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Abstract

Tumor suppressor p53 is frequently mutated or inactivated in
colorectal cancer. In contrast, p53 family member p73 is rarely
mutated in colorectal cancer and p73 activation elicits p53-like
tumor suppression. Colorectal cancer stem cells (CRCSC) com-
prise a rare self-renewing subpopulation that contributes to tumor
maintenance and chemoresistance. p53 restoration is known to
target CRCSCs, but p73 restoration in CRCSCs has not been
examined. In this study, we investigated the effects of the
small-molecule prodigiosin, which restores the p53 pathway in
tumor cells via p73 activation, on CRCSCs in vitro and in vivo.
Prodigiosin prevented colonosphere formation independent of
p53 status and reduced the viability of self-renewing, 5-fluoro-
uracil-resistant Aldefluor positive [Aldefluor(þ)] CRCSCs in vitro.
Furthermore, prodigiosin inhibited the growth of xenograft
tumors initiated with Aldefluorþ cells without toxic effects and

limited the tumorigenic potential of these cells. Consistently,
prodigiosin induced activation of a p53-responsive luciferase
reporter in colonospheres, Aldefluor(þ) cells, and tumor xeno-
grafts. Mechanistic studies revealed that prodigiosin increased the
levels of p73 and reduced levels of the oncogenic N-terminally
truncated isoform DNp73 in Aldefluor(þ) cells. Accordingly, p73
knockdown or DNp73 overexpression suppressed prodigiosin-
mediated inhibition of colonosphere formation. Moreover, pro-
digiosin increased levels of the transcription factor c-Jun, a reg-
ulator of p73 and DNp73, in both the cytoplasm and nucleus. c-
Jun knockdown attenuated prodigiosin-mediated p53-reporter
activation, DNp73 downregulation, p73 activation, and cell
death. Collectively, our findings highlight the previously unchar-
acterized use of p73-activating therapeutics to target CRCSCs.
Cancer Res; 76(7); 1989–99. �2016 AACR.

Introduction
Despite the approval of targeted molecular agents for therapy,

more than 50,000 people are expected to die of colorectal cancer
in the United States in 2014 (1). Inactivation of the p53 tumor
suppressor is a key event in colorectal cancer and correlates with
the transition from benign adenoma tomalignant carcinoma (2).

p53 elicits its tumor suppressive effects through target genes that
mediate cell-cycle arrest, senescence, or apoptosis in response to
various cellular stresses (3). Loss of p53 function via mutation or
allelic loss also contributes to resistance to chemotherapy (2, 4).
p53 pathway restoration is a potentially safe and potent approach
for anticancer therapy (3).

p73 is a member of the p53 family of transcription factors
and has a high degree of homology in the DNA-binding
domain with p53 (5). p53 and p73 share several common
target genes, however, p73 is also known to activate p53-
independent target genes (6). In contrast to p53, p73 is rarely
mutated in colorectal cancer (7). In addition, p73 restoration
elicits a p53-like tumor suppressive effect. Thus, p73 restoration
is an attractive alternative approach for p53 pathway restora-
tion in tumors with wild-type and mutant p53. p73-activating
small molecules are potent antitumor agents in vitro and in vivo
(8–10). The p73 gene undergoes alternative mRNA splicing
generating various isoforms with opposing effects. The onco-
genic N-terminally truncated isoform DNp73 is a dominant
negative inhibitor of p73 and p53 (11–13). DNp73 levels
correlate with poor overall survival in colorectal cancer patients
(14). p73 transcriptional activity and tumor suppression is also
blocked by mutant p53 binding (15, 16). Clearly, it is impor-
tant to identify approaches that activate p73-mediated tumor
suppression and also prevent oncogenic mechanisms that block
p73 activity. c-Jun, a member of the AP-1 family of transcrip-
tion factors is known to regulate the induction of p73 and
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degradation of DNp73 in response to cellular stress (17, 18).
Thus, c-Jun activation maybe an attractive approach for p53
pathway restoration via p73.

Colorectal cancer is drivenby a rare subpopulation of colorectal
cancer–initiating stem cell–like cells (CRCSC) capable of long-
term self-renewal, colorectal cancer initiation, and maintenance
(19, 20). CRCSCs are responsible for colorectal cancer chemo-
therapy resistance (21, 22), recurrence (23), and metastasis
(22, 24). Clearly, CRCSCs are an important therapeutic target in
colorectal cancer. Interestingly, non-CRCSC bulk tumor cells can
also dedifferentiate to give rise to CRCSCs (25, 26). Thus, colo-
rectal cancer therapy must incorporate approaches to target both
bulk tumor cells and CRCSCs.

Recent evidence suggests that regulation of stem cell self-
renewal and differentiation is an important aspect of the tumor
suppressive role of p53. Loss of p53 function correlates with
poor tumor differentiation and enrichment of the stem cell
phenotype (27). Small-molecule–mediated p53 pathway res-
toration has been shown to target the tumor stem cell popu-
lation (28, 29). p73 is an important regulator of neural stem
cell maintenance and differentiation (30–32). Induced plurip-
otent cell generation efficiency is improved by DNp73 (33).
Low expression of p73 correlated with cisplatin resistance of
glioblastoma stem cells and p73 overexpression increased
cisplatin-mediated apoptosis in glioblastoma stem cells (34).
However, the effects of p73 restoring small molecules on tumor
stem cells remain unknown.

In a p53-responsive luciferase reporter–based high-throughput
screen in mutant p53 expressing colorectal cancer cells (8), we
recently identified small-molecule prodigiosin as a potent p53
pathway restoring agent. Prodigiosin-mediated p53 pathway
restoration in vitro and in vivo involved p73 activation and dis-
ruption of the mutant p53–p73 interaction (35). We hypothe-
sized that prodigiosin-mediated p53 pathway restoration via p73
targets both bulk tumor cells and therapy-resistant CRCSCs. In the
current study,we exploredwhether the potent antitumor effects of
prodigiosin in colorectal cancer involve targeting of CRCSC self-
renewal. Prodigiosin prevented the self-renewal of 5-fluorouracil
(5-FU)–resistant CRCSCs in vitro and in vivo. Mechanistically,
prodigiosin-mediated targeting of CRCSCs involved p53 pathway
restoration via c-Jun-mediated activation of p73 and inhibition of
DNp73.

Materials and Methods
Cell culture and reagents

All colorectal cancer cell lines were obtained from the ATCC.
SW480, DLD1, and HCT116 cells expressing a p53-responsive
luciferase reporter were generated in our laboratory in 2003 (8).
SW480 and DLD1 p53 reporter cells with stable p73 knockdown
were previously established inour laboratory in 2012 to2013 (35,
36). Cells were authenticated every month by bioluminescence,
growth, and morphologic observation. Cells in adherent culture
were maintained in McCoy 5A or DMEM containing FBS and
penicillin–streptomycin (Invitrogen) at 37�C in 5% CO2. Prodi-
giosin was obtained from the NCI/DTP Open Chemical Repos-
itory and 5-FU was ordered from Sigma. Dimethyl sulfoxide
(DMSO, Fisher)was used as the vehicle. c-Jun siRNAwasobtained
from Santa Cruz Biotechnology and DNp73 overexpression plas-
mid was obtained from OriGene. Transient plasmid transfection
was performed with Lipofectamine 2000 and siRNA transfection

was performed with Lipofectamine RNAiMAX (Invitrogen) as
described previously (37). Nuclear-cytoplasmic fractionation was
performed with the NE-PER Nuclear and Cytoplasmic Extraction
Reagent (Life Technologies).

Aldefluor assay
The Aldefluor assay was performed according to the manufac-

turer's protocol (ALDEFLUOR Kit, STEMCELL Technologies).
Cells resuspended with Aldefluor diethylaminobenzaldehyde
(DEAB) reagent, an inhibitor of Aldefluor activity, served as a
negative control. Aldefluor positive cells [Aldefluor(þ)] and Alde-
fluor negative cells [Aldefluor(�)] were detected by flow cytome-
try as described previously (37).

FACS
FACS sorting was performed with the Becton Dickinson FAC-

SAria SORP Cell Sorter at the Penn State Hershey flow cytometry
core. Aldefluor(þ) and Aldefluor(�) cells were gated as per
the DEAB negative control and sorted cells (99% purity) were
collected in media. Aldefluor(þ) cells were maintained under
nonadherent conditions and Aldefluor(�) cells were grown in
adherent culture (37).

Colonosphere culture
Colonospheres were grown under nonadherent growth condi-

tions using the MammoCult Human Medium (STEMCELL Tech-
nologies) in ultra-low attachment plates (Corning) as per the
manufacturer's protocol. Cells (1,000–20,000 per well) were
seeded in MammoCult medium containing DMSO or prodigio-
sin. Colonospheres of size > 60 mmwere counted and imaged 3 to
7 days after seeding. Medium was changed every 3 to 7 days to
maintain Aldefluor(þ) cells in culture (37).

Holoclone assay, cell viability, and sub-G1 analysis
For the holoclone assay, cells treated with DMSO or prodigio-

sinwere counted using Trypan blue and viable cells were passaged
at various clonal densities (50–5,000 cells). Colony formation
was determined by crystal violet staining upon passage (38). Cell
viability was determined using the CellTiter-Glo reagent (Pro-
mega) as per the manufacturer's protocol and bioluminescence
imaging with IVIS imaging system (Xenogen; ref. 35). For sub-G1

analysis, cells were treated, trypsinized, ethanol-fixed, stained
with propidium iodide (Sigma), and analyzed by flow cytometry
as described previously (8).

Xenograft and passage studies
All animal experiments were performed as per approved

protocols of the Institutional Animal Care and Use Committee
at the Penn State Hershey Medical Center. Athymic nu/nu mice
(Charles River Laboratories, 4- to 6-week-old female mice) were
used for subcutaneous xenografts. Cells (1–2 million cells per
injection) were subcutaneously injected as a suspension [1:1 in
Matrigel (BD Biosciences) and PBS] into the right and left flank
of the mice. Prodigiosin treatment was started when the tumors
reached a detectable volume (�125 mm3). Mice were admin-
istered three doses of DMSO or prodigiosin (5 mg/kg, i.p.) at
5- or 7-day intervals. Tumor growth and body weight was
monitored until the endpoint and tumor volume was calcu-
lated as ((length þ width)/2)3.

For the passage experiment, harvested tumors were digested
with Collagenase type 3 (Worthington, 155 units/mL) in sterile
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RPMI (Mediatech, Inc., serum- and antibiotic-free). After diges-
tion, tumor cells were passed through a 100-mm filter and rein-
jected into mice as described above (1 million viable cells).

Hematoxylin and eosin staining and IHC
Hematoxylin and eosin staining (H&E) was performed as

described previously (35). H&E staining of paraffin-embedded
tumor and tissue sections was performed at the Penn State
Hershey Medical Center Histology Core Facility. IHC for CD44
(Cell Signaling Technology) was performed as described previ-
ously (37).

Serum chemistry analysis
Serum chemistry analysis for electrolytes, alkaline phospha-

tase, creatinine, albumin, and blood urea nitrogenwas performed
at the Penn State Hershey Comparative Medicine Diagnostic
Laboratory. Mice were administered two doses of DMSO or
prodigiosin (5 mg/kg, i.p.) at a 3-day interval. Blood was har-
vested by terminal cardiac puncture from anesthetized mice.
Blood was allowed to clot at room temperature, centrifuged, and
the serum obtained was submitted for analysis.

p53-responsive luciferase reporter assay
Bioluminescence imaging of the p53-responsive luciferase

reporter–expressing cells was performed in vitro and in vivo as
described previously (8, 35). The IVIS imaging system (Xeno-
gen) was used to detect luciferase activity. Imaging was per-
formed 4 to 12 hours after prodigiosin treatment of cells or
mice with xenograft tumors. Prior to imaging, cells or mice were
treated with D-luciferin intraperitoneally (Gold Biotechnolo-
gy). Imaging was performed 5 minutes following treatment
with D-luciferin.

Western blot analysis
Western blotting was performed as described previously (35).

The following antibodies were used: p73 (Imgenex and Bethyl),
DNp73 (Imgenex), c-Jun (BD), phospho c-Jun (Cell Signaling
Technology), GAPDH (Sigma), Lamin (Cell Signaling Technol-
ogy) p21 (Calbiochem), Jagged-1 (Cell Signaling Technology),
cleaved caspase-8 (Cell Signaling Technology), cleaved PARP
(Cell Signaling Technology), b-actin (Sigma), CD44 (Cell Signal-
ing Technology), ALDH (BD), ID1 (Santa Cruz Biotechnology),
ID3 (Santa Cruz Biotechnology), E-cadherin (Cell Signaling
Technology), and Ran (BD Biosciences).

Statistical analysis
Data are presented as themean� SDor SEofmean fromat least

three replicates. The Student two-tailed t test in Excel (Microsoft)
was used for pairwise analysis. Statistically significant changes (�)
are indicated in the figures with P values.

Results
Prodigiosin reduces colonosphere, holoclone formation of
multiple colorectal cancer cell lines, and downregulates CRCSC
markers

Colonosphere culture enriches for CRCSC markers compared
with adherent culture and represents a functional in vitromodel
for studying colorectal cancer self-renewal (39). We observed
that colonosphere culture enriches for Aldefluor(þ) CRCSCs
compared with adherent culture (Supplementary Fig. S1A). To
determine whether prodigiosin targets colorectal cancer self-
renewal in vitro, we tested the effects of prodigiosin on colono-
sphere formation. Prodigiosin significantly reduced colono-
sphere formation of SW480, SW620, HCT116, and DLD1 cells
in a dose-dependent manner (Fig. 1A). In DLD1 cells, colono-
spheres that formed in the presence of prodigiosin were smaller
in size as compared with DMSO (Fig. 1B). Also, colonospheres
formed in the presence of prodigiosin were smaller than those
formed with first line colorectal cancer chemotherapeutic agent
5-FU (Fig. 1C; ref. 40). The doses of 5-FU and prodigiosin tested
were comparable in terms of their effects on cell viability
(Supplementary Fig. S1B). Sub-G1 analysis indicated that pro-
digiosin-induced cell death in cells grown as colonospheres in a
dose-dependent manner (Fig. 1D). Holoclone formation is a
clonogenic assay that has been used to study cancer stem cell
properties (38). To further test the effects of prodigiosin on
colorectal cancer self-renewal, we examined holoclone forma-
tion upon prodigiosin treatment. DLD1 and RKO cells were
treated with DMSO or prodigiosin and viable cells were
replated at various clonogenic densities. Prodigiosin-reduced
holoclone formation in both colorectal cancer cell lines tested
(Supplementary Fig. S1C). We also tested the effects of prodi-
giosin on the CRCSC markers ALDH (41), CD44 (42), ID1, ID3
(43), and epithelial-to-mesenchymal transition marker E-Cad-
herin (44). ALDH, CD44, ID3, and E-cadherin levels were
reduced in colonospheres formed upon in vitro passage of
DLD1 cells treated with prodigiosin (Fig. 1E). Thus, prodigiosin
targets the self-renewal properties of colorectal cancer cells in
vitro.

Prodigiosin decreases colonosphere formation, downregulates
self-renewal markers, and reduces the viability of 5-FU–
resistant Aldefluor(þ) CRCSCs

To test the effects of prodigiosin specifically onCRCSCsweused
a marker-based approach by sorting for Aldefluor(þ) cells (41).
Postsort validation showed that FACS sorting highly enriched for
Aldefluor(þ) cells compared with unsorted cells (Supplementary
Fig. S1D). Prodigiosin significantly reduced colonosphere forma-
tion of HCT116 and SW480 Aldefluor(þ) cells in a dose-depen-
dent manner (Fig. 2A and Supplementary Fig. S1F). 5-FU could
not reduce colonosphere formation of Aldefluor(þ) cells whereas
prodigiosin decreased colonosphere formation at equivalent
doses in terms of effects on cell viability (Fig. 2C and Supple-
mentary Fig. S1B). In the experiments described in Fig. 1 and 2,
colonosphere formation was assessed in medium containing
prodigiosin for 3 to 6 days. To determine whether prodigiosin
can reduce colonosphere formation with shorter treatments, cells
were treated for 12 and 24 hours with prodigiosin and examined
for colonosphere formation. Prodigiosin significantly decreased
colonosphere formation even with the shorter treatments tested
(Supplementary Fig. S1E). CD44, ID1, ID3, and E-cadherin levels

Table 1. Prodigiosin prevents in vivo passage of Aldefluor(þ) CRCSC-initiated
tumors

Sample Tumor formation upon passage

Control 6/6
Prodigiosin 2/6

NOTE: Single cells fromDLD1 Aldefluor(þ) xenograft tumors treatedwith DMSO
or prodigiosin (Fig. 3B) were reinjected into athymic nude mice to determine
tumor formation. One million viable cells were used for each passage injection.
Tumor formation was determined at day 20 after tumor implantation.

p73 Activation Targets Cancer Stem Cells
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were reduced upon prodigiosin treatment of Aldefluor(þ) cells
but not with 5-FU treatment (Fig. 2B). Thus, prodigiosin targets
CRCSC self-renewal in vitro.

Cell viability analysis was performed to compare the effects of
prodigiosin and 5-FU on CRCSCs and non-CRCSCs. Prodigiosin
reduced the viability of 5-FU–resistant Aldefluor(þ) CRCSCs in a
dose-dependent manner (Fig. 2D). Interestingly, prodigiosin
reduced the viability of both Aldefluor(þ) and unsorted cells
whereas 5-FU reduced the viability of only unsorted cells (Fig. 2E).
Thus, chemotherapy can target only bulk tumor cells, whereas
prodigiosin targets both CRCSCs and bulk tumor cells.

Prodigiosin prevents Aldefluor(þ) CRCSC-initiated xenograft
tumor growth and passage without toxic effects

We tested the effects of prodigiosin on CRCSCs in vivo using a
CRCSC-initiated xenograft tumor model. Athymic nude mice
with xenograft tumors initiated with Aldefluor(þ) cells were
treated with three doses of prodigiosin every 5 to 7 days. The
optimal in vivo dose of prodigiosin for antitumor effects was
determined previously (35). Prodigiosin significantly reduced
SW480 and DLD1 Aldefluor(þ) CRCSC-initiated xenograft
tumor growth (Fig. 3A and B, Supplementary Fig. S2A and
S2B). Tumor growth did not resume even in the absence of

Figure 1.
Prodigiosin reduces colonosphere
formation and downregulates self-
renewal markers. A, SW480, SW620,
HCT116, and DLD1 cells were plated for
colonosphere formation in the
presence of DMSO or 0.5/1/2.5 mmol/L
prodigiosin (Pro). Colonospheres (> 60
mm) were counted after 3 to 4 days.
� , P < 0.05. B, representative image
(magnification,�20) for DLD1 cells inA.
Each division on the scale is 10 mm.
C, DLD1 cells were plated for
colonosphere formation in the
presence of DMSO or 20/40 mmol/L
5-FU or 0.25/0.5/1 mmol/L prodigiosin
and imaged (magnification, �10) after
6 days. Each division on the scale is
10 mm. D, DLD1 cells were plated for
colonosphere formation in the
presence of DMSO or 0.5/1 mmol/L
prodigiosin, harvested after 4 days, and
cell death was determined by sub-G1

analysis. � , P < 0.02. E, DLD1 cells were
treated with DMSO or 1 mmol/L
prodigiosin for 24 hours, viable cells
were replated in colonosphere culture
for 24 hours, and Western blot analysis
was performed for ALDH, CD44, ID3,
E-cadherin, and actin.
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continued prodigiosin treatment, indicating an effect on self-
renewing CRCSCs (Fig. 3A).

To validate the CRCSCmarker used in our study, we performed
an in vivo passage assay of xenograft tumor formation with
Aldefluor(þ) and Aldefluor(�) cells. Upon initial injection of a
million cells both Aldefluor(þ) and Aldefluor(�) cells formed
subcutaneous xenograft tumors in athymic nude mice (data not
shown). However, upon passage of viable cells from the initial
tumors into mice, we observed that only Aldefluor(þ) cells
formed tumors (Fig. 3C). Thus, Aldefluor(þ) cells represent the
CRCSC population in vivo.

Next, we tested whether prodigiosin could prevent Aldefluor
(þ) CRCSC in vivo passage. Viable cells from DMSO and prodi-
giosin-treated DLD1 Aldefluor(þ) CRCSC-initiated tumors were
reinjected into mice (in the absence of DMSO or prodigiosin
treatment). DMSO-treated tumor cells formed six tumors in six
injections whereas prodigiosin-treated tumor cells formed two
tumors in six injections (Table 1). The tumors that formed with
prodigiosin-treated cells were smaller than those formed with
DMSO-treated cells (Supplementary Fig. S2C). Also, the tumor
cell density was decreased in tumors that formed with prodigio-
sin-treated cells compared with tumors formed with DMSO-
treated cells (Fig. 3D). CD44 expression was reduced in prodi-

giosin-treated passaged tumors compared with DMSO treatment
(Supplementary Fig. S2D). Thus, prodigiosin targets CRCSC self-
renewal in vivo.

To determine the safety profile of prodigiosin in mice, we
monitored body weight, performed serum chemistry analysis,
and examined normal tissue histology. Prodigiosin treatment did
not result in significant changes in the body weight of athymic
nudemice (Supplementary Fig. S3A and S3B).We did not observe
any changes in liver, kidney, heart, spleen, lung, and gastrointes-
tinal tract histology in prodigiosin-treated mice compared with
DMSO-treated mice (Fig. 3E). Serum chemistry analysis for
selected markers such as electrolytes (sodium, potassium, and
chloride), alkaline phosphatase, creatinine, albumin, and blood
urea nitrogen revealed no significant changes except a significant
decrease in alkaline phosphatase upon prodigiosin treatment
(Supplementary Fig. S3C). Thus, we observed an apparent lack
of toxicity in mice treated with the therapeutic dose of
prodigiosin.

Prodigiosin restores the p53 pathway in CRCSCs in vitro and in
vivo

To determine the mechanism of prodigiosin-mediated anti-
CRCSC effects, we examined whether prodigiosin can restore the

Figure 2.
Prodigiosin decreases colonosphere
formation, downregulates CRCSC
markers, and reduces the viability
of 5-FU–resistant Aldefluor(þ)
CRCSCs. A, HCT116 Aldefluor(þ) cells
were plated for colonosphere
formation in the presence of DMSO or
indicated doses of prodigiosin (Pro).
Colonospheres (> 60 mm) were
counted after 3 to 6 days. � , P < 0.006.
B, DLD1 Aldefluor(þ) cells were plated
in colonosphere culture in the presence
of DMSO or 1 mmol/L prodigiosin or
100 mmol/L 5-FU for 24 hours. Western
blot analysis was performed for CD44,
E-cadherin, ID1, ID3, and Ran. C, HCT116
Aldefluor(þ) cells were plated for
colonosphere formation in the
presence of DMSO or 0.5 mmol/L
prodigiosin or 40 mmol/L 5-FU for
6 days. � , P < 0.05. D, SW480
Aldefluor(þ) cells were plated and
treated with DMSO or increasing doses
of prodigiosin (0.05-3.2 mmol/L) or
5-FU (5-320 mmol/L) for 60 hours and
cell viability was determined. E,
sorted SW480 Aldefluor(þ) and
unsorted cells were plated, treated
with DMSO or indicated doses of
prodigiosin or 5-FU for 60 hours,
and cell viability was determined.

p73 Activation Targets Cancer Stem Cells
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p53 pathway in CRCSCs. We have previously demonstrated that
prodigiosin restores the p53 pathway in colorectal cancer cells
(35). Using p53-responsive luciferase reporter–expressing colo-
rectal cancer cells (8), we determined prodigiosin-mediated
effects on p53 pathway transcription in colonospheres, Alde-
fluor(þ) cells and Aldefluor(þ) CRCSC-initiated xenograft
tumors. Prodigiosin induced p53-responsive luciferase reporter
activity in DLD1 colonospheres (Fig. 4A and Supplementary Fig.
S4A) at various doses. The observed increase in reporter activity
was not due to a difference in the number of colonospheres
(Supplementary Fig. S4A). Prodigiosin significantly restored
p53 pathway transcription in SW480 Aldefluor(þ) cells in vitro

at various doses and time points tested (Fig. 4B and C). We also
observed prodigiosin-mediated p53 pathway restoration in vivo in
xenograft tumors initiatedwithAldefluor(þ) cells (Fig. 4D). Thus,
prodigiosin is a potent p53 pathway restoring agent in CRCSCs.

Prodigiosin-mediated anti-CRCSC effect involves p53 pathway
restoration via p73

Prodigiosin induced cell death in colonospheres (Fig. 1D) and
reduced the viability of CRCSCs (Fig. 2D). Western blot analysis
revealed that prodigiosin induced the markers of cell death
cleaved PARP and cleaved caspase-8 in CRCSCs (Fig. 5A).
Time-course analysis of prodigiosin-mediated effects on cell

Figure 3.
Prodigiosin prevents Aldefluor(þ) CRCSC-
initiated xenograft tumor growth and
passage without toxic effects. A, SW480
Aldefluor(þ) cells were injected
subcutaneously into the right and left
flanks of athymic nude mice. Mice were
administered either DMSO or prodigiosin
(Pro) 5 mg/kg (i.p.; n ¼ 5 mice per group)
upon tumor formation. Doses (indicated by
triangle) were administered posttumor
implantation on day 11, 16, and 22.
� , P < 0.05. B, DLD1 Aldefluor(þ) cells were
injected subcutaneously into the flanks of
athymic nudemice. Upon tumor formation,
mice were administered DMSO or
prodigiosin 5 mg/kg (i.p.; n ¼ 5 mice per
group) on day 7, 14, and 21 posttumor
implantation. Representative image is
shown. C, sorted DLD1 Aldefluor(þ) [Ald
(þ)] and Aldefluor(�) [Ald(�)] cells
(1 million cells per injection) were
subcutaneously injected into the right and
left flank, respectively, of athymic nude
mice. Viable cells from initial tumors were
reinjected into mice to determine tumor
formation at day 20. Representative image
for tumor formation upon passage is
shown. D, H&E staining of initial tumors
from B and passaged tumors from Table 1.
E, H&E staining of liver, kidney, heart,
spleen, lung, and gastrointestinal tract (GI)
from athymic nude mice treated with two
doses of DMSO or prodigiosin (5mg/kg) at
a 3-day interval. Tissues were obtained 3
days after the second dose.
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viability, cell death, and p53 pathway restoration indicated that
prodigiosin-mediated p53 pathway restoration was followed by a
reduction in cell viability and an increase in cell death (Figs. 4C
and 5A). Prodigiosin-mediated inhibition of holoclone (Supple-
mentary Fig. S1C) and colonosphere formation (Fig. 1A) was
observed in p53 wild-type (HCT116, RKO) and p53 mutant
(DLD1, SW480, SW620) cells. Also, p53 loss did not abrogate
prodigiosin-mediated inhibition of colonosphere formation in
HCT116 cells (Supplementary Fig. S4B). These results indicate
that prodigiosin-mediated CRCSC cell death and inhibition of
self-renewal involves p53pathway restoration and is independent
of colorectal cancer p53 status.

We have previously shown that prodigiosin-mediated p53
pathway restoration in colorectal cancer cells involves p73 acti-
vation (35). To confirm the mechanism of prodigiosin-mediated
p53 pathway transcriptional activation in CRCSCs, we examined
the protein levels of p73 and its target genes. Prodigiosin upre-
gulated the levels of p73 and p53/p73 common target gene p21 in
Aldefluor(þ) cells (Fig 5A). We also observed that prodigiosin
elevated the levels of Jagged-1 (Fig. 5A), a p53-independent p73
target gene (6). Prodigiosin-mediated p21 induction was reduced
upon p73 knockdown (Fig. 5B). Clearly, prodigiosin-mediated
p53 pathway restoration is p73 dependent. To further confirm
that the prodigiosin-mediated anti-CRCSC effect is dependent on
p73, we used p73 knockdown colorectal cancer cells. Knockdown
of p73 significantly reduced prodigiosin-mediated colonosphere
inhibition in DLD1 and SW480 cells (Fig. 5C and D and Sup-

plementary Fig. S4C). Thus, prodigiosin-mediated cell death and
inhibition of self-renewal involve p53 pathway restoration via
p73 activation.

Prodigiosin-mediated p53 pathway restoration, cell death, and
anti-CRCSC effect involves inhibition of DNp73

Previously, we have reported that prodigiosin further potenti-
ates the effects of p73 activation via disruption of mutant p53
mediated inhibition of p73 (35). Prodigiosin also reduced the
levels of the oncogenic isoform DNp73 (Fig. 6A) known to inhibit
the effects of p73 and p53 (12, 13). Interestingly, SW480 cells
expressed lower endogenous DNp73 levels as compared with
DLD1 cells (Supplementary Fig. S4D). Accordingly, IC50 for
prodigiosin in SW480 cells was lower compared with DLD1 cells
(35). Prodigiosin-mediated inhibition of SW480 colonospheres
was greater than that observed with DLD1 colonospheres (Fig.
1A). In addition, SW480 Aldefluor(þ) xenograft tumors were
more sensitive to antitumor effects of prodigiosin compared with
DLD1Aldefluor(þ) tumors (Fig. 3A andSupplementary Fig. S2B).
Together, the data indicates that DNp73 levels can help predict
sensitivity to prodigiosin. To conclusively demonstrate the impor-
tance of DNp73 downregulation to the overall anticancer efficacy
of prodigiosin,we explored the effect ofDNp73overexpressionon
prodigiosin-mediated p53 pathway restoration, cell death, and
anti-CRCSC effects. DNp73 overexpression significantly reduced
prodigiosin-mediated cell death in HCT116 and DLD1 cells
(Fig. 6B and Supplementary Fig. S5B). Prodigiosin-mediated

Figure 4.
Prodigiosin restores the p53 pathway
in CRCSCs in vitro and in vivo. A, DLD1
cells expressing the p53-responsive
luciferase reporter were plated for
colonosphere formation.
Colonospheres were treated with
DMSOor indicated doses of prodigiosin
(Pro) for 4 hours and luciferase reporter
activity was measured. B, SW480
Aldefluor(þ) cells expressing the
p53-responsive luciferase reporter
were plated, treated with DMSO or
indicated doses of prodigiosin for 8
hours, and luciferase reporter activity
was measured. C, SW480 Aldefluor(þ)
cells expressing the p53-responsive
luciferase reporter were plated and
treated with DMSO or 1 mmol/L
prodigiosin. Luciferase reporter activity
and cell viability was measured at the
indicated time points. D, SW480
Aldefluor(þ) cells were injected
subcutaneously into the flanks of
athymic nude mice. Upon tumor
formation, mice were administered
DMSOor prodigiosin 5mg/kg (i.p.), and
luciferase reporter activity was
measured after 12 hours.
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p53 reporter activationwas also reduced uponDNp73overexpres-
sion (Supplementary Fig. S5A). Interestingly, DNp73 overexpres-
sion increased the sphere formation of DLD1 cells (Fig. 6E and
Supplementary Fig. S5C). DNp73 overexpression decreased pro-
digiosin-mediated inhibition of sphere formation. Thus, DNp73
inhibition is important for prodigiosin-mediated p53 pathway
restoration, cell death, and anti-CRCSC effects.

Prodigiosin-mediated p53 pathway restoration via p73
activation and DNp73 inhibition involves upstream c-Jun
activation

c-Jun has been shown to regulate both p73 and DNp73 levels
under conditions of cellular stress (17, 18). We investigated
whether prodigiosin-mediated p53 pathway restoration via p73
and DNp73 involves upstream effects on c-Jun. Prodigiosin
upregulated c-Jun and induced phosphorylation of c-Jun in
sorted Aldefluor(þ) CRCSCs (Fig. 6C). Prodigiosin elevated
c-Jun levels in both the cytoplasm and nucleus, which also
correlated with p21 upregulation and nuclear translocation
(Supplementary Fig. S6A). To determine the significance of
c-Jun upregulation in prodigiosin-mediated antitumor effects,
we pursued knockdown of c-Jun levels. c-Jun knockdown
reduced prodigiosin-mediated p73 upregulation and DNp73
downregulation (Fig. 6D). Thus, c-Jun upregulation is an

important upstream event for prodigiosin-mediated effects on
p73 and DNp73 (Fig. 6F). To further validate the mechanism,
we determined the effects of c-Jun knockdown on p53 pathway
restoration and cell death by prodigiosin. c-Jun knockdown
reduced both prodigiosin-mediated p53 reporter activation and
cell death (Supplementary Fig. S6B and C). Clearly, p53 path-
way restoration and antitumor effects of prodigiosin via p73
occur in a c-Jun–dependent manner (Fig. 6F).

Discussion
Self-renewing CRCSCs are a subpopulation within colorectal

cancer responsible for long-term tumor maintenance (19, 20),
therapy resistance (21), relapse (23), and metastasis (22, 24).
CRCSCs could arise from normal stem cells (45, 46) or by
dedifferentiation of non-CRCSC tumor cells (25, 26). For suc-
cessful long-term colorectal cancer therapy, it is critical to target
both CRCSC and non-CRCSC tumor cells. In our study, we have
modeled the self-renewal and chemotherapy resistance of
CRCSCs in vitro and in vivo using colonosphere culture, marker-
based flow cytometry sorting of CRCSCs, CRCSC-mediated xeno-
graft tumor growth and passage. In addition, we have character-
ized a potent small molecule that targets both CRCSCs and bulk
tumor cells. Small-molecule prodigiosin decreased CRCSC

Figure 5.
Prodigiosin-mediated anti-CRCSC effect involves
p53 pathway restoration via p73. A, SW480
Aldefluor(þ) cells were treated with DMSO or 1
mmol/L prodigiosin (Pro) for indicated time points or
with indicated doses (mmol/L) of prodigiosin
for 24 hours. Western blot analysis was performed
for p73, p21, Jagged-1 (Jag1), cleaved (clvd)
caspase-8 (C8), cleaved PARP, and Ran. B, DLD1
wild-type (wt) and stable p73 knockdown (KD) cells
were treated with DMSO or 1 mmol/L prodigiosin for
12 hours. Western blot analysis was performed for
p73, p21, and actin. C, SW480 wt and p73
knockdown cells (Western blot analysis validation
shown) were plated for colonosphere formation in
the presence of DMSO or 0.5 mmol/L prodigiosin
and counted after 4 days. � , P < 0.05. D, DLD1
wt and p73 knockdown cells were plated for
colonosphere formation in the presence of
DMSO or 1 mmol/L prodigiosin and imaged
(magnification, �10) after 3 days. Each division
on the scale is 10 mm.
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markers and reduced colonosphere formation of colorectal cancer
cells as well as 5-FU–resistant sorted CRCSCs. Prodigiosin
reduced the viability of both CRCSCs and non-CRCSCs whereas
5-FU targeted only non-CRCSCs. Prodigiosin also prevented
CRCSC-initiated xenograft tumor growth andpassage. It is impor-
tant to note that prodigiosin-mediated anti-CRCSC effects involve
inhibition of self-renewal as well as cell death induction. We
observed that removal of prodigiosin after a short exposure could
still inhibit colonosphere formation. Also, tumor growth did not
resume even in the absence of continued prodigiosin treatment.
These findings suggest that prodigiosin has a long-term effect on
CRCSC self-renewal. Previous studies have shown that prodigio-
sin is retained in themitochondria in cancer cells (47) and is not a
substrate for multidrug resistance efflux pumps (48). These prop-
erties of prodigiosin could contribute to the sustained effects
observed. We have previously demonstrated that prodigiosin
does not induce DNA damage at the therapeutic doses tested, is
more toxic to cancer cells compared with normal cells and does
not alter the body weight of mice (35). In the current study, we
further confirmed our previous results and showed that prodi-

giosin targets CRCSCswithout toxic effects using serum chemistry
analysis and tissue histology. Our data is consistent with other
reports of lack of toxicity to normal cells with prodigiosin (49,
50). Thus, prodigiosin targets CRCSC self-renewal in vitro and in
vivo without toxic effects.

Loss of p53 function elevates CRCSCs and p53 pathway res-
toration targets CRCSC self-renewal (27); however, the effects of
p73 restoration on CRCSCs remains unknown. We have previ-
ously described prodigiosin as a potent p53 pathway restoring
agent that activates p73 (35). In the current study, we have
demonstrated that the anti-CRCSC effects of prodigiosin involve
p53pathway restoration in ap73-dependentmanner. Prodigiosin
targeted CRCSC self-renewal independent of p53 status and
restored p53 pathway transcription in chemotherapy-resistant
CRCSCs. Knockdown of p73 reduced prodigiosin-mediated
p53 pathway restoration and anti-CRCSC effects. Thus, small-
molecule–mediated p73 restoration can target both chemother-
apy-resistant CRCSCs and non-CRCSCs in tumors with wild-type
as well asmutant p53. Our results are in agreement with the study
by Hu and colleagues demonstrating that p73 overexpression

Figure 6.
Prodigiosin-mediated p53 pathway
restoration, cell death, and anti-CRCSC
effects involve c-Jun activation and
inhibition of DNp73. A, SW480
Aldefluor(þ) cells were treated with
DMSO or indicated doses of prodigiosin
(Pro) for 24 hours.Western blot analysis
was performed for DNp73 and Ran.
B, HCT116 cells were transfected with
control (cont) or DNp73 overexpression
(ovexp) plasmids (Western blot analysis
validation shown) and treated with
DMSO or 1 mmol/L prodigiosin for 48
hours. Cell death was determined by
sub-G1 analysis. � , P < 0.003. C, SW480
Aldefluor(þ) cells were treated with
DMSO or 1 mmol/L prodigiosin (Pro) for
indicated time points or with indicated
doses of prodigiosin (mmol/L) for 24
hours. Western blot analysis was
performed for c-Jun, phospho (p)-c-Jun
and Ran. D, HCT116 cells were
transfected with siRNA control (sic) or
c-Jun siRNA (si1 and si2; Western blot
validation shown) and treated with
DMSO (D) or 1mmol/L prodigiosin (P) for
12 hours. Western blot analysis was
performed for p73, DNp73, and Ran. E,
DLD1 cells were transfectedwith control
(wt) or DNp73 overexpression (ovexp)
plasmids, plated for colonosphere
formation in the presence of DMSO or
0.5 mmol/L prodigiosin and imaged
(magnification, �20) after 2 days. Each
division on the scale is 10 mm. F,
prodigiosin-mediated cell death and
inhibition of self-renewal involve p53
pathway restorationvia c-Jun-mediated
p73 activation and inhibition of DNp73.
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increases cisplatin-mediated apoptosis in glioblastoma stem cells
(34). No prior study has demonstrated the use of prodigiosin or
small-molecule–mediated p73 activation for targeting cancer
stem cells.

Previously, we have reported that prodigiosin further
potentiates the effects of p73 activation via disruption of
mutant p53-mediated inhibition of p73 (35). In this study,
we identified an additional mechanism by which prodigiosin
potentiates the effects of p73 activation. DNp73 is known to
inhibit the effects of p73 and p53 (12, 13). Prodigiosin
increased the levels of p73 and reduced the levels of oncogenic
DNp73 in CRCSCs. Using DNp73 overexpression, we further
demonstrated that inhibition of DNp73 is an integral part of
prodigiosin-mediated p53 pathway restoration, cell death, and
inhibition of self-renewal. Thus, DNp73 could potentially serve
as a useful biomarker of response for prodigiosin and moni-
toring DNp73 levels may help with patient stratification. Inter-
estingly, our data indicates that overexpression of DNp73
promotes self-renewal of colorectal cancer cells. Further work
is needed to understand the role of p73 and DNp73 in regu-
lation of CRCSC self-renewal.

AP-1 transcription factor family member c-Jun has been shown
to regulate levels of p73 and DNp73 under conditions of cellular
stress (17, 18). In this study, we have demonstrated c-Jun as an
important upstream nodal mechanism of prodigiosin-mediated
p53 pathway restoration via p73. Prodigiosin elevated levels of c-
Jun in the nucleus, indicating that c-Jun transcriptionally regulates
p73 and DNp73 levels. Transcriptional regulation of p73 and
DNp73 by c-Jun could potentially occur via effects on Yes-asso-
ciated protein (51) or the proteasome (18).

Although prodigiosin mediated effects on CRCSCs are
dependent on p73, other mechanisms independent of p53
pathway restoration such as inhibition of Akt likely contribute
to the anti-CRCSC effects (52). Further studies will be required

to assess the p53 pathway independent anti-CRCSC mechan-
isms of prodigiosin.
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