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Abstract

The Class | MAGE proteins are normally expressed only in developing germ cells but are often
aberrantly expressed in malignancies, particularly melanoma, making them good therapeutic
targets. MAGE proteins promote tumor survival by binding to the RBCC region of KAP-1 and
suppressing p53. Although, suppression of MAGE expression, by RNA interference, relieves p53
suppression and inhibits tumor growth, its therapeutic uses are limited by lack of methods for
systemic delivery of small interfering RNA. To overcome this barrier, we sought to discover
chemical compounds that inhibit binding between MAGE and KAP-1 proteins. Based on
previously published effects of MAGE suppression, we developed a strategy for screening a small
molecule library based on selective death of MAGE positive cells, activation of p53 and lack of
caspase activity. We screened the Maybridge HitFinder library of compounds and eight
compounds fulfilled these criteria. Seven of these compounds interfered with co-precipitation of
MAGE and KAP-1, and three interfered with binding of MAGE and KAP-1 in a mammalian two
hybrid assay. We now report identification of three potential compounds that interfere with
MAGE/KAP-1 binding and can be developed as novel chemo-therapeutic agents for treatment of
advanced melanoma and other cancers.
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Introduction

Melanoma is not the most common but it is the most deadly form of skin cancer. The
American Cancer Society estimates that about 120,000 new cases of melanoma are
diagnosed every year in the USA (http://www.skincancer.org/Melanoma/). Early stages of
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melanoma can be surgically removed but advanced melanoma is associated with mortality
and requires comprehensive treatments often associated with toxicity. Melanoma Associated
Anti-GEns (MAGE) were first discovered in melanoma and are also known as Cancer
Testes Antigens because they are expressed in cancers and male germ cells, but not in
normal tissue. In addition to melanoma, MAGE proteins are expressed in many other types
of tumors, such as head and neck squamous cell carcinoma, lung carcinoma and breast
carcinoma.

The human MAGE genes are classified into two categories based on their chromosome
location [1]. The Class | MAGE genes include 28 members of the human A, B, and C
families and two murine Class | families, mMage-a and mMage-b [2-9]. The conserved
MAGE homology domain (MHD) represents about 70% of the protein. Functions of the
MHD MAGE have not been well studied. Expression of Class | MAGE genes is normally
suppressed in all somatic tissues by hypermethylation of critical promoter region CpG
dinucleotide islands [7,10]. As a result, MAGE proteins are normally expressed only in
developing sperm and fetal ovarian germ cells [11-17]. Global hypomethylation, which
occurs during epigenetic reprogramming in many cancers, frequently causes
hypomethylation of Class | MAGE promoters and aberrant MAGE protein expression in a
wide variety of cancers [8]. We have previously shown that suppression of MAGE proteins,
by RNA interference, decreases tumor cell survival in vitro [18,19] and prolongs survival in
a syngenic mouse model of melanoma [19]. However, effective systems for suppression of
MAGE by systemically administered small interfering RNA in humans are not currently
available although it may be possible to achieve the same result by interfering with MAGE
function.

Expression of Class | MAGE genes results in suppression of p53 expression and function.
p53 dependent apoptosis is induced by MAGE knockdown in MAGE positive cancer cells
[19,20]. MAGE proteins cause p53 suppression by binding to KRAB domain-associated
protein 1 (KAP-1) [19,20]. KAP-1, also known as TRIM28, Tif1p, or Krip1, is a universal
co-repressor protein, causes transcriptional repression and acts as a molecular scaffold [19].
KAP-1 can suppress p53 by forming complexes with HDM2 and stabilizing HDM2
interactions with p53 [21]. It may also target p53 by acting as E3 ubiquitin ligase, whose
activity is enhanced by MAGE proteins [19,20]. MAGE dependent activation of KAP-1 E3
ubiquitin ligase and suppression of p53 requires its binding to the RBCC region of KAP-1
[19].

Unlike ubiquitously expressed KAP-1 and p53, MAGE proteins are selectively expressed in
cancer cells and can be specific therapeutic targets. As binding of MAGE to KAP-1 is
required for p53 suppression, interference with MAGE and KAP-1 binding offers
exquisitely tumor specific target [19,20]. To test this possibility and to develop new
approaches for cancer therapy, we have developed a system for identifying small molecule
inhibitors of MAGE-KAP-1 binding and function. In this study, we focused on MAGE-A3
and MAGE-C2 as they are the MAGE family members that are commonly expressed in
cancers. Here we demonstrate high throughput screening of Maybridge HitFinder library, a
collection of 14,400 compounds, based on cytotoxicity, p53 activation, and negligible
caspase activity in MAGE positive cells. We, hereby, report three potential compounds that
disrupt association of MAGE and KAP-1 and can be further developed as therapeutic agents
for advanced melanoma and other cancers.
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Materials and methods

Cell lines

A375 melanoma cells and CHO cells were obtained from ATCC (Manassas, VA) and
propagated as recommended. The CellSensor® p53RE-bla HCT-116 cell line was purchased
from Invitrogen (Carlsbad, CA) and cultured under continuous selection with Blasticidin.
Cells were maintained at 37 °C, with 5% CO, and 90-95% humidity in a tissue culture
incubator.

The Maybridge HitFinder library

The Maybridge HitFinder library was purchased from Thermo-Fisher Scientific (Waltham,
MA\). It consists of 14,400 premier compounds representing drug-like diversity. All
screening compounds fit Lipinski guidelines for “drug-likeness”, and all have purity greater
than 90%. The library is arrayed in 45 384-well microtiter plates and is available for
screening at 1 mM and 0.1 mM stock concentrations. These are individually designed
compounds, produced by innovative synthetic techniques and have the potential for
structural alterations to increase in efficacy and decrease potential toxicity.

High throughput screening

We screened Maybridge HitFinder library, a collection of 14,400 compounds, for their
ability to (1) cause selective death of MAGE positive cells, (2) activate p53 in MAGE
positive cells, and (3) cause death with low or no activation of caspase. High throughput
screening was performed at the Keck Small Molecule screening Facility at the University of
Wisconsin Comprehensive Carbone Center (UWCCC), Madison, WI.

p53 activation screen

We used a p53 responsive assay with a quantitative B-lactamase read out that employs
CellSensor® p53RE-bla HCT-116 cell line (Invitrogen, Carlsbad, CA). CellSensor® p53RE-
bla HCT-116 cell line has been modified from parental HCT-116 human colon cancer cell
line by stable integration of a beta-lactamase reporter gene under control of the p53
Response Element (p53RE). Modulation of p53 pathway can be measured selectively and
quantitatively as B-lactamase reporter activity. Cells were plated in 384 well plates and next
day were treated with compounds at 10 uM concentration. 24 h later, p-lactamase assay was
performed according to manufacturer’s directions. Briefly, cells were loaded with Live-
BLAzer™-FRET B/G Substrate (Invitrogen, Carlsbad, CA) for 2.5 h and fluorescence
emission values at 460 nm and 530 nm were obtained using a fluorescence plate reader.
Live-BLAzer"'-FRET B/G Substrate is an engineered fluorescent substrate containing two
fluorophores, coumarin and fluorescein. In the absence of B-lactamase activity, the substrate
molecule remains intact and excitation of coumarin results in fluorescence resonance energy
transfer to the fluorescein moiety and emission of green light. However, in presence of p-
lactamase activity, the substrate is cleaved, separating the fluorophores and disrupting
energy transfer. Excitation of the coumarin in the presence of beta-lactamase enzyme
activity results in a blue fluorescence signal. The resulting coumarin-to-fluorescein ratio
provides a normalized reporter response represented as Relative Fluorescence Units (RFU).

Cytotoxicity assay

Cytotoxicity of the compounds was estimated by CytoTox-Glo Cytotoxicity Assay
(Promega Corporation, Madison, WI), a luminescent assay that estimates dead cells ina
population. The assay isbased on the activity of intra-cellular proteases that are released
when cell membranes become porous in dying or dead cells. In this assay, the peptide
substrate used for these proteases, AAF-aminoluciferin (alanyl-alanylphenylalanyl-
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aminoluciferin), is impermeable and hence can be utilized only by extracellular proteases.
The lysed aminoluciferin is luminescent and can be estimated by a luminometer.
Cytotoxicity results are represented as Relative Luciferase Units (RLU).

Caspase assay

We have previously shown that apoptosis induced by MAGE knockdown is caspase
independent. In order to eliminate compounds that cause cell death by caspase dependent
mechanisms, therefore, probably not acting via MAGE-KAP-1 interactions, we measured
caspase activity by Caspase-Glo® 3/7 Assay (Promega Corporation, Madison, W1). We
chose caspase 3/7 assay because caspase 3 is a key mediator of caspase dependent apoptosis
in mammalian cells. This is a luminescent assay that utilizes the caspase-3/7 DEVD-
aminoluciferin substrate. Degradation of this substrate by active caspase 3/7 decreases
luminescence. Results are represented as Relative Luciferase Units (RLU).

Mammalian two hybrid assay

We used a modified mammalian two hybrid assay to directly measure binding of MAGE-A3
or C2 to KAP-1 and if the compounds interfere with this interaction. We modified a
commercially available mammalian two hybrid assay (Matchmaker™ Mammalian Two
Hybrid Assay Kit, Clontech, Mountain View, CA) by replacing the promoter of the bait
plasmids with a stronger CMV promoter, to drive expression of the bait fusion proteins,
resulting in increased sensitivity and reproducibility. pM plasmid (bait), empty or expressing
MAGE-C2, MAGE-A3, or the MHD regions of MAGEC2 and MAGE-A3, were cloned
under CMV promoter in p3xflag-CMV plasmid (Sigma—Aldrich, St Louis, MO). Similarly,
KAP-1 or RBCC region of KAP-1 were cloned in the pVVP-16 plasmid (prey). To quantify
the interaction of MAGE-A3 or C2 with KAP-1, and to determine if the compounds
interfere with this interaction, MHD region of MAGE-A3 or C2 was used as bait and the
RBCC region of KAP-1 was used as prey. The interaction was measured by the secreted
alkaline phosphatase (SEAP) assay using the Phospha-Light™ Secreted Alkaline
Phosphatase Reporter Gene Assay System (Applied Biosystems/Life Technologies
Corporation, Carlshad, CA) performed according to manufacturer’s directions. Briefly, CHO
cells were co-transfected with pM-3XFLAG-CMV, pVP16 and pG5SEAP vectors with
Lipofectamine reagent (Invitrogen, Carlsbad, CA). The next day, cells were treated with
various concentrations of compounds and 48 h later, SEAP activity was estimated. The
output was measured as secreted alkaline phosphatase (SEAP) and analyzed by a
luminescent substrate.

Western immunoblotting

A375 melanoma cells were treated with compounds at 10 uM concentration and collected
after 24 h. Cells were lysed in RIPA buffer and subjected to SDS-PAGE. Membranes were
probed with MAGE-C2 and Actin antibodies (SantaCruz Biotechnology, Santa Cruz, CA).

Co-immunoprecipitation

Protein lysates (500 ug) were immunoprecipitated with MAGE-C2 antibody (SantaCruz
Biotechnology, Santa Cruz, CA). Immunoprecipitates were subjected to SDS-PAGE and
immunoblotted with antibodies for KAP-1 (Novus Biologicals, Littleton, CO).

Results

Eight compounds were selected based on Primary High Throughput Screening

Fourteen thousand and four hundred compounds of the May-bridge HitFinder library were
screened in HCT116bla cells by high throughput testing of the library. Indiscriminant
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cytotoxic and auto-fluorescent compounds were eliminated. Based on our previous studies
and other published data, we selected the criteria to be (1) selective cell death, (2) p53
activation and (3) negligible caspase activity in MAGE positive cancer cells. Based on these
criteria, 22 compounds that induced cell death independent of caspase activation and
induced p53 activity as measured by B-lactamase read out were selected. After confirmation
of these results, eight compounds were further selected, based on highest p53 activity (1.0
RFU or higher) and lowest caspase activity (2.5 RLU or higher), as compared to controls

(Fig. 1).

Seven compounds interfere with MAGE-C2 and KAP-1 binding

To determine effect of the selected compounds on MAGE positive melanoma cells, further
testing was done on A375 cells. A375 cells were treated, for 24 h, with HTS11125 (25 uM),
HTS04391 (15 uM), GK02432 (25 uM), JFD00211 (25 pM), KM09320 (10 uM), RF00201
(25 uM), SPB02270 (10 uM), SEW 00166 (25 uM). As shown in Fig. 2A, treatment of
A375 cells with these compounds results in decrease in MAGE-C2 expression ranging from
9% to 54%. We hypothesize that decrease in MAGE-C2 expression might represent
decreased stability or solubility of MAGE-C2 when it is not bound to KAP-1.

We have previously reported that MAGE-C2 co-precipitates with KAP-1. To assess the
effect of the selected compounds on binding of MAGE-C2 and KAP-1, protein lysates were
immunoprecipitated with MAGE-C2 antibody and probed with KAP-1 antibody. As
compared to control treatment, seven compounds HTS11125, GK02432, JFD00211,
KM09320, RF00201, SPB02270 and SEW00166, decreased co-precipitation of MAGE-C2
and KAP-1, whereas, HTS04391 increased in MAGE-C2 and KAP-1 co-precipitation (Fig.
2B).

Compounds interfere with binding of MHD-MAGE C2/A3 to the RBCC region of KAP-1

To more directly detect MAGE and KAP-1 binding, we developed a mammalian two hybrid
assay employing modifications of the Matchmaker Mammalian Two Hybrid Assay
(Clontech, Mountain View, CA). The modifications we made to the bait and prey plasmids,
as described in Materials and methods section, increased the sensitivity and reproducibility
and allowed us to quantify the interaction of MAGE-A3 or C2 with KAP-1, and to
determine if the compounds interfere with this interaction. In our assays, we found that
binding of the MHD region of MAGE to RBCC region of KAP-1 was stronger than binding
of full length MAGE and KAP-1, which confirmed our hypothesis that a common function
of the MAGE homology domain (MHD) is binding to KAP-1. Therefore, we used MHD
MAGE and RBCC KAP-1 to test the ability of the compounds to interfere with this function
of MHD MAGE. For our preliminary studies, we had focused only on MAGE-C2 but in
these experiments we also investigated binding of MAGE-A3 with KAP-1 and effect of the
compounds on it (Fig. 3). The bars, as value of SEAP activity, represent binding of MHD
MAGE A3 and C2 to RBCC KAP-1, as shown in Fig. 3A and B, respectively. We found
three promising candidates, HTS11125, GK02432 and SPB02270. As shown in Fig. 3,
SPB02270 showed the strongest inhibition of binding of MHD-MAGE A3 and C2 with
RBCC-KAP1, whereas, HTS11125 inhibited the binding to a lesser extent. GK02432
inhibits binding of MHD MAGE-A3 with RBCC-KAP-1, but no effect was observed on
MHD-MAGE-C2 binding with RBCC-KAP1. HTS04391 was used as a negative control
because it seems to increase MAGE-C2 and KAP-1 interaction in coimmunoprecipitation.

Discussion

MAGE proteins are expressed in many types of human tumors including at least 50% of
advanced malignant melanomas, 75% of non-small cell carcinoma of the lung, 70% of
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squamous cell carcinomas of the head and neck, 91% of carcinomas of the breast, and
smaller percentages of other cancers [5,22-27]. The fact that so many different malignancies
express MAGE proteins suggests that there is selective pressure for MAGE expression, and
several clinical correlations support this hypothesis. There is an association between
MAGE-A expression and advanced or aggressive melanoma, and MAGE expression has
been found in putative melanoma stem cells [5,22-28]. MAGE expression has also been
associated with aggressive clinical behavior in myeloma and malignant gammopathies
[22,25] and with acquisition of resistance to chemotherapeutic drugs by myeloma, ovarian
carcinoma, and meduloblastoma cell lines [22,26,29,30]. In addition, overexpression of
MAGE A3 promotes cell proliferation, increase in primary tumor size, and the number and
size of metastatic foci in an orthotopic xenograft model of thyroid cancer [31]. We have
previously shown that suppression of MAGE A and MAGE-C in melanoma and malignant
mast cell lines increases apoptosis and decreases cell growth in vitro [18,19] and that
knockdown of MAGE with systemically administered cholesterol conjugated siRNA
prolongs survival in a syngenic mouse model of melanoma [19]. These observations suggest
that interference with MAGE expression could have an impact on treatment of a wide range
of human tumors. Furthermore, because MAGE proteins are not expressed in adult somatic
tissues, target related side effects could be as limited as temporary infertility. Safe systems
for suppression of MAGE or other proteins in humans by systemically administered RNAI
are not currently available so we focused on identifying drug candidates that could interfere
with MAGE function.

We have shown that Class | MAGE proteins bind to the KAP-1 RBCC region and suppress
p53 [19]. As a multifunctional protein, KAP-1 is increasingly being recognized as a central
molecule in the regulation of p53, cell cycle and mitosis, DNA damage response, KRAB
domain zinc finger transcription factors (KZFTFs) functions and recently as a E3 ubiquitin
ligase [20,21,32—39]. Therefore direct targeting of KAP-1 in tumors would be anticipated to
have widespread side effects. However, because of selective expression of MAGE proteins,
targeting MAGE protein expression or function can be exquisitely specific target for
treatment of melanoma and other cancers. Herein, we show that MHD region of MAGE
binds to the RBCC region of KAP-1 and that this interaction can be inhibited by small
molecules. Here we report three compounds that inhibit MAGE and KAP-1 binding and
may be used as potential drugs. Further studies are required to develop these compounds as
potential therapeutic targets for cancer.
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Fig. 1.

Compounds selected from the Maybridge HitFinder library: their p53 activity, cytotoxicity,
and caspase 3/7 activity. Maybridge HitFinder library was screened by high throughput
assays for p53 activity, caspase 3/7 and MAGE specific cytotoxicity in p53RE-bla HCT-116
cell line, as described in Materials and methods section. Twenty-two compounds scored
high on these criteria and eight compounds were further selected based on the highest p53
activity (RFU of 1.0 or higher) and no or low caspase 3/7 activity (2.5 RLU or lower). p53
activity, cytotoxicity and caspase activation of these eight compounds is demonstrated in
this figure 1. As shown in the figure, three of the compounds, HTS11125, GK02432 and
SPB02270, show highest p53 activity (highlighted in red).
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Fig. 2.

Six of the eight selected compounds interfere with MAGE-C2 and KAP-1 binding in A375
cells. (A) A375 cells were treated with the eight selected compounds, collected 24 h post-
treatment and processed for SDS-PAGE and immuno-precipitation. (a) Immuno-blotting for
MAGE-C2, (b) B-actin, and (c) immuno-precipitation with MAGE-C2 antibody and
immuno-blotting for KAP-1. Note that six of the eight compounds decrease co-precipitation
of MAGE-C2 and KAP-1 (highlighted in red boxes). (B) Chemical structures of the
compounds.
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Fig. 3.

Three compounds interfere with MHD-MAGE C2/A3 binding to RBCC-KAP-1. We
employed mammalian two-hybrid assay to investigate direct binding of MHD MAGE C2/
A3 and RBCC-KAP-1 and the ability of the compounds to interfere with this binding. CHO
cells were transfected with the indicated plasmids, treated with selected eight compounds at
6.25 uM, 12.5 uM and 25 puM concentrations for 48 h and SEAP (secreted alkaline
phosphatase) activity was estimated. SEAP activity is demonstrated as RLUs. The bars
represent binding of MHD MAGE to RBCC KAP-1. (A) MHD MAGE A3 binding to
RBCC KAP-1. (B) MHD MAGE C2 binding to RBCC KAP-1. Based on the interference
with MHD-MAGE and RBCC KAP-1 binding, three compounds, HTS11125, GK02432 and
SPB02270, were identified with potential for drug development. HTS04391 was used as a
negative control.
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