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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. IMR9O0 cells overexpressing the
indicated constructs were treated with increasing doses of CTX1 (1, 2.5, and 5 umol/L) and assessed for cell death at 72 hours by Trypan blue staining.

B, CTX1binds 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 analysis with the indicated antibodies. C, spectral studies suggest CTX1and HdmX
directly interact. CTX1 and HdmX alone represent the spectral pattern of both agents without purification. The CTX14+HdmX sample and CTX1 postcolumn
residual samples underwent size exclusion chromatography to remove unbound CTX1. D and E, CTX1 disrupts the interaction of recombinant HdmX/p53 but not
Hdm2/p53 by ELISA and coimmunoprecipitation. The indicated drugs were used as controls. F, CTX1 disrupts the interaction of HImX/p53 in cells.
Immunoprecipitations were performed as indicated using lysate from OCI cells treated with the indicated drugs or a DMSO control. Error bars, SD.

absorbance pattern, but there is also a clear spectral shift of the HdmX/CTX1 sample is not because of residual non-bound CTX1
absorbance pattern as compared to free CTX1 (Fig 3C). This  (postcolumn residual control; Fig. 3C).

spectral shift is highly suggestive of an HdmX/CTX1 interaction. Interestingly, CTX1 is an acridine-containing molecule and
In addition, size exclusion chromatography performed on CTX1 other acridine-containing compounds such as 9-aminoacridine
alone as a control demonstrates the absorbance seen with the (9-AA) have previously been shown to rapidly induce p53 in a
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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 suggest-
ing a distinct mechanism of action (Supplementary Fig. S3B).

Using another biophysical approach, we also demonstrated
HdmX and CTX1 binding using SPR. HdmX demonstrated strong
binding to CTX1 (K4 450 nmol/L) but not nutlin-3 (K4 5.1 umol/
L; Supplementary Fig. S3C). Again, 9-AA did not demonstrate any
binding to HdmX using SPR at doses up to 12.5 umol/L (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 Hdm2/p53 interactions (Fig.
3D). In contrast, the Hdm2 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 coimmunoprecipitation assays using both
purified recombinant HdmX and p53 as well as native protein in
OCI cells (Fig. 3E and F). Utilizing these assays, we further
demonstrate that CTX1, but not 9-AA or a standard DNA-dam-
aging agent, doxorubicin, impairs 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 specificand is
not simply due to its acridine moiety.

CTX1 impairs cancer cell growth

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 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 and 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, although 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 sen-
sitivity to CTX1-mediated cell killing as compared with the
solid tumor cell types (Fig. 4A-C and Supplementary Fig.
S4; Table 2). As CIX1 can induce cell killing in p53-mutant
cell lines, we also investigated whether it can stabilize mutant
p53 levels. As seen in Supplementary Fig. 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
(LDso ~ 1 pmol/L) 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-defi-
cient cancer cell lines (HCT116 and A549) also demonstrates
that CTX1 mediates growth inhibition partially through a p53-
dependent pathway. For example, after 16 hours of treatment
with CTX1 in HCT116 p53 wild-type cells there is a decrease in
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Table 1. p53 and HdmX status of cell lines used

p53 status HdmX log mRNA expression
e]@]] Wild-type 9.12
Jurkat Null 9.41
Hela Wild-type Unknown
LnCAP Wild-type 7.54
HCT116 Wild-type 7.31
Molm-13 Wild-type 7.77
K562 Mutant 815
HT29 Mutant 7.24
DLD1 Mutant 6.45
MCF7 Wild-type 7.79
A549 Wild-type 6.51

NOTE: HdmX mRNA expression values were obtained from the Cancer Cell Line
Encyclopedia Project (http://www.broadinstitute.org/ccle/home; ref. 38).

S-phase from 23% to 3%, whereas HCT116 p53-null cells
exhibit a reduction in S-phase from 34% to 28% (Fig. 4B and
Supplementary Fig. S4A). Although 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 G,-M
phase. Interestingly, other agents have also been reported to
preferentially accumulate HCT116 cells in G,-M as compared
with 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-wild-type and p53-null cells. The combination of low
doses of CTX1 and nutlin-3 led to a significant enhancement
of apoptosis in p53-wild type, but not p53-null cells (Fig. 4C
and Supplementary 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 and 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-inde-
pendent fashion, we performed mouse efficacy studies 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 com-
mon and new therapeutics are urgently needed. The ability of
CTX1 (30 mg/kg i.p.), nutlin-3 (200 mg/kg orally), 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 circu-
late 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
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Figure 4.
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CTX1induces apoptosis and growth arrest of cancer cells. A and C, the combination of CTX1and nutlin-3 leads to significant apoptosis. The indicated cell lines were
treated with CTX1 3 umol/L (MCF7), 4 umol/L (A549), 2 umol/L (HCT116), 4 umol/L (LNCaP), 0.75 umol/L (OCI); nutlin-3 (5 umol/L), or a combination for

72 hours and cell death was assessed by Trypan blue exclusion. B, CTX1 preferentially impairs the growth of cells expressing wild-type p53. HCT116 p53 7 or p53-null
cells were treated with CTX1 (2 umol/L) and cell-cycle analysis was performed using PI staining at 16 hours. D-E, CTX1 and nutlin-3 cooperate to induce p53,
Hdm?2, and PARP cleavage. OCI cells were treated for 24 hours (D) and 2 hours (E) with the indicated compounds and Western blot analysis was performed.

Error bars, SD.

patient population. Although 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 anticancer activity
alone and in combination with nutlin-3. There was a significant
survival advantage of CTX1 treatment as compared with 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 anticancer agent with apparent low toxicity
that is worthy of further development.
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Discussion

p53 is a major regulator of cancer cell growth and drug
resistance. Although many cancer cells exhibit p53 mutations
to inactivate p53, another mechanism to regulate p53 function
is through the upregulation of negative regulators such as
HdmX and Hdm?2. By targeting these negative regulators of
p53, itis 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. Because HdmX is overexpressed in a large number of
cancers and Hdm?2 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 anticancer properties
that are independent of p53. Another potential advantage of
HdmX inhibition is that, it has been predicted to be safer than
Hdm?2 inhibition as the lack of the mouse homolog, Mdm2 but
not Mdmzx, leads to significant p53-dependent toxicities in
normal adult tissues (30).
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Table 2. LDso of CTX1 on cancer cell lines

LDso, pmol/L

ocl 0.97
Jurkat 1
Hela 8.3
LnCAP 2.9
HCT16 2.81
HCTN16 p53 7~ 5.65
Molm-13 1M
K562 1.01
HT29 4.05
DLD1 74
MCF7 429
A549 5.32
A549 shp53 7.7
AML, PT 1 125
AML, PT 2 0.75
AML, PT 3 126

Although there are numerous studies demonstrating the po-
tential for small molecules capable of inhibiting Hdm2/p53
interactions, there are extremely few reported small molecules
that 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
ref. 28). §J-172550 is a compound recently described as an
HdmX/p53 inhibitor, but the authors concluded that the com-
pound 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, although 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 HdAmX/Hdm?2 heterodimers; however, the in vivo activ-
ity 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
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Figure 5.

CTX1demonstrates significant anticancer activity in vivo. NSG mice (n = 5 per
group) were injected with primary human AML cells by the tail vein

(5x 10 cells in 100 uL of media) and mice were treated with CTX1(30 mg/kg
i.p.) or Nutlin-3 (200 mg/kg orally) and assessed for survival. Log-rank test,
P < 0.0001.
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demonstrates both in vitro and mouse in vivo anticancer efficacy is
important for the potential clinical targeting of the HdmX-medi-
ated p53 suppression in patients. Besides direct inhibitors of
Hdmx/p53, other investigators have taken alternative and poten-
tially complementary approaches to induce p53 in a nongenotoxic
manner. For example, NSC207895 is a compound that modulates
HdmX transcription and other groups have developed E3 ubiqui-
tin 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-depen-
dent 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 NF-xB inhibition (27, 37). Although 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 inter-
actions or to interact with HdmX.

Although CTX1 can disrupt HdmX/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
Hdm?2) are known to exhibit many p53-independent antitumor
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 CIX1 may have utility
for p53-deficient tumors as well.

Although the in vitro activity of CTX1 is strongly enhanced by
concurrent Hdm?2 inhibition using an agent such as nutlin-3,
CTX1 alone is a promising lead anticancer 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 nongenotoxic manner and inducing cancer cell
death particularly in combination with an Hdm?2 inhibitor. CTX1
exhibits anticancer both in vitro and in vivo and, therefore, has
potential to be developed into a novel targeted therapeutic.
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