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Prodigiosin, a natural red pigment produced by numerous bacte-
rial species, has exhibited promising anticancer activity; however,
the molecular mechanisms of action of prodigiosin on malignant
cells remain unclear. Aberrant activation of the Wnt/β-catenin sig-
naling cascade is associated with numerous human cancers. In this
study, we identified prodigiosin as a potent inhibitor of the Wnt/
β-catenin pathway. Prodigiosin blocked Wnt/β-catenin signaling
by targeting multiple sites of this pathway, including the low-
density lipoprotein-receptor-related protein (LRP) 6, Dishevelled
(DVL), and glycogen synthase kinase-3β (GSK3β). In breast cancer
MDA-MB-231 and MDA-MB-468 cells, nanomolar concentrations
of prodigiosin decreased phosphorylation of LRP6, DVL2, and GSK3β
and suppressed β-catenin–stimulated Wnt target gene expression,
including expression of cyclin D1. In MDA-MB-231 breast cancer
xenografts and MMTV-Wnt1 transgenic mice, administration of pro-
digiosin slowed tumor progression and reduced the expression
of phosphorylated LRP6, phosphorylated and unphosphorylated
DVL2, Ser9 phosphorylated GSK3β, active β-catenin, and cyclin
D1. Through its ability to inhibit Wnt/β-catenin signaling and re-
duce cyclin D1 levels, prodigiosin could have therapeutic activity
in advanced breast cancers.
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The Wnt/β-catenin signaling pathway plays critical roles in
development and tissue homeostasis. Activation of the Wnt

pathway by mutations, epigenetic changes, or cells in the tumor
microenvironment contributes to the initiation and progression
of various human cancers, including breast cancer (1–4). β-catenin
is a key component of the Wnt signaling cascade and functions
as a coactivator for transcription factors of the T-cell factor/
lymphoid-enhancing factor (TCF/LEF) family. The protein level
and activity of β-catenin are tightly controlled by a destruction
complex composed of the scaffolding protein AXIN, the adeno-
matosis polyposis coli (APC) protein, and the enzyme glycogen
synthase kinase-3β (GSK3β) (1). The destruction complex can
phosphorylate β-catenin through GSK3β and promote β-catenin
degradation by a ubiquitination-proteasome pathway. The ca-
nonical Wnt signaling cascade is initiated by the binding of se-
creted Wnt proteins to a receptor complex consisting of a member
of the Frizzled (FZD) family and the low-density-lipoprotein receptor-
related protein (LRP) 5 or 6. Subsequently, the adaptor protein
Dishevelled (DVL) is phosphorylated, which increases the in-
teraction between DVL and AXIN and inhibits GSK3β enzy-
matic activity within the destruction complex. This action promotes
unphosphorylated β-catenin accumulation and translocation into
the nucleus, where it interacts with TCF/LEF transcription
factors to activate transcription of Wnt target genes, including
cyclin D1 (CCND1), LEF1, and fibronectin (FN1) (5–7).
Prodigiosin, a red pigment produced by bacteria as a bioactive

secondary metabolite, displays numerous biological activities, in-
cluding antibacterial, antifungal, antiprotozoal, antimalarial, im-
munosuppressive, and anticancer properties (8–13). The prodigiosin

analog obatoclax is currently in clinical trials in patients with
cancer (14, 15). Prodigiosin has exhibited potent cytotoxic ac-
tivity against human cancer cell lines with multidrug resistance
phenotypes or defects in apoptotic pathways, with much less
toxicity to normal cells (12, 13, 16). The specific mechanisms of
prodigiosin action in malignant cells have been poorly eluci-
dated, however. In breast cancer cells, pharmacologic inhibitors
of GSK3β have been reported to prevent prodigiosin toxicity
(17). Inhibitors of GSK3β promote β-catenin–dependent Wnt
pathway activation. These results prompted us to assess the ef-
fects of prodigiosin on Wnt/β-catenin signaling. Our experiments
demonstrate that prodigiosin is indeed a potent Wnt/β-catenin
signaling antagonist that blocks the phosphorylation of LRP6
and DVL2, and activates GSK3β in vitro and in vivo.

Results
Inhibition of Wnt/β-Catenin Signaling by Prodigiosin. Using the cell-
based TOPFlash reporter system (18), we performed an initial
screen of known drugs and identified prodigiosin as an inhibitor of
the Wnt/β-catenin signaling pathway. To further confirm the Wnt
inhibitory effect of prodigiosin, HEK293T cells were transfected
with a SuperTopFlash reporter plasmid together with Wnt1, Wnt3,
Wnt1/LRP6, or Wnt3/LRP6, DVL2, or β-catenin expression plas-
mids (Fig. 1 B–F). Treatment with 25–500 nM prodigiosin dose-
dependently blocked Wnt signaling activated by Wnt1 (Fig. 1B),

Significance

The Wnt pathway is implicated in multiple cancers, but to date
no pharmacologically acceptable Wnt inhibitors have been in-
troduced into the clinic. Analogs of the natural product prodi-
giosin are in early leukemia trials, but their mechanisms of
action have not been established. We report that prodigiosin
and its analog obatoclax block Wnt signaling at nanomolar
concentrations by preventing the phosphorylation of Dish-
evelled. Cyclin D is an established target of Wnt signaling, and
elevated cyclin D levels are characteristic of advanced breast
cancer. In a Wnt-driven murine transgenic model of breast
cancer, prodigiosin potently diminished cyclin D levels and
blocked the growth of tumors. These results provide a ratio-
nale for the introduction of prodigiosin analogs into clinical
trials of advanced breast cancer.

Author contributions: D.A.C. and D.L. designed research; Z.W., B.L., L.Z., S.Y., Z.S., J.S., and
Q.S. performed research; Z.W., B.L., O.S., X.W., W.J., K.W., L.W., and D.L. analyzed data;
and Z.W., B.L., K.W., D.A.C., and D.L. wrote the paper.

Reviewers: M.P., University of California, Riverside; and X.-K.Z., Sanford Burnham Prebys
Medical Discovery Institute.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.
1Z.W. and B.L. contributed equally to this work.
2D.A.C. and D.L. contributed equally to this work.
3To whom correspondence may be addressed. Email: delu@szu.edu.cn or dcarson@
ucsd.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1616336113/-/DCSupplemental.

13150–13155 | PNAS | November 15, 2016 | vol. 113 | no. 46 www.pnas.org/cgi/doi/10.1073/pnas.1616336113

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1616336113&domain=pdf
mailto:delu@szu.edu.cn
mailto:dcarson@ucsd.edu
mailto:dcarson@ucsd.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616336113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616336113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1616336113


Wnt3 (Fig. 1C), Wnt1/LRP6, Wnt3/LRP6 (Fig. 1D), and DVL2
(Fig. 1E). Wnt3A-conditioned medium (Wnt3A-CM) was also
used to induce transcriptional activity of the SuperTopFlash re-
porter, and increased its activity by ∼25-fold. Prodigiosin treatment
inhibited Wnt3A-CM–induced transcription in a dose-dependent
manner (Fig. 1G). These results demonstrate that prodigiosin
inhibits transcription of the SuperTopFlash reporter activated
by either Wnt transfection or Wnt3A treatment, suggesting that
prodigiosin does not inhibit Wnt ligand secretion. In contrast,
the Porcupine (PORCN) inhibitors LGK974 and IWP-2, which
block Wnt ligand secretion, depressed SuperTopFlash reporter
activity induced by transfected Wnt1, but not that induced by
Wnt3A-CM (Fig. S1).
Prodigiosin did not suppress β-catenin–induced reporter ac-

tivity (Fig. 1F), indicating that prodigiosin likely inhibits Wnt/
β-catenin signaling upstream of β-catenin, such as at the level of
the receptor complex (LRP6 phosphorylation) and the β-catenin
destruction complex (DVL2 and GSK3β phosphorylation). In
control experiments, Wnt inhibitory concentrations of prodigiosin
did not influence the luciferase activity of an AP-1 reporter gene
(Fig. 1H) or an NFAT reporter gene (Fig. 1I).
Obatoclax, a synthetic prodigiosin analog with an indole ring

(Fig. 1A), has demonstrated promising anticancer activity in mul-
tiple clinical trials (14, 15). We examined the effect of obatoclax on
Wnt/β-catenin signaling using a SuperTopFlash reporter assay.
Similar to prodigiosin, obatoclax inhibited Wnt signaling activated
by Wnt1 (SI Appendix, Fig. S2A), Wnt3 (Fig. S2B), Wnt1/LRP6
and Wnt3/LRP6 (Fig. S2C), and DVL2 (Fig. S2D). Obatoclax also
suppressed Wnt3A-CM–induced transcriptional activity of the
SuperTopFlash reporter in a dose-dependent manner (Fig. S2E).
As expected, obatoclax did not inhibit the activity of the AP1-Luc
and NFAT-Luc reporters (Fig. S2 F and G).

Inhibition of the Wnt/β-Catenin Signaling Cascade in HEK293T Cells by
Prodigiosin. To further investigate the target of prodigiosin action
in the Wnt pathway, HEK293T cells were transfected with a Wnt1

expression plasmid, and after 24 h were treated with increasing
concentrations of prodigiosin. As expected, Wnt1 expression in-
creased phosphorylation of LRP6 and DVL2 and activated
β-catenin (Fig. 2 A and B). The phosphorylated DVL2 protein was
visualized as a slower-migrating band on SDS/PAGE, whereas
active β-catenin was identified by reduced phosphorylation of
serine 37 (S37) and threonine 41 (T41), as recognized by a mono-
clonal antibody. Treatment with nanomolar concentrations of pro-
digiosin significantly reduced the levels of phosphorylated LRP6
and DVL2, active β-catenin, and total β-catenin (Fig. 2 A and B),
indicating that prodigiosin may block Wnt/β-catenin signaling
by targeting LRP6 and DVL.
A previous study indicated that pharmacologic inhibitors of

GSK3β could prevent prodigiosin toxicity (17). Thus, we evaluated
the effect of prodigiosin on the phosphorylation state of GSK3β,
a serine/threonine kinase involved in various cellular responses,
including regulation of β-catenin stability. Phosphorylation of
GSK3β at Ser9, which can be monitored using phosphor-specific
antibodies, inhibits its kinase activity (19). Prodigiosin noticeably
inhibited the phosphorylation of GSK3β at Ser9 in HEK293T cells
(Fig. 2C), which is indicative of an increase in GSK3β activity.

Suppression of Wnt/β-Catenin Signaling and Cyclin D1 Levels in Breast
Cancer Cells by Prodigiosin. We studied the MDA-MB-231 and
MDA-MB-468 cell lines to assess the effect of prodigiosin on
Wnt/β-catenin signaling in breast cancer. In both cell lines, prodi-
giosin concentrations 25–500 nM decreased the levels of phosphor-
ylated LRP6, total LRP6, phosphorylated and unphosphorylated
DVL2, and Ser9 phosphorylated GSK3β (Fig. 3 A and B). Fur-
thermore, both active β-catenin and total β-catenin levels were
diminished after prodigiosin treatment (Fig. 3 A and B).
Activation of Wnt signaling increases the transcription of

many genes, including cyclin D1, which is dysregulated in breast
cancer. In MDA-MB-231 and MDA-MB-468 cells, prodigiosin at
concentrations as low as 25 nM decreased cyclin D1 gene ex-
pression, and also depressed transcription of the Wnt-regulated
genes LEF1 and fibronectin (Fig. 3 C andD); however, prodigiosin
had no effect on the expression of FZD5, which is not a known
target of Wnt/β-catenin signaling (Fig. 3 C and D). In agreement
with the mRNA data, prodigiosin significantly suppressed the pro-
tein levels of cyclin D1 and LEF1 in breast cancer MDA-MB-231
and MDA-MB-468 cells (Fig. 3 E and F).

Effect of Prodigiosin on Viability, Proliferation, and Apoptosis in
Breast Cancer Cells. Consistent with previous experiments (16,
20), prodigiosin reduced the viability of breast cancer cells, with
IC50 values at 48 h of 62.52 nM in MDA-MB-231 cells (Fig. S3A)
and 261.2 nM in MDA-MB-468 cells (Fig. S3B). We investigated
the effect of prodigiosin on the proliferation of breast cancer
cells using the BrdU incorporation assay. Prodigiosin treatment
resulted in a dose-dependent decrease in BrdU incorporation in
MDA-MB-231 cells (Fig. S3C) and MDA-MB-468 cells (Fig.
S3D). Cleaved caspase-3 is the active form of caspase-3, which is a
well-known marker for apoptotic cell death. To test whether
prodigiosin is able to induce apoptosis in breast cancer cells, we
treated MDA-MB-231 and MDA-MB-468 cells with 25–500 nM
prodigiosin for 24 h and then subjected cell extracts to Western
blot analysis using an anti–cleaved caspase-3 antibody. Cleaved
caspase-3 was detected in both cell lines (Fig. S3 E and F). These
results indicate that prodigiosin can inhibit proliferation and in-
duce apoptosis in breast cancer cells.

Effect of Prodigiosin on Breast Cancer Cell Migration and Invasion.
The Wnt pathway regulates migration and invasion of malignant
cells, and thereby influences metastasis (21). The effect of pro-
digiosin on the migration of breast cancer cells was evaluated using
an in vitro scratch assay and transwell assays. Prodigiosin sup-
pressed the migration of breast cancer MDA-MB-231 and MDA-
MB-468 cells in a dose-dependent manner (Fig. 4 A–C).
To examine the effect of prodigiosin on invasion of breast cancer

cells, we repeated the transwell assays using Matrigel-coated

Fig. 1. Prodigiosin specifically inhibits the Wnt/β-catenin signaling pathway.
(A) Structure of prodigiosin and obatoclax. (B–F) The SuperTopFlash reporter
gene was transfected into HEK293T cells together with empty vector or ex-
pression plasmids encoding Wnt1 (B); Wnt3 (C); Wnt1 and LRP6, Wnt3 and LRP6
(D); DVL2 (E); and β-catenin (F). (G) The SuperTopFlash reporter gene was
transfected into HEK293T cells, after which the cells were treated with control or
Wnt3A conditioned medium (Wnt3A-CM). (H) HEK293T cells were transfected
with an AP1-Luc reporter and empty vector or a constitutively active Rasv12 ex-
pression plasmid. (I) HEK293T cells were transfected with a NFAT-Luc reporter
and empty vector or an expression plasmid for NFATc. The transfected cells were
incubated with vehicle or prodigiosin (25–500 nM) for 24 h. The luciferase values
were normalized to β-gal activities.
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chambers. Prodigiosin treatment significantly reduced the numbers
of penetrated MDA-MB-231 and MDA-MB-468 cells compared
with the blank control (Fig. 4 D and E). These results indicate that
prodigiosin exerts inhibitory effects on the migratory and invasive
capacity of breast cancer cells in vitro.

Inhibition of Tumor Growth in Vivo and Blockade of Wnt/β-Catenin
Signaling in MDA-MB-231 Xenografts by Prodigiosin. To determine
whether prodigiosin could antagonize the Wnt signaling cascade
in breast cancer cells in vivo, we injected MDA-MB-231 cells s.c.
into nude mice. After the tumor volumes reached approximately
50 mm3, mice were treated by i.p. injection with vehicle or
prodigiosin at 5 mg/kg twice weekly for 3 wk. Once the mice were
killed, tumor volumes and weights were measured, the histo-
logical features of the tumors were evaluated, and the total RNAs
and proteins in the xenografts were extracted. The prodigiosin
treatment regimen significantly inhibited tumor growth, but did
not eliminate the tumors (Fig. 5 A–C). The drug did not affect
body weight. Histological analyses showed that treatment with
prodigiosin decreased tumor cell density (Fig. 5D) and expression
of the proliferation marker Ki-67 (Fig. 5E).
Immunohistochemical staining demonstrated that prodigiosin

treatment decreased the expression of active β-catenin and total
β-catenin in MDA-MB-231 xenografts (Fig. 5 F andG). Moreover,
prodigiosin-treated tumors showed significantly decreased levels
of phosphorylated LRP6, phosphorylated and unphosphorylated

DVL2, Ser9 phosphorylated GSK3β, active and total β-catenin,
LEF1, and cyclin D1 protein compared with control-treated tu-
mors (Fig. 5H). These immunoblot results were confirmed by real-
time PCR analyses, which showed a marked reduction in the
mRNA expression of the Wnt target genes cyclin D1, LEF1, and
fibronectin in prodigiosin-treated tumors (Fig. 5I).

Induction of Tumor Regression by Prodigiosin via Down-Regulation of
Wnt/β-Catenin Signaling in MMTV-Wnt1 Transgenic Mice. To investigate
the in vivo efficacy of prodigiosin in Wnt-driven mammary tumors,
we used MMTV-Wnt1 transgenic mice, which develop mammary
hyperplasia early in development, followed by the appearance of
solitary tumors (22). The mammary glands of the mice were pal-
pated twice weekly, and the tumor appearance was recorded. Once
the developing tumors reached approximately 50 mm3 in diameter,
treatment was initiated with i.p. injection of either the vehicle or
prodigiosin (5 mg/kg) twice weekly. After a 3-wk treatment regi-
men, the mice were killed and tumors were removed for further
analysis. Prodigiosin treatment caused tumor regression (Fig. 6A–C),
concomitant with reduced tumor cell density (Fig. 6D) and pro-
liferation as indicated by Ki-67 staining (Fig. 6E).
To determine the effect of prodigiosin on Wnt/β-catenin signal-

ing in Wnt1-driven tumors, we examined the tumors from control
and treated groups by immunohistochemical staining, immunoblot
analyses, and real-time PCR. The prodigiosin-treated tumors
showed reduced expression of active and total β-catenin (Fig. 6
F and G). Importantly, administration of prodigiosin noticeably
decreased the levels of phosphorylated LRP6, phosphorylated and
unphosphorylated DVL2, Ser9 phosphorylated GSK3β, and active
and total β-catenin (Fig. 6H). These results indicate that prodigiosin
blocks growth of Wnt ligand-driven mammary tumors through

Fig. 3. Prodigiosin inhibits the Wnt/β-catenin signaling pathway in breast
cancer cells. MDA-MB-231 (A, C, and E) and MDA-MB-468 (B, D, and F) cells
were treated with the indicated amounts of prodigiosin for 24 h. (A and B)
Phosphorylated LRP6, total LRP6, DVL2, Ser9 phosphorylated GSK3β, total
GSK3β, active β-catenin, and total β-catenin were detected by immunoblot-
ting. The slower-migrating band (upper band) represents the phosphory-
lated DVL2. (C and D) Total RNA was extracted and then reverse-transcribed
into cDNA. Prepared cDNA was then subjected to quantitative PCR analysis
to detect the mRNA expression of cyclin D1, fibronectin, and LEF1. (E and F)
Protein expression of cyclin D1 and LEF1 were detected by immunoblotting.

Fig. 2. Prodigiosin inhibits the Wnt/β-catenin signaling pathway in HEK293T
cells. (A) HEK293T cells were transfected with Wnt1 expression plasmid. Then
cells were treated with the indicated amounts of prodigiosin for 24 h.
Phosphorylated LRP6 and total LRP6 were detected by immunoblotting.
(B) Transfection conditions were as in A. HEK293T cells were treated with the
indicated amounts of prodigiosin for 24 h. DVL2, active β-catenin, and total
β-catenin were detected by immunoblotting. The phosphorylated DVL2
showed slower mobility following SDS/PAGE. (C) HEK293T cells were treated
with the indicated amounts of prodigiosin for 24 h. Ser9 phosphorylated
GSK3β and total GSK3β were detected by immunoblotting.
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targeting multiple sites of the Wnt signaling cascade. Inhibition
of Wnt signaling by prodigiosin was accompanied by a treatment-
induced decrease in mRNA expression of Wnt target genes cyclin
D1, LEF1, and fibronectin (Fig. 6I).

Discussion
These results document the ability of prodigiosin to inhibit Wnt
signaling in breast cancer cells in tissue culture and in vivo. The
Wnt antagonism occurs at the same concentrations that inhibit
breast cancer cell growth, migration, and invasion. Prodigiosin
acts proximally in the Wnt signaling cascade by inhibiting the
phosphorylation of LRP6, DVL2, and GSK3β, thereby pre-
venting the activation of β-catenin.
The various prodigiosins are characterized by a common

4-methoxy-2,2-bipyrrole ring system that can exist in cis and trans
forms (23). The planar nitrogens in prodigiosin and its analogs can
chelate copper and zinc, and also alter cellular pH (23–25). In
cultured cell lines, prodigiosin can exert effects similar to those of
the polyether ionophores salinomycin and nigericin, which inhibit
the activity of vacuolar H+-adenosine triphosphatase (V-ATPase)
(26). Inhibition of V-ATPase interferes with vesicle acidification,
which is necessary for endocytosis and activation of the FZD/LRP6
complex that mediates Wnt signaling (27, 28). We previously
showed that both salinomycin and nigericin inhibit Wnt signaling
proximal to β-catenin, possibly by interference with V-ATPase
(18); however, salinomycin and nigericin are complex natural
products that are difficult to isolate and synthesize. In contrast,
numerous prodigiosin analogs have been prepared, and one pro-
digiosin analog (obatoclax) is currently in clinical trials for treating
hematologic malignancies (14, 15). It will be interesting to de-
termine whether patients treated with prodigiosin congeners have
alterations in the Wnt signaling cascade.

Wnt/β-catenin signaling plays an important role in the devel-
opment and progression of breast cancer (29). Wnt ligands and
FZD receptors are expressed in human breast cancer cell lines
and primary tumors (30–33). Multiple negative regulators of
Wnt/β-catenin signaling, such as SFRP1, SFRP2, SFRP5, WIF1,
DKK1, and DKK3, are down-regulated in many breast tumors
(34–39). Although Wnt/β-catenin pathway mutations are rarely
detected in breast tumors, elevated levels of nuclear and/or cy-
toplasmic β-catenin are frequently found and are associated with
poor prognosis (40). Furthermore, DVL1 is up-regulated in 50%
of human breast cancers, and phosphorylated DVL proteins
have been detected in many breast tumor cell lines (41, 42).
The anticancer effect of prodigiosin has attracted much at-

tention owing to its potent anticancer activity in various human
cancer cells with low cytotoxicity in normal cells. Given the im-
portance of Wnt/β-catenin signaling in the development of hu-
man cancers (1–4), the Wnt inhibitory function of prodigiosin
may be attributed to its selective cytotoxicity toward cancer cells.
A previous study noted that prodigiosin-induced apoptosis could
be blocked by GSK3β pharmacologic inactivation, suggesting
that prodigiosin may mediate GSK3β activation (17). In this
study, we have demonstrated that prodigiosin can reduce GSK3β
phosphorylation at Ser9, leading to the increased activity of
GSK3β. This result may explain, at least in part, the inhibitory
effect of prodigiosin onWnt//β-catenin signaling. The antiapoptosis
gene survivin has been reported to be a target of the Wnt/β-catenin

Fig. 4. Prodigiosin suppresses breast cancer cell migration and invasion.
(A) Prodigiosin inhibits migration of breast cancer cells. MDA-MB-231 cells
were grown in 10% FBS-containing medium. The cell monolayers were
scratched and incubated with the indicated concentrations of prodigiosin
for 24 h and then photomicrographed. (B) Prodigiosin blocks migration of
breast cancer cells. MDA-MB-231 (Upper) or MDA-MB-468 (Lower) cells
were transferred to transwells with the indicated concentrations of pro-
digiosin for 6 h. The migrated cells were stained and photomicrographed.
(C) Graphical representation of quantitative data shows the relative number of
migrated cells shown in B. (D) Prodigiosin inhibits breast cancer cell invasion.
MDA-MB-231 (Upper) and MDA-MB-468 (Lower) cells were placed in transwells
coated with matrigel and treated with the indicated concentrations of prodi-
giosin for 24 h. The invaded cells were stained and photomicrographed.
(E) Graphical representation of quantitative data shows the relative number of
invaded cells shown in D.

Fig. 5. Prodigiosin inhibits tumor growth in a breast cancer xenograft
mouse model. Established MDA-MB-231 xenografts were treated with 5 mg/kg
prodigiosin twice weekly for 3 wk. (A) Images of tumors from both the saline-
and prodigiosin-treated groups. (B) Mean tumor volumes. (C) Mean tumor
weight. (D) H&E staining. (E) Ki-67 antibody staining. (F) Active β-catenin an-
tibody staining. (G) Total β-catenin antibody staining. (H) The expression levels
of phosphorylated LRP6, total LRP6, DVL2, Ser9 phosphorylated GSK3β, total
GSK3β, active β-catenin, total β-catenin, cyclin D1, and LEF1 in tumor samples
were visualized after immunoblotting. The slower-migrating bands (upper
bands) represent the phosphorylated DVL2. (I) The mRNA expression levels of
cyclin D1, fibronectin, and LEF1 were quantitated by real-time PCR. *P < 0.05.
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pathway (43). Ho et al. (44) reported that prodigiosin could down-
regulate the expression of survivin gene, and this down-regulation
is regulated mainly at the level of transcription. Our results support
the idea that prodigiosin may suppress survivin expression by
blocking Wnt/β-catenin signaling. Further studies are needed to
clarify this possibility.
Cancer stem cells (CSCs) play crucial roles in the recurrence,

metastasis, and drug resistance of breast cancer. As few as 100
human breast CSCs with the cell surface markers CD44+CD24−/low
can produce tumors when xenotransplanted into NOD/SCID mice
(45). The Wnt/β-catenin pathway is essential for self-renewal and
migration of breast CSCs (46). The Wnt/β-catenin signaling in-
hibitors salinomycin and niclosamide exert selective inhibitory
effects on breast CSCs compared with other cell types (18, 47–49).
As shown here, prodigiosin also exhibits a potent inhibitory effect
on Wnt/β-catenin signaling in breast cancer cells through targeting
LRP6, DVL2, and GSK3β, leading to the inhibition of β-catenin
activity and down-regulation of Wnt target genes, especially cyclin
D1. Consistent with the results obtained in vitro, prodigiosin
strongly depressed Wnt/β-catenin signaling and cyclin D1 expres-
sion in MDA-MB-231 breast cancer xenografts and MMTV-Wnt1
transgenic mice. Our results also demonstrate that prodigiosin is
highly efficacious at well-tolerated doses in the transgenic breast
cancer disease model driven by aberrant Wnt1 signaling.
Overexpression of cyclin D1 occurs in more than 50% of breast

cancers (50). The cyclin D-dependent kinases 4 and 6 (CDK4/6)
are frequently dysregulated in advanced breast cancer and are
targets for new therapies. The CDK4/6 inhibitor pablociclib was

recently shown to prolong progression-free survival when combined
with letrozole in estrogen receptor-positive metastatic breast cancer
(51); however, tumor resistance to pablociclib eventually develops.
Increased activity of theWnt pathway is a common property of drug
resistant cancers. Thus, it is conceivable that the addition of pro-
digiosin or an analog to a CDK4 inhibitor and antiestrogen regimen
could improve the treatment of advanced breast cancer.

Materials and Methods
Reagents and Plasmids. Prodigiosin was purchased from Santa Cruz Bio-
technology. LGK974, IWP-2, and obatoclax were obtained from Selleck. The
SuperTopFlash reporter plasmid was gift from Karl Willert, University of
California, San Diego. The reporter plasmids AP1-Luc and NFAT-Luc and the
expression plasmids encoding Wnt1, Wnt3, LRP6, DVL2, β-catenin, NFATc,
H-rasv12, and β-gal have been described previously (18, 52).

Luciferase Reporter Gene Assay. HEK293T cells were transfected in 24-well
plates with 0.25 μg of reporter plasmid, 50 ng of control plasmid pCMXβgal,
and 50–200 ng of the indicated expression plasmids using Lipofectamine
2000 according to the manufacturer’s instructions. After transfection for 24 h,
the cells were treated with the indicated concentrations of compound.
Wnt3A conditioned medium (Wnt3A-CM) and control conditioned me-
dium were prepared as described previously (53). Luciferase assays were
carried out using a luciferase assay kit (Promega), and the luciferase values
were normalized according to the β-gal activity.

Transwell Assays. As described previously (54), 2 × 105 cells were seeded in 24
transwell chambers with 8-μm pore membrane in serum-free medium in the
absence and presence of 50, 100, 250, 500 nM prodigiosin. The lower chamber of
the transwell chamber contained medium with 20% FBS. After incubation at
37 °C for 6 h, the unmigrated cells on the upper side of membranewere removed
by a cotton swab, and themigrated cells were stained with crystal violet and then
photomicrographed. For invasion assays, the transwell chambers with 8-μm pore
membranes were coated withMatrigel. For quantitative analysis, the stained cells
were eluted in 33% acetic acid, and absorbance was detected at 570 nm.

Animal Model Study. All animal experiments were performed according to the
protocols approved by the Administrative Committee on Animal Research of
Shenzhen University. For the breast cancer xenograft mouse model, female
BALB/c nudemicewere purchased fromGuangdongMedical LabAnimal Center,
andMDA-MB-231 cells were implanted s.c. into the right flank of nudemice at a
dosage of 1 ×107 cells per mouse. Following implantation, tumor growth was
closely observed and measured every 3 d. For the Wnt1-driven mouse mam-
mary tumor model, MMTV-Wnt1 transgenic mice on an FVB background [FVB.
Cg-Tg(Wnt1)1Hev/J] were obtained from Jackson Laboratories. The mice were
palpated twice a week to detect mammary tumor formation. When the tu-
mors reached ∼50 mm3, the mice were divided at random into two groups
and treated with the vehicle (0.8% DMSO/12% Cremophor/8% ethanol in
normal saline) or 5 mg/kg prodigiosin in vehicle twice weekly by i.p. injection.
Subsequently, tumor volumes were measured with a caliper and calculated
using the following formula: 0.528 × (length/2) × (width/2)2. After treatment
for 3 wk, mice were killed, and tumors were excised and weighed.

Histological Analyses. Tumors were fixed in formalin, embedded with paraffin,
and sectioned. Hematoxylin and eosin staining and immunohistochemistry
analysis were performed as described previously (55). The following primary
antibodies were used for immunohistochemistry analyses: anti–Ki-67 (Biol-
egend), anti–nonphospho (active) β-catenin (Cell Signaling Technology), and
anti–β-catenin (Santa Cruz Biotechnology).

Statistical Analyses. Statistical analyses were carried out using the unpaired
Student t test or two-way ANOVA GraphPad Prism 5.0. Differences at P < 0.05
were considered statistically significant. Results are presented as mean ± SD.

Other procedures, including cell culture and transfection, immunoblot
analyses, real-time PCR analyses, cell viability assays, cell proliferation assays,
and scratch assays, are described in SI Materials and Methods.

ACKNOWLEDGMENTS. This work was supported by the National Nature
Science Foundation of China (Grants 81372342 and 31501143), the Nature
Science Foundation of Guangdong Province (Grant 2014A030310168), the
Shenzhen Peacock Innovation Team Project (Grant KQTD20140630100658078),
the Key Laboratory Project of Shenzhen (Grant ZDSY20130329101130496),
and the Shenzhen Basic Research Program (Grants JCYJ20150525092941006
and JCYJ20150525092941030).

Fig. 6. Prodigiosin induces tumor regression in MMTV-Wnt1 transgenic mice.
MMTV-Wnt1 transgenic mice were treated with either vehicle or prodigiosin
(5 mg/kg) twice weekly for 3 wk. (A) Images of tumors from the saline- and
prodigiosin-treated groups. (B) Mean tumor volume. (C) Mean tumor weight.
(D) H&E staining. (E) Ki-67 antibody staining. (F) Active β-catenin antibody
staining. (G) Total β-catenin antibody staining. (H) Expression levels of phos-
phorylated LRP6, total LRP6, DVL2, Ser9 phosphorylated GSK3β, total GSK3β,
active β-catenin, and β-catenin in tumor samples were visualized after immu-
noblotting. The slower-migrating bands (upper bands) represent the phos-
phorylated DVL2. (I) mRNA expression levels of cyclin D1, fibronectin, and LEF1
were quantitated by real-time PCR. *P < 0.05.
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