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ABSTRACT

Aberrant activation of the Wnt/B-catenin pathway leads to the
development of multiple cancers, including breast cancer.
Development of therapeutic agents against this signaling
pathway is an urgent need. In this study, we found that
2-cyano-3, 12-dioxooleana-1, 9(11)-dien-28-oic acid-methyl
ester (CDDO-Me) could inhibit Wnt/B-catenin signaling mainly
through targeting the low-density lipoprotein receptor-related
protein (LRP) 6 and Frizzled (FZD) 7 receptor complex. This
compound induced the degradation and ubiquitination of
LRP6 and Fzd7 via the lysosomal pathway. We further showed
that CDDO-Me mediated the degradation of FZD7 in an
LRP6 ectodomain-dependent manner. In breast cancer cells,
treatment with CDDO-Me increased the degradation of LRP6
and FZD7 and reduced the levels of phosphorylated Dishev-
eled (DVL) 2 and active B-catenin, resulting in the down-
regulation of Wnt target genes and several cancer stem cell
(CSC) marker genes. In a murine xenograft bearing mouse
mammary tumor virus (MMTV)-Wnt1-driven mammary tumor,
administration of CDDO-Me significantly inhibited tumor
growth and was accompanied by reduced expression of

phosphorylated and total LRP6, phosphorylated and unphos-
phorylated DVL2, active B-catenin, several Wnt target genes,
and CSC marker genes. Collectively, the results of our study
present that CDDO-Me is a potent Wnt/B-catenin signaling
inhibitor that may be a promising therapeutic agent against
breast cancer.

SIGNIFICANCE STATEMENT

Blocking the membrane receptor complex consisting of low-
density lipoprotein receptor-related protein (LRP) 6 and Friz-
zled (FZD) 7 may help developing therapeutic approaches for
cancers, including breast cancers. Our study indicates that
2-cyano-3, 12-dioxooleana-1, 9(11)-dien-28-oic acid-methyl
ester (CDDO-Me) can inhibit Wnt/B-catenin signaling by induc-
ing the ubiquitination and degradation of LRP6/FZD7 mem-
brane receptor complex via a lysosomal pathway. We also
found that the ectodomain of LRP6 is essential for CDDO-
Me-induced FZD7 degradation. Defining CDDO-Me as a novel
inhibitor of Wnt/B-catenin signaling, our results provide insight
into the mechanism of its anticancer activity.

Introduction

The Wnt/B-catenin—signaling cascade is a highly conserved
pathway and essential for embryonic development, stem cell
maintenance, and tissue homeostasis. The dysregulation of

This work was supported by the National Nature Science Foundation of
China (Grants 31870754, 31970739, and 31501143), the Nature Science
Foundation of Guangdong Province (Grant 2014A030310168), the Shenz-
hen Peacock Innovation Team Project (Grant KQTD20140630100658078),
the Shenzhen Peacock Plan (Grants 827000183 and 827000186), the
Shenzhen Basic Research Program (Grants JCYJ20150525092941006,
JCYJ20170302143447936, and JCYJ20170817094611664), and SZU Med-
ical Young Scientists Program (71201-000001).

11..Z. and Z.W. contributed equally to this work.

https://doi.org/10.1124/jpet.119.263434.

This article has supplemental material available at jpet.aspetjournals.org.

the Wnt/B-catenin pathway by mutations and epigenetic
changes is frequently found in various human cancers, in-
cluding breast cancer (MacDonald et al., 2009; Clevers and
Nusse, 2012; Nusse and Clevers, 2017; Krishnamurthy and
Kurzrock, 2018). The transcriptional coactivator B-catenin is
a core component of the pathway, whose protein level and
activity are closely controlled by a destruction complex in the
cytoplasm. This complex is composed of the scaffolding protein
AXIN, the adenomatous polyposis coli protein, casein kinase
la, glycogen synthase kinase 38 (GSK3g), and B-transducin
repeats-containing proteins. Wnt/B-catenin signaling is initi-
ated by binding of Wnt ligands to their transmembrane
receptors of the Frizzled (FZD) family and the low-density
lipoprotein receptor—related protein (LRP) 5/6. Subsequently,

ABBREVIATIONS: BrdU, bromodeoxyuridine; CDDO, 2-cyano-3, 12-dioxooleana-1, 9(11)-dien-28-oic acid; CDDO-Im, CDDO-imidazolide; CDDO-
Me, CDDO-methyl ester; CSC, cancer stem cell; DVL, Disheveled; EA, ethacrynic acid; FZD, Frizzled; B-gal, B-galactosidase; GSK3g, glycogen
synthase kinase 38; HEK, human embryonic kidney; JAK, Janus-activated kinase; LGR5, leucine-rich repeat-containing G-protein-coupled
receptor 5; LRP, low-density lipoprotein receptor-related protein; LRP6AN, LRP6 mutant lacking the N-terminal extracellular domain; Luc,
luciferase; MG132, carbobenzoxy-L-leucyl-L-leucyl-L-leucinal; MMTV, mouse mammary tumor virus; NAC, N-acetyl-L-cysteine; NF-«B, nuclear
factor-kB; OA, oleanic acid; Oct4, octamer-binding transcription factor 4; PCR, polymerase chain reaction; shRNA, short hairpin RNA; STAT, signal
transducer and activator of transcription; Ub, ubiquitin; Wnt3A-CM, Wnt3A-conditioned medium; YAP, yes-associated protein 1.
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casein kinase la is activated and phosphorylates Disheveled
(DVL). Receptor complexes further induce the formation of
LRP6 signalosomes, resulting in the phosphorylation of LRP6
at multiple sites via distinct kinases, which triggers the
downstream cascade that leads to B-catenin stabilization.
Finally, free B-catenin accumulates in the cytoplasm, which
allows it to translocate to the nucleus, and then B-catenin
interacts with the T-cell factor/lymphoid-enhancing factor
transcription factors to initiate transcription of Wnt target
genes (MacDonald et al., 2009; Clevers and Nusse, 2012).
Triterpenoids are a large family of structurally related
compounds biosynthesized in some plants by the cyclization
of squalene. Oleanolic acid (OA) (3b-hydroxyolean-12-en-28-
oic acid) is a naturally occurring triterpenoid that exhibits
antioxidant, antibacterial, antifungal, anticancer, and anti-
inflammatory activities (Supplemental Fig. 1A) (Ayeleso et al.,
2017). To improve the pharmacological efficacy of OA, synthe-
ses of a series of novel derivatives have been conducted,
including 2-cyano-3, 12-dioxooleana-1, 9(11)-dien-28-oic acid
(CDDO), CDDO-imidazolide (CDDO-Im), and CDDO-methyl
ester (CDDO-Me) (Supplemental Fig. 1A). Among them,
CDDO-Me displays potent anticancer activity in the treat-
ment of multiple types of cancer in preclinical and clinical

studies (Wang et al., 2017). CDDO-Me could induce cyto-
toxicity in different cancer cells, including ovarian cancer,
prostate cancer, leukemia, breast cancer, lung cancer, and
pancreatic cancer, but with less toxicity in normal cells
(Wang et al., 2014b). Accumulating evidence demonstrates
that CDDO-Me is a multitargeting molecule. This com-
pound has been shown to target nuclear factor erythroid
2-related factor 2, prosurvival phosphatidylinositol-3-kinase/
protein kinase B/mammalian target of rapamycin, JAK/STAT,
mitogen-activated protein kinase/extracellular signal-regulated
kinases 1 and 2, nuclear factor-«B (NF-«B), and peroxisome
proliferator-activated receptor y signaling pathways (Ahmad
et al., 2008; Deeb et al., 2009; Yadav et al., 2010; Ai et al., 2015;
To et al., 2015; Wang et al., 2015, 2017; Xu et al., 2017; Zagorski
et al., 2018). However, the molecular mechanism underlying the
anticancer activity of CDDO-Me remains unclear.

In this study, we illustrate that CDDO-Me is a potent
Wnt/B-catenin signaling antagonist. This compound could
directly bind to the extracellular domain of LRP6 and
induce lysosomal degradation of LRP6/FZD7 receptor com-
plex, resulting in a decrease in DVL phosphorylation and
the downregulation of active B-catenin and total B-catenin
protein. In a xenograft model of mouse mammary tumor
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Fig. 1. CDDO-Me specifically inhibits the Wnt/B-catenin signaling pathway. (A—G) The SuperTOPFlash reporter was transfected into HEK293T cells
together with empty vector or expression plasmids encoding Wnt1 (A), LRP6 (B), Wnt1 and LRP6 (C), LRP6 and FZD5 (D), LRP6 and FZD7 (E), DVL2
(F), and B-catenin (G). (H) The SuperTOPFlash reporter gene was transfected into HEK293T cells, after which the cells were treated with control-CM or
Wnt3A-CM. (I) HEK293T cells were transfected with an 8 x GTIIC-Luc reporter along with empty vector or YAP expression plasmid. The transfected
cells were incubated with vehicle or the indicated concentrations of CDDO-Me for 24 hours. The cells were then lysed, and the luciferase activities were
examined and normalized according to 8-gal values. Each treatment was performed in six replicates. The values are mean + S.E.M. Statistical analysis
was conducted using one-way ANOVA followed by a Dunnett-¢ test (A-I). CTRL, control. *P < 0.05 compared with the vehicle control.
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virus(MMTV)-Wntl-derived cancer cells, administration
of CDDO-Me significantly suppressed tumor growth with
a concomitant inhibition of the Wnt/B-catenin signaling
cascade.

Materials and Methods

Reagents and Plasmids. Oleanolic acid and N-acetyl-L-cysteine
(NAC) and was purchased from Sigma-Aldrich (Sigma-Aldrich, MO).
CDDO and CDDO-Me were obtained from MedChemExpress (MCE,
NJ). A Food and Drug Administration—approved drug library was
purchased from MedChemExpress (MCE). The reporter plasmids
SuperTOPFlash and 8 x GTIIC-Luc and the expression plasmids
encoding Wntl, LRP6, LRP6 mutant lacking the N-terminal extra-
cellular domain (LRP6AN), FZD5, FZD7, DVL2, B-catenin, YAP, and
B-gal have been described previously (Wang et al., 2016; Su et al.,
2018).

Cell Culture. Human embryonic kidney (HEK) 293T, MDA-MB-
231, MDA-MB-468, and Hs578T cells were obtained from the typical
culture preservation commission cell bank of the Chinese Academy of
Sciences in China. Mouse fibroblast L-cells, L-cells stably transfected
with Wnt3A (L-Wnt3A), were obtained from the American Type
Culture Collection (ATCC, Manassas, VA). HEK293T, L-, L-Wnt3A,
and Hs578T cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS (Gibco, TN) and 1% penicillin-
streptomycin (Gibco) in a humidified incubator at 37°C with 5% COs.
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As described previously, Wnt3A-conditioned medium (Wnt3A-CM)
and control-conditioned medium were prepared (Willert et al., 1999).
MDA-MB-231 and MDA-MB-468 cells were maintained in Leibovitz’s
L-15 medium (Gibco) supplemented with 10% FBS and 1% penicillin-
streptomyecin in a humidified incubator at 37°C without COs,.
Luciferase Reporter Assays. HEK293T cells were cultured in
24-well plates and then transiently transfected using Lipofect AMINE
2000 (Invitrogen, CA) in sixtuplicate with 0.25 pg of luciferase
reporter plasmid, 50 ng of control plasmid for 8-gal, and 50-200 ng
of the indicated expression vectors according to the manufacturer’s
instructions. After 24 hours, the cells were incubated with the
indicated concentrations of compounds. In some experiments, cells
were treated with Wnt3A-CM or control-conditioned medium together
with the compounds, as indicated in the figure legends. Luciferase
activity was measured with the Luciferase Assay System (Promega,
WI) and normalized using B-gal activity as an internal control.
Immunoblot Analyses. Protein samples were extracted from
cells or tumor tissues using lysis buffer containing 20 mM Tris-HCI,
pH 7.4; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1% Triton X-100;
protease inhibitor cocktail (HY-K0010; MedChemExpress); phospha-
tase inhibitor cocktail (HY-K0021; MedChemExpress); and 1 mM
phenylmethylsulfonyl fluoride. Equal amounts of proteins were size
fractionated by 6%—-12% SDS-PAGE and electroblotted onto polyvi-
nylidene fluoride membranes (GE healthcare, PA). After incubation
with the primary antibodies at 4°C overnight, the blots were detected
with relevant horseradish peroxidase—conjugated secondary antibody
(ThermoFisher, MA) and ECL Plus Western Blotting Substrate
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Fig. 2. CDDO-Me inhibits Wnt/B-catenin signaling in HEK293T cells. (A) HEK293T cells were transfected with empty vector or Wntl expression
plasmid, and then the cells were treated with the indicated concentrations of CDDO-Me for 24 hours. Phosphorylated LRP6 (p-LRP6) (Ser1490), total
LRP6, DVL2, active B-catenin, and total B-catenin were detected by immunoblotting. The phosphorylated DVL2 showed slower mobility after SDS-
PAGE. (B) HEK293T cells were treated with vehicle or the indicated concentrations of CDDO-Me in the absence or presence of Wnt3A-CM for 24 hours.
Phosphorylated LRP6 (Ser1490), total LRP6, DVL2, active B-catenin, and total B-catenin were detected by immunoblotting. The phosphorylated DVL2
showed slower mobility after SDS-PAGE. (C) HEK293T cells were transfected with the expression plasmids for LRP6-V5 and GFP, FZD5-V5 and GFP,
or FZD7-Flag and GFP. The cells were then treated with the indicated concentrations of CDDO-Me for 24 hours. Expression of exogenous proteins were
detected by immunoblotting with the corresponding antitag antibodies. GFP was used to normalize the transfection efficiency.
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Fig. 3. CDDO-Me inhibits Wnt/B-catenin signaling in breast cancer cells. (A-C) Hs578T (A), MDA-MB-231 (B), and MDA-MB-468 (C) cells were treated
with the indicated concentrations of CDDO-Me for 24 hours. Phosphorylated LRP6 (p-LRP6) (Ser1490), total LRP6, FZD7, DVL2, active B-catenin, and
total B-catenin were detected by immunoblotting. The phosphorylated DVL2 showed slower mobility after SDS-PAGE. (D-F) Hs578T (D), MDA-MB-231
(E), and MDA-MB-468 (F) cells were treated with the indicated concentrations of CDDO-Me for 24 hours. The Wnt target genes Snail, Fibronectin, and
Survivin were detected by real-time PCR. The data from three independent experiments are presented. The values are mean += S.E.M. Statistical
analysis was conducted using one-way ANOVA followed by a Dunnett-¢ test (D-F). *P < 0.05 compared with the vehicle control.

(ThermoFisher). Signals were visualized using either X-ray film or
Tanon 5200 Chemiluminescent Imaging System (Tanon, Shanghai,
China). The antibodies used were listed in Supplemental Table 1.

Ubiquitination Assays. HEK293T cells cotransfected with in-
dicated expression plasmids were treated with the indicated concen-
trations of CDDO-Me for 24 hours. Cells were lysed with lysis buffer
containing 20 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1 mM
EGTA; 1% Triton X-100; protease inhibitor cocktail (HY-K0010;
MedChemExpress); phosphatase inhibitor cocktail (HY-K0021; Med-
ChemExpress); and 1 mM phenylmethylsulfonyl fluoride after treat-
ment with 10 pM MG132 for 6 hours. The supernatant fractions were
collected by centrifugation at 12,000 rpm for 15 minutes and subjected
to immunoprecipitation using anti-V5 or anti-FLAG M2-Sepharose
followed by Western blotting using specific antibodies as indicated.
The antibodies used were listed in Supplemental Table 1.

Real-Time Polymerase Chain Reaction Analyses. Total RNA
from cells or tumor tissues was isolated using RNAiso Plus Reagent
(TaKaRa) and then reverse-transcribed into cDNA using the Prime-
script RT Reagent Kit (TaKaRa) according to the manufacturer’s
instructions. Real-time polymerase chain reaction (PCR) assays were
performed using an ABI Prism 7300 Real-Time PCR System (Applied
Biosystems, Foster City, CA) with 2x SYBR Green qPCR Master Mix
(Promega). The comparative Ct method was used to analyze relative
expression of genes. The primers were listed in Supplemental Table 2.

Colony Formation Assays. In medium containing 10% FBS in
six-well plates overnight, 1 x 10® cells/well were grown, and then the
indicated concentrations of CDDO-Me were added into the medium.
The cells were cultured in a humidified incubator at 37°C with 5% CO,
for 10 days, and then the colonies were fixed with 4% paraformalde-
hyde, stained with 0.1% crystal violet, and photographed. Then the
colonies were counted and quantified.

Cell Viability and Proliferation Assays. Cells were seeded onto
96-well plates at a density of 2 x 10* cells/well and cultured overnight.
The cells were then treated with DMSO or serially diluted CDDO-Me
for 24 or 48 hours. For viability assay, the cells were incubated with

fresh medium containing 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide for another 4 hours. Then the medium
was removed, formazan crystals were dissolved in DMSO, and the
absorbance was measured at 570 nm. To examine the cell prolifera-
tion, the bromodeoxyuridine (BrdU) incorporation assay was carried
out using the Cell Proliferation ELISA BrdU Chemiluminescent Kit
(Roche) as directed by the manufacturer’s instruction.

Immunofluorescence Analyses. FZD7-Alexa Fluor 594 anti-
body was generated by conjugating FZD7 antibody to Alexa Fluor
594 using Zenon Alexa Fluor 594 Human IgG Labeling Kit (Z25407;
Invitrogen) according to the manufacturer’s instructions. The cells
were incubated with 0.1 pM FZD7-Alexa Fluor 594 antibody for
30 minutes on ice, and after this they were washed twice with PBS.
The cells were then treated with 0.4 .M CDDO-Me for 3.5 hours in an
incubator before the addition 60 nM LysoTracker Deep Red (1.12492;
Invitrogen) for 30 minutes. After fixing with 4% paraformaldehyde,
4’ 6-diamidino-2-phenylindole was used for visualization of cell
nucleus. Sections were observed by using a Leica laser-scanning
confocal microscope.

Sphere Formation Assays. Ultra-low attachment 24-well plates
(Corning) were chosen to culture unattached spheroid cells.
Hs578T cells were seeded as single cells into the sphere culture
medium MammCult (STEMCELL technologies) supplemented with
0.48 pg/ml hydrocortisone and 4 pg/ml heparin in the presence or
absence of the indicated amounts of CDDO-Me. After 10 days in-
cubation, spheres with diameter over 50 pm were counted, and
representative fields were microphotographed.

Xenograft Mouse Model and Treatment with CDDO-Me. All
animal experiments were performed according to the protocols
approved by the Administrative Committee on Animal Research of
Shenzhen University, permit AEWC-201412003 (approved on Dec. 25,
2014). MMTV-Wnt1 transgenic mice on an FVB background [FVB.Cg-
Tg(Wnt1)1Hev/J] were purchased from Jackson Laboratories, and
female BALB/c nude mice were obtained from Shanghai SLAC
Laboratory Animal Co., Ltd. After the breast tumors grew to
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Fig. 4. CDDO-Me induces the degradation of LRP6/FZD7 receptor complex via a lysosome-dependent manner. (A and B) Hs578T (A) and MDA-MB-231
(B) cells were treated with the indicated concentrations of CDDO-Me for 24 hours. The relative mRNA levels of LRP6 and FZD7 were detected by real-
time PCR. The data from three independent experiments are presented. (C and D) Hs578T (C) and MDA-MB-231 (D) cells were incubated with 0.4 pM
CDDO-Me for 16 hours before treatment with 20 nM Bafilomycin Al or 10 puM MG132. After incubation for another 8 hours, the cells were harvested, and
the protein levels of LRP6 and FZD7 were detected by immunoblotting. (E) HEK293T cells stably transfected with FZD7 were treated with 0.1 pM anti-
FZD7-Alexa Fluor 594 for 30 minutes on ice. The cells were then treated with vehicle or 0.4 uM CDDO-Me for 3.5 hours before adding 60 nM
LysoTracker Deep Red. After incubation for another 30 minutes, the cells were fixed, and nucleus was stained with 4’,6-diamidino-2-phenylindole
(DAPI)_ (F and G) HEK293T cells cotransfected with expression plasmids for GFP, myc-Ub, and LRP6-V5 (F) or FZD7-Flag (G) were incubated with the
indicated concentrations of CDDO-Me for 24 hours. Cell lysates were extracted and subjected to immunoprecipitation (IP) using anti-V5 (F) or anti-Flag
M2-Sepharose (G), which was followed by Western blotting using specific antibodies as indicated. GFP was used to normalize the transfection efficiency.

Scale bar, 20 pm.

~500 mm?®, the MMTV-Wntl mice were sacrificed, and tumor frag-
ments were implanted subcutaneously into BALB/c nude mice. When
the tumors reached ~50 mm?, the mice were randomly divided into
two groups and treated by intraperitoneal injection with the vehicle
(0.8% DMS0/12% Cremophor/8% ethanol in normal saline) or 5 mg/kg
CDDO-Me in vehicle twice weekly. Subsequently, tumor volumes were
measured with a caliper and calculated using the following formula:
0.52 x length x width?. When tumor size reached 15 mm in diameter
or tumors showed signs of ulceration, CO euthanasia was performed.
The tumors were then excised, weighed, and photographed.

Histologic Analyses. The tumors were fixed in formalin, embed-
ded with paraffin, and sectioned. Hematoxylin and eosin staining and
immunohistochemistry analysis were carried out as previously de-
scribed (Wang et al., 2016). The primary antibodies used were listed in
Supplemental Table 1.

Statistical Analyses. Statistical analyses were carried out using
Student’s ¢ test or one-way ANOVA followed by a Dunnett-t test.
Results are presented as mean = S.E.M. A P value less than 0.05 was
considered statistically significant.

Results

Inhibition of Wnt/B-Catenin Signaling by
CDDO-Me. An initial screen of a Food and Drug Administra-
tion—approved drug library was performed in HEK293T cells
using a 96-well plate-based SuperTOPFlash reporter system, in
which Wnt3A-CM was used to activate the Wnt/B-catenin
pathway. The screen identified OA, CDDO, and CDDO-Me as
antagonists of Wnt/B-catenin signaling. Previous studies have
identified these three compounds as nuclear factor erythroid
2-related factor 2 activators and NF-«B inhibitors (Ahmad
etal., 2006; To et al., 2015; Xu et al., 2017; Zagorski et al., 2018).

Concerning the importance of the Wnt/B-catenin—signaling
pathway in initiation and progression of various cancers (Nusse
and Clevers, 2017; Mirabelli et al., 2019; Zhong and Virshup,
2020), we characterized the antagonistic effect of these three
compounds on Wnt/B-catenin signaling.

To prove the Wnt inhibitory effect of CDDO-Me, a Super-
TOPFlash reporter plasmid was transfected into HEK293T cells
along with Wnt1, LRP6, Wnt1/LRP6, FZD5/LRP6, FZD7/LRP6,
DVL2, and B-catenin expression plasmids, respectively. CDDO-
Me dose-dependently inhibited the transcriptional activity of
Wnt signaling activated by Wntl, LRP6, Wntl/LRP6, FZD5/
LRP6, and FZD7/LRP6 (Fig. 1, A-E). The increased transcrip-
tional activity induced by the Wnt3A-CM was also blocked by
CDDO-Me (Fig. 1H). However, CDDO-Me did not inhibit the
SuperTOPFlash activity induced by either DVL2 or B-catenin
(Fig. 1, F and G), suggesting that CDDO-Me may act on
the upstream elements of DVL2 and B-catenin. In control
experiments, CDDO-Me at Wnt inhibitory concentrations
did not suppress YAP-mediated activation of a Hippo re-
porter (8 x GTIIC-Luc) (Fig. 1I), indicating that the Wnt
inhibitory effect of CDDO-Me is specific.

We also evaluated the effects of CDDO-Me analogs CDDO
and OA on Wnt/B-catenin signaling using a SuperTOPFlash
reporter assay. CDDO and OA inhibited Wnt signaling
activated by Wntl, LRP6, Wntl/LRP6, FZD5/LRP6, and
FZD7/LRP6 (Supplemental Fig. 1, B-K), although they did
not suppress the transcriptional activity induced by either
DVL2 or B-catenin (Supplemental Fig. 1, L-O). CDDO and OA
also reduced Wnt3A-CM—-induced activity of the SuperTOP-
Flash reporter in a dose-dependent manner (Supplemental
Fig. 1, P and Q). As expected, both compounds did not inhibit

¥202 ‘6T |udy uo sfeulnor 134SY e Blo'sjeuuno fiedseed | wouy papeojumoq


http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.119.263434/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.119.263434/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.119.263434/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.119.263434/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.119.263434/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.119.263434/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.119.263434/-/DC1
http://jpet.aspetjournals.org/

154 Zhou et al.
A Hs578T D LRP6-V5 + + + E LRP6AN-V5 + + +
shC shLRP6 FZD7-Flag + + + FZD7-Flag + + +
GFP + + + GFP + + +
GRDOma £ ,° LB CDDO-Me (uM) 0 0.25 0.5 CDDO-Me (uM) 0 0.25 0.5
LRPG [ = : |
v [ | vs [
FZ07 [ ] s
, | Flag (I & | Flag [§80 8
B-actin [N = SN 'Y W - GEP GFP‘E]
MDA-MB-231
B shC shLRP6 F G
CDDO-Me (uM) 0 0.25 0.5 0 0.25 0.5 Pulldown: Flag Pulldown: Flag
-Me (p }|MW' = LRP6-V5 + + + LRP6AN-V5 + + +
el FZD7-Flag + + + FZD7-Flag + + +
FZD7[M & W ] GFP + + + GFP + + +
B-actin [ e . = — Myc-Ub + + + Myc-Ub + + +
CDDO-ME (uM) 0 0.25 0.5 CDDO-ME (uM) 0 0.25 0.5
c 3 ™ 1613 ™ ——
Human LRP6 [ [ ] L -
LRPGAN I
CICTRL Ub Ub
1007 CILRP6
Bl LRP6AN »
e P -
S 607
§ N
g 2 Flag [N A ] Flag [ WS ]
£ 157
s 1] vs [ -] vs [ - -
'8 J
8 p Input | Flag | S S8 s Input Flagm
0..
CDDO-Me (M) 0 0.25 0.5 0.75 1.0 GFP | me—— GFPE

Fig. 5. CDDO-Me suppresses Wnt/B-catenin signaling in an LRP6 ectodomain-dependent manner. (A and B). Hs578T (A) and MDA-MB-231 (B) cells
were infected with lentivirus-mediated control shRNA (shC) or lentivirus-mediated shRNA directed toward LRP6 (shLRP6), and then cells were treated
with the indicated amounts of CDDO-Me for 24 hours. The protein levels of LRP6 and FZD7 were detected by immunoblotting. (C) The SuperTOPFlash
reporter was transfected into HEK293T cells together with empty vector or expression plasmids encoding LRP6 or LRP6AN. The transfected cells were
incubated with vehicle or the indicated concentrations of CDDO-Me for 24 hours. The luciferase values were normalized to B-gal activities. Each
treatment was performed in six replicates. (D and E) HEK293T cells were transfected with expression plasmids encoding LRP6 (D) or LRP6AN (E) along
with FZD7 and GFP expression vectors. After treatment with the indicated amounts of CDDO-Me for 24 hours, the protein levels of LRP6 and FZD7 were
determined by immunoblotting. (F and G) HEK293T cells cotransfected with expression plasmids for FZD7-Flag, GFP, myc-Ub, and LRP6-V5 (F) or
LRP6AN-V5 (G) were incubated with the indicated concentrations of CDDO-Me for 24 hours. Cell lysates were extracted and subjected to
immunoprecipitation (IP) using anti-Flag M2-Sepharose followed by Western blotting using specific antibodies as indicated. The values are mean *
S.E.M. Statistical analysis was conducted using one-way ANOVA followed by a Dunnett-¢ test (C). CTRL, control. *P < 0.05 compared with the vehicle

control.

the YAP-stimulated Hippo reporter activity (Supplemental
Fig. 1, R and S). These results suggest that CDDO-Me, CDDO,
and OA may inhibit Wnt/B-catenin signaling by a common
mechanism.

CDDO-Me Inhibits Wnt/B-Catenin Signaling in
HEK293T Cells. To investigate the mechanism underly-
ing Wnt-signaling inhibition by CDDO-Me, the Wnt/
B-catenin—signaling cascade was activated by either cotrans-
fection with a Wntl expression plasmid or treatment with
Wnt3A-CM in HEK293T cells. As shown in Fig. 2, Wntl
expression or Wnt3A-CM increased phosphorylation of LRP6
and DVL2, resulting in increased protein levels of active
B-catenin and total B-catenin (Fig. 2, A and B). Treatment
with CDDO-Me markedly reduced the levels of phosphory-
lated LRP6, total LRP6, phosphorylated DVL2, active
B-catenin, and total B-catenin in the cells transfected with
Wntl (Fig. 2A) or treated with Wnt3A-CM (Fig. 2B). Similar to
CDDO-Me, CDDO and OA also downregulated the levels of
phosphorylated LRP6, total LRP6, phosphorylated DVL2,
active B-catenin, and total B-catenin in the cells either trans-
fected with Wntl expression vector (Supplemental Fig. 2, A

and B) or treated with Wnt3A-CM (Supplemental Fig. 2, C and
D). To further test the effect of CDDO-Me on protein levels of
LRP6 and FZD, expression plasmids for LRP6-V5, FZD5-V5,
or FZD7-FLAG were transfected into HEK293T cells. Treat-
ment with CDDO-Me suppressed the levels of LRP6-V5,
FZD5-V5, and FZD7-FLAG in a dose-dependent manner
(Fig. 2C). These results suggest that CDDO-Me may induce
the degradation of Wnt receptor complex components FZD
and LRP6.

CDDO-Me Suppresses Wnt/g-Catenin Signaling in
Breast Cancer Cells. To assess the effect of CDDO-Me on
Wnt/B-catenin signaling in breast cancer cells, three human
breast cancer cell lines (Hs578T, MDA-MB-231, and MDA-
MB-468) were employed in this study. In these three cell lines,
CDDO-Me significantly decreased the levels of phosphory-
lated LRP6 and total LRP6, FZD7, and phosphorylated DVL2
(Fig. 3, A—C). Both active B-catenin and total B-catenin levels
were also reduced after CDDO-Me treatment. In contrast,
CDDO-Me treatment had little effect on the expression of the
noncanonical Wnt receptor, receptor tyrosine kinase-like
orphan receptor 1, and an irrelevant membrane protein,
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ATP1A1, in Hs578T and MDA-MB-231 cells (Supplemental
Fig. 3, A-D). Moreover, treatment with CDDO or OA also
resulted in reduced levels of phosphorylated LRP6, total
LRP6, phosphorylated DVLZ2, active B-catenin, and total
B-catenin in MDA-MB-231 (Supplemental Fig. 4, A and B)
and MDA-MB-468 (Supplemental Fig. 4, C and D) cells.

To further confirm the antagonistic effect of CDDO-Me on
Wnt/B-catenin signaling in breast cancer cells, real-time PCR
was carried out to detect the expression of Wnt target genes,
Fibronectin, Survivin, and Snail. Our results showed that
CDDO-Me significantly decreased mRNA expression of Fibro-
nectin, Survivin, and Snail in a concentration-dependent
fashion in all three breast cancer cell lines (Fig. 3, D-F).

CDDO-Me Induces the Degradation of LRP6/FZD7
Receptor Complex. To investigate whether CDDO-
Me—induced downregulation of LRP6 and FZD7 was a conse-
quence of decreased transcription, the real-time PCR assay
was performed. Breast cancer Hs578T and MDA-MB-231 cells
were treated with different concentrations of CDDO-Me for
24 hours. We did not observe any significant decrease in
mRNA expression of LRP6 and FZD7 after CDDO-Me treat-
ment in both cell lines (Fig. 4, A and B), indicating that the
inhibitory effect of CDDO-Me on LRP6 and FZD7 was indeed
independent of transcriptional regulation.

To determine the contributions of lysosomal and proteaso-
mal pathways to CDDO-Me-induced degradation of LRP6 and
FZD7, the lysosome inhibitor bafilomycin Al and the protea-
some inhibitor MG132 were employed. In Hs578T and MDA-
MB-231 cells, CDDO-Me-reduced expression of LRP6 and
FZD7 was effectively restored by treatment with bafilomycin
Al, but it was not restored by MG132 (Fig. 4, C and D).
Consistently, we observed an increased lysosomal accumula-
tion of FZD7 after CDDO-Me treatment in HEK293T cells

B-actin |- ---|

Statistical analysis was conducted using
one-way ANOVA followed by a Dunnett-¢
test (A). CTRL, control; NS, not signifi-
cant. *P < 0.05 compared as indicated
groups.

(Fig. 4E). These results indicate that the CDDO-Me—induced
degradation of LRP6 and FZD7 is mediated by the lysosomal
pathway rather than the proteasome pathway.

To determine whether CDDO-Me could increase LRP6 or
FZD7 ubiquitination, HEK293T cells transfected with ei-
ther LRP6-V5 or FZD7-FLAG expression plasmids together
with expression vector for myc-ubiquitin (Ub) were treated
with CDDO-Me, and the cell lysates were subjected to
immunoprecipitation using anti-Ub and anti-V5 or anti-
FLAG antibodies. As shown in Fig. 4, F and G, CDDO-Me
treatment increased the ubiquitination of LRP6 or FZD7
(Fig. 4, F and G).

CDDO-Me Induces FZD7 Degradation in an
LRP6 Ectodomain-Dependent Manner. Interestingly,
we noted that CDDO-Me failed to induce the degradation of
FZD7 in LRP6-knockdown Hs578T cells (Fig. 5A). Similar
results were observed in MDA-MB-231 cells (Fig. 5B). These
results suggest that CDDO-Me-induced FZD7 degradation
may be mediated by LRP6 in breast cancer cells.

To evaluate the role of LRP6 ectodomain in CDDO-
Me—induced FZD7 degradation, LRP6AN was constructed
(Fig. 5C) (Su et al., 2018). HEK293T cells were transfected
with expression plasmids encoding LRP6 or LRP6AN. As
expected, LRP6AN constitutively activated Wnt/B-catenin
signaling. CDDO-Me treatment did not exert any inhibitory
effect on transcriptional activity induced by LRP6AN
(Fig. 5C), suggesting the extracellular domain of LRP6 is
required for CDDO-Me-induced degradation of FZD7. Con-
sistent with this, CDDO-Me could not induce FZD7 degradation
in the presence of LRP6AN (Fig. 5, D and E). Furthermore,
in vitro ubiquitination experiments showed that CDDO-Me had
little effect on the ubiquitination of FZD7 in the presence of
LRP6AN (Fig. 5, F and G).
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Fig. 7. CDDO-Me significantly suppresses proliferation and stemness in breast cancer cells. (A) Hs578T and MDA-MB-231 cells were treated with the
indicated amounts of CDDO-Me for 7 days. Cells were then stained with crystal violet and photographed. The right panel: Graphical representation of
quantitative data shows the relative number of colony formation per well. Each treatment was performed in six replicates. (B) Hs578T cells were
cultured in Ultra-Low Attachment dishes to examine the ability of sphere formation in the absence or presence of the indicated concentrations of CDDO-
Me for 10 days. Right panel: Graphical representation of quantitative data shows the relative number of sphere formation per 250 cells. Each treatment
concentration was performed in six replicates. (C) Hs578T cells were incubated with the indicated concentrations of CDDO-Me for 24 hours, and mRNA
level of stemness marker genes LGR5, Oct4, Slug, and Snail were measured by real-time PCR. The data from three independent experiments are
presented. (D) Hs578T cells were incubated with the indicated concentrations of CDDO-Me for 24 hours, and immunoblotting was performed to detect
the protein levels of stemness marker genes LGR5, Oct4, Slug, and Snail. The values are mean *+ S.E.M. Statistical analysis was conducted using one-
way ANOVA followed by a Dunnett-t test (A—C). *P < 0.05 compared with the vehicle control. Scale bar, 100 pm (B).

CDDO-Me Inhibits the Wnt/B-Catenin Pathway
and Induces the Degradation of LRP6 and FZD7 in
an «a,B-Unsaturated Carbonyl Moiety-Independent
Manner. To assess whether the Wnt inhibitory effect of
CDDO-Me is dependent on its «,B-unsaturated carbonyl
group, we examined the effect of CDDO-Me on Wnt/
B-catenin signaling and LRP6/FZD7 receptor complex in
the presence of NAC. NAC possesses a reactive-free thiol
group and can interact with the «,8-unsaturated carbonyl
moiety of CDDO-Me. Our results revealed that the pres-
ence of NAC had no effect on CDDO-Me—induced inhibition
of SuperTOPFlash reporter activity (Fig. 6A), compound-
induced degradation of exogenous LRP6 and FZD7 in
HEK293T cells (Fig. 6, B and C), and compound-induced
degradation of endogenous LRP6 and FZD7 in Hs578T and
MDA-MB-231 cells (Fig. 6, D and E). Meanwhile, we tested
the effect of NAC on ethacrynic acid (EA)-mediated Wnt
inhibition. EA contains an «,B8-unsaturated carbonyl unit
and is a known antagonist of the Wnt/B-catenin pathway
(Jin et al., 2009; Lu et al., 2009). These results showed that

NAC could prevent EA-mediated effects on the Wnt/
B-catenin pathway (Fig. 6A).

CDDO-Me Inhibits the Wnt/B-Catenin Pathway in
a GSK3B-Independent Manner. GSK3g is a serine/threo-
nine kinase involved in multiple cellular responses, including
modulation of B-catenin stability. Its kinase activity is
negatively regulated by phosphorylation of GSK38 at Ser9.
A previous study reported that apoptotic doses of CDDO-Me
(1-2.5 wM) could induce inactivating phosphorylation at Ser9 of
GSK3B in prostate cancer cells (Vene et al., 2008). Our results
showed that CDDO-Me at nanomolar or low micromolar concen-
trations (100-500 nM) had little effect on phosphorylation at Ser9
of GSK3B in Hs578T cells (Supplemental Fig. 5), whereas
increased phosphorylation at Ser9 of GSK33 was observed after
treatment with 1 pM CDDO-Me in Hs578T cells. These results
suggest that the antagonistic effect of CDDO-Me on Wnt/
B-catenin signaling was independent of GSK3g.

CDDO-Me Represses Cell Viability, Proliferation,
Colony Formation, and Stemness in Breast Cancer
Cells. We tested the cytotoxic effect of CDDO-Me on breast
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Fig. 8. CDDO-Me inhibits the Wnt/B-catenin signaling pathway in a murine xenograft model bearing Wntl-driven murine mammary tumor. Breast
tumor fragments from MMTV-Wntl mice were implanted subcutaneously into BALB/c nude mice. When the tumors reached ~50 mm®, the mice were
randomly divided into two groups and treated with the vehicle or 5 mg/kg CDDO-Me in vehicle twice weekly by intraperitoneal injection. At the
endpoint, CO, euthanasia were performed. Then tumors were excised, weighed, and photographed. (A) Image of tumors. (B) Tumor growth curve. (C)
Tumor weight. (D) Hematoxylin and eosin (H&E) staining of tumor section. (E) Immunohistochemistry of Ki-67, active B-catenin (ABC), and total
B-catenin. (F) Total protein was extracted from tumor samples, and immunoblotting was performed to detect the protein levels of phosphorylated LRP6
(Ser1490), total LRP6, FZD7, DVL2, active B-catenin, total B-catenin, LGR5, Oct4, Slug, and Snail. (G) Total RNA was extracted from tumor samples
and real-time PCR was used to determine mRNA levels of Wnt target genes and stemness-associated genes (n = 8). The values are mean = S.E.M.
Statistical analysis was performed with Student’s ¢ test (C and G) and one-way ANOVA followed by a Dunnett-¢ test (B). *P < 0.05 compared with the

vehicle control. Scale bar, 100 pm (D). Scale bar, 50 pm (E).

cancer cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide assay. Consistent with results from earlier
studies (Bishayee et al., 2011; El-Ashmawy et al., 2014),
CDDO-Me decreased the viability of breast cancer cells,
with ICsq values at 48 hours of 0.51 pM in Hs578T cells,
0.42 pM in MDA-MB-231 cells, and 0.55 pM in MDA-MB-
468 cells (Supplemental Fig. 6, A and B). BrdU incorpora-
tion assay was performed to evaluate the effect of CDDO-Me
on cellular proliferation. Treatment with CDDO-Me
caused a dose-dependent decrease in BrdU incorporation
in Hs578T, MDA-MB-231, and MDA-MB-468 cells
(Supplemental Fig. 6C). We further assessed the colony-
forming ability of breast cancer cells using cell colony
formation assay. As shown in Fig. 7A, CDDO-Me markedly
repressed the clonogenic ability of Hs578T and MDA-MB-
231 cells (Fig. 7A).

Since Wnt/B-catenin signaling plays a critical role in cancer
stem cell (CSC) maintenance, we used the sphere formation
assay in vitro to evaluate the effect of CDDO-Me on CSC self-
renewal potential. Nanomolar concentrations of CDDO-Me
significantly reduced tumorsphere formation in Hs578T cells
(Fig. 7B). Given the role of Wnt/B-catenin signaling in the
regulation of expression of CSC marker genes, we examined
the effect of CDDO-Me on the expression of CSC marker genes
LGR5, Oct4, Snail, and Slug. Real-time PCR and immuno-
blotting revealed that CDDO-Me treatment decreased the
mRNA and protein levels of CSC markers LGR5, Oct4, Snail,
and Slug (Fig. 7, C and D).

CDDO-Me Inhibits the Growth of MMTV-Wntl Tu-
mor Allografts via the Downregulation of Wnt/
B-Catenin Signaling. We tested the antitumor efficacy of
CDDO-Me against MMTV-Wntl tumor allografts. The pri-
mary MMTV-Wntl tumors were fragmented and subcutane-
ously implanted into BALB/c nude mice. Once the tumors
reached approximately 50 mm?, mice were intraperitoneally
injected with either vehicle or 5 mg/kg CDDO-Me twice a week
for 3 weeks. CDDO-Me administration arrested tumor growth
(Fig. 8, A—C). The treatment regimen was well-tolerated and
did not cause significant weight loss (unpublished data).
Histologic analyses showed that CDDO-Me treatment re-
duced tumor cell density and proliferation, as assessed by
Ki-67 staining (Fig. 8, D and E).

To investigate whether CDDO-Me—-induced inhibition of
tumor growth was accompanied with the suppression of Wnt/
B-catenin signaling, the tumor tissues from the control and
treatment groups were examined using immunohistochemical
staining, immunoblot analyses, and real-time PCR. Adminis-
tration of CDDO-Me noticeably reduced the expression of
active and total B-catenin (Fig. 8E). The CDDO-Me-treated
tumors exhibited markedly decreased levels of phosphory-
lated and total LRP6, phosphorylated and unphosphorylated
DVL2, and CSC-related markers Snail, Slug, Oct4, and LGR5
compared with the vehicle-treated tumors (Fig. 8F). Moreover,
the expression levels of Wnt target genes Fibronectin, Survi-
vin, Snail, Slug, Oct4, and LGR5 were significantly reduced in
tumors from mice treated with CDDO-Me (Fig. 8G).
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Fig. 9. A schematic summary for the inhibition of the Wnt/B-catenin
signaling pathway by CDDO-Me. CDDO-Me induces the degradation and
ubiquitination of LRP6/FZD7 receptor complex via the lysosomal
pathway, thereby decreasing the levels of phosphorylated DVL and active
B-catenin, eventually resulting in the downregulation of Wnt target genes.
CK1, casein kinase 1; TCF, T-cell factor.

Discussion

Although genetic mutations in the genes encoding intracel-
lular components of Wnt signaling are rare, aberrant activa-
tion of this signaling pathway is frequently observed in human
breast cancer. Accumulating evidence indicates that dysregu-
lation of cell-surface Wnt-signaling components may contrib-
ute to constitutive activation of this pathway in breast cancer
(Lamb et al., 2013; Pohl et al., 2017; Zhan et al., 2017). The
Wnt-signaling coreceptor LRP6 has been shown to be upregu-
lated in a subset of human breast cancer tissues and cell lines
(Liu et al., 2010). Knockdown of LRP6 in breast cancer cells
significantly decreased Wnt/B-catenin signaling, cell prolifer-
ation, and tumor growth in vivo (Liu et al., 2010). Notably,
overexpression of LRP6 in mammary epithelial cells driven by
the MMTYV promoter is sufficient to induce mammary gland
hyperplasia (Zhang et al., 2010). The Wnt receptor FZD7 also
plays a critical role in cell proliferation in triple-negative
breast cancer. Yang et al. (2011) reported that FZD7 was
overexpressed in triple-negative breast cancer tissues and cell
lines. Downregulation of FZD7 in breast cancer cells resulted
in impaired cell growth and tumor transformation (Yanget al.,
2011). In vivo studies revealed that FZD7 shRNA induced
growth retardation via blocking the Wnt/B-catenin signaling
pathway (Yang et al., 2011). These studies prove the concept
that LRP6 and FZD7 may serve as potential therapeutic
targets for the treatment of breast cancer. Inhibition of either
FZD7 or LRP6 may block Wnt signaling and suppress Wnt
signal-mediated cell proliferation. In this study, we demon-
strated that CDDO-Me could inhibit Wnt/B-catenin signaling
through targeting LRP6/FZD7 complex in breast cancer cells.
This compound-induced lysosomal degradation of LRP6/FZD7

complex, resulting in a decrease in DVL phosphorylation and
downregulation of active B-catenin and total B-catenin protein.
Furthermore, CDDO-Me suppressed the growth of MMTV-
Wntl tumor allografts via the downregulation of Wnt/B-catenin
signaling. Taken together, our results define a novel mecha-
nism for anticancer action of CDDO-Me.

CDDO-Me, an «,B-unsaturated carbonyl compound, reacts
with glutathione, leading to the formation of Michael adducts
between CDDO-Me and reactive nucleophiles on target pro-
teins (Wang et al., 2014a; Chaudhari and Ravanan, 2018).
This compound has been shown to inhibit the NF-«xB
pathway by direct alkylation of Cys179 in the inhibitor of
kB kinase B activation loop (Ahmad et al., 2006). Ahmad
et al. (2008) reported that CDDO-Me could block activation
of the JAK1/STAT3 pathway by forming cysteine adducts
with both JAK1 and STATS3. It is possible that CDDO-Me
may induce the degradation of LRP6/FZD7 receptor complex
in an a,B-unsaturated carbonyl moiety-dependent way.
NAC, a pharmacological precursor of L-cysteine, was used
to test this hypothesis. The chemical reaction between NAC
and CDDO-Me should form NAC-CDDO-Me adduct through
Michael addition reaction, which may result in an abroga-
tion of CDDO-Me—induced degradation. However, pretreat-
ment with NAC had no effect on CDDO-Me-induced
degradation of LRP6/FZD7 receptor complex, indicating
that CDDO-Me may induce the degradation of LRP6/FZD7
receptor complex through an «,B-unsaturated carbonyl
moiety-independent way. Future studies are needed to
investigate the mechanism underlying CDDO-Me—induced
degradation of LRP6/FZD7 receptor complex.

CSCs are a small population of tumor cells responsible for
tumor initiation, recurrence, metastasis, and drug resistance
in multiple tumor types (Agliano et al., 2017; Phi et al., 2018).
Several key developmental signaling pathways, such as Wnt,
Notch, and Hedgehog, are required for maintaining the stem-
ness of CSCs. In human breast cancer, the CD44 " CD24 /1%
Lineage™ cells were originally identified as CSCs. As few as
100 of these cells were able to form tumors in the nonobese
diabetic/severe combined immunodeficiency mice (Al-Hajj
et al., 2003). Other cellular surface markers, such as CD133,
CD166, epithelial cell adhesion molecule (EpCAM), and
aldehyde dehydrogenase, have also been used for the isolation
of breast CSCs (Xia, 2014; Saeg and Anbalagan, 2018). CDDO-
Im is an imidazole-containing oleanane triterpenoid. This
compound has been shown to inhibit the tumorsphere forma-
tion of breast cancer SUM159 cells. Moreover, CDDO-Im could
suppress the CD44"/CD24 "*%/epithelial cell adhesion mole-
cule (EpCAM)™" cells in SUM159 tumorspheres (So et al.,
2014). The present study demonstrates that CDDO-Me mark-
edly inhibited tumorsphere formation in breast cancer
Hs578T cells and resulted in the downregulation of CSC
marker genes LGR5, Oct4, Snail, and Slug via antagonizing
Wnt/B-catenin signaling. Importantly, the administration of
CDDO-Me reduced the expression of CSC marker genes
LGR5, Oct4, Snail, and Slug in a Wntl-driven murine
mammary tumor model. These results indicate that CDDO-
Me may exhibit its anti-breast cancer activity through
targeting breast CSCs.

In conclusion, CDDO-Me could directly bind to the extra-
cellular domain of LRP6 and induce lysosomal degradation of
LRP6/FZD7 receptor complex, resulting in the downregula-
tion of Wnt/B-catenin signaling in vitro and in vivo (Fig. 9). In
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an MMTV-Wntl xenograft model, CDDO-Me significantly
suppressed tumor growth via the inhibition of Wnt/B-catenin
signaling. These results indicate that the anti—breast cancer
activity of CDDO-Me is associated with its antagonistic effect
on the Wnt/B-catenin signaling cascade.
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Supplemental Figure 1. CDDO and OA specifically inhibit the Wnt/B-catenin signaling
pathway. (A). Structure of CDDO-Me and its analogues CDDO, CDDO-Im and OA.
(B-0O). The SuperTOPFlash reporter was transfected into HEK293T cells together with
empty vector or expression plasmids encoding Wntl (B and C), LRP6 (D and E), Wntl
and LRP6 (F and G), LRP6 and FZD5 (H and 1), LRP6 and FZD7 (J and K), DVL2 (L
and M) and B-catenin (N and O). (P-Q) The SuperTOPFlash reporter gene was
transfected into HEK293T cells, after which the cells were treated with control or
Wnt3A-CM. (R-S). HEK293T cells were transfected with an 8 < GTIIC-Luc reporter
together with empty vector or YAP expression plasmid. The transfected cells were
incubated with vehicle or the indicated concentrations of CDDO (B, D, F, H, J, L, N, P
and R) or OA (C, E, G, I, K, M, O, Q and S) for 24 h. The luciferase values were
normalized to B-gal activities. Each treatment was performed in 6 replicates. The values
are means =SEM. Statistical analysis was conducted using one-way ANOVA followed
by a Dunnett-t test (B-S). *P < 0.05 compared to the vehicle control.
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Supplemental Figure 2. CDDO and OA inhibit the Wnt/B-catenin signaling pathway in
HEK293T cells. (A-B). HEK293T cells were transfected with empty vector or Wntl
expression plasmid. Then the cells were treated with the indicated concentrations of
CDDO (A) or OA (B) for 24 h. (C-D). HEK293T cells were treated with vehicle or the
indicated concentrations of CDDO (C) or OA (D) in the presence or absence of Wnt3A-
CM for 24 h. Phosphorylated LRP6 (Ser1490), total LRP6, DVL2, ABC and total p-
catenin were detected by immunoblotting. The phosphorylated DVL2 showed slower

mobility following SDS/PAGE.
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Supplemental Figure 3. CDDO-Me selectively induces the degradation of LRP6 and
FZD7 receptor complex in breast cancer cells. (A-B). Hs578T (A) and MDA-MB-231
(B) cells were treated with the indicated concentrations of CDDO-Me for 24 h. (C-D).
Hs578T (C) and MDA-MB-231 (D) cells were treated with 0.4 uM CDDO-Me. After
treatment at different time points: 0 h, 3 h, 6 h, 9 h and 12 h, total protein was extracted
and immunoblotting was performed to detect the protein levels with the indicated
specific antibodies.
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Supplemental Figure 4. CDDO and OA inhibits the Wnt/p-catenin signaling pathway
in breast cancer cells. (A-B). MDA-MB-231 cells were treated with the indicated
concentrations of CDDO (A) or OA (B) for 24 h. (C-D). MDA-MB-468 cells were
treated with the indicated concentrations of CDDO (C) or OA (D) for 24 h.
Phosphorylated LRP6 (Ser1490), total LRP6, FZD7, DVL2, ABC and total [3-catenin
were detected by immunoblotting. The phosphorylated DVL2 showed slower mobility
following SDS/PAGE.
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Supplemental Figure 5. CDDO-Me increases the phosphorylation of GSK3p. Hs578T
cells were treated with the indicated concentrations of CDDO-Me for 24 h. The
expression level of phospho-GSK3p (Ser9) and total GSK3p were detected by
immunoblotting.
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Supplemental Figure 6. CDDO-Me inhibits cell viability and proliferation in breast
cancer cells. (A-B). Hs578T, MDA-MB-231 and MDA-MB-468 cells were seeded in
96-well plates and then treated with the indicated concentrations of CDDO-Me for 24
h (A) and 48 h (B), respectively. Cell viability was assessed with an MTT assay. (C).
Cell proliferation was examined by a BrdU incorporation assay. *P < 0.05 compared to
the vehicle control.
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Supplemental Table 1 Antibodies for immunoblotting and IHC.

Antibodies Application Source Cat. NO
anti-phospho LRP6 (Ser1490) | WB (1:1000) | CST 2568
anti-LRP6 WB (1:1000) | CST 2560
anti-DVL2 WB (1:2000) | CST 3216
anti-active B-catenin WB - (1:2000), | CST 8814

IHC (1:200)
anti-p-catenin WB (1:1000) | Santa Cruz Sc-7963
anti—p-catenin IHC (1:100) CST 8480
anti-phospho GSK3p (Ser9) WB (1:1000) | CST 9322
anti-GSK3p WB (1:3000) | CST 9315
anti-ROR1 WB (1:1000) | CST 4102
anti-LGR5 WB (1:1000) | Abcam Ab75732
anti-Snail WB (1:1000) | CST 3879
anti-Slug WB (1:1000) | CST 9585
anti-Oct4 WB (1:1000) | CST 75463
anti-ATP1A1 WB (1:5000) | Proteintech 14418-1-AP
anti-p-actin WB (1:5000) | TransGen HC201
anti-Flag WB (1:5000) | Sigma-Aldrich | F4049
anti-V5 WB (1:5000) | CST 13202
anti-GFP WB (1:10000) | CST 2956
Anti-Ub WB (1:2000) | CST 3933
anti-Ki-67 IHC (1:200) CST 12202

WB (1:1000), | Prepared as

IF (0.1uM) described
Anti-FZD7 previously

(Fernandez et
al., 2014)

Fernandez A, Huggins lJ, Perna L, Brafman D, Lu D, Yao S, Gaasterland T, Carson DA and Willert K

(2014) The WNT receptor FZD7 is required for maintenance of the pluripotent state in human
embryonic stem cells. Proc Natl Acad Sci U S A 111:1409-1414.
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Supplemental Table 2 Primers for Real-time PCR.

Species | Gene ID Sequence
Fibronectin Forward: 5'-ACCTACGGATGACTCGTGCTTT-3'
Reverse: 5'-TTCAGACATTCGTTCCCACTCA-3'
Survivin Forward: 5'- AGGACCACCGCATCTCTACAT-3'
Reverse: 5'- AAGTCTGGCTCGTTCTCAGTG-3'
Snail Forward: 5'- TCGGAAGCCTAACTACAGCGA-3'
Reverse: 5'- AGATGAGCATTGGCAGCGAG-3'
Human | LGRS Forward: 5'-CTCCCAGGTCTGGTGTGTTG-3'
Reverse: 5'- GAGGTCTAGGTAGGAGGTGAAG-3'
Slug Forward: 5'- CGAACTGGACACACATACAGTG-3'
Reverse: 5'- CTGAGGATCTCTGGTTGTGGT-3'
Octa Forward: 5'- ATTCAGCCAAACGACCATCT-3'
Reverse: 5'- TCTCACTCGGTTCTCGATACTG-3'
GAPDH Forward: 5'-GGAGCGAGATCCCTCCAAAAT-3'
Reverse: 5'-GGCTGTTGTCATACTTCTCATGG-3'
Fibronectin Forward: 5'-ATGTGGACCCCTCCTGATAGT-3'
Reverse: 5'-GCCCAGTGATTTCAGCAAAGG-3'
Survivin Forward: 5'- GAGGCTGGCTTCATCCACTG-3'
Reverse: 5'- ATGCTCCTCTATCGGGTTGTC-3'
Snail Forward: 5'- CACACGCTGCCTTGTGTCT-3'
Reverse: 5'- GGTCAGCAAAAGCACGGTT-3'
Mouse | LGRS Forward: 5'- ACATTCCCAAGGGAGCGTTC-3'
Reverse: 5'- ATGTGGTTGGCATCTAGGCG-3'
Slug Forward: 5'- CAGCGAACTGGACACACACA-3
Reverse: 5'- ATAGGGCTGTATGCTCCCGAG-3'
Octa Forward: 5'- AGAGGATCACCTTGGGGTACA-3'
Reverse: 5'- CGAAGCGACAGATGGTGGTC-3'
GAPDH Forward: 5'- TGACCTCAACTACATGGTCTACA-3'

Reverse: 5'- CTTCCCATTCTCGGCCTTG-3'




