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Abstract

Inactivation of the p53 tumor suppressor by mutation or overexpression of negative regulators
occurs frequently in cancer. Since p53 plays a key role in regulating proliferation or apoptosis in
response to DNA damaging chemotherapies, strategies aimed at reactivating p53 are increasingly
being sought. Strategies to reactivate wild-type p53 include the use of small molecules capable of
releasing wild-type p53 from key, cellular negative regulators, such as Hdm2 and HdmX.
Derivatives of the Hdm2 antagonist Nutlin-3 are in clinical trials. However, Nutlin-3 specifically
disrupts Hdm2-p53, leaving tumors harboring high levels of HdmX resistant to Nutlin-3 treatment.
Here we identify CTX1, a novel small molecule that overcomes HdmX-mediated p53 repression.
CTX1 binds directly to HdmX to prevent p53-HdmX complex formation, resulting in the rapidly
induction of p53 in a DNA damage-independent manner. Treatment of a panel of cancer cells with
CTX1 induced apoptosis or suppressed proliferation and importantly, CTX1 demonstrates
promising activity as a single agent in a mouse model of circulating primary human leukemia.
CTX1 is a small molecule HdmX inhibitor that demonstrates promise as a cancer therapeutic
candidate.
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Introduction

DNA-damaging chemotherapy is the first-line therapy for most types of cancer.
Unfortunately, side effects from this approach are significant and often dose limiting as
DNA damage leads to toxicity on normal cells. As one of the main pathways responsible for
the anti-cancer activity of DNA damaging chemotherapy involves the activation of p53,
strategies to activate p53 and subsequently p53-dependent cancer cell death without DNA
damage are highly valuable. The stabilization and subsequent activation of p53 protein is
well known to lead to either cell cycle arrest and/or apoptosis (1-5). Though p53 is mutated
in approximately 50% of all human cancers, wild-type p53 is extremely common in some
malignancies such as Acute Myeloid Leukemia (AML) and melanoma (6-9). Malignancies
in which p53 is often wild-type are particularly attractive targets for p53 activation
strategies. Though p53 is wild-type in certain cancers, it is generally accepted that it is
functionally inactivated. In these cases the inactivation of p53 often occurs through one or
both of its negative regulators, Hdm2 and HdmX.

Hdm2 and HdmX are highly homologous proteins that directly bind p53 and impair p53
functional activity. Hdm2 exhibits E3 Ubiquitin ligase activity and leads to p53
ubiquitination and subsequent proteasomal degradation. This activity helps to maintain low
basal levels of p53. HdmM2, similar to HdmX, can inhibit p53 transcriptional activity by
interacting with the N-terminal domain of p53. In normal cells, a defined balance in the
relative levels of Hdm2 and HdmX, either individually or cooperatively, regulate p53
functions, keeping target gene transcription at levels that do not cause apoptosis or cell cycle
arrest (10, 11). However, in cancer overexpression of one or both of these proteins can lead
to impaired p53 function and cancer development and/or progression. It is important to note
that HdmX and Hdm2 regulate p53-independent anti-tumor pathways as well leading to
activity of Hdm2/HdmX inhibitors in p53 deficient cells as well (12-14).

In order to induce p53 in a non-genotoxic manner, investigators have focused for a number
of years on the development of potent small molecule inhibitors of the Hdm2/p53 interaction
(15). For example, the small molecule nutlin-3 has been identified as an inhibitor of Hdm2
and p53 (16). Nutlin compounds mimic the critical amino acids within the p53 alpha-helix
that bind within the hydrophobic pocket of Hdm2 where p53 normally resides, and show
p53-specific antitumor properties (17). Studies surrounding nutlin-3 have proven successful
against malignancies such as B-cell chronic lymphocytic leukemia, multiple myeloma and
AML (18-20). Currently there are several clinical trials in progress to evaluate nutlin-3
derivatives as anti-cancer agents. Of note, in addition to strategies targeting wild-type p53,
several complementary approaches have been developed for cases in which p53 is mutant or
deficient (21-23).

Though there was initial excitement in targeting the Hdm2/p53 interaction as a therapeutic
strategy, this initial excitement over selective Hdm2 inhibitors, has been dampened by
observations that HdmX which also inhibits p53 activity, is overexpressed in a relatively
large percentage of cancers. In these relatively frequent cases the HdmX/p53 complex can
prevent the optimal induction of p53-dependent anti-tumor activity by Hdm2 inhibitors such
as nutlin-3 (24). In order to identify novel small molecules that can overcome HdmX-
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mediated p53 suppression, we performed a compound library screen. Our screen led to the
identification of the small molecule, CTX1, which exhibits potential as a cancer therapeutic
that can bind HdmX, induce p53 and kill cancer cells without the necessity of DNA damage.
Importantly, CTX1 exhibits potent activity even as a single agent and demonstrated superior
efficacy to nutlin-3 in a mouse AML model system.

Materials and Methods

Chemicals

Cell Lines

CTX1 was obtained from the Development Therapeutics Program at the National Cancer
Institute. CTX-1 biotin was synthesized in our laboratory. Doxorubicin, trypan blue and
nutlin-3 were obtained from Sigma. Recombinant GST-FXR, GST-p53, and GST-HdmX
were purchased from Abnova.

All cell lines were obtained from ATCC except OCI-AML3 which were obtained from
DSMZ. Upon receiving the cell lines, frozen stocks were prepared within 1-2 passages and
new stocks were thawed frequently to keep the original condition. The cell lines were
passaged for less than 6 months after receipt or resuscitation. They were also routinely
authenticated based on growth rate, morphology and viability and were frequently confirmed
to be mycoplasma free. The generation of the MCF7 shp53 cells and IMR90 cells were
previously described as well as the validation of the stable knockdown of p53 and
overexpression of HAmX and Hdm2 in these cells (24). Cells were cultured in RPMI-1640
media (Invitrogen) supplemented with 10% FBS (Invitrogen), penicillin G (100pg/ml) and
streptomycin (100ug/ml). The OCI-AML3 HDMX overexpressing cells were generated by
stable transfection of plvx-mcherry-HA-HDMX and isolation of m-cherry expressing cells
by flow sorting (BD FACSAria).

Cell cycle analysis

Cells were treated as described and fixed at —20°C in 90% methanol. Cells were washed in
PBS, treated with RNase A (final concentration 0.5ug/ml) (Sigma) and stained with
propidium iodide (Sigma) (50ug/ml). The cells were kept at room temperature for 60
minutes and analyzed by flow cytometry on a BD XL cytometer. The cell cycle was
modelled using the Modfit software (\erity House).

Western blot analysis

Western blot analysis was performed with p21, p53, p-serl5 p53, p-H2AX, PARP (Santa
Cruz), HdmX (Bethyl) and B-actin antibodies (Sigma). Cells were treated as indicated and
washed in PBS. Cells were centrifuged and lysed with a Triton containing lysis buffer.
Protein lysates (50 pg per lane) were electrophoresed on SDS-polyacrylamide gels and then
transferred to PVDF membranes (Millipore) using a wet transfer apparatus (Bio-Rad). The
membranes were blocked, incubated with the indicated primary antibodies at 4°C overnight,
and then the appropriate HRP conjugated secondary antibody. Protein bands were visualized
by autoradiography after incubation with enhanced chemiluminescence reagent (Millipore).
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Biotin-Immunoprecipitation
Briefly, Binding/wash buffer (Tris-buffered saline containing 0.1% Tween-20 detergent)
containing 2uM CTX1-biotin was incubated with 150ng of either recombinant HdmX and/or
P53 for 30 minutes. The samples were desalted (to remove unincorporated biotin) using
Zeba Desalt Spin columns (Thermo Scientific). The sample was mixed with prewashed
Streptavidin Magnetic Beads (Pierce) and incubated at room temperature for 1 hour with
mixing. The beads were washed, the bound antigen was eluted with sample buffer, and
western blot was performed.

P53 protein Immunoprecipitation

P53 antibody was coupled to magnetic beads with borate buffer using the Direct Magnetic
IP/Co-IP Kit (Thermo) according to the manufacturer's instructions. Next CTX1, Nutlin-3,
9-aminoacridine or DMSO (5uM final concentration) were added to individual tubes
containing 100ng of recombinant HdmX. The mixture was incubated at 4°C for 90 minutes
under mixing. 100ng of recombinant p53 was added to each tube and it was incubated for
another 2 hours at 4°C. The antibody coupled beads were then added for 2 hours at room
temperature on a mixer. The beads were washed twice with IP lysis buffer and the bound
protein was eluted with sample buffer and assessed by western blot.

Cell based Immunoprecipitaitons

Exponentially growing OCI cells cultures were treated with 3 uM CTX1, 8 uM Nutlin and or
15 uM RO-5963 for 4.5hrs. Whole-cell extracts were generated using modified RIPA lysis
buffer 25 mM Tris (pH 8.0), 100 mM NaCl, 0.5 mM EDTA, 0.50% NP-40 and complete
protease mixture tablet (Roche). Protein extracts (~750 pg) were precleared and immune
precipitation was performed using the direct magnetic IP kit (Pierce/Thermo Scientific) as
per the manufacturer's protocol. For the immunoprecipitation, mouse monoclonal anti-p53
(Santa Cruz) and rabbit polyclonal anti-HDMX (Bethyl Laboratories) were used. Immune
complexes were then collected, proteins were eluted and subjected to Western blotting with
the indicated antibodies.

Spectrophotometric Analysis

UV-VIS spectral scanning or wave scan measurement methods were adopted (Genesys 10S
UV-VIS Spectrophotometer, Thermo Scientific) in this study. Briefly either CTX1 or 9AA
compounds were mixed individually with recombinant HdmX protein in a 2:1 molar ratio in
normal saline. Sample were scanned with or without passing through a de-salting column
(Thermo Scientific) to ensure bound Protein-Compound complex were separated from
unbound compound. The Absorbance of various samples were measured over a specified
wavelength range of 200-700nm.

Biacore Study

Surface plasmon resonance (SPR) was performed on a Biacore T100 instrument (GE
Healthcare) at 25 degree C using PBSP+ (GE Healthcare) plus 5% DMSO as running buffer.
S series sensor CM5 sensorchip (GE Healthcare) was used to immobilize HdmX. CTX1
with increasing concentrations (156.3nM, 312.5nM, 625nM, 1.25uM, 2.5uM, and 5uM
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1.56uM) was injected over the surface at 30uL/min for 2min. 2M GnHCI was used for
regeneration of the surface. Data analysis and determination of affinity constants were made
using Biaevaluation3 software (GE Healthcare). The concentration series was fitted using a
1:1 Kinetics model.

The ELISA was done as previously described (25). Briefly, recombinant p53 was bound to
an ELISA plate (96-well format), and recombinant HdmX or Hdm2 were pre-incubated with
the indicated doses of CTX1 and Nutlin-3. The HdmX and Hdm2 were added to the wells
containing p53, and incubated for 1 hour. After extensive washing, the amount of HdmX or
Hdm2 bound to p53 was quantified using anti-Hdmx or anti-Hdm2.

Library screen

Approximately 5000 MCF7 cells stably overexpressing HImX and expressing a p21/ConA-/
Boal reporter were seeded in 96 well plates. The wells were treated with approximately
20,000 compounds at 10uM from libraries from 3 sources (Enamine, Prestwick, and the
National Cancer Institute) for 72 hours. Next the reported induction was measured using the
Beta-Glo Reagent (Promega) according to the manufacturer's protocol (Promega).

Cell growth and death measurements

Cell growth was assessed using the MTT assay (Trevigen) according to the manufacturer's
protocol. Cell death was assessed using Trypan blue staining by counting at least 200 cells
from two independent fields and/or using Annexin V staining (Santa Cruz) according to
manufacturer's suggestions. All cell death experiment values represent means +/— standard
deviations from at least two independent experiments

Mouse Xenograft

Results

6 week old female NOD/SCID/IL2Ry—/- mice (Jackson Laboratory) were injected into the
tail vein with 5x108 cells primary human AML cells (n=5 per group). Drug treatment was
started 2 days after tumor cell injection. Nutlin-3 was given by oral gavage (200mg/kg) and
CTX1 was injected i.p. (30mg/kg) five days a week for 3 weeks. Flow cytometry was
performed on bone marrow cells isolated from the mouse femur using a human specific
CDA45PE antibody (BD Biosciences) using a BD XL cytometer to confirm AML infiltration
into the bone marrow. The Case Western Reserve University Animal Research Committee
approved all of the animal protocols used in this study.

Screening for novel HAmX inhibitors

To identify activators of p53 in cells overexpressing HdmX, a cell-based screen was
employed. In setting up a screening protocol we looked for compounds capable of inducing
p53-dependent transcriptional activity of a p53-dependent reporter greater than 4-fold in
breast cancer cells in which p53 activity is inhibited through stable overexpression of
HdmX. We screened over 20,000 small molecules from a number of compound collections
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from Prestwick, NCI and Enamine. From this screen 6 compounds exhibited a reproducible
induction of the p53 reporter (Fig. 1A). Next the p53-dependence of reporter activation by
the positive compounds was assessed using the HdmX-overexpressing reporter cells stably
infected with shRNA directed against p53 or a control shRNA (Fig. 1B). Two compounds,
CTX1 and CTX6, exhibited strong p53-dependent reporter activation in the presence of high
levels of HAmX. As the disruption of the HImX/p53 interaction leads to a rapid induction of
p53 protein, we next tested the ability of CTX1 and CTX6 to induce p53 and its
transcriptional target p21 (Fig. 1C). Both compounds were found to induce p53 and p21
protein expression. Due to the higher activity of CTX1 on inducing p53-reported activation,
our studies have focused on this compound (Fig. 1D).

CTX1 rapidly induces p53 in a non-DNA damage dependent fashion

As the compound library screen was aimed at identifying compounds that induce p53 by
overcoming HdmX-mediated suppression, we predicted that unlike the vast majority of
chemotherapeutics, CTX1 can induce p53 independently of DNA damage. CTX1, unlike
doxorubicin (a well-known DNA damage agent) does not induce measurable DNA damage
as measured by common markers of DNA damage (phosphorylation of y-H2AX or p53
(ser-15)) at doses necessary for p53 induction (Fig. 2A—C). Therefore, CTX1-mediated p53
induction was found to be independent of genotoxic stress. Of note, CTX1 induces p53
rapidly (ex. 2 hours) supporting its direct role in stabilizing the p53 protein as opposed to
induction by DNA damage or transcriptional mechanisms (Fig. 2A and FigS1).

CTX1 exhibits specificity in targeting HdmX

To determine whether CTX1 is specific for overcoming p53 suppression due to HdmX,
Hdm2, or both, we utilized a fibroblast cell model system in which p53 was suppressed by
HdmX or Hdm2 overexpression. In addition as HImX inhibition should partially lead to cell
death through p53 induction, we also used cells in which p53 expression was knocked down.
This same cell model system was previously shown to define the specificity of the Hdm2
inhibitor, nutlin-3, for HAM2 (24, 26). CTX1 induced significant p53-dependent cell death
preferentially in HdmX-expressing cells (Vector or HdmX) as compared to cells in which
p53 is inactivated by Hdm2 overexpression or p53 is knocked down using p53 targeting
shRNA (Fig. 3A). This study demonstrates CTX1 shows specificity in targeting HdmX over
its homologue Hdm2. In addition, this model system further supports the ability of CTX1 to
overcome HdmX-mediated p53 suppression. To further confirm the ability of CTX1 to
overcome HdmX-mediated suppression of cell killing, we employed a leukemia cell model
system. Consistent with the fibroblast cell model, OCI-AML3 (OCI) cells overexpressing
HdmX were found to exhibit a similar sensitivity to CTX1 mediated cell killing as parental
cells in contrast to the HIm2 inhibitor, nutlin-3, that as expected demonstrates reduced
activity in the presence of high HdmX levels (Fig. S2A-B).

CTX1 directly interacts with HdmX and modulates p53-HdmX binding

In order to explore how CTX1 leads to p53 induction, we assessed whether or not CTX1 can
directly interact with HdmX and/or p53. In order to test for direct binding, we synthesized a
biotin-conjugated version of CTX1 (Fig. 1D). The CTX1-biotin compound exhibits similar
activity in cell killing to the parent compound (Fig. S2B). We found that CTX1 can directly
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interact with GST-HdmX, but not unrelated proteins such as GST-FXR by
immunoprecipitation (Fig. 3B and Fig. S3A). In addition, GST-HdmX can bind at least
weakly with p53. Biotin alone was confirmed not to bind with HdmX demonstrating the
CTX1 component of the CTX1-biotin conjugate is responsible for this interaction (Fig.
S3A).

In addition to testing the binding of CTX1 and HdmX through immunoprecipitations using
biotin-tagged CTX1, we also confirmed the interaction of HdmX with non-tagged CTX1
using two biophysical based approaches. First, we took advantage of the fact that CTX1, but
not HdmX exhibits a specific absorbance pattern that is detectable by a spectrophotometer.
After co-incubation of CTX1 with HdmX (and removal of free CTX1 by size exclusion
chromatography), not only does HdmX now exhibit an absorbance pattern, but there is also a
clear spectral shift of the absorbance pattern as compared to free CTX1 (Fig 3C). This
spectral shift is highly suggestive of an HImX/CTX1 interaction. In addition size exclusion
chromatography performed on CTX1 alone as a control demonstrates the absorbance seen
with the HImX/CTX1 sample is not due to residual non-bound CTX1 (Post-column
Residual control, Fig. 3C).

Interestingly, CTX1 is an acridine containing molecule and other acridine containing
compounds such as 9-aminoacridine (9-AA) have previously been shown to rapidly induce
p53 in a non-DNA damage dependent fashion possibly related to its ability to intercalate in
DNA (27). Interestingly, we did not detect binding of 9-AA to HdmX using the same
spectral studies suggesting a distinct mechanism of action (Fig. S3B).

Using another biophysical approach, we also demonstrated HdmX and CTX1 binding using
surface plasmon resonance (SPR). HdmX demonstrated strong binding to CTX1 (Kd
450nM) but not nutlin-3 (Kd 5.1pM) (Fig. S3C). Again 9-AA did not demonstrate any
binding to HdmX using SPR at doses up to 12.5uM (data not shown).

Besides assessing for interactions of CTX1 and HdmX, we assessed for the ability of CTX1
to directly impair the interaction of p53 and HdmX that could result in the observed
stabilization of p53 protein. Utilizing an ELISA assay, we found that CTX1 disrupted
HdmX/p53, but not HAM2/p53 interactions (Fig. 3D). In contrast the HIM2 inhibitor,
nutlin-3, disrupts the interaction between p53 and Hdm2, but not p53 and HdmX. To further
confirm the ability of CTX1 to disrupt HdmX and p53 binding, we performed co-
immunoprecipitation assays using both purified recombinant HdmX and p53 as well as
native protein in OCI cells (Fig. 3E-F). Utilizing these assays, we further demonstrate that
CTX1, but not 9-AA or a standard DNA damaging agent, doxorubicin, impair the binding of
HdmX and p53. As a control, we also found that the compound RO-0596 which has been
reported to impair HdmX/p53 binding also disrupts binding in our immunoprecipitations
(28). This result suggests that CTX1's ability to impair HdmX/p53 binding is specific and is
not simply due to its acridine moiety.

CTX1 impairs cancer cell growth

In order to explore the effects of CTX1 on cancer cell growth and survival, we tested the
ability of CTX1 to inhibit the growth and/or kill a panel of wild-type p53 cancer cell lines
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including HCT116, Hela, A549, MCF7, LNCaP, OCI-AML3 (OCI), and MOLM-13. In
addition, mutant p53 cell lines (HT29, DLD1 and K562) and p53 deficient cells (HCT116
p53-/-, A549 shp53, and Jurkat) were tested (HdmX and p53 status of cell lines are
summarized in Table 1). CTX1 was tested alone as well as at lower doses in combination
with the commonly used Hdm2 inhibitor, nutlin-3. These studies revealed that low doses of
CTX1 and nutlin-3 led to cooperative killing when combined with nutlin-3. In addition,
while CTX1 can clearly cause death of p53 deficient cancer cells, testing of isogenic cells
(HCT116 and A549) demonstrated a modest increase in killing of p53 expressing cells. Of
note, HdmX can lead to induction of both p53 dependent and independent pathways. Also of
note, the leukemia cell lines tested demonstrated an increased sensitivity to CTX1-mediated
cell killing as compared to the solid tumor cell types (Fig. 4A-C, Table 2, and Fig. S4). As
CTX1 can induce cell killing in p53 mutant cell lines, we also investigated whether or not it
can stabilize mutant p53 levels. As seen in Supplementary figure 4C, CTX1 can induce p53
protein levels in the p53 mutant cell line, HT29. Besides cell lines, we have also found that
CTX1 exhibits potent activity (LDsg ~ 1uM) as a single agent on primary AML patient
samples in a similar fashion to AML cell lines (Table 2).

Cell cycle analysis of paired p53-expressing and p53-deficient cancer cell lines (HCT116
and A549) also demonstrates that CTX1 mediates growth inhibition partially through a p53-
dependent pathway. For example, after 16hr of treatment with CTX1 in HCT116 p53-wild-
type cells there is a decrease in S phase from 23% to 3% while HCT116 p53-null cells
exhibit a reduction in S phase from 34% to 28% (Fig. 4B and Fig. S4A). While both
HCT116 and A549 p53-wild-type cells exhibit a dramatic reduction in S phase, HCT116
also see a modest accumulation of cells in the G2/M phase. Interestingly other agents have
also been reported to preferentially accumulate HCT116 cells in G2/M as compared to A549
cells suggesting differences in cell cycle regulatory pathways (29).

To further characterize the mechanism of cell killing Annexin-V staining was done to assess
for apoptosis in HCT116 p53-wildtype and p53-null cells. The combination of low doses of
CTX1 and nutlin-3 led to a significant enhancement of apoptosis in p53-wildtype, but not
p53-null cells (Fig. 4C and Fig. S4B).

In agreement with the synergistic and additive induction of cell death when combining
CTX1 and Hdm2 inhibition, we also observed a modest increase in p53 protein induction,
the p53 target protein Hdm2 and a marker of apoptosis, PARP cleavage, in cells treated with
the combination regimen (Fig. 4D-E).

In addition to p53 induction, we also assessed the regulation of Hdm2 and Hdmx in response
to CTX1 alone as these proteins are known to be induced and downregulated by nutlin-3
respectively. We observed that the expression of these proteins were not markedly impacted
by CTX1 alone, however, Hdm2 induction was enhanced by CTX1 (likely due to enhanced
p53 induction) (Fig 4E).

CTX1 exhibits high in vivo activity

As CTX1 represents one of the few examples of a compound that can induce p53 and kill
cancer cells in a genotoxic-independent fashion, we performed mouse efficacy studies in
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order to begin to explore its clinical potential. We utilized a highly aggressive AML model
system for this study as this is a disease unlike most malignancies in which wild-type p53
status is extremely common and new therapeutics are urgently needed. The ability of CTX1
(30mg/Kkg i.p.), nutlin-3 (200mg/kg p.o.) or the combination to impact the growth of primary
human AML cells (wild-type p53) in immunodeficient mice was assessed. This model
system closely mimics the human disease as it utilizes a primary patient sample and the
leukemic cells circulate in the mouse and proliferate in the bone marrow. Utilizing a primary
human AML sample, CTX1 even as a single agent significantly enhanced the survival of
mice in this model system (Fig 5). Of note this model system is clinically important as there
are no existing therapeutics that are efficacious in this patient population. While all of the
vehicle mice succumbed to disease by 60 days after cell injection, mice treated with CTX1
alone or in combination with nutlin-3 had a significantly increased survival time (p<0.0001
log rank test).

Importantly, CTX1 exhibited significant anti-cancer activity alone as well as in combination
with nutlin-3. There was a significant survival advantage of CTX1 treatment as compared to
nutlin-3 in this mouse model using a standard dosing regimen for nutlin-3 while further
studies are necessary to identify optimal CTX1 dosing. This work suggests that CTX1 may
have potential even as a single agent. In addition to efficacy, the mouse studies also
demonstrate the potential safety of CTX1. The mice treated with CTX1 alone or in
combination with nutlin-3 gained weight in a similar fashion to the vehicle treated mice and
did not show any obvious signs of toxicity. This study shows the potential of CTX1 as a
leukemia therapeutic and that HdmX inhibitors alone may be a promising therapeutic
strategy. Overall, we have identified a novel HdmX inhibitor that is a promising potent anti-
cancer agent with apparent low toxicity that is worthy of further development.

Discussion

P53 is a major regulator of cancer cell growth and drug resistance. While many cancer cells
exhibit p53 mutations to inactivate p53, another mechanism to regulate p53 function is
through the up-regulation of negative regulators such as HdmX and Hdm2. By targeting
these negative regulators of p53, it is possible to directly activate p53 without the necessity
of DNA damage. Our objective was to identify a small molecule inhibitor that could
overcome HdmX-mediated suppression of p53. Since HdmX is overexpressed in a large
number of cancers and Hdm2 inhibitors such as nutlin-3 do not show significant efficacy on
cancer cells that overexpress HdmX, the development of small molecules targeting HdmX is
important. Targeting HdmX is also known to have anti-cancer properties that are
independent of p53. Another potential advantage of HdmX inhibition, is that it has been
predicted to be safer than Hdm2 inhibition as the lack of the mouse homologue, Mdm2 but
not Mdmx, leads to significant p53-dependent toxicities in normal adult tissues (30).

While there are numerous studies demonstrating the potential for small molecules capable of
inhibiting HdM2/p53 interactions there are extremely few reported small molecules which
have been shown to be capable of inhibiting HdmX/p53 and none that have demonstrated
both cell and animal efficacy. It is not clear that the compounds reported previously as
Hdmx/p53 inhibitors are suitable for clinical development (reviewed in (28)). SJ-172550 is a
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compound recently described as an HImX/p53 inhibitor, but the authors concluded that the
compound was not suitable for further development as it forms cysteine adducts with Hdm2
and HdmX (31, 32). Another small molecule, WK298, was reported to disrupt HdmX/p53
interactions but does not exhibit any cellular activity (33). Finally, RO-5963 is a dual Hdm2
and HdmX inhibitor though it exhibits weaker activity against the Hdm2/p53 interaction in
cells (15, 28). This molecule exhibits a unique mechanism of action distinct from CTX1 as it
has been reported to impair HdmX/p53 binding by stabilizing HdmX/Hdm2 heterodimers,
however, the /n vivo activity of this agent has not been described. Besides small molecule
inhibitors, a stapled p53 helix and peptide inhibitors have also been reported (25, 34).
Therefore, the identification of CTX1 that demonstrates both in vitro and mouse in vivo anti-
cancer efficacy is important for the potential clinical targeting of the HdmX mediated p53
suppression in patients. Besides direct inhibitors of Hdmx/p53, other investigators have
taken alternative and potentially complementary approaches to induce p53 in a non-
genotoxic manner. For example, NSC207895 is a compound that modulates HdmX
transcription and other groups have developed E3 ubiquitin ligase inhibitors (28, 35, 36).

The identification of CTX1 as an HdmX/p53 inhibitor was unexpected as CTX1 contains an
acridine ring structure which is found in many other well-known compounds tested as anti-
cancer agents that can induce DNA damage. Interestingly, however, there are also several
acridine containing compounds that like CTX1 can induce p53 in a non-DNA damage
dependent fashion. For example, quinacrine and 9-aminoacridine (9-AA) have been shown
to exhibit this property and their anti-cancer activities have been attributed to a combination
of p53 induction and NFKB inhibition (27, 37). Though CTX1 shares some structural
similarities with 9-AA, the mechanisms of p53 induction do not appear to completely
overlap as 9-AA was not found to be capable of disrupting HdmX/p53 interactions or to
interact with HdmX.

Though CTX1 can disrupt HImX/p53 interactions, induce p53, and cause p53-dependent
cell death, it clearly also can induce cell death through additional pathways. These p53-
independent activities of CTX1 fit well with the fact that HdmX (as well as Hdm2) are
known to exhibit many p53-independent anti-tumor pathways (12-14). It will be interesting
to see if some of these p53-independent pathways overlap with those reported for other non-
DNA damaging acridine agents such as 9-AA. In addition, these p53-independent pathways
suggest CTX1 may have utility for p53 deficient tumors as well.

Though the /n vitro activity of CTX1 is strongly enhanced by concurrent Hdm2 inhibition
using an agent such as nutlin-3, CTX1 alone is a promising lead anti-cancer agent. The
potential of CTX1 as a single agent can be seen from the efficacy of CTX1 in a circulating
AML mouse model system. In these studies CTX1 alone showed significant efficacy that
was higher than nutlin-3 using a standard nutlin-3 dosing regimen. Of note the standard
AML therapeutic cytarabine also does not demonstrate efficacy in this aggressive disease
model. CTX1 further was well tolerated in mice and did not show any overt evidence of
toxicities. Overall, we identified a novel potent small molecule inhibitor, CTX1, which is
capable of binding Hdmx, overcoming HdmX-mediated p53 suppression in a non-genotoxic
manner and inducing cancer cell death particularly in combination with an Hdm2 inhibitor.
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CTX1 exhibits anti-cancer both /n vitroand in vivo and therefore has potential to be
developed into a novel targeted therapeutic.
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Figure 1. Identification of novel HdAmX inhibitors
A. Identification of novel compounds that induce a p21/ConA-f-gal reporter in MCF7 cells.

MCF7 cells were treated for 24hr with the indicated compounds (2uM) and p-gal activity
was measured. B. CTX1 and CTX6 exhibit p53-dependent activation of the reporter
construct. MCF7 and MCF7shp53 cells were treated with the indicated compounds and f3-
gal activity was measured as described in figla. C. CTX1 and CTX6 induce p53 and p21.
MCF7 cells were treated with CTX1 (2uM), CTX6 (3uM), or nutlin-3 (10uM) for 6hr and a
western blot was performed. D. Structure of CTX1 and CTX1-biotin. Error bars represent
standard deviation.
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Figure 2. CTX1 rapidly induces p53 independent of DNA damage

Page 15

A-B. MCF7 cells were treated with CTX1 (3uM) or Doxorubicin (1uM) for the indicated

times (hours) and western analysis was performed for markers of DNA damage (p-p53

(Ser15) and p-H2AX). C. HCT116 cells (left panel) or OCI cells (right panel) were treated
with the indicated doses of CTX1 or Doxorubicin for 9 hours and western analysis was

performed using the indicated antibodies.
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Figure 3. CTX1 specifically targets and directly binds to HdmX
A. CTX1 preferentially Kills cells transformed by HdmX and not Hdm2 or shp53. IMR90

cells overexpressing the indicated constructs were treated with increasing doses of CTX1 (1,
2.5 and 5pM) and assessed for cell death at 72hr by trypan blue staining. B. CTX1 binds
HdmX and to a lesser extent p53. Recombinant p53, HdmX, and/or biotin-CTX1 were
incubated in vitro and streptavidin beads were used to pull down the protein complex. The
bound protein was eluted and analyzed by western blot with the indicated antibodies. C.
Spectral studies suggest CTX1 and HdmX directly interact. CTX1 and HdmX alone
represent the spectral pattern of both agents without purification. The CTX1+HdmX sample
and CTX1 Postcolumn Residual samples underwent size exclusion chromatography to
remove unbound CTX1. D-E. CTX1 disrupts the interaction of recombinant HdmX/p53 but
not HdM2/p53 by ELISA and co-immunoprecipitation. The indicated drugs were used as
controls. F. CTX1 disrupts the interaction of HdmX/p53 in cells. Immunoprecipitations were
performed as indicated using lysate from OCI cells treated with the indicated drugs or a
DMSO control. Error bars represent standard deviation.
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Figure 4. CTX1 induces apoptosis and growth arrest of cancer cells
A and C. The combination of CTX1 and nutlin-3 lead to significant apoptosis. The indicated

cell lines were treated with CTX1 3uM (MCF7), 4uM (A549), 2uM (HCT116), 4uM
(LNCaP) 0.75uM (OCI); nutlin-3 (5uM), or a combination for 72hr and cell death was
assessed by trypan blue exclusion. B. CTX1 preferentially impairs the growth of cells
expressing wild-type p53. HCT116 p53+/+ or p53-null cells were treated with CTX1 (2uM)
and cell cycle analysis was performed using Pl staining at 16hr D—-E. CTX1 and nutlin-3
cooperate to induce p53, Hdm2 and PARP cleavage. OCI cells were treated for 24hr (D) and
2hr (E) with the indicated compounds and western analysis was performed. Error bars
represent standard deviation.
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Figure 5. CTX1 demonstrates significant anti-cancer activity in vivo
NSG mice (n=5 per group) were injected with primary human AML cells by the tail vein

(5%x108 cells in 100ul of media) and mice were treated with CTX1 (30mg/kg ip) or Nutlin-3
(200mg/kg po) and assessed for survival. Log rank test, p<0.0001.
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HdmX mRNA expression values were obtained from the Cancer Cell Line Encyclopedia Project (http://

Table 1

p53 and HdmX statuses of cell lines used

www.broadinstitute.org/ccle/home) (38).

OCl
Jurkat
Hela
LnCAP
HCT116
Molm-13
K562
HT29
DLD1
MCF7
A549

p53 status HAMX log MRNA expression

wild-type
null
wild-type
wild-type
wild-type
wild-type
mutant
mutant
mutant
wild-type
wild-type

9.12
9.41
unknown
7.54
7.31
777
8.15
7.24
6.45
7.79
6.51
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Table 2
LD50 of CTX1 on cancer cell lines

LDso uM
OCl 0.97
Jurkat 1
Hela 8.3
LnCAP 29
HCT116 2.81
HCT116 p53-/— 5.65
Molm-13 111
K562 1.01
HT29 4.05
DLD1 7.4
MCF7 4.29
A549 5.32
A549 shp53 7.7
AML, PT1 1.25
AML, PT 2 0.75
AML, PT 3 1.26
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