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Small-molecule CB002 restores p53 pathway signaling and represses

colorectal cancer cell growth
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ABSTRACT

Much effort is currently focused on the p53 pathway. p53 is a key tumor suppressor, which is mutated or
lost in many human cancers. Restoration of the p53 pathway holds the potential to induce selective cell
death in tumor cells without harming normal cells that have intact p53 pathways. Most tumor cells
express mutated p53 or suppress p53 by overexpression of MDM2. In this study, a compound referred to
as CB002 with one closely related compound from the Chembridge library were evaluated for tumor
cytotoxicity without affecting normal cells by restoration of the p53 pathway. A decrease of mutant p53
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protein expression, restoration of inactivated p53, or some activation of p73 are candidate mechanisms
this agent could cause tumor cell apoptosis and growth arrest. We further show that CB002 activates p53
pathway signaling in part via p73 in p53 mutant cancer cell lines. However, it is important to note that we
have not established a role for p73 in the anti-tumor effect of CB002 or R1. CB002 causes tumor cell death
with synergistic effects with traditional chemotherapeutics CPT-11 and 5-FU.

Introduction

The p53 pathway is one of the most critical pathways in antitumor
drug development. p53 is mutated with missense mutations in
over half of all human tumors."> Wild-type p53 was shown conclu-
sively in 1989 to be a potent tumor suppressor after initial research
suggested it was a proto-oncogene.” The confusing early research
on p53 has been shown to be due to mutant p53 exhibiting oppos-
ing effects on cell proliferation compared with wild-type.” Mutant
P53 proteins exhibit a wide variety of changes in response depend-
ing on the mutation, meaning that all p53 mutations are not equiv-
alent.” Wild-type p53 is typically constitutively expressed at low
levels with rapid turnover due to mouse double minute 2 (MDM?2)
E3 ubiquitin ligase, while mutant p53 is often expressed at
extremely high levels in tumor cells.>?

MDM?2 overexpression is another common route through
which the p53 pathway is suppressed in tumor cells." MDM?2
normally forms a negative feedback loop with p53 by transcrip-
tional activation of MDM2 via p53, and MDM2 causing ubiqui-
tin mediated degradation of p53 protein.” MDM2 when
overexpressed creates a genotype similar to one completely
lacking p53 expression due to rapid degradation of p53.” Tar-
geting the various routes through which tumor cells suppress
the pro-apoptotic functions of this pathway is now a significant
focus of effort in chemotherapeutic agent development.! While
p53 is an inherently unstable protein, mutant p53 is stabilized
in part by HSP90 proteins in a manner that affects MDM2
mediated turnover.’

The p53 protein exists in a family consisting of p53, p63, and
p73.* Beginning with the discovery of p73 in 1997, significant

work has been focused on the possibility of restoring the func-
tion of p53 through its family member p73. Like p53, p73 is
expressed in multiple isoforms exhibiting pro- and anti-
apoptotic functions. In general, these isoforms are found in 2
categories based on the presence or absence of the N-terminal
transactivation domain. These are designated as TAp73 or
ANp73, with TAp73 featuring pro-apoptotic effects and
ANp?73 featuring anti-apoptotic effects.* The p73 isoforms have
significant function in the regulation of cell cycle arrest as well
as important regulatory action in neural stem cell maintenance,
and are known to transactivate many p53 transcriptional tar-
gets effectively. The inherent redundancy in the p73 isoforms
thus makes it a promising potential mechanism to exploit for
restoring the pro-apoptotic wild-type p53 pathway in tumors.
p73 shares a 63% homology at the transactivation domain with
p53.* Reactivation of the wild-type p53 pathway has already
been shown to lead to tumor stasis and regression.’

In this study, we demonstrate that small molecule CB002
and a related compound can restore p53 pathway signaling.

Results
CB002 restores p53 pathway in colorectal cancer cells

To identify p53-restoring small molecules, we screened 50000
small molecular compounds of Chembridge library using a
functional cell-based assay in SW480 cells which carry a p53-
luc reporter. One compound CB002 (ID is 7745998, IPUA
name is 8-anilino-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-
dione) was found to increase p53 responsive bioluminescence
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(Fig. 1A, B and C). We also identified a CB002-related com-
pound R1 (ID is 849102, IPUA name is 8-anilino-1,3,7-tri-
methyl-3,7-dihydro-1H-purine-2,6-dione) in Chembridge
library (Fig. 1A). Similar to CB002, R1 increased p53 responsive
bioluminescence in a dose dependent manner in SW480 cells
(Fig. 1B and C).

CB002 and R1 were further applied to 4 colorectal cancer
cell lines consisting of SW480, DLD1, HCT116, and HCT116
p53 null. As shown in Fig. 1, CB002 increased p53 responsive
bioluminescence in both SW480 (mutant p53 R273H, P309S)
and DLD-1(mutant p53 S241F) cells in a dose-dependent man-
ner at 2 and 24 hours, as well as in HCT116 p53 null cells
(Fig. 1D, E and F).

For verification of bioluminescence data, western blot analy-
sis of endogenous protein levels of p21, PUMA and DR5 (as
representative p53 targets) was conducted by varying drug dose
and a time course experiment. In DLD-1 cells (Fig. 2A), a
minor increase in p21 was observed at 8 hours in both CB002
and R1 at doses of 25 umol/L and 50 pumol/L. At 24 hours
there was a moderate increase in p21 with the moderate dose of
12 umol/L of CB002 and 25 pumol/L of R1. A minor increase in
PUMA was observed at the 25 umol/L and 50 pumol/L doses
for CB002, and an increase at the 25 pumol/L but not the
50 umol/L of R1 at 8 hours. At 24 hours, an increase in PUMA
was observed with exposure to CB002 and R1. DR5 was slightly
increased in cells treated with CB002 at 8 and 24 hours, but no
change of DR5 was observed in cells treated with R1 in DLD-1
cells.

We further applied CB002 and R1 to HCT116 p53-null cells.
As shown in Fig. 2C, in p53-null HCT116, p21 appeared to

increase moderately with R1 and CB002 at 8 hours. At 24 hours
no consistent difference was observed for both CB002 and R1 at
all dosages with an increase at the single 12 pwmol/L dose in
compound R1. PUMA appeared to increase at the 50 pmol/L
dose at 8 hours and in both the 25 umol/L and 50 pmol/L
doses of R1. At 24 hours no consistent difference in PUMA
was observable except a slight decrease in the 2 R1 dosages. On
the basis of our data with p53 responsive bioluminescence and
p53 target gene expression, we conclude that CB002 and R1
restore p53 pathway responses in DLD-1 and HCT116 p53-
null cells.

We also examined the p53 pathway signaling in HCT116
cells which carry with wild-type p53. CB002 increased p53
responsive bioluminescence at 2 hours (Fig. 1D,E and F). Con-
sistent with the data using bioluminescence, p21 appeared to
increase moderately in a dose dependent fashion for both
CB002 and R1. PUMA expression appeared to increase only at
24 hours with compound R1 in HCT116 cells (Fig. 2B). These
data suggest that CB002 reactivates the p53 pathway in wild-
type p53 expressing HCT116 cells.

CB002 decreases mutant p53 protein levels in colorectal
cancer cells

We further examined the effect of CB002 and R1 on mutant
p53 protein levels in cancer cells. Mutant p53 protein in
SW480 cells and wild-type p53 in HCT116 cells were examined
via western blot assay at 24 hours following treatment at vary-
ing doses with CB002 and R1. As shown in Fig. 3, mutant p53
protein level appeared to decrease significantly with increasing
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Figure 1. Screening experimental compounds CB002 and a related compound R1 for transcriptional activation by p53 in cancer cells. A. Molecular structure of CB002 and
R1. B. SW480 with p53 reporter cells were treated with CB002 and R1 in doses ranging from 0 to 20 pumol/L. p53 responsive bioluminescence was imagined by IVIS. Data
are representative of triplicate wells. C. The relative increase of bioluminescence in (B). D. Colorectal cancer SW480, DLD-1, HCT116 and HCT116 p53-null cells were treated
with CB002 and R1 for 2 and 24 hour. p53 responsive bioluminescence was imagined by IVIS. E. the relative increased bioluminescence in (D) at 2 hours. F. the relative

increased bioluminescence in (D) at 24 hours.
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Figure 2. Effect of CB002 and R1 on p53 pathway signaling in cancer cells. DLD-1 and DLD-p73 Knockdown cells (A), HCT116 (B), and HCT116 p53-null cells (C) were
treated with CB002 and R1 for 8 and 24 hours. Protein levels of p53 target genes were determined by Western blot analysis.

dose of CB002, and decrease moderately with high dose R1. In
contrast, a moderate increase in wild-type p53 was observed
with increasing dose of CB002 and R1 in HCT116 cells.

CB002 restores p53 pathway signaling in part through
activation of p73 in mutant p53-expressing colorectal
cancer cells

CB002 treatment was applied to DLD-1 and p73 knock-
down DLD-1 cells at varying doses. Western blot analysis
was conducted using DLD-1 and p73 knockdown DLD-1 at
8 hours and 24 hours post-exposure to low ascending doses
of CB002 and R1. As shown in Fig. 2A, p21, PUMA and
DR5 were increased in protein level at 8 and 24 hours in
DLD-1 cells treated with CB002 and R1. By contrast, p21
expression was absent for both CB002 and R1 compounds
in p73 knock-down DLD-1 cells. PUMA appeared to have
increased expression at 8 hours for both compounds over
control. At 24 hours, a reduction in PUMA was observed
for compound R1 with CB002 largely unchanged from con-
trol. DR5 appeared to be unchanged at 8 hours and at
24 hours with less protein level in p73 knockdown DLD-1
cells compared with that in DLD-1 cells. p73 protein level
appeared to be unchanged in DLD-1 at 8 hours with a
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Figure 3. p53 protein level in cancer cells upon CB002 and R1 treatment. SW480
and HCT116 cells were treated with CB002 and R1 for 24 hours. p53 protein was
determined by western blotting using anti-p53 (DO-1).

non-dose dependent moderate increase at 24 hours over
control. p73 protein was not detected at both time points
for both compounds in p73 knockdown DLD-1 cells. These
results taken together suggest that knockdown of p73 may
have some impact on CB002 and Rl-restoring p53 pathway
signaling in mutant p53-expressing cancer cells.

CB002 induces cell death in tumor cells with no significant
effect on normal cells

We examined whether CB002 and R1 repress cancer cell
growth. To address this issue, cell viability and sub-G1 were
determined in colorectal cancer cell lines SW480, HCT116,
HCT116 p53~'~ upon treatment with CB002 and R1. As shown
in Fig. 4A-C, CB002 and RI1 both reduced cell viability in
SW480, HCT116 and HT116 p53-null cells in a dose dependent
manner with CB002 having the greatest effect. Flow cytometry
was conducted to assess sub-Gl fraction in SW480, HCT116
and HCT116 p53-null cells at 72 hours post-treatment. Both
CB002 and RI1 resulted in increased cells in sub-Gl1 fraction
over untreated controls in SW480, HCT116 and HCT116 p53-
null cells in a dose dependent manner. CB002 resulted in a
greater percentage of cells in sub-Gl fraction than Rl in
SW480 and HCT116 at a dose of 200 uM (Fig. 4D). These
results suggest that CB002 and R1 induce cell death in colorec-
tal cancer cells. CB002 has higher anti-tumor efficacy as com-
pared with R1.

We further applied CB002 to human normal fibroblast Wi38
cells. IC50 of CB002 in Wi38 cells was much higher than those
in colorectal cancer cells, SW480, DLD-1, HCT116 and
HCT116 p53-null cells (Fig. 5A and B), suggesting that there is
a favorable therapeutic index between normal cells and cancer
cells. Flow cytometry showed relatively unchanged sub-Gl
fraction in normal Wi38 cells treated at the dose (200 uM) of
CB002 that effectively increased 20% of cells in sub-Gl in
SW480 cancer cells at 72 hours (Fig. 5C).
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Figure 4. CB002 and R1 induce cell death in colorectal cancer cells. A. Cell viability of SW480 cells treated with CB002 and R1 at 72 hours. B. Cell viability of HCT116 p53-null
cells treated with CB002 and R1 at 72 hours. C. Cell viability of HCT116 cells treated with CB002 and R1 at 72 hours. D. Cell cycle profiles of cancer cells SW480, HCT116 and
HCT116 p53-null cells. Cells were treated with CB002 and R1 for 72 hrs. Cell viability (A, B, and C) was normalized to DMSO as control. Data are expressed as mean =+ SD.

CB002 synergizes with CPT-11 and 5-FU to suppress cell
growth in colorectal cancer

Given that 5-FU and CPT-11 are traditional chemotherapy for
colorectal cancer patients often used in combination treatment,
we tested whether CB002 can synergize with CPT-11 or 5-FU in
inducing cell death in colorectal cancer cells. To address this
question, combination treatment of CB002 with CPT-11 or 5-FU
was assessed with escalating doses in SW480 cells. As shown in
Fig. 6, cell viability of cancer cells had greater reduction with
ascending doses of each agent with greater toxicity observed in
5-FU over CPT-11 (Fig. 6A). Combination treatment with
CB002 (66 M) and CPT-11 (a series of doses) significantly
reduced cell viability in SW480 as compared with the single agent
treatments alone (Fig. 6B). Further combination index (CI) anal-
ysis indicates a synergism of this combination of CB002 and
CPT-11 (Fig. 6D). Similar to the combination treatment of
CB002 and CPT-11, CB002 synergized with 5-FU-induced cell
death. As shown in Fig. 6C and E, combinational treatment of
CB002 (22 uM and 66 uM) with 5-FU (60 pg/ml) significantly
reduced cell viability in SW480 cells as compared with the single
agent treatment alone. Combinational index (CI < 1.0) indicates
a synergism of CB002 and 5-FU in cancer cells.

Discussion

Targeting the p53 pathway is an attractive strategy for cancer
therapy. Small molecular compounds have the potential to

restore p53 pathway signaling in cancer cells. Here, we report
that small-molecule CB002 and a related compound R1 restore
p53 pathway signaling in cancer cells. CB002 and R1 suppress
colon adenocarcinoma cell growth with only limited toxicity to
normal cell Wi38. There is synergistic efficacy of CB002 with
traditional chemotherapeutics CPT-11 and 5-FU. We postu-
lated that CB002 and related compound R1s efficacy in arrest-
ing tumor cell growth would be via restoration of the p53
pathway.

We demonstrated that CB002 and R1 are small molecules
which successfully increase p53 pathway signaling in cancer
cells regardless of p53 status, on the basis of our findings that
both compounds not only increased p53 responsive biolumi-
nescence, but also increased the endogenous proteins p2l,
PUMA and DRS5, targets of the p53 pathway in cancer cells
(Fig. 1 and 2). p53 pathway signaling was increased in mutant
p53-expressing DLD-1 and SW480 cells as well as in HCT116
p53-null cells when exposed to CB002 and R1 (Fig. 1 and 2).
Wild-type p53 is deficient in DLD-1, SW480 cells (which har-
bor mutant p53) and HCT116 p53-null cells. These results sug-
gest that CB002 increases p53 pathway signaling independent
of wild-type p53. p73 is a member of p53 family. We found
that knockdown of p73 partially inhibited CB002 and R1-
induced p53 pathway signaling (Fig. 2), suggesting that activa-
tion of p73 pathway signaling may have some involvement
with CB002 and Rl-mediated p53 pathway signaling in p53-
deficient cancer cells. p73 activation is an alternate pathway
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Figure 5. CB002 induces cell death in tumor cells with no significant effect on normal cells. A. Imaging of Cell Titer-Glo as a cell viability assay of SW480 and Wi38 cells
treated with CB002 and R1 for 72 hours. B. 1C50 of CB002 in cancer cells and normal fibroblast Wi38 cells based on the cell viability. The cells were treated with CB002 for
72 hours. C. Cell cycle profiles of SW480 and Wi38 cells treated with CB002 for 72 hours.
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contributing to CB002s restoration of p53 pathway signaling. It
has been reported that mutant p53 inhibits p73 activation by
binding with p73 protein.” The decrease of mutant p53 may
partially contribute to CB002-induced p73 activation. Further
study will elucidate how CB002 and R1 activate p73 and how
CB002 restores p53 pathway signaling in mutant p53-express-
ing cancer cells. We also noted that PUMA and DR5 were
detected in p73 knockdown DLD-1 cells, although DR5 protein
level was reduced in p73-knockdown DLD-1 compared with
DLD-1 cells (Fig. 2A). Multiple signal pathways are involved in
regulating PUMA and DR5 expression in cells.”® Our findings
suggest that other signal pathways, in addition to p53 family
pathway, are involved in response to CB002 and R1 treatment
in cancer cells.

It is of note that CB002 and R1 increase p53 signaling not
only in p53 deficient cancer cells, but also in wild-type p53 can-
cer cells (Fig. 1 and 2). It is unclear if this increase in p53 signal-
ing is dependent on wild-type p53 or via activation of p73 or
both in wild-type p53-expressing cancer cells. Consistent with
the CB002 and R1 induced-p53 signaling in cancer cells,
CB002 and R1 both induced cell death in cancer cells regardless
of p53 status (Fig. 4 and 5). These data suggest that CB002 and
RI are not specifically targeting mutant p53-expressing cancer
cells.

Gain of function (GOF) of mutant p53 contributes to drug
resistance and inhibition of apoptosis. Removal of GOF by tar-
geting mutant p53 has been found to contribute to cell death in
cancer cells.” CB002 and R1 not only restore p53 pathway sig-
naling, but also decrease mutant p53 protein level in cancer
cells. In mutant p53-expressing cancer cells SW480, mutant
p53 protein level was decreased by CB002 and R1 (Fig. 3). In
contrast to mutant p53, wild-type p53 was not decreased in
HCT116 cells upon CB002 and R1 treatment. It is known that
p53 can be degraded via ubiquitin-proteasome pathway or
autophagy.” Recently, we found a small-molecule NSC59984
that degrades mutant p53 protein in cancer cells.'” The
decrease of mutant p53 protein in SW480 cells treated with
CB002 might be due to protein degradation. It is also possible
that the decrease of mutant p53 by CB002 occurs at the post-
translational level. Further study will be undertaken to clarify
the mechanism of action of CB002 in decreasing mutant p53
protein level in cancer cells.

CB002 and R1 both induce cancer cell death with limited
toxicity to normal cells (Fig. 5). This provides a very favorable
therapeutic window, suggesting that CB002 can be used for
cancer therapy as a single agent alone. CB002 and R1 both
restore or reactivate p53 pathway, but CB002 has higher anti-
tumor efficacy compared with R1 (Fig. 4). Combination treat-
ment with novel drugs and traditional chemotherapy is another
therapeutic strategy for increasing antitumor efficacy. CB002
was found to have synergy with 5-FU and CPT-11 reducing
cell viability in cancer cells (Fig. 6), suggesting that CB002 can
be used as combinational treatment in cancer cells. Future in
vivo experiments may further evaluate the anti-tumor efficacy
of CB002 alone or combination with other agents. Variation
was observed between cell lines in response to CB002 (Fig. 4
and 5), and further work with larger data sets could clarify
CB002s effectiveness in cell lines with suppressed wild-type
p53, mutant p53, and the role of p73 activation in CB002s

anti-tumor effects. It is important to note that we have not in
this manuscript established a role for p73 in the anti-tumor
effect of CB002 or R1.

Taken together our results suggest that CB002 and a related
compound R1 activate p53 pathway signaling, decrease mutant
P53 protein level, and induce cell apoptosis without significant
harm to normal cell lines with functioning wild type p53. Gene
expression of p53 pathway targets is activated by CB002 and
R1. CB002 and related compound R1 are promising therapies
for p53-mediated epithelial tumors.

Materials and methods
Bioluminescence assay

Cell-based screening of p53 transcriptional activity for small
molecule CB002 was accomplished using noninvasive biolumi-
nescence imaging in human colorectal cancer cell lines SW480,
DLD-1, DLD-1 p73~/~, HCT116, and HCT116 p53~'~. These
cell lines stably express a p53 reporter, PG13-luc. Cells were
seeded in opaque 96-well culture at a density of 5 x 10* cells/
well. The cells were treated with CB002 at ranging doses with
DMSO controls. Bioluminescence in cells was imaged for p53
transcriptional activity at 2h and 24h using IVIS imaging sys-
tem (Xenogen).

Cell Titer-Glo luminescent cell viability assay

Cell lines at a concentration of 4 x 10° cells/well were seeded
out on an opaque 96-well plate and treated with CB002 and
related compound R1 in ranging doses starting from 200
umol/L with DMSO controls. At 72h after treatment, cells
were mixed with 30 pL Cell Titer-Glo reagent and after 10
minutes of room temperature incubation were imaged using
IVIS imaging system (Xenogen).

FACS assay

Cells were seeded out at 1 x 10° cells/well on 6 well plates and
treated with CB002 and related compound R1 at ranging doses
with DMSO controls. Cells were harvested after 72 hours of
treatment, all cells including floating cells were fixed with etha-
nol and stained with Propidium Iodide and then analyzed using
Epics Elite flow cytometer to measure the DNA content of the
stained cells.

Western immunoblot analysis

Proteins were isolated using NP40 Lysis Buffer [20 mmol/L
Tris-HCl (pH 7.4), 150 mmol/L NaCl, 5 mmol/L EDTA, 50
mmol/L NaF, 1 mmol/L glycerophosphate, 5 mmol/L Na,P,0,
0.5% NP40, and complete protease inhibitor cocktail (Roche)]
and electrophoresed through 4-12% SDS-PAGE followed by
semi-dry transfer to PVDF membranes. The PVDF membranes
were incubated with different antibodies including p21 (OP64-
100UG, EMD Millipore. http://www.emdmillipore.com/US/en/
product/Anti-p21WAF1-(Ab-1)-Mouse-mAb-(EA10),EMD_
BIO-OP64), PUMA (12450S, Cell Signaling Technology,
https://www.cellsignal.com/products/primary-antibodies/
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http://www.emdmillipore.com/US/en/product/Anti-p21WAF1-(Ab-1)-Mouse-mAb-(EA10),EMD_BIO-OP64)
https://www.cellsignal.com/products/primary-antibodies/puma-d30c10-rabbit-mab/12450

puma-d30c10-rabbit-mab/12450), DR5 (3696S, Cell Signaling
Technology, https://www.cellsignal.com/products/primary-anti
bodies/dr5-antibody/3696?N=4294956287&Ntt=3696sand
fromPage=plpand_requestid=541668), p53(sc-126, Santa
Cruz, https://www.scbt.com/scbt/fr/product/p53-antibody-do-
1), and RAN (610341, BD Transduction Laboratories, https://
www.bdbiosciences.com/us/reagents/research/antibodies-buf
fers/cell-biology-reagents/cell-biology-antibodies/purified-
mouse-anti-ran-20ran/p/610341) in blocking buffer at 4°C
overnight. Bound antibody will be detected using IRDye sec-
ondary antibodies (LI-COR Biosciences,) in Odyssey blocking
buffer for 1 hour then imaged using the ODYSSEY infrared
imaging system.
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