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Cancer cell stemness is responsible for cancer relapse, distal metastasis, and drug resistance. Here we identi-
fied that Frizzled 2 (Fzd2), one member of Wnt receptor Frizzled family, induced human breast cancer (BC) 
cell stemness via noncanonical Wnt pathways. Fzd2 was overexpressed in human BC tissues, and Fzd2 over-
expression was associated with an unfavorable outcome. Fzd2 knockdown (KD) disturbed the mesenchymal-
like phenotype, migration, and invasion of BC cells. Moreover, Fzd2 KD impaired BC cell mammosphere 
formation, reduced Lgr5+ BC cell subpopulation, and enhanced sensitivity of BC cells to chemical agents. 
Mechanistically, Fzd2 modulated and bound with Wnt5a/b and Wnt3 to activate several oncogenic path-
ways such as interleukin-6 (IL-6)/Stat3, Yes-associated protein 1 (Yap1), and transforming growth factor-b1 
(TGF-b1)/Smad3. These data indicate that Fzd2 contributes to BC cell mesenchymal-like stemness; targeting 
Fzd2 may inhibit BC recurrence, metastasis, and chemoresistance.
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INTRODUCTION

Studies on transgenic animals such as MMTV-WNT1, 
MMTV-bCATΔN, and MMTV-WNT10B mice have 
demonstrated that overactivation of canonical Wnt/b-
catenin signaling can induce breast cancer (BC) devel-
opment1. Some components in this pathway including 
Wnt10b, Frizzled 7 (Fzd7), and low-density lipoprotein 
(LDL) receptor-related proteins 6 (LRP6) are associated 
with human BC, especially triple-negative BC (TNBC) 
or basal-like BC (BLBC)2–4. Wnt/b-catenin signaling 
promotes BC metastasis and chemoresistance, mostly 
due to the induction of epithelial–mesenchymal transi-
tion (EMT) and stem cell-like properties (also known 
as stemness). However, roles of noncanonical Wnt path-
ways in human BC are not completely understood. Wnt5a 
has been identified as both tumor suppressor and tumor 
promoter5,6. The discrepancy may be related to cellular 
context and receptor type7,8.

Stemness induces cancer initiation, metastasis, recur-
rence, and chemoresistance. Two types of stemness, 
mesenchymal-like and epithelial-like, have been observed 
in BC cells9. Mesenchymal-like stemness is characterized 

by EMT, while epithelial-like stemness is characterized 
by its reverse process, mesenchymal–epithelial transition 
(MET). EMT links mesenchymal-like stemness to tumor-
initiating capacity through several molecules such as RAS, 
p53, vascular endothelial growth factor (VEGF), Hedgehog, 
and transforming growth factor-b (TGF-b)10–14.

Fzd proteins are seven-transmembrane receptors 
for Wnt ligands. Until now, 10 Fzd (Fzd1–Fzd10) have 
been identified. Fzd7 promotes TNBC proliferation and 
invasion through canonical b-catenin pathway15, and 
Fzd6 induces TNBC invasion and metastasis by modu-
lating actin cytoskeleton16. Roles of other Fzd in BC 
remain largely unknown. Our study revealed that Fzd2 
modulates and binds with Wnt5a/b and Wnt3 to activate 
several oncogenic pathways and endow BC cell with 
mesenchymal-like stemness.

MATERIALS AND METHODS

In Silico Analysis

The Cancer Genome Atlas (TCGA) database was inter-
rogated for FZD2 expression in BC tissues. Cancer Cell 
Line Encyclopedia (CCLE) database and GSE12777 data-
base were interrogated for gene expression in human BC 
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cell lines. Correlation between two genes was analyzed 
by Pearson statistics. The correlation of FZD2 expression 
with survival was analyzed in the Kaplan–Meier plotter 
website (http://kmplot.com/analysis/).

Human Specimens

Forty-four BC specimens including 28 invasive duc-
tal BC (IDC), 9 invasive lobular BC (ILC), and 7 duc-
tal BC in situ (DCIS), and 10 matched cancer-adjacent 
normal tissues were investigated in this study. All these 
specimens were obtained from Liaoning Province Tumor 
Hospital with the informed consent of the patients. 
Institutional Research Ethics Committee of China 
Medical University approved the use of these specimens 
for research purposes.

Immunohistochemistry

Tissue sections were deparaffinized and hydrated, 
and then incubated with 3% H2O2 to remove endogenous 
peroxidase and treated with citrate buffer in heat to repair 
antigen. After incubation with primary antibody (Fzd2; 
1:200; Abcam, Cambridge Science Park, UK) overnight 
at 4°C, biotinylated secondary antibody (1:1,000; Thermo 
Fisher Scientific, Waltham, MA, USA) was then added. 
Sections were stained with diaminobenzidine, and then 
restained in hematoxylin, dehydrated with gradient alco-
hol and xylene, and sealed with cover slides. Expression 
of Fzd2 in human BC tissues was assessed and scored 
by a clinical pathologist and a second investigator. Cells 
with no, faint, moderate, and strong staining were rated 
as 0, 1, 2, and 3, respectively. The percentage of corre-
sponding staining cells was designated as A, B, C, and D, 
respectively. Expression score was calculated as 0×A + 
1×B + 2×C + 3×D.

Cell Culture

MCF7, BT-549, and MDA-MB-231 were obtained 
from the American Type Culture Collection (ATCC), 
and MCF7/adriamycin (Adr) was purchased from icell-
bioscience (Shanghai, China). MCF7, MDA-MB-231, 
and BT-549 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Hyclone, Logan, UT, USA) 
containing 10% fetal bovine serum (FBS; MRC, New 
Zealand) and 1% penicillin/streptomycin (Hyclone). 
MCF7/Adr cells were maintained in RPMI-1640 
medium supplemented with 10% FBS, 1% penicillin/
streptomycin, and 1 μM Adr (Solarbio, Beijing, China). 
Doxorubicin was dissolved in pure water.

Western Blot

Equal amount of protein was separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride 
(PVDF) membranes. Bovine serum albumin (5%) or 

skimmed milk was performed to block membranes. 
Primary antibodies include Fzd2 and CD44 (1:5,000; 
Abcam); interleukin-6 (IL-6), Stat3, p-Stat3 (Tyr705), 
non-phospho b-catenin, E-cadherin, vimentin, Slug, 
Wnt5a/b, Yes-associated protein 1 (Yap1), TGF-b1, 
Smad3, and ABCG2 (1:1,000; Cell Signaling Technology, 
Boston, MA, USA); Wnt3, Col1a1, and Col6a1 (1:1,000; 
Abcam); Zeb1 (1:500; Sigma-Aldrich, St. Louis, MO, 
USA); and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (1:500; Proteintech, Chicago, IL, USA) were 
incubated with the membranes overnight. SuperSignal 
Chemiluminescent Substrates (Thermo Fisher Scientific) 
and imaging systems were used to analyze the results.

Coimmunoprecipitation (Co-IP)

Cell lysates were divided into two parts, and 2 μg of 
Fzd2 antibody (R&D Systems, Minneapolis, MN, USA) 
and 2 μg of mouse immunoglobulin G (IgG) antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) were 
added, respectively. Protein A/G agarose beads (20 μl) 
(Santa Cruz Biotechnology) were added overnight. The 
agarose beads were then washed four times to clear 
the nonspecifically bound proteins. Protein buffer was 
added and Western blot was performed.

Cell Transfection

Three FZD2 short hairpin RNA (shRNA) plasmids 
(sh1, sh2, and sh3; Genechem, Shanghai, China) were 
transiently transfected into 5 × 105 MDA-MB-231 cells 
and 5 × 105 BT-549 cells, respectively, with Lipofectamine 
3000. FZD2 shRNA (sh3) lentiviruses (Genechem) were 
transfected into 1 × 105 MDA-MB-231 cells, 1 × 105 BT-549 
cells, and 1 × 105 MCF7/Adr cells, respectively, with 
HitransG P (Genechem) to stably knock down Fzd2 expres-
sion. Fzd2 stably knockdown (KD) cells were screened 
with puromycin. Target sequences were as follows: 
control sh: 5¢-TTCTCCGAACGTGTCACGT-3¢; sh1: 
5¢-caCCACGTACTTGGTAGACAT-3¢; sh2: 5¢-gcCCG 
ACTTCACGGTCTACAT-3¢; and sh3: 5¢-gcCATCCTAT 
CTCAGCTACAA-3¢.

Immunofluorescence Assay

Cells were washed twice with phosphate-buffered 
saline (PBS) and fixed by 4% paraformaldehyde solu-
tion. Triton X-100 solution (1%) was added to penetrate 
the cytomembrane. Cells were then incubated with pri-
mary antibodies [E-cadherin (1:200), vimentin (1:100), 
and Slug (1:100), Cell Signaling Technology; Zeb1 
(1:100), Sigma-Aldrich] for 2 h at 37°C, and a fluores-
cent secondary antibody (Alexa Fluor 488 and 594 don-
key anti-rabbit IgG; 1:200; Invitrogen, Carlsbad, CA, 
USA) was added. The fluorescence was visualized by a 
confocal microscope (NIKON, Tokyo, Japan).
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Migration and Invasion Assay

Wound healing assay was used to assess cell migra-
tion. In brief, cells were cultured in a six-well plate with 
5 × 105 cells/well. The bottom of the plate was scratched 
with perpendicular straight lines. To evaluate cell inva-
sion, 2 × 104 cells were seeded to the upper chambers 
of Transwell plates (Corning, Corning, NY, USA). In 
the lower chamber, 0.5 ml of medium with 10% FBS 
was added to promote cell movement. After 24 h, a cot-
ton swab was used to clean the inside of the chamber. 
The migrated cells were fixed with a paraformaldehyde 
solution and stained with the crystal violet (Beyotime 
Biotechnology, Shanghai, China). Cells were deter-
mined in five randomly selected microscope fields.

Mammosphere Assay

MDA-MB-231 and MCF7/Adr cells were made into 
single cell suspensions and seeded in six-well Ultra-
Low Attachment Surface Polystyrene culture plates 
(Corning) at a density of 1 × 104 cells/well. Then 2 
ml MammoCult™ Human Medium kit (STEMCELL 
Technologies, Vancouver, Canada) was added into each 
well. The cells were incubated at 37°C and 5% CO2 for 
7 days. Mammospheres were counted in four randomly 
selected fields under an inverted microscope.

Flow Cytometry

Flow cytometry was used to determine Lgr5+ cells. 
Cells were washed twice and resuspended with stain 
buffer (Invitrogen) and adjusted to 107 cells/ml. Five 
microliters of phycoerythrin (PE)-conjugated anti-
hLgr5 (Invitrogen) antibody was added to each tube 
and incubated on ice for 30 min. Cells were washed 
twice again with stain buffer. BD Accuri C6 Plus (BD 
Biosciences; East Rutherford, NJ, USA) was used to 
detect and analyze the labeled cells.

MTT Assay

Cells were seeded in 96-well plates at a density of 
5 × 103 cells/well. Cells were incubated with different con-
centrations of paclitaxel (Solarbio) for 48 h. MTT stain 
solution was added into the wells and incubated at 37°C 
for 4 h and then removed. Absorbance was measured at 
570 nm. The formula of IC50 was as follow: lgIC50 = Xm-I 
(P-(3-Pm-Pn)/4).

Statistical Analysis

GraphPad Prism 7.0 (GraphPad Software Inc., San 
Diego, CA, USA) was performed to analyze the data, 
and all data were presented as the mean ± standard devia-
tion (SD). Differences between two groups were assessed 
by Student  t-test. A value of p < 0.05 is considered as 
significant.

RESULTS

Fzd2 Is Overexpressed in BC and Is Correlated With 
Unfavorable Prognosis

Immunohistochemistry was performed to examine 
Fzd2 protein expression in BC tissues. Fzd2 expression 
was extensively found in IDC (27/28), ILC (6/9), and 
DCIS (7/7) but was scarcely detected in cancer-adjacent 
normal tissues (3/10) (Fig. 1A and B). Expression scoring 
further revealed a higher expression level of Fzd2 in III + 
IV stage BC (Fig. 1C). TCGA database was interrogated 
for FZD2 mRNA expression. Consistently, FZD2 mRNA 
was overexpressed in IDC, ILC, mucinous BC, and 
metaplastic BC (MBC) (Fig. 1D). The relation of FZD2 
expression to survival was analyzed in a Kaplan–Meier 
plotter website17. High FZD2 expression was associated 
with shortened overall survival (OS), relapse-free sur-
vival (RFS), and distant metastasis free survival (DMFS) 
(Fig. 1E).

Fzd2 Combines With and Modulates Wnt5a/b and Wnt3

The CCLE database was interrogated for mRNA 
expression of FZD2 and some Wnt ligands18 in a series 
of BC cell lines (n = 57). FZD2 was positively corre-
lated with WNT5B and WNT3, respectively (Fig. 2A). 
Similarly, interrogation of GSE12777 database showed 
that FZD2 was correlated with WNT5B and WNT3, 
respectively, in another panel of BC cell lines (n = 51) 
(Fig. 2B). Interrogation of CCLE database further dem-
onstrated that BC cell lines expressed a higher level of 
noncanonical WNT5A and WNT5B than canonical WNT1 
and WNT3A (Fig. 2C).

Fzd2 protein expression was determined in several 
chosen representative cell lines. Western blot detec-
tion showed that Fzd2 was strongly expressed in 
mesenchymal-like cell lines such as MDA-MB-231, Hs 
578T, and BT-549, as well as a multidrug resistant cell 
line MCF7/Adr (Fig. 2D). Co-IP test confirmed the bind-
ing of Wnt5a/b and Wnt3 to Fzd2 in both MDA-MB-231 
and BT-549 (Fig. 2E and F). To explore whether Fzd2 
modulated Wnt5a/b and Wnt3, FZD2 shRNA lentiviruses 
were used to transfect MDA-MB-231 and BT-549. As 
expected, Fzd2 KD significantly reduced Wnt5a/b and 
Wnt3 expression (Fig. 2G and H).

Fzd2 Maintains BC Cell Mesenchymal Phenotype

As Fzd2 was preferentially expressed in mesenchymal-
like BC cells, we asked whether Fzd2 contributed to the 
mesenchymal phenotype of MDA-MB-231 and BT-549. 
Fzd2 KD reduced vimentin expression (Fig. 3A and B). 
Fzd2 KD also suppressed expression of EMT transcrip-
tion factor (EMT-TF) Slug and Zeb1 (Fig. 3C and D). 
Moreover, Fzd2 KD decreased the expression of some 
mesenchymal-related proteins such as tenascin C (TNC) 
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Figure 1.  Frizzled 2 (Fzd2) is overexpressed in breast cancer and correlated with unfavorable prognosis. (A) Expression of Fzd2 in 
breast cancer (BC) tissues and cancer-adjacent normal tissues was detected by immunohistochemistry (IHC). (B) Expression of Fzd2 
in cancer-adjacent normal tissues (Normal, n = 10), invasive ductal BC (IDC) (n = 28), invasive lobular BC (ILC) (n = 9), and ductal 
BC in situ (DCIS) (n = 7) was scored. Level of Fzd2 in IDC, ILC, and DCIS was compared to that in cancer-adjacent normal tissues, 
respectively. (C) Level of Fzd2 in I + II stage BC (n = 28) was compared to that in III + IV stage BC (n = 9). (D) The Cancer Genome 
Atlas (TCGA) database was interrogated for expression of FZD2 mRNA. Level of FZD2 in IDC (n = 688), ILC (n = 184), mucinous 
BC (n = 9), and MBC (n = 9) was compared to that in normal breast, respectively. (E) Correlation of FZD2 expression with prognosis 
was analyzed in the Kaplan–Meier plotter website. Error bars indicate standard deviation (SD).
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and two collagens, Col1a1 and Col6a1 (Fig. 3E). These 
proteins have been implicated in BC metastasis and stem-
ness19–21. Finally, Fzd2 KD inhibited BC cell migration 
and invasion (Fig. 3F and G) and induced an epithelial-
like morphology in MDA-MB-231 (Fig. 3H).

Fzd2 Contributes to BC Cell Stemness

MDA-MB-231 and MCF7/Adr were chosen to 
investigate the relation of Fzd2 to BC cell stem-
ness. Compared with MCF7, MCF7/Adr possessed 

Figure 2.  Fzd2 combines with and modulates Wnt5a/b and Wnt3. The CCLE database (A) and GSE12777 database (B) were inter-
rogated for expression of FZD2, WNT5B, and WNT3 mRNA in BC cell lines. Correlation between two genes was analyzed by Pearson 
statistics. (C) The CCLE database was interrogated for expression of several WNT in BC cell lines. Error bars indicate SD. (D) 
Expression of Fzd2 in several representative cell lines was detected by Western blot. Coimmunoprecipitation (Co-IP) test was per-
formed to verify the binding of Wnt5a/b and Wnt3 to Fzd2 in MDA-MB-231 cells (E) and BT-549 cells (F). Expression of Fzd2, 
Wnt5a/b, and Wnt3 was detected by Western blot in MDA-MB-231 cells (G) and BT-549 cells (H), which were transfected with 
control short hairpin RNA (shRNA) (Ctrl) or FZD2 shRNAs (sh1, sh2, and sh3). Error bars in (D), (G), and (H) indicate SD and are 
derived from three experiments.
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mesenchymal traits and stemness22. Fzd2 KD impaired 
mammosphere formation capacity of these cells. Both 
sphere number and sphere size decreased significantly 
after Fzd2 KD (Fig. 4A and B). As leucine-rich repeat 
containing G protein coupled receptor 5 (Lgr5) is a 
potential marker of BC stem cells (BCSCs), the number 
of Lgr5+ cells was quantified by flow cytometry. Fzd2 

KD reduced the fraction of Lgr5+ subpopulation (Fig. 
4C and D). Furthermore, Fzd2 KD weakened CD44 
expression (Fig. 4E). Notably, Fzd2 KD had no effect 
on the subpopulation of aldehyde dehydrogenase 1 pos-
itive (ALDH1+) (data not shown). Interrogation of the 
CCLE database (Fig. 4F) and GSE12777 database (Fig. 
4G) revealed that FZD2 was positively correlated with 

Figure 3.  FZD2 maintains BC cell mesenchymal phenotype. (A) Expression of E-cadherin and vimentin in MDA-MB-231 cells and 
BT-549 cells transfected with control shRNA or FZD2 sh3 was detected by Western blot. (B) Expression of E-cadherin and vimentin 
in MDA-MB-231 cells transfected with control shRNA or FZD2 sh3 was detected by Immunofluorescence staining. (C) Expression 
of Slug and Zeb1 in MDA-MB-231 cells and BT-549 cells transfected with control shRNA or FZD2 sh3 was detected by Western 
blot. (D) Expression of Slug and Zeb1 in MDA-MB-231 cells transfected with control shRNA or FZD2 sh3 was detected by immuno-
fluorescence staining. (E) Expression of TNC, Col1a1, and Col6a1 in MDA-MB-231 cells transfected with control shRNA or FZD2 
sh3 was detected by Western blot. (F) Migration of MDA-MB-231 cells transfected with control shRNA or FZD2 sh3 was analyzed 
by wound healing test. (G) Invasion of BT-549 cells transfected with control shRNA or FZD2 sh3 was analyzed by Transwell. (H) 
Morphological changes of MDA-MB-231 cells with control shRNA or FZD2 sh3. Error bars indicate SD and are derived from three 
experiments.
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a series of stemness-related genes including NOTCH2, 
EGFR, IL6, CD44, PROCR, LGR5, RSPO3, TNC, and 
ANTXR1.

Fzd2 Cross-Talks With Several Oncogenic Pathways

The IL-6/Stat3 pathway is critical to the maintenance 
of mesenchymal-like stemness and the expansion of Lgr5+ 
stem cells23,24. Wnt5a induces IL-6 expression in tumor 
and inflammation25–27. Based on these findings, relation 
of Fzd2 to IL-6/Stat3 was explored. Fzd2 KD reduced 
IL-6 expression and suppressed Stat3 phosphorylation 
in MDA-MB-231 and BT-549 (Fig. 5A and B). Yap1 

mediates an oncogenic pathway in human cancers includ-
ing BC, and Wnt5 stimulates the Yap1 pathway during 
development28. Accordingly, Fzd2 KD downregulated 
Yap1 expression in BC cells (Fig. 5A and B). Moreover, 
Fzd2 KD interfered with TGF-b1/Smad3 signaling (Fig. 
5A and B). Expression of active b-catenin remained 
unchanged after Fzd2 KD, indicating Fzd2 signaling had 
no effect on the canonical Wnt/b-catenin pathway (Fig. 
5A and B). Interrogation of the CCLE database (Fig. 5C, 
Table 1) and GSE12777 database (Fig. 5D, Table 2) fur-
ther supported the cross-talk of Wnt/Fzd2 signaling with 
these pathways (Fig. 5E).

Figure 4.  Fzd2 contributes to BC cell stemness. Mammosphere formation in MDA-MB-231 cells (A) and MCF7/Adr cells (B) 
transfected with control shRNA or FZD2 sh3. The fraction of Lgr5+ subpopulation in MDA-MB-231 cells (C) and MCF7/Adr cells 
(D) transfected with control shRNA or FZD2 sh3 was determined by flow cytometry. (E) Expression of CD44 in MDA-MB-231 cells 
and BT-549 cells transfected with control shRNA or FZD2 sh3 was detected by Western blot. Heat maps that were generated from 
the CCLE database (F) and GSE12777 (G) database demonstrated correlation of FZD2 with some stemness-related genes. Error bars 
indicate SD and are derived from three experiments.
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Figure 5.  Fzd2 cross-talks with several oncogenic pathways. Expression of interleukin-6 (IL-6), p-Stat3, t-Stat3, transforming growth 
factor-b1 (TGF-b1), Smad3, Yes-associated protein 1 (Yap1), and active b-catenin (a-b-cat) in MDA-MB-231 cells (A) and BT-549 
cells (B) transfected with control shRNA or FZD2 shRNAs was detected by Western blot. Error bars indicate SD and are derived from 
three experiments. Heat maps generated from the CCLE database (C) and GSE12777 (D) database demonstrated the correlation of 
Wnt/Fzd2 signaling with other oncogenic pathways. (E) A schema indicates the cross-talk of Wnt/Fzd2 signaling with the IL-6/Stat3, 
TGFb1/Smad3, and Yap1 pathways.

Table 1.  p Values of Pearson Statistics [Cancer Cell Line Encyclopedia (CCLE) Database]

Gene FZD2 WNT5B WNT5A WNT3 IL-6 TGFB1 SMAD3 YAP1

FZD2 0 0.001 0.0029 0.0025 7E-05 0.0002 0.0015 0.0001
WNT5B 0.001 0 0.0027 0.002 1E-11 9E-05 0.0002 0.0037
WNT5A 0.0029 0.0027 0 0.3214 7E-05 0.0075 7E-06 0.0099
WNT3 0.0025 0.002 0.3214 0 0.0009 1E-05 0.0053 0.9994
IL6 7E-05 1E-11 7E-05 0.0009 0 2E-07 8E-07 0.0039
TGFB1 0.0002 9E-05 0.0075 1E-05 2E-07 0 0.0001 0.7191
SMAD3 0.0015 0.0002 7E-06 0.0053 8E-07 0.0001 0 0.0071
YAP1 0.0001 0.0037 0.0099 0.9994 0.0039 0.7191 0.0071 0

CCLE database was interrogated for gene expression. Correlation between two genes was analyzed by Pearson 
statistics.
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Table 2.  p Values of Pearson Statistics (GSE12777 Database)

Gene FZD2 WNT5B WNT5A WNT3 IL-6 TGFB1 SMAD3 YAP1

FZD2 0 0.0013 0.1249 0.0445 7E-05 0.0191 0.0142 0.021
WNT5B 0.0013 0 0.0875 0.3627 0.018 0.1029 0.2426 0.1329
WNT5A 0.1249 0.0875 0 0.7354 0.0434 0.4602 0.0071 0.3933
WNT3 0.0445 0.3627 0.7354 0 0.0076 3E-05 0.0361 0.8709
IL6 7E-05 0.018 0.0434 0.0076 0 0.002 8E-05 0.0035
TGFB1 0.0191 0.1029 0.4602 3E-05 0.002 0 0.0074 0.8174
SMAD3 0.0142 0.2426 0.0071 0.0361 8E-05 0.0074 0 0.003
YAP1 0.021 0.1329 0.3933 0.8709 0.0035 0.8174 0.003 0

GSE12777 database was interrogated for gene expression. Correlation between two genes was analyzed by Pearson 
statistics.

Figure 6.  Fzd2 endows BC cell with drug resistance. (A) Expression of Fzd2, Wnt5a/b, Wnt3, IL-6, p-Stat3, t-Stat3, Smad3, and 
Yap1 in MCF7 cells and MCF7/Adr cells was detected by Western blot. (B) Expression of Fzd2, Wnt5a/b, Wnt3, IL-6, p-Stat3, t-Stat3, 
Smad3, and Yap1 in MCF7 cells treated with Adr (0.1, 0.5, and 1 μM, respectively) was detected by Western blot. (C) IC50 of paclitaxel 
(PTX) for MCF7/Adr cells and MDA-MB-231 cells transfected with control shRNA or FZD2 sh3 was determined. (D) Viability of 
MCF7/Adr cells and MDA-MB-231 cells transfected with control shRNA or FZD2 sh3 after PTX treatment for 48 h (3 and 0.1 μM, 
respectively) was determined by MTT. (E) Expression of ABCG2 in MDA-MB-231 cells and MCF7/Adr cells transfected with control 
shRNA or FZD2 sh3 was detected by Western blot. Error bars indicate SD and are derived from three experiments.
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Fzd2 Endows BC Cells With Drug Resistance

As shown in Figure 2D, Fzd2 expression was upregu-
lated in MCF7/Adr, suggesting a potential role of Fzd2 
in BC cell chemoresistance. MCF7/Adr expressed more 
Fzd2, Wnt5a/b, Wnt3, IL-6, p-Stat3, Yap1, and Smad3, 
compared with its parent MCF7 (Fig. 6A). Furthermore, 
treatment of MCF7 with Adr (0.1, 0.5, and 1 μM, respec-
tively) for 24 h upregulated expression of these proteins 
(Fig. 6B). Fzd2 KD significantly lowered IC50 of pacli-
taxel (PTX) for both MCF7/Adr and MDA-MB-231 (Fig. 
6C). Fzd2 KD enhanced the sensitivity of MCF7/Adr 
and MDA-MB-231 to PTX (3 and 0.1 μM, respectively) 
(Fig. 6D). ATP binding cassette subfamily G member 
2 (ABCG2) plays crucial roles in drug resistance. Fzd2 
KD remarkably reduced ABCG2 expression in MCF7/
Adr and MDA-MB-231 (Fig. 6E).

DISCUSSION

Cancer stem cells (CSCs) are phenotypically hetero-
geneous and highly plastic. BCSCs exist in distinct EMT 
and MET states. Mesenchymal-like BCSCs are quiescent, 
characterized by CD44+CD24−, and localized at the tumor 
invasive front, while epithelial-like BCSCs are prolifera-
tive, characterized by ALDH+, and localized more cen-
trally9. The gene expression profiles of these two types 
of BCSCs resemble those of basal and luminal stem cells 
in normal breast, respectively9. In mouse, CD29hiCD61+ 
BCSCs exhibit mesenchymal-like abilities with high 
expression of EMT-associated genes, whereas ALDH+ 
BCSCs are more closely related to luminal progenitors29.

IL-6/Stat3 signaling is responsible for BC cell 
stemness24,30,31. Both cancer cells and stromal cells in the 
tumor microenvironment can produce IL-6. IL-6 from 
these cells promotes BC cell invasion, stemness, and drug 
resistance by activating Stat3. Actually, some BC cells 
secret IL-6 to induce Stat3 activation, which reversely 
promotes IL-6 secretion, forming a positive feedback 
loop to maintain consistent activation of this signaling32,33. 
Increasing evidence has indicated that IL-6/Stat3 is pref-
erentially activated in CD44+CD24− BCSCs, contributing 
to the mesenchymal-like stemness13,24,32,33. Stat3 inhibi-
tion decreased the expression of dormancy-associated 
genes and CSC-related genes, further demonstrating the 
role of Stat3 in mesenchymal-like CSCs34. Targeting the 
Stat3 pathway also reduced the tumor-initiating property 
of mouse CD29hiCD61+ BCSCs29.

The Hippo pathway regulates Yap1 and affects 
tumorigenesis35,36.  Studies have shown that Yap1 pro-
motes BC growth, invasion, and metastasis37–39. Yap1 
cross-talks with other oncogenic pathways. IL-6 mediates 
serum response factor (SRF)/Yap1-induced stemness40. 
TGF-b enhances Yap1 target gene expression or induces 
Yap1 activation41–43. Yap1 is significantly expressed in 

MMTV-WNT1 transgenic mice while not in MMTV-
bCATΔN mice, indicating Wnt/b-catenin signaling has 
no effect on Yap128. Intriguingly, in HEK293A cells, 
ectopic expression of Fzd2 alone could not induce Yap1 
unless Ror1 was also expressed28. Moreover, Yap1 activa-
tion reversely induced Wnt5 secretion28.

Lgr5 is a stem cell marker of various organs includ-
ing the mammary gland44. Lgr5+  CSCs have been 
identified in mouse intestinal adenomas and human col-
orectal cancer45,46. In BC, Lgr5+ cells also display CSC-like  
traits19,47. Alternative to Wnt/b-catenin signaling, our study 
revealed that Fzd2-mediated noncanonical Wnt pathways 
are involved in the maintenance of Lgr5+ cells. This was 
supported by CCLE analysis, which indicated that FZD2 
expression is correlated with RSPO3 expression in BC 
cell lines. One recent study showed that RSPO3 expres-
sion is correlated with LGR5 expression, and Rspo3 KD 
inhibited BLBC EMT-like features, migration capacity, 
and tumor formation48. Furthermore, single-cell analy-
sis demonstrated that early metastatic BC cells express 
high levels of EMT and stemness-associated genes, 
including LGR549.

ABCG2 is known as BC resistance protein (BCRP). 
As a drug efflux pump, ABCG2 plays crucial roles in 
chemoresistance. Moreover, ABCG2 is recognized as a 
CSC marker50. ABCG2 is regulated by the Wnt/b-catenin 
pathway in ovarian cancer and BC51. Our study revealed 
that the noncanonical Wnt/Fzd2 pathway induces chemore-
sistance via ABCG2. Inhibition of IL-6 and Smad3 was 
shown to downregulate ABCG252,53. Consistently, CCLE 
analysis revealed a positive correlation of ABCG2 with 
WNT5B, SMAD3, and IL6, respectively, in BC cell lines.

In summary, Fzd2 is implicated in a signaling network 
responsible for BC cell mesenchymal-like stemness. 
This network is initiated by Wnt5a/b and Wnt3, involv-
ing oncogenic pathways IL-6/Stat3, Yap1, and TGF-b1/
Smad3. These pathways induce secretion of Wnt, IL-6, 
and TGF-b1 to form some positive autosustained loops 
(Fig. 5E). Via this network, Wnt/Fzd2 endows BC cells 
with mesenchymal-like stemness. Targeting Fzd2 may 
disrupt this signaling network and suppress BC metasta-
sis, relapse, and drug resistance.
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