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Abstract

NSC 676914 has been identified as a selective NF-xB inhibitor that does not inhibit cell proliferation.
This compound was originally identified in a high-throughput cell based assay for AP-1 inhibitors
using synthetic compound libraries and the NCI natural product repository. NSC 676914 shows
activity against NF-xB (Nuclear factor kappa B) in luciferase reporter assays at concentrations much
less than the ICsq for AP-1. An SRE (Serum response element) reporter used as a specificity control
and indicator of cell proliferation was relatively insensitive to the compound. Pretreatment with NSC
676914 is here shown to repress TPA-induced IkB-a phosphorylation and translocation of p65/50 to
the nucleus, but not the processing of p52 from p100, suggesting inhibition of NF-xB regulator
IKKP rather than IKKa. Inhibition of NF-xB activation occurred as a consequence of blocking
phosphorylation of IKK. Induction of IxB-a phosphorylation by TPA was diminished by
pretreatment of NSC 676914 even at 1.1 uM. In contrast, kinases INK and ERK1&2, important for
AP-1 activation, showed no significant repression by this compound. Furthermore, a matrigel
invasion assay with breast cancer cell lines and a transformation assay in mouse JB6 cells revealed
that TPA-induced invasion and transformation responses were completely repressed by this
compound. These results suggest that NSC 676914 could be a novel inhibitor having potential
therapeutic activity to target NF-xB for cancer treatment or prevention.

Keywords
AP-1; NF-xB; IKK; Inhibitor; Screening

Introduction

AP-1 activation is important in regulating genes involved in normal cell proliferation,
differentiation, development and responses to external stimuli. Environmentally induced AP-1
dependent transcription can contribute not only to normal physiological processes but also to
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tumor promotion and progression. AP-1 activity is often elevated in human and mouse cancers
(via elevated Ras-MAPK signaling) and this elevation is required both to induce and to
maintain tumor phenotype (1-4). AP-1 activity therefore appears to be a promising target for
cancer prevention. Tumor promoter induced AP-1 activation can be repressed by a dominant-
negative c-Jun, TAMG67 in a transgenic mouse model, inhibiting tumorigenesis and tumor
progression without inhibiting cell proliferation or cell survival (4-8). This specificity of
TAMG67 has enabled the identification of genes the expression of which are critical for
tumorigenesis and tumor progression and might be targeted for cancer prevention.
Cyclooxygenase-2 (COX-2), Osteopontin, HMGAL, and Vascular endothelial growth factor
(VEGF) have been identified as functionally significant targets of TAMG67 (9-11). Targeted
inhibition of AP-1 activity without cell growth inhibition has identified TAMG67 as an efficient
molecular tool to prevent cancer development and progression (12). The genes whose
expression is inhibited by TAMG67 are those associated with inflammation, invasion and
metastasis rather than those associated with cell proliferation or cell survival (9). Exploiting
TAMG67 for therapeutic intervention however calls for using it as a gene therapy reagent,
something that awaits further development of delivery technology.

As an alternative approach to targeting AP-1, we sought small molecules that interfere with
the activation of AP-1 and that might recapitulate the specificity of TAM67. We established a
cell based high throughput screen (HTS) to identify specific inhibitors of AP-1 using HEK293-
T cells (Invitrogen) stably expressing a 3x AP-1 promoter driving a beta lactamase reporter
(13). Synthetic compound libraries and the NCI natural product repository were screened to
identify AP-1 Hits. The optimized HTS was validated and coupled with an XTT assay in the
same wells to exclude inhibitors of cell proliferation. Several compounds passed the HTS for
AP-1 inhibitors; an inhibitor was defined as a compound inhibiting TPA-induced AP-1 activity
by more than 50% and reducing cell viability (XTT assay) by less than 40% (13).

Because TAMG67 targets transcription factor Nuclear factor kappa B (NF-xB) in addition to
AP-1(2,12,14,15), and because both AP-1 and NF-«xB can be drivers of carcinogenesis (4,
16-18), we measured NF-«kB activation as a secondary assay. NF-kB-regulated genes are
important for cell differentiation, embryonic development, immune response and
inflammation, the latter contributing to carcinogenesis in several cancer sites (19-21).
Although NF-xB and AP-1 are regulated by different signaling pathways, cross-talk between
these pathways occurs, mediated in part by the ability of certain of the Jun and Fos family
proteins to interact with NF-«xB p65 (22,23). Therefore, the HTS for AP-1 inhibitors might also
identify NF-xB inhibitors.

NSC 676914 is one of the active compounds from a synthetic library, determined to have an
ICsq value of 17 pM for inhibition of TPA induced AP-1. Characterization of NSC 676914
revealed that at lower concentrations it selectively inhibits TPA induced NF-«B activation.
The mechanism involves inhibition of protein kinase IKKp.

Materials and Methods

Compound

The synthetic compound was provided by the Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis, National
Cancer Institute (Frederick, MD). NSC 676914 was originally identified as 1-[m-
methylanilinomalonyl]-3,5-dimethyl-4-[4'.beta.-sulphato ethyl sulphonyl phenyl azo]
pyrazole, with a molecular weight of 563.6. Spectroscopic examination of the compound by
NMR and LC-MS showed that the sample did not match the published structure. It was
subsequently purified by HPLC on Rainin Dynamax Cqg (2 x 25 cm) reversed-phase HPLC
eluting with a gradient of 20-60% acetonitrile in 0.05% aqueous TFA in 40 min at a flow rate
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of 10 ml/min to provide (Z)-2-(4-((4-amino-2-methylphenyl)diazenyl)phenylsulfonyl)
ethanesulfonoperoxoic acid (NSC 676914). The structure of NSC 676914 (Fig. 1A) was
assigned based on spectroscopic characterization and comparison to literature data of
structurally related compounds (24). This compound has been previously patented (25) but no
NMR data has been published. 1TH NMR (DMSO, 500 MHz) & 7.97* (2H, d, J = 7.5 Hz, H-2'
and H-6"), 7.87* (2H, d, J = 8.0 Hz, H-3' and H-5’), 7.61 (1H, d, J = 9.0 Hz, H-5), 6.52 (1H,
s, H-3), 6.48 (1H, d, J = 7.5 Hz, H-6), 3.96 (2H, d, J = 6.5 Hz, H-8"), 3.65 (2H, d, J = 6.5 Hz,
H-7"), 2.55 (3H, s, H-7)). 13C NMR (DMSO0, 125 MHz) § 155.98 (C-1"), 154.21 (C-4), 142.82
(C-1), 141.10 (C-2), 138.32 (C-4"), 129.18 (C-2' and C-6'), 122.18 (C-3' and H-5'), 117.49
(C-6), 113.99 (C-3), 112.34 (C-5), 59.25 (C-8'), 54.87 (C-7"), 20.67 (C-7).

*Assignments may be interchanged.

Transfection and Luciferase Reporter Assay

Plasmids

All expression plasmids were transiently transfected into HEK293 cells in a 96-well plate (0.1
pa/well) by using Effectene transfection reagent (Qiagen) according to the manufacturer's
manual. HEK293 cells were maintained in Dulbecco's modified Eagle medium (Sigma)
supplemented with 10% fetal bovine serum (Atlanta biologicals) and incubated at 37 °C in a
5% CO, incubator. After 24 hrs incubation, the medium was changed to DMEM with 0.2%
FBS, and the transfectants were exposed to various concentrations of NSC 676914 and TPA
(10 ng/ml). Cells were lysed with passive lysis buffer and the luciferase assay was performed
using the Firefly-Luciferase reporter assay system (Promega) and MLX Luminometer (Dynex
technology).

Three different luciferase reporter genes, AP-1 reporter containing four times TRE consensus
originated from GCN4 and SRE reporter purchased from Stratagene respectively are as
described previously (26). NF-xB reporter is driven by five times NF-«xB responsive element
inserted into Cis-reporter backbone (Stratagene). Others include mouse COX-2 promoter
region from —203 to +70 relative to the transcription site inserted into pTIS10L vector (27),
human uPAR promoter region from —141 to +47 relative to transcription start site in pGL3
vector (28), and human VEGF promoter sequence from —2274 to +379 inserted into the pGL2
vector (11).

Immunoblot Assay and Cytoplasmic and Nuclear preparation

To measure endogenous level of several proteins in response to TPA induction and NSC
676914, HEK293 cells were lysed with RIPA buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA,
0.1% sodium dodecyl sulfate, 0.1% deoxycholate, and protease inhibitor). Whole cell extracts
were subjected to immunoblot analysis with the following antibodies; p65 (F-6), p50 (E-10),
p52 (C-5), RelB (C-19), IxB-a (C-21), PCNA (F-2) were obtained from Santa Cruz. IKKa,
IKKB, IKKy, phospho-1kB-a, phospho-1KKa/B, phospho-1KKy, pohospho-Stat3 (Tyr 705 and
Ser 727), phospho-p65 (Ser536 and Ser276), phospho-p44/42, phospho-JNKSs were purchased
from Cell Signaling, and a-tubulin from Sigma. Nuclear and cytoplasmic extracts were
prepared with HEK?293 cells by NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce
Biotechnology) according to the manufacturer’s protocol.

Quantitative real-time PCR

Total RNA was isolated from HEK293 cells after pretreatment with varying NSC 676914 and/
or TPA stimulation by ToTALLY RNA kit (Ambion), and first-strand cDNA was synthesized
from 1pg of the isolated total RNA using the SuperScript 111 First-Strand Synthesis System

(Invitrogen) with random hexamers, oligonucleotide primers. cDNA was purified by QlAquick
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PCR purification kit (Qiagen) according to the manufacturer's manual. Real-time PCR was
performed with iQ SYBR Green Supermix (Bio-Rad) by iQ5 Multicolor RT-PCR detection
system (Bio-Rad). Primers for endogenous human IL-6 were designed by Primer 3 program
(http://frodo.wi.mit.edu/). Human glyceraldehyde-3-phosphate dehydrogenase (hGAPDH)
was used as a control. The sequences for RT-PCR are as follows: IL-6 F: 5’-
TACCCCCAGGAGAAGATTCC-3’, R: 5’-TTTTCTGCCAGTGCCTCTTT-3’ and
hGAPDH F: 5’-TGCACCACCACCTGCTTAGC-3’, R: 5’-
GGCATGGACTGTGGTCATGAG-3'.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed with the nuclear fraction of HEK293 cell using LightShift
Chemiluminescent EMSA Kit (Pierce Biotechnology) according to the manufacture’s
instruction. Oligonucleotides for NF-kB, NF-1, and AP-1 were labeled with biotin by Biotin
3’ End DNA labeling Kit (Pierce Biotechnology). The quantified 15 pg of nuclear extracts
were incubated for 20 mins with 1pg/ul Poly (dI-dC), biotin end-label target nucleotides in 20
pl binding buffer DNA-protein complexes were fractionated on 6% a polyacrylamide gel and
transferred to a nylon membrane. The membranes were processed to detect biotin-label DNA
by cross-linking, blocking, and detection incubations. Results were obtained by X-ray film
exposure for 10 sec and development. The target sequences of oligonucleotides for NF-«xB,
NF-1, and AP-1 are as follows; NF-kB F: 5’-GGTTACAAGGGACTTTCCGCTG-3’, R: 5’-
CAGCGGAAAGTCCCTTGTAACC-3’, NF-1F: 5’-
TTTTGGATTGAAGCCAATATGATA-3’, R: 5’-
TATCATATTGGCTTCAATCCAAAA-3’, AP-1F: 5’-
CTAGAGGTGTCTGACTCATGCTTTA-3’,R: 5’-
AGCTTAAAGCATGAGTCAGACACCT-3".

Invasion assay

Breast cancer cell lines, MCF-7, T47D, and MDA-MB-231 were used to measure the effect of
NSC 676914 on TPA-induced invasion activity using Matrigel Invasion Chamber (BD
Bioscience) according to the manufacturer’s protocol. Matrigel-coated chambers containing a
8 um pore size filter were fitted into a 24-well tissue culture plate. Briefly, breast cancer cells
(1 x 10° cells/ml) of each cell line were seeded into 6-well Matrigel-coated chambers with
DMSO, TPA, or TPA plus NSC 676914 conditions and incubated for 24 hrs. The invaded cells
on the bottom side were stained using Diff-Quik staining (Dade Behring) and photographed.
Three independent results were very similar.

Transformation assay

Results

JB6 cells (clone 41) were used to assess the inhibitory activity of NSC 676914 using CytoSelect
96-well Cell Transformation Assay (Cell Biolabs) as Soft Agar Assay according to
manufacturer’s instructions. Cells were incubated for 10 days in 0.4% agar medium over 0.6%
agar containing TPA or TPA with NSC 676914 or DMSO as a control. To measure anchorage-
independent growth, agar-layers were dissolved and lysed. 10 pl of the lysed solutions of each
well were mixed with CyQuant and the fluorescence read by iQ5 with a FAM filter of 485/520
nm. As an alternative analysis, cell dose curves of JB6 cells were quantified by the End point
using CyQuant to indicate relative anchorage-independent colony number.

NSC 676914 prevents activation of NF-kB

To evaluate whether the NSC 676914 biological activity can imitate TAMG67 specificity we
used three different transcriptional promoter reporters, AP-1, NF-xB, and SRE (Serum
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response element) in luciferase reporter assays (Fig. 1B). All three activities were induced by
TPA but only induction of AP-1 and NF-«xB were inhibited by TAMG67. The SRE reporter was
used as a specificity control and indicator of cell proliferation. TPA-induced SRE activity was
not repressed by TAMG67 when coexpressed with the SRE-Luc reporter in HEK293 cells (Data
not shown). In this study, we used the same concentration (10 ng/ml, 16.2 nM) and incubation
time (18 hrs) for TPA induction as previously used for the HTS (13) along with the presence
of NSC 676914 for 18 hrs incubation in addition to 1 h pretreatment. The screening results had
tested concentrations as high as 40 uM NSC 676914 with cell numbers showing 95.5 +/—6.2%
of DMSO control (ave +/—sd, n = 3) by the XTT assay in HEK293-T cells.

AP-1 luciferase activity was repressed to 50% of the activity with TPA alone after pretreatment
by NSC 676914 at 17.0 uM (Fig. 1B). SRE activity was also repressed but to a lesser degree
than AP-1. Surprisingly, TPA-induced NF-kB luciferase activity was completely blocked to
the non-induced level at 17.0 uM NSC 676914. NF-xB luciferase activity was dose-
dependently inhibited by NSC 676914 at all concentrations tested. The ICgg of NSC 676914
against TPA-induced NF-«xB was around 4 uM or about 1/4 of the 17.0 uM ICgq for AP-1
inhibition. The basal activity for NF-xB was also inhibited, but to a lesser extent, by NSC
676914 without TPA induction (Fig. 1B). In addition, NSC 676914 shows dose-dependent
inhibition of NF-xB induced by TNFa (Fig 1C). These results suggest that NSC 676914 may
preferentially target events needed for NF-xB activation rather than other transcription factor
activations. The magnitude of NF-kB activity remaining in the presence of NSC 676914
apparently suffices to support normal cell survival.

NSC 676914 inhibits phosphorylation of endogenous IkB-a and IKKa/

To characterize the activity of NSC 676914 in targeting events upstream of NF-xB, endogenous
levels of kinases involved in NF-xB activation were examined by immunoblot analysis (Fig.
2). The well-established critical upstream regulators of NF-«xB activation are IKKa, IKK, and
IkB-a. Stimulation of HEK293 cells with TPA resulted in induced phosphorylation of 1kB-a
as well as of protein kinase(s) | Kappa B Kinase o and/or B. The induced phosphorylation of
IkB-a following TPA stimulation was almost completely blocked after pretreatment with NSC
676914 at 17.0 and 8.5 pM (Fig. 2A upper). A similar potency for inhibition of IKKa/f
phosphorylation was seen (Fig. 2B). Moreover, the phosphorylation of 1kB-a was inhibited
even at 1.1 uM showing dose-dependent decrease by NSC 676914 pretreatment
(Supplementary Fig. S1). TPA-induced phosphorylation of IkxB-a was also inhibited by the
compound at 6 and 12 hours (Fig. 2A bottom), but not at 3 hrs (Data not shown). In addition
NSC 676914 inhibits TNFa-induced phosphorylation of IKKa/p (Fig. 2C bottom) and IxB-a
at 1 hour (Fig. 2C upper). We were not able to distinguish IKKf from IKKa in this analysis
with antibodies which detect phosphorylated IKKo at Ser176/180 and IKKf at Ser177/181.
TPA-induced phosphorylation of IxB-a is mediated primarily through IKKp catalytic activity
(29,30); thus it appears that NSC 676914 represses phosphorylation of IKK only or both
IKKB and IKKa. Phosphorylation of IKKy did not change in response to NSC 676914
pretreatment. The total protein levels of IKKa/B, IKKy, and IxB-a were not affected (Fig. 2A
& B). Thus, upstream activation events rather than transcription factor binding to DNA appear
to be targeted by NSC 676914 when it inhibits NF-xB induction.

We next evaluated the selectivity of NSC 676914 by measuring phosphorylation of proteins
involved in the AP-1 induction pathway (Fig. 2D). AP-1 dependent transcription can be
activated by MAP Kinases JNKs, ERK 1/2 (p44/42) (22,31). Immunoblot assay revealed no
repression of TPA-induced phosphorylation of endogenous INKs, ERK 1/2 (p42/44), or of
TPA inducible phosphorylation of an unrelated transcription factor STAT3 by pretreatment
with N SC 676914 at 17.0 uM and 8.5 uM. At these concentrations NSC 676914 in contrast,
completely repressed major regulators in the NF-xB activation pathway as shown in Figure
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2A & B. JNKs are activated by a variety of environmental stresses responsible for AP-1
activation through c-Jun phosphorylation. TPA-induced phosphorylation of INKs showed no
repression by NSC 676914 pretreatment. These results indicate that NSC 676914 does not
negatively regulate MAP Kinases that activate AP-1 or kinases that activate STAT3. Instead
it suppresses the phosphorylation of IxB-o needed for release from p65/p50 and of IKKs that
activate NF-kB. The mechanism by which NSC 676914 at higher concentrations inhibits AP-1-
luciferase as shown in Figure 1B is not known, but it can be said that this mechanism is
independent of JINK or ERK. The inhibition of AP-1 could be secondary to inhibition of NF-
kB, as p65 is known to positively transactivate c-Jun through binding to its b-Zip domain
(22).

NSC 676914 did not inhibit either IKKa or B in vitro

In an attempt to determine whether NSC 676914 interferes with ATP binding to the catalytic
site, we measured the activity of NSC 676914 with fully activated, phosphorylated IKKa or
IKKp. NSC 676914 showed no activity in an in vitro assay, the off-chip incubation mobility-
shift kinase assay measuring the ability to block phosphorylation of a peptide substrate of
IKKa or B (Supplementary Fig. S2). This result indicates that NSC 676914 does not inhibit
the activity of either IKKa or 3 by targeting its conserved ATP binding pocket. Whether this
compound interacts outside of the ATP binding pocket of IKK as an ATP non-competitive
inhibitor similar to BMS-345541 (32) is unknown. However, both NSC 676914 and
BMS-345541 at concentrations from 0.1 to 100 uM showed no inhibition of phosphorylation
of 1xB-a peptide substrate catalyzed by IKKp incubated with ATP ina vitro assay (Calbiochem;
K-LISA™ IKKB Inhibitor Screening Kit). BMS-345541, showed dose-dependent inhibition
of NF-«xB-Luciferase at 1 to 8 uM without inhibition of AP-1, similar to NSC 676914 (Fig. 1B
and Supplementary Fig. S3A). In contrast, other NF-kB inhibitors ATP competitive inhibitor
SC-514 and sulfasalazine showed similar or greater potency for inhibiting AP-1 and no sparing
of SRE in the luciferase assay (Supplementary Fig. S3B & C).

NSC 676914 inhibits TPA-induced nuclear accumulation of NF-kB p65/p50 by a mechanism
involving inhibition of IKKB

In order to further characterize the mechanism by which NSC 676914 acts as an inhibitor of
NF-xB activity, we monitored nuclear translocation of endogenous p65/p50 and RelB/p52
heterodimers. The activation of heterodimers p65/p50 and RelB/p52 occurs by distinct
pathways dependent on IKKf or IKKa catalytic activity. Repression of IKK would be
expected to influence nuclear translocation of p65/p50 while repression of IKKa would
influence processing of p100 to p52 (30). As shown in Figure 3A, nuclear translocation of p65
(also known as RelA) and RelB were induced by TPA and translocation in both cases were
remarkably repressed by pretreatment with NSC 676914. Translocation of p65 on the canonical
pathway depends on phosphorylation of IxB-a by IKKB. However translocation of RelB is
only dependent on IKKa, for processing of its dimer partner p52 from p100. This processing
depends on phosphorylation of p100 by IKKa (30,33). As seen in figure 3B, the processing of
p100 to nuclear p52 was not inhibited by NSC 676914 but was proportional to expression levels
of p100. NSC 676914 inhibited expression of p100 by an unknown mechanism. Thus because
NSC 676914 does not inhibit the processing of p100 to p52, it appears not to inhibit IKKa..
Instead NSC 676914 inhibits IKKp.

NSC 676914 does not appear to inhibit proteasome-dependent degradation. This is supported
by the observation of no interference with processing of p105 to p50 (Fig. 3B). As a control,
the processing of p105 to p50 was completely blocked by pretreatment with proteasome
inhibitor MG-132 (Supplementary Fig. S4). We also measured the level of p65 phosphorylation
at Ser536 known to be required for p65 transactivational activity. Exposure to NSC 676914
attenuated TPA induced phosphorylation at Ser536 and to a lesser extent at Ser276
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(Supplementary Fig. S5). The decline in phosphorylation of p65 at Ser536 was expected as
p65-S536 is phosphorylated at least in part by IKKp (34). The decline in Ser276
phosphorylation may be attributable to inhibition by NSC 676914 of another kinase such as
MSK1 or PKA (35,36). The possibility that NSC 676914 targets the upstream MAP kinase
kinase kinase TAK1 was not readily testable due to lack of a suitable antibody that can detect
endogenous expression. The fact that TAK1 is important for activating JNKs (37) and the
observation that activation of INKs were unaffected suggest that NSC 676914 acts downstream
of TAK1. TAK1 cannot however be excluded as a target of NSC 676914 because JNKs might
be phosphorylated by a kinase other than TAKZ1. If NIK (NF-xB inducing kinase) regulates
only the non-canonical pathway upstream of IKKa, then NIK targeting by NSC 676914 is
unlikely. However if NIK also can regulate the canonical pathway upstream of IKKp, one
cannot exclude the possibility that NIK could be targeted.

NSC 676914 inhibits DNA binding of NF-kB

To determine whether the effect of NSC 676914 on nuclear translocation of NF-«xB leads to
inhibited binding of NF-«kB proteins to DNA, we analyzed endogenous NF-kB DNA binding
activity by EMSA with a probe representing an NF-xB-dependent promoter (Fig. 4A & B).
The intensity of NF-xB probe and protein complex was increased by TPA stimulation (lane 3)
and pretreatment of NSC 676914 at 17 uM resulted in marked loss of binding complex. TPA-
induced binding complex was attenuated by pretreatment with NSC 676914 in a dose-
dependent manner (lanes 5-9). This binding inhibition parallels the inhibition of luciferase
reporter transactivation and inhibition of nuclear translocation of NF-kB proteins (Fig. 3A).
The TPA-induced binding complex disappeared when the labeled NF-kB oligonucleotide was
competed with an excess of unlabelled probe (90x fold). Specificity controls showed that NSC
676914 at 17 uM had little or no effect on NF-1 and AP-1 binding activity (Fig. 4C & D).
Taken together, these results suggest that NSC 676914 inhibits DNA binding as a consequence
of interference with nuclear localization of NF-kB proteins, a process that is regulated by IKK
activity.

TPA-induced transcriptional targets of NF-kB were repressed by NSC 676914 pretreatment

Inhibition of NF-xB transactivation would be expected to result in suppressed expression of
genes whose transcription depends on NF-«xB. Quantitative RT-PCR was used to measure
endogenous levels of IL-6 mRNA, transcribed from a gene whose transcription depends on
NF-xB but not AP-1. While TPA induction increased the IL-6 mMRNA by more than 10 fold,
pretreatment with NSC 676914 prevented more than half of the induction at concentrations as
low as 2.1 uM (Fig. 5A). We also examined the effect of NSC 676914 on several well-known
transcriptional targets of NF-«xB, also regulatable by AP-1, using luciferase reporter assays in
HEK?293 cells. Plasmids expressing luciferase reporters were driven by promoters for COX-2,
UPAR (urokinase-type plasminogen activator receptor), or VEGF. COX-2 and uPAR luciferase
activities after treatments with NSC 676914 showed similar dose-dependent inhibition (Fig.
5B). In contrast, NSC 676914 did not significantly affect the luciferase activity when driven
by VEGF promoter. One NF-IL6 and two AP-I-like sequences are located in the promoter
region of COX-2. uPAR promoter region contains one NF-kB-like sequence and two AP-1
binding sites, and VEGF promoter region has multiple binding sites for AP-1, HIF-1a, and
NF-«B-like. These mixed promoter regions of AP-1 and NF-«B in the COX-2 and uPAR are
known to be important sequences for their expression. However, VEGF has not shown direct
dependency on an NF-kB consensus sequence in the promoter region of mouse macrophages,
whereas several AP-1 and HIF-1a sites are required. Deletion of putative NF-«xB binding sites
from the VEGF promoter reporter showed no effect, suggesting that NF-xB is not directly
involved in VEGF transcription (38). The significant differential in sensitivity to NSC 676914
between VEGF versus COX-2 and uPAR as shown in Figure 5B, might be explained by the
relative importance of NF-«xB binding sites compared to AP-1 sites in the promoter region.
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These results establish that genes known to be dependent on NF-«B are transcriptionally
inhibited by NSC 676914.

NSC 676914 suppresses TPA-induced transformation and invasion

In order to evaluate the potential therapeutic activity of the compound, we considered tests for
the biological activity of NSC 676914. The compound is non-toxic to MCF-7, T47D, and
MDA-MB-231 breast cancer cells as estimated by XTT assay at 10 uM (Data not shown). To
determine the effects of NSC 676914 on invasion by breast cancer cell lines, amatrigel invasion
assay was used (Fig. 6A). We first confirmed the levels of phosphorylated IxB-a in TPA treated
ER-positive (MCF-7 and T47D) and ER-negative (MDA-MB-231) breast cancer cell lines and
compared the levels to those after pretreatment with NSC 676914. Although induced levels of
phosphorylated I«B-o varied with the cell line, IxB-a. phosphorylation was eliminated by NSC
676914 treatment in all three breast cancer cell lines (Data not shown). NSC 676914 also
produced no effect on the estrogen receptor activity in the ER-positive breast cancer cells using
ERE promoter luciferase reporter assay (Data not shown). The upper panel in Figure 6A shows
the overall picture of MBA-MB-231 cells with the chamber turned upside down and the lower
panel shows MBA-MB-231, T47D, and MCF-7 cells invaded through the Matrigel coated filter
located on the underside of chambers. Invasion capacity of breast cancer cells was increased
by TPA stimulation compared to DMSO treated vehicle control. However, NSC 676914
completely inhibited the TPA-increased invasion in the three breast cancer cell lines as well
as basal invasive activity in MBA-MB-231 cells. In another assay, to assess the inhibitory
effect of NSC 676914 on TPA-induced transformation, soft agar assays were performed in
mouse JB6 cells using the Cytoselect 96-well cell transformation assay. End RFU measuring
DNA concentration is proportional to the number and size of anchorage independent JB6
colonies (Fig. 6B). Transformation response to TPA was repressed to below vehicle control
level by NSC 676914 treatment at 17.0 uM to 2.1 uM. NSC 676914 even decreased
transformation response at 1.1 uM. This result is consistent with the immunoblot analysis
showing expression levels of phosphorylated 1xB-a inhibited by NSC 676914 treatment at 1.1
MM (Supplementary Fig. S1). Thus, these results demonstrate that NSC 676914, when it blocks
phosphorylation of 1kB-a, completely blocks the TPA-induced invasion in breast cancer cells
and the transformation response in JB6 cells.

Discussion

NSC 676914, initially identified in a high throughput screen for AP-1 inhibitors, shows greater
potency for inhibiting NF-xB activation. This compound was identified from synthetic
compound libraries, and was previously not known to function as a selective NF-xB inhibitor.
With an ICsgq of about 4 uM for inhibition of NF-xB reporter, NSC 676914 reduced
phosphorylation of IKKa/p significantly. The repressed phosphorylation of IKK produced
complete blocking of phosphorylation on IxB-a at concentrations as low as 8.5 UM. The
phosphorylation of IxB-a was reduced even at 1.1 pM NSC 676914 compared to its level with
TPA induction alone. Concentrations of NSC 676914 as low as 1.1 uM repressed NF-kB DNA
binding and transcriptional activation of NF-xB dependent genes. Moreover NSC 676914
inhibits tumor promoter induced transformation of JB6 cells and invasion of breast cancer cells.
These results suggest that single digit micromolar-range treatment is sufficient to inhibit NF-
kB transactivation required for tumor promotion and progression.

High selectivity and low toxicity can be valuable characteristics of a potential chemopreventive
agent against its target. These are characteristics that were sought in the original screen for a
TAMG67 (dominant negative c-Jun) mimetic. Although inhibition of cell proliferation or cell

survival can be useful features for cancer treatment and can be tolerated for prevention in high
risk groups, prevention generally calls for selectivity and minimal toxicity (18). For prevention
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utility, more than one screen for toxicity is needed. In addition to the previously reported XTT
assays, we used a Serum Response Element (SRE)-driven luciferase reporter to establish lack
of inhibition of cell proliferation by NSC 676914.

NSC 676914 inhibits IKKf without targeting MAP kinases or JAKs that activate STAT3. As
a consequence of targeting IKKB, NSC 676914 regulates the canonical pathway of NF-xB
activation. This results in interception of nuclear translocation of p65/50. Although the
expression of cytoplasmic p100 and of nuclear p52 was reduced, NSC 676914 did not inhibit
the processing of p100 to p52 that is known to depend on IKKa. The decrease in nuclear p52
can be attributed to inhibited expression of the p100 precursor, a process not known to involve
IKKa. The inhibitory activity and pharmacokinetic properties of the compound need further
testing in vitro and in vivo to determine ICsq against IKK and to identify any direct binding
targets of NSC676914 that may act upstream of IKKp activation.

The mouse epidermal JB6 model of transformation response variants has proven to be a unique
system for identifying molecular events that drive or inhibit tumor promotion (12).
Transformation sensitive (P+) JB6 cells, used in this study, respond to tumor promoter by
irreversibly acquiring a tumor phenotype as measured by anchorage-independence and
tumorigenicity. NSC 676914 inhibited TPA-induced transformation. NSC 676914
substantially inhibits the TPA-induced invasion of all breast cancer cell lines tested. The
inhibition of invasion by NSC 676914 is correlated with the repression of uPAR expression
required for invasion (39). These results suggest that NSC 676914 could be a novel inhibitor
having potential therapeutic activity to target NF-«xB for cancer treatment and prevention.
Assays for in vivo activity of NSC 676914 against tumorigenesis and tumor progression will
of course be important.

The NCI cancer screen data for NSC 676914 in the NCI-60 panel of human cancer cell lines

showed that leukemia and breast cancer cell lines are more sensitive to NSC 676914 for growth
inhibition than epithelial lines from other cancer sites. NSC 676914 at 1 uM inhibits the growth
of leukemia lines more than 50% but does not kill these leukemia lines at concentrations up to
100 pM. Most of the NCI-60 human cancer cell lines showed growth inhibition at greater than
10 pM. Thus in addition to inhibiting tumorigenesis (transformation) and tumor progression

(invasion), NSC 676914 may have potential for tumor growth inhibition in some cancer sites.

NF-kB selective inhibitors are important for cancer prevention and treatment. Obligatory
relationships between NF-kB activation and inflammation-associated cancer have been
demonstrated using several mouse models. NF-xB activation has been implicated in
inflammation associated liver, prostate and colon cancer induction in humans and mouse
models (20-22). Several antioxidants having electrophilic capacity such as cyclopentenone
prostaglandins, dimethoxylsulfoxide, glutathione and non-steroidal anti-inflammatory drugs
(NSAIDs) Ibuprofen, sulindac, as well as curcumin inhibit NF-xB activity but do not show
high selectivity. Aspirin, sulfasalazine, SC-514, and PS-1145 also inhibit NF-xB by
interrupting phosphorylation of IKK. Some of these agents are competitive inhibitors of the
ATP-binding site of IKKp (30,40,41). However, others such as BMS-345541 do not interfere
with the ATP-binding site but target amino acids on the kinase activation loop of IKK. These
non-ATP competitive inhibitors are interesting because they may act with greater specificity
than can be achieved when competing with ATP for binding to highly conserved sites (42). A
new IKKp inhibitor MLN120B acts as an ATP competitive inhibitor showing an 1Csq of 0.06
pM for IKKp (43,44). NSC 676914 shows a similar specificity as an inhibitor of NF-kB and
IKKB. NSC 676914 shows no activity to bind to the ATP binding pocket of IKKp. Unlike
MLN120B, NSC 676914 does not suppress cell proliferation. NSC 676914 appears to be novel
in completely inhibiting transformation of epithelial cells and invasion of breast cancer cells
at low concentrations. In conclusion, our findings suggest that NSC 676914 selectively inhibits
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Abbreviations

NSC National Cancer Institute screen compound

AP-1 activator protein 1

JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein kinase

TPA 12-O-tetradecanoylphorbol-13-acetate

XTT 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-

tetrazolium hydroxide
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Figure 1A
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Figure 1.

NF-«B is more sensitive to NSC 676914 inhibition than AP-1 or SRE-dependent transcription.
A, Molecular structure of NSC 676914. B, TPA-induced and basal Luciferase reporter activity.
HEK293 cells were transfected with AP-1, NF-kB, or SRE promoted luciferase reporter. The
transfected cells were pre-treated with varied concentrations of NSC 676914 or DMSO for 1
hour before 18 hours stimulation by TPA (10 ng/ml) or DMSO as vehicle. * A separate
experiment with NF-xB dependent luciferase only. C, NSC 676914 inhibits TNFa-induced
NF-«xB-luciferase activity. Luciferase activities with TPA or TNFa induction alone were set
at 100% and the relative activities with TPA or TNFa in the presence of NSC 676914 are
shown. Assays were performed with two independent experiments each in triplicate (C) or
quadruplicate (B).
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Figure 2.

NSC 676914 inhibits phosphorylation of IKKs and 1kxB-a. HEK293 cells were treated with
various concentrations of NSC 676914 or DMSO for 1 hour followed by induction with TPA
(10 ng/ml) for 18 hours (A upper, B, D) or 6 and 12 hours (A bottom) with TNFa (20ng/ml)
for 30, 60, and 120 mins (C bottom) or 60 mins only (C upper). Endogenous protein expression
was measured with whole cell extract by immunoblot analysis. Immunoblots were probed with
antibodies for (A, B) 1kB-a, phospho-IxB-a, a-tubulin, (C) IKK using antibodies for IKKa,
IKKB, IKKy, phospho-IKKa/B, phospho-1KKy, (D) phospho-JNKSs, phospho-ERK 1/2
(p42/44), and phospho-STATS3.
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Figure 3.

NSC 676914 inhibits translocation o f NF-xB (p65, RelB, p50) from cytoplasm to nucleus.
HEK?293 cells were stimulated with TPA (10 ng/ml) for 18 hours after pretreatment either with
various concentrations of NSC 676914 or DMSO for 1h. Nuclear and cytoplasmic fractions
were separated for immunoblot. A, p65 (RelA) and RelB. PCNA was used as loading control
for nucleus and a-tubulin for cytoplasm. B, p50 and p52 (antibodies also detect p105 and p100,
respectively).
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Figure 4.

NSC 676914 inhibits DNA binding of NF-«xB. A, Inhibition of NF-xB binding. EMSA analysis
of basal and TPA-induced NF-xB DNA-binding was performed with NF-xB oligonucleotide
probe on the nuclear fractions of HEK293 cells. HEK293 cells were treated with TPA (10 ng/
ml) for 18 hours following pretreatment with NSC 676914 or DMSO for 1 hour. The lane 1
was mixed with no extract of nuclear fractions of HEK293 cells. B, Semiquantitiative analysis
of EMSA using densitometry of the band in each lane from A. NF-xB DNA binding activities
were converted to the value of the maximal activity with TPA induction alone without NSC
676914. C, Lack of NSC 676914 effect on AP-1 and NF-1 binding. EMSA analysis of basal
and TPA-induced AP-1 (lane 1-9) and NF-1 (lane 10-12) DNA-binding was performed with
AP-1 and NF-1 consensus probes. D, Semiquantitiative analysis of EMSA was shown using
densitometry of the band in each lane from C.
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Figure 5B
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Figure 5.

NSC 676914 inhibits TPA-induction of NF-xB dependent genes. A, IL-6 mRNA expression.
Detection by quantitative RT-PCR showed TPA induced IL-6 mMRNA was repressed by NSC
676914 pretreatment. Total RNA was isolated and analyzed from 18 hours TPA-treated
HEK293 cells pretreated with NSC 676914 or DMSO for 1 hour. Human IL-6 mRNA was
normalized by GAPDH. B, Luciferase reporter assays of NF-kB targets. Promoter directed
luciferase reporters for COX-2, uPAR, and VEGF were transiently transfected into HEK293
cells separately. The cells were pretreated with NSC 676914 followed by exposure to TPA (10
ng/ml) or DMSO for 18 hours. The luciferase activity attained by TPA induction only was set
at 100% and used to compare the activity in the presence of NSC 676914. Assays were
performed in triplicate.
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Figure 6A a
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Figure 6B
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Figure 6.

NSC 676914 inhibits TPA induced and basal invasion of breast cancer cells and transformation
of JB6 cells. A, A matrigel invasion assay in breast cancer cells. Three human breast cancer
cell lines, MDA-MD-231, T47D, and MCF-7 were distributed in BD Biocoat matrigel invasion
chamber and invasion activity was stimulated by TPA (10 ng/ml) for 48 hours after
pretreatment with NSC 676914 or DMSO for 1h. Only invasive cells can digest the matrix and
move through the chambers. (Values, relative ratio compared to vehicle.) ** The MDA-
MB-231 cell line was tested with NSC 676914 (17 uM) alone without TPA induction. B,
Anchorage-independent transformation response. JB6 cells were suspended in soft agar and
incubated with medium containing TPA (10 ng/ml) with NSC 676914 or DMSO for 10 days.
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