. The first class of Th cells, Th-1 cells, releases IL-2, IL-12 and interferon
(IFN)-y*®. These cytokines are necessary for the activation of a cell mediated immune
(CMI) response, which is found to be decreased in many chronic infectious diseases.

While the second class of Th cells, Th-2 cells, produces IL-4, IL-5, IL-6 and IL-10,

which suppress the CMI response and influence the humoral response?.



Certain immune responses were discovered to be associated with development of
cancer®. In cancers, the population of each class of Th cells and the level of the
expressed cytokines are altered®’. In fact, various cancers have been correlated to
inhibition of CMI response and promotions in the humoral response”®. For example,
activation of cytokines, such as IL-10 and TGF-f, in cancers results in the suppression of
CMI response®® *°. Besides, in curable tumors like lymphomas, the activation of Th-2-
immune response causes lethal outcome. Moreover, IL-10 production is also directly
induced by NF-xB activation, which is additional evidence for tumorigenesis induced by

immune response associated with NF-xB"*,

1.1.3. The role of NF-kxB in tumorigenesis

Many genes implicated in cell survival and anti-apoptosis are found to be up-regulated by
NF-kB in tumorigenesis>. Cyclooxygenase (Cox)-2 is one of the common targets of NF-
kB to be promoted in both inflammatory diseases and cancer. In response to pro-
inflammatory cytokines, Cox-2 expression is elevated. Cox-2 enzymes not only regulate
immune response, but also control several important aspects in carcinogenesis, such as
angiogenesis, cell proliferation, cell migration, and inhibition of apoptosis** **. Actually,
Cox-2 was discovered to be constitutively expressed in all types of cancer*® *. One
example lies in the fact that Cox-2 expression is associated with the formation of tumor
blood vessels in human prostate cancer*®. Tumorigenesis is usually induced by

downstream products of Cox-2. For instance, Cox enzyme catalyzes the conversion of



arachidonic acid into prostaglandins. One such prostaglandin, PGE,, produced by Cox-2

catalysis, leads to angiogenesis for further tumor growth®.

Since the aberrant regulation of NF-xB and signaling pathways it controls have been
found in many types of cancer, this pro-survival pathway has become a potential

therapeutic target for treating inflammatory diseases, as well as cancer.

1.1.4. NF-xB signaling pathway

1.1.4.1. Classical NF-&B signaling pathway

The classical NF-xB pathway regulates immune recognition, cell survival and
proliferation, so it draws much interest as a desirable drug target*’. In unstimulated cells,
NF-«xB is sequestered in the cytoplasm in an inactive complex with I-xB, the inhibitor of
kappa B. The family of I-xB mainly includes I-xBa, I-xBp, I-xBe, and B-cell
CLL/lymphoma 3 (BCL-3) (Figure 1.2)°. Each member contains a core domain with five
to seven ankyrin repeats, which masks the nuclear localization sequence on NF-xB
through binding to its RHD domain®. In response to stimuli such as cytokines and
growth factors, I-xB is phosphorylated at Ser32 and Ser36 by IKK, the inhibitor of kappa
B kinase (Figure 1.3)*2. IKK is essential for the activation of NF-kB pathway. It is a
complex containing three subunits, two catalytic subunits (IKKa and IKKf), and one
regulatory subunit (IKKy, also named NF-«kB essential modulator (NEMO))***. Among

all three subunits, IKKp is believed to be responsible for I-xB phosphorylation®®. Upon



phosphorylation by IKK, I-xB undergoes a rapid polyubiquitination by E3 ubiquitin
ligase, followed by 26s proteasome degradation (Figure 1.3)*°. After the degradation of I-
kB, the nuclear localization sequence on NF-kB is exposed, leading to its translocation to
the nucleus*’. Finally, NF-kB binds to its target genes at kB site in the nucleus, and

regulates their expression (Figure 1.3)%.

1.1.4.2. Alternative NF-xB signaling pathway

The alternative NF-kB pathway regulates immune system response in several ways, such
as control of development of B and T lymphocytes, and lymphoid organogenesis®.
Cytokines, such as CD40 ligand and lymphotoxin B, first activate NF-kB-inducing
kinase (NIK), which is specific to the alternative NF-kB pathway“®. Then the homodimer
of IKKa is phosphorylated by NIK. The activation of IKKo homodimer results in the
phosphorylation, ubiquitination and cleavage of pl100, converting it into p52*.
Consequently, the NF-xB heterodimer formed by p52 and RelB translocates to the

nucleus and binds to its target genes (Figure 1.3)*.
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Figure 1.1 Members of NF-kB family. N-terminal Rel-homology domain (RHD) is
shared by all members; TAD, transactivation domain; LZ, leucine zipper; GRR, Glycine-
rich region; DD, region with homology to a death domain.
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Figure 1.2 Main members of I-xB family. I-kBa is the canonical member of I-«xB.
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The classical pathway The alternative pathway
Proinflammatory cytokines (TNF-c, IL-1[3) Cytokines
Viruses, TLRs, antigen receptors LTBR, BAFF/Blys. and CD40L

Figure 1.3 Two classes of NF-kB signaling pathway. In classical NF-xB pathway, I-xB
is phosphorylated by IKK, followed by degradation of 1-kB and release of NF-«B to the
nucleus. In alternative NF-kB pathway, p100 is phosphorylated by IKKa, then processes
to p52, and binds to RelB to form a heterodimer of NF-kB, leading to its nuclear
translocation.
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1.1.5. Development of IKK inhibitors for therapeutic application

Compounds that can block NF-kB signaling pathway have demonstrated inhibition to the
growth of tumor cells®® >!. Therefore, developing small molecule inhibitors of NF-kB
signaling pathway can be a promising means toward tumor therapy®2. On the overview of
NF-kB signaling events, different strategies to inhibit NF-xB pathway can be taken, such
as inhibiting proteasome activity to prevent the degradation of I-xB, impairing the
binding of NF-kB to its target genes, or directly blocking the activation of IKK>*>*, KK
has been revealed to phosphorylate only proteins involved in NF-xB pathway, making
IKK inhibitors the most effective and specific class among all classes of inhibitors
targeting the NF-«B pathway>>. Since IKKp plays a key role in the activation of classical
NF-kB pathway, it is being pursued as an effective target for anti-inflammatory or anti-

cancer drug development™.

An increasing number of IKKJ inhibitors have been identified mainly by the screening of
large compound libraries and the use of combinational chemistry tools™. However, the
toxicity has prevented most of these compounds from the entry of clinical trial. As such,
identification of novel IKK inhibitors with safety profile has become the new aim for the
development of drugs treating both inflammation and cancer. One approach to meet this
challenge is to develop inhibitors derived from natural sources® °’. My research seeks to
identify effective, small molecule inhibitors of NF-«xB pathway from a group of novel

synthesized analogs of the natural product, curcumin.
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1.2. Curcumin

1.2.1. Introduction of curcumin

Curcumin is a polyphenolic compound that has been identified as the main bioactive
component extracted from the plant Curcuma longa L. This yellow colored compound
has a long history of human consumption as a natural pigment and the ingredient of the
spice curry. For centuries, curcumin has been applied in diet for treatment of ailments
like arthritis by people in many regions of the world. Not until recent years has curcumin
been discovered to be effective in preventing and treating chronic inflammatory diseases
as well as cancer®® *°. Although the detailed mechanism driven by curcumin for the
suppression of inflammation and tumorigenesis remains to be understood, curcumin has

demonstrated its ability to block the signaling pathway of NF-xB®.

1.2.2. Therapeutic potential of curcumin

Curcumin has long been considered as a beneficial agent for the prevention of cancer. It
effectively inhibits the initiation, promotion, and progression of tumor during
carcinogenesis, attributing to its activities against inflammation, virus, and oxidation>® ®*
% This was first tested in a mouse model, in which animals were injected with Dalton’s
lymphoma cells before the treatment of curcumin. A significantly increased percentage of
cancer-free survival was observed in animals receiving curcumin, compared with control
animals®. Further pre-clinical studies on animals have supported the role of curcumin in

preventing cancer in multiple organs, such as breast, stomach, prostate, and colon®"".
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The clue of this chemopreventive effect on human by curcumin can be suggested by the
statistics from epidemiologists’*. The rate of colorectal cancer is relatively lower in
regions with a high consumption of curcumin, compared with countries where curcumin
consumption is low. Moreover, the second generations of migrants from Eastern
countries to the Western world exhibit a higher risk for colorectal cancer than their first-
generation predecessors, suggesting a correlation to the lower consumption of curcumin

in their diet in the Western countries.

Although the prevention of cancer is imperative, the effective treatment for existing
tumor is even more significant. The use of traditional chemotherapeutics usually causes
severe side effects to healthy tissues. As such, the well established safety profile of
curcumin has triggered researchers’ interest to use it as a chemotherapeutic agent72.
However, this attempt was unsuccessful because of certain drawbacks of curcumin in

chemotherapy .

1.2.3. Therapeutic limitations of curcumin

Despite its efficacy and safety, the use of curcumin as a therapeutic agent has been
hindered by its low potency and poor bioavailability”> . The low concentration of
curcumin in serum was observed in an early study, in which rats were given curcumin
orally”. It was mainly attributed to the poor absorption of curcumin from the gut. Since
not all compounds can be absorbed well through the mechanism of oral administration,
another study was set up to examine whether the administration mode of curcumin (orally

or intraperitoneally) had any effect on its bioavailability. However, it was observed that
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both means of administration lead to rapid clearance of curcumin from the animal”’.
Further study has identified the increased metabolism of curcumin as an important factor
causing its poor bioavailability, besides the reduced absorption of this compound’. In
fact, curcumin quickly forms conjugates with glucurnoic acid in the liver during the
process of glucuronidation, resulting in the increase of its water solubility, and
subsequent excretion by the kidneys’. In summary, the low absorption and rapid

metabolism of curcumin greatly limit its effect in therapeutic application.

1.2.4. Improving the pharmacological properties of curcumin

The safe toxicity to human and the low molecular weight of curcumin together make it an
ideal lead compound for drug design. Endeavors were undertaken by Dr. Dennis Liotta’s
research group at Emory University, by which a series of curcumin analogs were devised,
aiming at enhancing the potency of curcumin while retaining its safety profile”®. Two
monoketone analogs were identified by computational modeling, exhibiting the effect of
increased cytotoxicity over curcumin. More than 100 compounds were then prepared
according to the results from the topological search for analogs with improved potency.
These compounds were screened by in vitro cell viability assays. A lead compound, EF24,
was identified to inhibit the tumor cell growth by 50% with a 10.4-fold better potency
than curcumin, and inhibit the tumor growth by 100% with a 9.8-fold better effect (Figure
1.4)"® ™ Further in vivo study of EF24 demonstrated its effective inhibition to the growth
of solid breast tumors with no side effects on normal tissues’. A more comprehensive

study on the molecular events of this novel curcumin analog has revealed that EF24
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effectively inhibits NF-xB signaling pathway by blocking the nuclear translocation of
NF-kB, by inhibiting TNF-ao. induced I-xB phosphorylation and degradation, and by

directly inhibiting the catalytic activity of IKK®.

As a relatively successful analog of curcumin, EF24 was further modified and optimized
for improved potency and efficacy. As such, another series of curcumin analogs were
designed and prepared by Drs. Alessandra Mancini and Dennis Liotta (Table 1.1). My
research seeks to screen these compounds, in order to discover analogs more potent than

EF24, as well as to elucidate their molecular mechanisms of action.
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Chapter 2:

Identification of a novel unsaturated monoketone analog of curcumin as
a direct inhibitor of IKK-NF-xB signaling pathway
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2.1. Introduction

In this report, | screen the anticancer activities of 17 synthetic curcumin analogs named
AMs, and EF24. | demonstrate that AM5 exhibited a remarkable decrease in cell viability
(i.e., significantly better potency than EF24). Further exploration of the molecular
mechanism of AM5 identifies it as a direct inhibitor of IKK-NF-kB signaling pathway.
AMS5 provides a new structural feature that can be introduced in future design of novel

curcumin analogs for improved efficacy and potency.

2.2. Materials and Methods

Materials — EF24 (3, 5-bis (2-fluorobenzylidene) piperidin-4-one) was prepared as
reported’®. All of the AM compounds were prepared by Dr. Alessandra Mancini in
Dennis Liotta’s group at Emory University. All compounds were dissolved in DMSO
with a stock concentration of 5 mM. Tumor necrosis factor (TNF)-a (Sigma-Aldrich
Chemicals, St Louis, MO) was dissolved in water to a final concentration of 10 pg/ml.
Glutathione S-transferase-1-xBa (1-54) was expressed and purified as previously
described®. Antibodies against pS32-1-xBa and I-xBa were purchased from Cell
Signaling (Beverly, MA). Antibody against IKK( was purchased from Imegenex (San
Diego, CA). Secondary antibody conjugates, HRP-goat anti-rabbit and HRP-goat anti-

mouse antibodies, were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
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Cell Cultures — Cells were cultured in medium RPMI (A549, H157, H226, H1299), or
DMEM/F-12(SKBR3) with 10% fetal bovine serum (FBS) and 1% of
penicillin/streptomycin in a 37°C incubator with 5% of CO,. For western blotting, cells
were lysed with 1% NP-40 lysis buffer (1% Nonident P-40, 150 mM NaCl, 10 mM
Hepes [N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid], pH 7.4, 5 mM NaF, 2
mM NazVO,;, 5 mM NayP,07, 10 pg/ml aprotonin, 10 ug/ml leupeptin, 1 mM PMSF

[phenylmethylsulfonyl fluoride]).

Cell Viability Assay — Cells were plated at 1,000 cells/well in 384-well plates. They were
incubated over night before triplicated treatments with test compounds on the following
day. Cells were incubated for another 48 hr before the viability assay. The
sulforhodamine B assay was carried out to measure the cell viability and to obtain the
ICso values® ®. Cellular protein content is evaluated in this assay to determine cell
density. The mean and standard error for each treatment was obtained and the cell
viability index compared to control (no treatment) was calculated. The I1Cso value is
defined as the concentration of compounds when the cell viability is decreased by 50% in

a total cell population relative to control group at the end of the incubation.

NF-xB Translocation Assay — A549 cells were plated in 384-well plates (Becton
Dickinson Labware, Franklin Lakes, NJ) at 6,000 to 7,000 cells/45 pl/well and were

incubated for 20 hr. Compounds to be tested were added to the cells in triplicate, and
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cells were incubated at 37°C for 30 min. Then cells were stimulated by TNF-a as
previously indicated. After 30 min stimulation, medium was removed and cells were
fixed with paraformaldehyde (2% solution in phosphate-buffered saline [PBS], 50 ul) for
15 min at room temperature. Plates were washed for three times with PBS. Cells were
then permeabilized with Triton X-100 (0.1% in PBS, 50 ml) for 10 min. Plates were
again washed for three times with PBS. Cells were incubated with rabbit anti-p65 NF-kB
antibody (25 ul; Santa Cruz biotechnology, Inc., Santa Cruz, CA) for 1 hr at room
temperature. Plates were washed for three times with PBS. Cells were incubated with
goat anti-rabbit 1gG with conjugated Alexa Fluor 488 (25 ul; Molecular Probes, Inc.,
Eugene, OR) with Hoechst 33342 (1 ug/ml; Promega, Madison, W1). Plates were washed
for three times with PBS. Cells were scanned with the ImageXpress 5000 with the setting
of filter for FITC (Ex: 490 nm, Em: 525 nm, and dichroic mirror: 505 nm), and DAPI (Ex:
350 nm, Em: 479 nm, and dichroic mirror: 400 nm) (Molecular Devices, Sunnyvale, CA).
Scanned images were analyzed and quantified through MetaXpress software (Molecular
Devices, Sunnyvale, CA). NF-xB subcellular translocation was analysis according to the
“Translocation Enhanced” module. Nucleus was stained by Hoechst 33342. The
translocation of NF-xB was calculated from the difference between the average
fluorescence intensity in nucleus and in cytoplasm (Nuc - Cyt). The inhibitory activity of
test agents was expressed as percentage of the difference of fluorescence intensity (Nuc -
Cyt) of the control wells (TNF-a only, no compounds) after deducting background (No

TNF-a, no compounds).
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Western Blotting — Cells were lysed in 1% NP-40 lysis buffer. Cell lysates were equally
loaded in SDS-PAGE (12.5%) gel for electrophoresis. Proteins were then
electrotransferred from the SDS-PAGE gel to a nitrocellulose membrane (GE water and
Process Technologies, Trevose, PA). Membranes transferred were then incubated with a
solution of 5% non-fat dry milk in TBS-T buffer (500 mM NaCl, 20 mM Tris pH 7.6,
0.5% Tween-20) for 30 min at room temperature. Membranes were then incubated with
primary antibody over night at 4°C. Membranes were washed with TBS-T buffer for
three times, and were incubated with the corresponding horseradish peroxidase-
conjugated anti-mouse immunoglobulin (lg) or anti-rabbit lg. Detection of the
immunoblotting signals was performed with West Dura (Pierce), followed by imaging

scanning on Kodak’s Image Stattion 2000R (New Haven, CT).

In Vitro Kinase Assay — Recombinant IKK( was resuspended in MOPS buffer (8 mM
MOPS-NaOH, pH 7.0, 200 uM EDTA, 15 mM MgCl,). (Upstate Cell Signaling
Solutions, Lake Placid, NY). Test compounds were incubated with 40 ng IKKf for 15
min at room temperature. Then Mg-ATP cocktail (15 mM MgCl,, 100 uM ATP, 5 mM
B-glycero-phosphate, 8 mM MOPS-NaOH, pH 7.0, 1 mM EGTA, 200 nM DTT, 200 nM
sodium orthovanadate), purified GST-I-kBo. (5 pg), and [y-2PJATP (0.5 mCi) were
added to the reaction to reach the total volume of 25 pl, reaction for each test compound
was carried out at room temperature for 30 min. Reaction was terminated by adding 6x

SDS sample buffer to the reaction solution, and boiled for 3 min. Samples were resolved

by electrophoresis in SDS-PAGE (12.5%) gel. The SDS-PAGE gel was cut in half, and
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the top part was transferred to a nitrocellulose membrane and was immunoblotted with
IKKB antibody. The bottom part was stained with Coomassie Blue dye (0.05%). The
levels of radiolabeled phosphate incorporated into GST-I-xBa were detected by the
Phospholmager and were quantified by the ImageQuant software (Molecular Dynamics,
Sunnyvale, CA). Additionally, the same assay was terminated by spotting the reaction
mixture (10 ul) on to P81 phosphocellulose paper (Whatman). The paper with spotted
reaction mixures was washed for three times with phosphoric acid (0.75%), and once
with acetone in the end. Then the levels of radiolabeled phosphate incorporated into
GST-1-xBa were quantified by liquid scintillation counting using a scintillation counter

(Beckman, LS 6500, Beckman Coulter, Fullerton, CA).
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2.3. Results

2.3.1. AMS5 represents a favorable structure with improved cytotoxicity over EF24

Cell viability assay was carried out for the evaluation of the cytotoxic potency of AM
compounds in comparison to EF24. The cytotoxic effect of all compounds was tested in a
panel of lung cancer and breast cancer cells. Treatment of the cells with all AM
compounds and EF24 exhibited decreased cell viability in a dose dependent manner. The
ICso value for each compound was calculated as summarized in Table 2.1, with varied
range in different cell lines. The cytotoxic effect of all compounds on these cell lines
were ranked according to their 1Cso values (Table 2.2). Interestingly, five compounds
with the same core structure rarely dropped below EF24 in the ranking, including AMS5,
AM 12, AM15, AM16, and AM17 (Figure 2.1). In addition, AM10, AM13, and AM21,
with a similar core structure but more extensive modification, also demonstrated
improved cytotoxicity over EF24. Among all these analogs, AM5 and AM12 consistently
exhibited the most improved potency. As described in Figure 2.2, AM5 showed a more
potent cytotoxic effect than EF24 in all cell lines tested, suggesting its role as a

competitive novel analog of curcumin with a more favorable structure than EF24.

2.3.2. AMDS effectively impairs the nuclear translocation of NF-xB

Since NF-kB signaling pathway is suggested to be a direct target of EF24, the molecular
mechanism that accounts for the improved anticancer activity of AM5 was examined in

this pathway®. An NF-kB translocation assay was carried out to test the effect of AM5
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on the subcellular translocation of the NF-kB transcription factor to the nucleus. As
previously established, a method based on high content analysis (HCA) was utilized to
visualize the status of NF-xB in the cytoplasm and nucleus®. The p65 subunit of NF-xB
with an immunofluorescent probe was detected under a fluorescence microscope.
Compared with control, the stimulation of A549 cells by TNF-a (10ng/ml) resulted in
thorough translocation of NF-kB from cytoplasm to the nucleus (Figure 2.3). However,
the pretreatment of A549 cells with AM5 before TNF-a stimulation effectively blocked
NF-kB nuclear translocation. This effect was examined with all other AM compounds as
well as EF24. Dose-response curves were obtained for each compound through the
quantification of the confocal images, and all the 1Csy values were summarized and
ranked in Table 2.3. Consistently, compounds showed improved activities over EF24 in
cell viability assay also stayed at the top half of this ranking. AM5 demonstrated better
potency with an 1Cso 0f 0.6 uM, compared with 1.3uM for EF24, which was previously
reported to be 10-folds more potent than curcumin in blocking NF-xB nuclear
translocation (Figure 2.3)®. This result indicated that AM5 impaired the survival of

cancer cells probably through the interference to NF-kB signaling.

2.3.3. AMS5 inhibits I-xB phosphorylation and degradation induced by TNF-a

When unstimulated, NF-xB is sequestered in the cytoplasm as an inactivated complex
with I-xB. Induced by stimuli like TNF-a, I-xB is phosphorylated at S32 and S36,

followed by rapid ubiquitination and degradation, and the degradation of 1-xB frees NF-
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kB to translocate to the nucleus®. It is likely that AMS5 blocks the nuclear translocation of
NF-kB through inhibiting the phosphorylation and/or degradation of I-xB. EF24 was
previously reported to inhibit TNF-o induced I-kB phosphorylation and degradation with
10-fold better potency than curcumin®. Based on this established method, the effect of
AMS5 on the same event was tested. A549 cells were pretreated with test compounds,
followed by TNF-a stimulation. Phosphorylation and degradation of 1-xB was detected
after six minutes and 20 minutes of stimulation, respectively. The result revealed that
AM5 effectively inhibited TNF-o induced I-xB phosphorylation and subsequent
degradation at lower concentrations than EF24 (Figure 2.4 and Figure 2.6). The dose-
response curves for the inhibition of I-xB phosphorylation demonstrated an 1Csy of 1.3
uM for AMS5, in comparison with 7.1 uM for EF24. These results suggested a role of
AMS5 in the inhibition of I-xB phosphorylation and degradation, leading to the blockade
of NF-xB nuclear translocation. Additionally, this inhibitory activity was tested with
several other compounds in comparison with AM5 (Figure 2.4 and Figure 2.5).
Consistent with results in cell viability and NF-xB translocation assays, AM5 represented

a favorable structure as a novel analog of curcumin for its improved anticancer activity.

2.3.4. AMS directly inhibits the catalytic activity of IKK(

In the classical NF-xB signaling pathway, the phosphorylation of 1-xB is believed to be
catalyzed by IKKpB of the kinase complex. It is possible that AM5 inhibits I-xB

phosphorylation and degradation through direct inhibition of IKKp kinase activity, as the
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mechanism proposed and reported for EF24%°. An in vitro kinase assay was performed to
examine the effect of AM5 on the catalytic activity of IKKp, which is defined by its
ability to phospohrylate GST-I-kB in a reconstituted in vitro system. Active recombinant
IKKp was incubated with AMS5 for 15 minutes before the addition of its substrate GST-I-
kB, and [y-**P]ATP. The level of radiolabeld **P incorporated to GST-1-kB was detected
by radiography, and a dose-dependent curve reflecting compound activity was obtained
from quantification of the GST-I-kB bands by scintillation counting (Figure 2.7).
Previous research reported the 1Cs of curcumin in in vitro kinase assay as above 20 ngO.
In this study, the ICsq of 2.3 uM for AM5 and 5.4 uM for EF24 indicated AMS5 as a direct

inhibitor of IKKf, with improved potency over EF24.
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Figure legends

Figure 2.1. The core structure of compounds with most improved cytotoxicity.

Figure 2.2. AM5 exhibits better potency of cytotoxic effect than EF24 in cancer cells.
Cells were plated in 384-well plates, and were treated with AM5 or EF24 for 48 hr. Cell
viability results were expressed in control with DMSO. Results are shown with four types
of lung cancer cells, including A549 (lung adenocarcinoma), H157, H226 (squamous
carcinoma), H1299 (non-small cell carcinoma), and one breast cancer cell line SKBR3

(breast carcinoma).

Figure 2.3. AM5 inhibits NF-kB nuclear translocation induced by TNF-a.. A549 cells
were plated in 384-well plates, and were pretreated with AM5 or EF24 for 30 min before
stimulation by TNF-a for another 30 min. The effect of AM5 and EF24 on TNF-a

induced NF-kB translocation was shown and quantified.

Figure 2.4. AM5 impairs TNF-a. induced I-xB phosphorylation. A549 cells were
pretreated with increasing concentration of test comounds (0 uM, 0.5 uM, 1 uM, 2.5 uM,
5 uM, 7.5 uM, and 10 uM) for 1 hr before stimulation by 10ng/ml TNF-a.. Cell lysates

were prepared after 6 min TNF-a stimulatin, and detected with pS32-1-xB antibody
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through western blotting. Intensity of the bands were quantified with a Kodak imaging
system, and expressed by percentage relative to DMSO-TNF-a control. Western blots for

the effect of AM1, AM3, and AM4 were also demonstrated in comparison to AM5.

Figure 2.5. AM5 inhibits TNF-a induced I1-xB phosphorylation with a better
potency than AM16. Methods the same as described in Figure 2.4, except for the
compound concentrations for AM5, EF24, and AM16 are 5 uM, 7.5 uM, and 10 uM.
Total amount of I-xB was detected by I-xB antibody to show the stability of 1-kB protein

during phosphorylation.

Figure 2.6. AM5 impairs TNF-a induced I-xB degradation. A549 cells were treated
with increasing doses of test compounds, and then were stimulated with 10 ng/ml TNF-a..
After 20 min stimulation, cells were lysed and I-xB was detected through western blot.
Effects of compounds AM1, AM3, and AM4 on blocking I-xB degradation were also

shown here.

Figure 2.7. AM5 directly inhibits the catalytic activity of IKKB. Recombinant IKKf
was incubated with increasing concentrations of AM5 (0.5 uM, 1 uM, 5 uM, 10 uM, and
25 pM) at room temperature for 15 min. Then GST-1-kB and [y-**P]JATP were added into

the reaction system. Reactions were terminated after 15 min, and the mixtures were
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resolved in a SDS-PAGE gel and stained with Coomassie Blue for total GST-I-xB. Total
IKKB was detected with an IKK[ antibody through western blot. Radiolabeled GST-I-xB
was detected with a Phospholmager after the gel was dried. Quantification was carried

out by scintillation counting for the effect of both AMS5 and EF24.
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Figure 2.1 The core structure of compounds with most improved cytotoxicity.
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Figure 2.2 AM5 exhibits better potency of cytotoxic effect than EF24 in cancer cells.
Cells were plated in 384-well plates and were treated with AM5 or EF24 for 48 hr. Cell
viability results were expressed in control with DMSO. Results are shown with four types
of lung cancer cells, including A549 (lung adenocarcinoma), H157, H226 (squamous
carcinoma), H1299 (non-small cell carcinoma), and one breast cancer cell line SKBR3

(breast carcinoma).
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Figure 2.3 AM5 inhibits NF-kB nuclear translocation induced by TNF-a. A549 cells
were plated in 384-well plates, and were pretreated with AM5 or EF24 for 30 min before
stimulation by TNF-a for another 30 min. The effect of AM5 and EF24 on TNF-a
induced NF-kB translocation was shown and quantified.
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Figure 2.4 AM5 impairs TNF-a induced I-xB phosphorylation. A549 cells were
pretreated with increasing concentration of test comounds (0 uM, 0.5 uM, 1 uM, 2.5 uM,
5 uM, 7.5 uM, and 10 uM) for 1 hr before stimulation by 10ng/ml TNF-a.. Cell lysates
were prepared after 6 min TNF-a stimulatin, and detected with pS32-1-xB through
western blotting. Intensity of the bands were quantified with a Kodak imaging system,
and expressed by percentage relative to DMSO-TNF-a. control. Western blots for the
effect of AM1, AM3, and AM4 were also demonstrated in comparison to AM5.
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Figure 2.5 AM5 inhibits TNF-a induced I-xB phosphorylation with a better potency
than AM16. Methods the same as previously described in Figure 2.4, except for the
compound concentrations for AM5, EF24, and AM16 are 5 uM, 7.5 uM, and 10 uM.
Total amount of I-xB was detected by I-xB antibody to show the stability of 1-xB protein
during phosphorylation.



IxB

IxB

IxB

IxB

IkB

10ng/ml TNF-

a 20min

DMSO

AMS

02% 02% 05 1

25 5 75 10 pM

-—- e

DMEO

AM3

02% 02% 05 1

25 5 75 10 pM

O
DMRBO AM4
02% 02%05 1 25 5 75 10 pM
- - - -
DMSO AM1

02% 02% 05 1

25 5 75 10 pM

DMS0

EF24

02% 02% 05 1

25 5 75 10 pM

36

Figure 2.6 AMS5 impairs TNF-a induced I-xB degradation. A549 cells were treated
with increasing doses of test agents, and then were stimulated with 10 ng/ml TNF-a.
After 20 min stimulation, cells were lysed and 1-xB levels were detected through western
blot. Effects of compounds AM1, AM3, and AM4 on blocking I-xB degradation were

also shown here.
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Figure 2.7 AM5 directly inhibits the catalytic activity of IKKB. Recombinant IKKf
was incubated with increasing concentrations of AM5 (0.5 uM, 1 uM, 5 uM, 10 uM, and
25 uM) at room temperature for 15 min. Then GST-1-xB and [y-**P]JATP were added into
the reaction system. Reactions were terminated after 15 min, and the mixtures were
resolved in a SDS-PAGE gel and stained with Coomassie Blue for total GST-1-xB. Total
IKKp was detected with an IKK[ antibody through western blot. Radiolabeled GST-I-xB
was detected with a Phospholmager after the gel was dried. Quantification was carried
out by scintillation counting for the effect of both AMS5 and EF24.



Table 2.1 1Cs (uM) values of cell toxicity for all 17 AM compounds and EF24

Compounds A549 H157 SKBR3 H226 H1299
EF24 0.47 0.17 0.34 >11 >11
AM1 0.27 0.18 0.26 >11 >11
AM2 >11 0.24 0.34 >11 >11
AM3 0.55 0.11 0.21 >11 6.1
AM4 0.82 0.55 0.19 5 2.1
AMS 0.37 0.028 0.083 5.8 3.2
AM6 >11 3.8 13 >11 >11
AM7 >11 0.27 0.42 >11 >11
AMS8 5.3 2.2 0.37 >11 7.5
AM9 1.9 0.23 0.42 10 2.8
AM10 0.11 0.11 0.16 >11 5.9
AM12 0.26 0.03 0.078 5.2 3.9
AM13 0.31 0.096 0.18 >11 1.9
AM14 0.57 0.35 0.15 6.4 2.6
AM15 0.28 0.39 0.15 4.5 4.8
AM16 0.16 2.8 0.12 8.1 2.5
AM17 0.41 0.064 0.18 >11 4.8
AM21 0.65 0.24 0.072 4.8 2.9

38



39

Table 2.2 Ranking of 1Csq values of cell toxicity for all 17 AM compounds and EF24

Ranking A549 H157 SKBR3 H226 H1299
1 AM10 AM12 AM21 AM15 AM13
2 AM16 AM5 AMS AM21 AM4
3 AM1 AM17 AM12 AM4 AM16
4 AM12 AM3 AM16 AM12 AM14
5 AM13 AM10 AM3 AM5 AM9
6 AM15 AM13 AM4 AM14 AM21
7 AM17 EF24 AM10 AM16 AMS5
8 AMb5 AM1 AM13 AM9 AM12
9 EF24 AM2 AM14 AM1T7* AM15
10 AM14 AM9 AM15 EF24* AM17
11 AM3 AM21 AM17 AM10* AM10
12 AM21 AM7 EF24 AM13* AM3
13 AM4 AM14 AM1 AM1* AM8
14 AM9 AM15 AM?2 AM2* EF24*
15 AMS AM4 AM7 AM3* AM1*
16 AM2* AMS AM8 AMG6* AM2*
17 AM6* AM16 AM9 AM7* AMG6*
18 AMT* AM6 AM©6 AMB* AMT*

* 1C50>11 uM, no ranking available
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Table 2.3 Ranking of 1Csq values from NF-xB nuclear translocation assay for all 17
AM compounds and EF24.

Ranking | Compound | 1Cs(uM) | Ranking | Compound | ICso (uM)
1 AMb5 0.6 10 AM17 1.6
1 AM12 0.6 11 AM9 1.9
3 AM21 0.9 12 AM1 2.0
4 AM10 1.0 13 AM7 2.4
4 AM13 1.0 14 AM4 2.9
6 AM16 11 15 AM3 3.1
6 AM14 11 16 AMG6 >5
8 EF24 1.3 16 AM8 >5
9 AM15 14 18 AM?2 >10




Chapter 3:

Discussion
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Discussion

A group of 17 synthetic analogs of curcumin was screened for their cytotoxic effects on a
panel of lung cancer and breast cancer cells with different genetic background. This
screening yielded 5 compounds with a particular core structure, which might account for
their improved cytotoxicity over EF24. The most potent compound from this group, AM5,
was identified as a direct inhibitor of IKKf. Similar to the molecular mechanism of EF24
as previously reported, AM5 acted to block the nuclear translocation of NF-xB, to impair
TNF-a induced phosphorylation and degradation of 1-xB, and to directly inhibit the
kinase activity of IKKpB (Figure 3.1)%. In all these assays, AM5 exhibited two to four-
fold better potency than EF24, supporting its role as a novel analog of curcumin with
improved inhibitory activity over EF24 in targeting NF-kxB signaling pathway. In the
same set of assays reported in a former study, curcumin was examined to be at least ten
folds less potent than EF24%. These results together demonstrated notable progress in the
structural modification of curcumin for the further improvement of its therapeutic

potency.

Although the detailed interaction mode of AM5 with IKKf requires further investigation
to explain why the structure of AM5 is more favorable than EF24 and curcumin as an
inhibitor of IKK, several instructive insights can be obtained from the relationship
between the structure and activity of different AM compounds, as references for future

modification of AM5.
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. The activity of AM5 and AM21 were similar, indicating that the elimination of

methyl group from the central ketone ring did not affect much of AM5 activity.

. AM10 apparently showed better activity than EF24, which suggested that the
replacement of the fluoro-substituent by nitrogen in the terminal phenyl ring to form a

terminal pyridine might improve the activity of EF24.

. AMb5 demonstrated better potency than AM3, suggesting that the second nitrogen in
the terminal ring might not have a positive role in the improvement of activity. This
was also supported by the relatively lower activity of all the other AM compounds

with two nitrogen atoms in their terminal ring, with a slight exception of AM14.

. AM5, AM15 and AM16 are compounds with the same symmetrically substituted core
structure, but different halogen substituents. The double bromo-substituted AM15
showed the least activity. AM5 and AM16 exhibited similar cytotoxic effects in cell
viability assay, while the western blot results indicated a clearly better activity of
AMS5 than AM16 in inhibiting the phosphorylation of 1-kB. Thus, the double chloro-
substituted AM5 was the most favorable of these three compounds in targeting NF-

kB signaling.

Interestingly, the asymmetrically bromo-substituted AM12 consistently showed as
good activity as AM5. While AM15, which is symmetrically bromo-substituted,
demonstrated apparent decreased activity compared with AM12. In contrast, AM17
with the single fluoro-substituent was examined to be less potent than AM16, which

was symmetrically fluoro-substituted.
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6. AML13 also showed good activity close to AM5. However, whether this activity was
related to the elimination of the chloro-substituents of AMS5, or the substitution at the

central ketone ring remained to be understood in further investigation.

In summary, this work has revealed a new class of curcumin analogs with improved
bioactivity over EF24. AM5 represents the most favorable structure of this class, which
has been identified as a direct IKK inhibitor. The activities of AM compounds with
different modifications have provided instructive information for further optimization of
AMb5. Hopefully, more effective analogs of curcumin with therapeutic value and

improved potency based on this study will be discovered in future.
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Figure 3.1 A molecular mechanism for the action of AM5. Nuclear translocation of
NF- «B can be effectively impaired by AMS5, which is probably resulted from the
inhibition of I-xB phosphorylation and degradation through direct inhibition of IKK
activity by AM5.
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