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1  | INTRODUC TION

Advanced stage, metastatic breast cancers are difficult to cure; nearly 
90% of these breast cancer-associated deaths were due to metastasis, 
a clinically incurable disease.1 The metastatic cascade is composed of 
highly complex multistep processes, including metabolic reprogram-
ming, the ability to enter and exit dormancy, resistance to apoptosis, 
immune evasion, and interaction with other tumor and stromal cells.2

MicroRNAs (miRNAs) contribute to the post-transcriptional regu-
lation of mRNAs. MicroRNAs regulate various mechanisms underlying 

metastasis, such as epithelial-mesenchymal transition (EMT), exo-
some secretion, cell survival and invasion. For example, metastasis of 
breast cancer is promoted by miR-10b, miR-9, miR-206, miR-335, miR-
126, and miR-19a.3 MicroRNA-10b, whose expression level is elevated 
in metastasis-positive breast cancer patients, targets tumor suppres-
sors (eg, TBX5 and PTEN) and metastasis suppressors (eg, HOXD10)4,5; 
miR-9 targets CDH1 and leukemia inhibitory factor receptor that is 
downregulated in human breast cancer and functions a marker for 
survival outcomes.6,7 MicroRNA-19a from astrocyte-derived exo-
somes targets PTEN and promotes brain metastasis.8
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Abstract
Cancer cells with cancer stem cell (CSC) properties initiate both primary tumor for-
mation and metastases at distant sites. Acquisition of CSC properties is highly associ-
ated with epigenetic alterations, including those mediated by microRNAs (miRNAs). 
We have previously established the breast cancer patient-derived tumor xenograft 
(PDX) mouse model in which CSC marker CD44+ cancer cells formed spontaneous 
microscopic metastases in the liver. In this PDX mouse, we found that the expression 
levels of 3 miRNAs (miR-25, miR-93, and miR-106b) in the miR-106b-25 cluster were 
much lower in the CD44+ human cancer cells metastasized to the liver than those at 
the primary site. Constitutive overexpression of miR-93 suppressed invasive ability 
and 3D-organoid formation capacity of breast cancer cells in vitro and significantly 
suppressed their metastatic ability to the liver in vivo. Wiskott-Aldrich syndrome pro-
tein family member 3 (WASF3), a regulator of both cytoskeleton remodeling and CSC 
properties, was identified as a functional target of miR-93: overexpression of miR-93 
reduced the protein level of WASF3 in breast cancer cells and WASF3 rescued the 
miR-93-mediated suppression of breast cancer cell invasion. These findings suggest 
that miR-93 functions as a metastasis suppressor by suppressing both invasion ability 
and CSC properties in breast cancers.
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Wiskott-Aldrich syndrome protein family member 3 (WASF3) is 
an actin cytoskeleton remodeling protein, is highly expressed in ad-
vanced stages of breast cancer, and promotes tumor cell invasion and 
metastasis, especially through its phosphorylation by human epi-
dermal growth factor receptor 2 (HER2)/ERBB2 signaling.9 WASF3 
protein regulates actin cytoskeleton dynamics through activation of 
the Arp2/3 complex and binds to actin through a C-terminal verpro-
lin homology domain. It is involved in various aspects of cancers, 
such as metastasis, tumor growth, cell cycle progression, and drug 
resistance. Indeed, metastasis-promoting roles of WASF3 in breast 
cancer are revealed using a Wasf3 null/polyoma middle-T oncogene 
mouse model.10 WASF3 downregulates miR-200 family miRNAs, 
suppressors of EMT, during tumor progression,11-13 suggesting that 
WASF3 and miR-200 play a key role in controlling the invasion-me-
tastasis cascade of cancer cells. WASF3 is one of the targets of 
miRNAs, such as miR-7 and miR-217, that inhibit the motility and/or 
metastatic potential of cancer cells.14,15

Cancer stem cells (CSCs) are subpopulation of the cells that 
retain tumorigenic capacity following serial transplantation and, 
at the same time, are able to sustain the formation of tumors that 
recreate the cellular diversity of the parent lesions from which 
they have been originally isolated.16 Furthermore, highly tumori-
genic properties of CSCs are associated with metastatic progres-
sion, especially at the initial steps of metastases.17 In the specific 
case of human breast cancers, the subset of malignant cells en-
dowed with CSC properties is enriched among cells defined by the 
CD44+/CD24low/neg phenotype.16,18,19 We and others have shown 
that in epithelial malignancies such as breast cancer, self-renewal 
ability of malignant cells is negatively regulated by miR-200c, 
which suppresses the expression of BMI1.13,18 In addition, miR-
NAs, such as let-7, miR-142, miR-200c, and miR-221, epigeneti-
cally regulate the properties of CSCs of patient-derived tumor 
xenograft (PDX) cells by targeting APC, ZEB1, and RNA-binding 
protein QKI.16,20-22

In this study, we analyzed the metastasized CD44+ breast can-
cer cells in breast cancer PDX mice to identify intrinsic factors that 
were associated with cancer cell metastasis. Multiplex miRNA ex-
pression analysis of the primary and metastasized cancer cells in 
the PDX mouse revealed the downregulation of the miR-106b-25 
cluster miRNAs in the CD44+ cancer cells metastasized to the 
liver. Among them, miR-93 suppressed invasion ability and organ-
oid formation capacity of breast cancer cells. We then identified 
that WASF3 was a functional target of miR-93. Finally, we found 
that overexpression of miR-93 suppressed the metastatic abilities 
of breast cancer cells in vivo.

2  | MATERIAL S AND METHODS

2.1 | Ethics statements

Human primary breast cancers were obtained from patients 
admitted to the Division of Breast and Endocrine Surgery of 

Kobe University Hospital. The research was preapproved by 
Kobe University’s Institutional Review Board (permission num-
bers 1299 and 1481) and was carried out in accordance with 
recognized ethical guidelines. All patients included in the study 
provided written informed consent. Animal experiments were un-
dertaken with the approval of Kobe University’s Animal Care and 
Use Committee (permission numbers P100905 and P150802) and 
carried out according to the Kobe University Animal Experiment 
Regulation.

2.2 | Flow cytometry

Primary tumor specimens, xenograft tumors, and the liver of the 
PDX mice were dissociated using collagenase III (Worthington) and 
analyzed as previously described (Figure S1).22 Dissociated cells were 
stained with mAbs conjugated to fluorescent dyes. Antibodies used 
in this study are anti-human CD44-allophycocyanin (APC, clone IM7, 
1:20; BioLegend), anti-human HLA A, B, C-Alexa488 (clone W6/32, 
1:20; BioLegend), anti-mouse H-2Kd/H2-Dd-biotin (clone 34-1-2S; eBi-
oscience), and anti-mouse Cd45-biotin (clone 30-F11; BD Biosciences) 
Abs.

2.3 | Analysis of miRNA expression by multiplex 
semiquantitative real-time PCR

RNA was extracted from 100 cells sorted from breast cancer PDX 
and directly collected into TRIzol (Invitrogen). The expression level 
of 754 miRNAs was measured by multiplex semiquantitative real-
time PCR (TaqMan Array Human MicroRNA A+B Cards Set version 
3.0 with Megaplex RT Primers, Human Pool Set version 3.0; Thermo 
Fisher Scientific) as previously described.22 Results were normalized 
to RNU48 small nuclear RNA (snRNA).

2.4 | Semiquantitative RT-PCR

The expression levels of miR-93 were analyzed by semiquanti-
tative RT-PCR (RT-qPCR) as described previously.22 Briefly, RNA 
was extracted from a minimum of 100 cells from each popula-
tion using TRIzol (Thermo Fisher Scientific). Reverse transcription 
was carried out using the SuperScript-III RT kit (Thermo Fisher 
Scientific). In each sample, the expression level of miR-93 was 
measured by RT-qPCR using a specific primer set for the mature 
miR-93 sequence (Thermo Fisher Scientific), and was normal-
ized to that of RNU48 snRNA. To analyze the expression levels 
of mRNAs, RNA samples were reverse transcribed using a High 
Capacity cDNA Reverse Transcription Kit (Life Technologies). 
Semiquantitative PCR was undertaken as described previously.23 
The sequences of primers used are presented in Table S1. Data 
were normalized to the amount of Gapdh cDNA used as an en-
dogenous control.
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2.5 | Cell lines

All cell lines used in this study were obtained from the ATCC (http://
www.atcc.org) and include: MDA-MB-231, T-47D, and MCF7 human 
breast cancer cells (ATCC catalog: HTB-26, HTB-133, and HTB-22, 
respectively) and HEK293 human embryonic kidney cells (ATCC 
catalog: CRL-1573). All cell lines were cultured in RPMI-1640 (Sigma-
Aldrich) containing 10% FBS, penicillin (100 U/mL), and strepto-
mycin (100 mg/mL; Nacalai). Early passage cells were used in all 
experiments.

2.6 | Lentivirus production

The sequence of precursor miR-93 (mature miR-93 and its 5′- and 3′- 
flanking regions) and the full-length coding region of the WASF3 mRNA 
(NM_006646.6 [GenBank]) were amplified by PCR and cloned into the 
pEIZ-HIV-ZsGreen or mCherry lentivirus vector (Addgene: #18121) or 
the pLentiLox3.7-EF1α-mCherry vector, a derivative of pLentiLox3.7 
(Addgene: #11795), respectively.18 The lentivirus vectors encoding for 
the anti-miR-93 construct (miRZip-93) and a nontargeting control (neg-
ative control) were purchased from System Biosciences. Lentiviruses 

F I G U R E  1   Suppression of microRNA 
(miR)-106b-25 cluster miRNAs in 
metastatic cancer stem cells in the 
liver. A, Schematic representation of 3 
polycistronic, paralogue clusters (miR-
106b-25, miR-17-92, and miR-106a-363). 
miRNAs were color-coded based on the 
similarity of their seed sequences. B, 
Expression levels of miR-17-92, miR-
106a-363, and miR-106b-25 miRNA 
cluster family miRNAs in the CD44+ and 
CD44− tumor cells isolated from breast 
cancer patient-derived tumor xenograft 
(PDX) mice. Cancer cells were sorted 
from the dissociated PDX tumors and 
the liver of the same PDX mice. Numbers 
indicate the cycle threshold (Ct) value 
of semiquantitative PCR, in which lower 
Ct values indicate higher expression 
level of the target miRNA. The Ct values 
were highlighted green or red when the 
expression level of miRNA in the CD44+ 
metastasized cells was lower or higher, 
respectively, than those in CD44+ cancer 
cells at the primary site. Expression levels 
of miRNAs were normalized to that of 
RNU48 snRNA. 40<, undetectable even 
after 40 cycles of amplification; ND, not 
determined. C, Downregulation of miR-93 
in CD44+ cancer cells metastasized to the 
liver. CD44+ cancer cells at the primary 
site and metastasized to the liver were 
sorted in parallel from human breast 
cancer PDX mouse. n = 3, *P < .001

(A)

(B)

(C)

http://www.atcc.org
http://www.atcc.org
info:ddbj-embl-genbank/NM_006646.6
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were produced as previously described.24 Breast cancer cells were in-
fected with lentivirus constructs at a MOI of 5.

2.7 | Transwell cell invasion assay

Breast cancer cells were transfected with the miR-93 mimic 
(Bioneer), miR-93-5p inhibitor (Ambion, Thermo Fisher Scientific) or 
corresponding negative controls using the Lipofectamine RNAiMAX 
(Thermo Fisher Scientific) according to the manufacturer’s protocol. 
transwell cell invasion assays were undertaken using a 24-well tran-
swell inserts with 8-µm pore size (Corning). The upper surface of 
a filter membrane was coated with 30 μL Matrigel (Corning). Five 
thousand cells in DMEM without FBS were added to the upper com-
partment of the chamber; DMEM containing 10% FBS was added 
to the bottom chamber. After incubation at 37°C for 24 h, cells on 
the upper side of the membrane were removed using a cotton swab. 
The cells that invaded into the bottom chamber were fixed in 10% 
formaldehyde and stained in 1% crystal violet. The number of cells 
in 5 random fields per membrane were counted under a microscope.

2.8 | Organoid assays

Cells were infected with lentivirus constructs for the expression of 
miR-93, anti-miR-93, or corresponding control lentivirus constructs, 
and seeded on Matrigel (Corning) in 96-well plates (3 × 103 cells/
well), and cultured at 37°C with 5% CO2, as previously described.25 

The number of organoids larger than 100 μm in diameter was 
counted 10 days after seeding.

2.9 | Cloning and mutagenesis of WASF3 3′-UTR

The fragments of the WASF3 3′-UTR (2473-2944 [472 bp] and 3664-
4016 [353 bp] of NM_006646.6 [GenBank]) was amplified by PCR 
and cloned into the pGL3-MC vector, at the 3′-end of the firefly lu-
ciferase gene.18 Mutations in the putative miR-93 target sequence 
within the WASF3 3′-UTR were introduced using a PrimeSTAR 
Mutagenesis Basal Kit (Takara Bio).

2.10 | Luciferase reporter assays

Cells were cotransfected with: (i) a pGL3-MC luciferase expression 
construct18; (ii) the pRL-TK Renilla luciferase vector (Promega); and 
(iii) a pEIZ expression plasmid containing either miR-93 or an empty 
backbone, using Lipofectamine 3000 (Thermo Fisher Scientific). 
Luciferase activity was quantified and normalized to Renilla luciferase 
activity, using the Dual-Luciferase Reporter Assay System (Promega).

2.11 | Western blot analysis

Cells were lysed using SDS sample buffer. Cell lysates were sepa-
rated by electrophoresis on a SDS-10.5% polyacrylamide gel and 

F I G U R E  2   MicroRNA (miR)-93 
suppresses invasion of breast cancer cells. 
Boyden chamber transwell cell invasion 
assay was undertaken using breast 
cancer cells (MDA-MB-231 and T-47D) 
transfected with miR-93 mimic or negative 
control (50 nmol/L) (A) or with miR-93 
inhibitor or negative control (50 nmol/L) 
(B). Cell invasion was measured after 24 h. 
Representative micrographs and number 
of invaded cells in 5 random fields per 
membrane are shown. Data are presented 
as mean ± SD. n ≥ 3, *P < .05. Scale 
bar = 100 μm

(A)

(B)

info:ddbj-embl-genbank/NM_
info:ddbj-embl-genbank/006646.6
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transferred to a PVDF membrane. After blocking, filters were in-
cubated with either an anti-WASF3 (#2806, 1:1000; Cell Signaling 
Technology) or an anti-β-actin mAb (#017-24573, 1:20 000; Wako) 
at 4°C overnight and then with a goat anti-mouse IgG- HRP con-
jugate (#7074, 1:10 000; Cell Signaling Technology). Protein bands 
were detected using the Chemi-Lumi One L bioluminescent assay 
(Nacalai).

2.12 | Hepatic metastasis model by splenic 
injection of tumor cells and competitive 
transplantation assays

Skin and peritoneum at the left subcostal region of NOD/SCID/
IL2Rγ−/− (NSG) mice (Charles River) was incised, and the spleen was 
exposed. Breast cancer cells were injected slowly into the spleen. 
A whitening of the spleen and blood vessels were observed upon 
injection.26 Twenty to 30 days following the surgery, the mice were 
perfused with PBS and the liver was harvested. The part of the liver 
was fixed for histological examination and the rest of the liver was 
cut into pieces for dissociation. In the competitive transplantation 
assays, equal numbers of MDA-MB-231-ZsGreen cells overexpress-
ing miR-93 (miR-93 ZsGreen) and MDA-MB-231 mCherry competi-
tor were mixed 1:1 and injected into the spleen.

2.13 | Statistical analysis

Data are presented as means ± SD. Comparisons between continu-
ous data normally distributed with equal variance or unequal vari-
ances between groups were undertaken using unpaired 2-tailed 
Student’s t tests. Sample sizes, statistical tests, and P values are indi-
cated in the figure or figure legends. All P values were 2-sided and P 
values less than .05 were deemed statistically significant. Asterisks 
denote P value significance.

A description of the methods used in the experiments for supple-
mentary figures is provided in Appendix S1.

3  | RESULTS

3.1 | Downregulation of miR-93 in CD44+ cancer 
cells metastasized to liver of breast cancer PDX 
mouse

Cancer metastasis requires the seeding, migration, and suc-
cessful colonization of cancer cells at distant organs; metastatic 
CSCs with both CSC properties and migrating abilities drive 
cancer metastasis.17 To characterize the breast CSCs that are 
involved in metastatic progression, we analyzed human breast 
cancer PDX mouse generated by orthotopic xenotransplanta-
tion of estrogen receptor(+)/progesterone receptor(+)/HER2(−) 
human breast cancer tissues.27 This PDX mouse is characterized 

by the formation of micrometastases in the liver when the di-
ameter of tumors at the primary site reached approximately 
2 cm. To identify miRNAs involved in the metastatic progres-
sion of CSCs, the CD44+ human breast cancer cells metastasized 
to the liver (“metastasized CSCs”) and those in the primary site 
(“primary CSCs”) were isolated by FACS and purified in parallel 
from the breast cancer PDX mice (Figure S1). The comparison 
of the expression profile of 754 miRNAs between the metasta-
sized CSCs and primary CSCs revealed that the expression lev-
els of the miRNAs within the paralogue clusters (miR-106b-25, 
miR-17-92, and miR-106a-363) were much lower (mostly unde-
tectable) in the metastasized CSCs than in the primary CSCs 
(Figure 1A,B). These paralogue miRNA clusters are formed by 4 

F I G U R E  3   MicroRNA (miR)-93 suppresses 3D organoid 
formation capacities. A, 3D organoid-forming capacity of breast 
cancer cells (MDA-MB-231 and MCF-7). Cells were infected with 
a lentivirus vector driving constitutive expression of miR-93 or its 
inhibitor. n = 3, *P < .05. Scale bar = 100 μm. B, Expression levels 
of genes associated with cancer stem cell properties and epithelial-
mesenchymal transition in breast cancer cells forming organoids. C, 
cells of control organoid; m93, cells of miR-93-expressing organoid. 
Data are presented as mean ± SD. n = 3, *P < .05

(A)

(B)



2098  |     SHIBUYA et Al.

groups of miRNAs with essentially the same seed sequence (ie, 
a functional sequence for mRNA targeting) (Figure 1A). Given 
the observed expression patterns, we speculated that these miR-
NAs function as the suppressor of CD44+ PDX cell metastasis. In 
this study, we focused on miR-93 that shares the seed sequence 
with miR-106a/b, miR-20a/b and miR-17-5p in the paralogue 
miRNA clusters, because it was among the miRNAs that were 
detectable in CD44+ primary CSCs and downregulated (or un-
detectable) in both CD44− cancer cells at the primary site and 
CD44+ metastasized CSCs (Figure 1B). Indeed, comparison of the 
miR-93 expression levels between the metastasized CSCs and 
primary CSCs further confirmed the significant downregulation 
of miR-93 in the CD44+ cancer cells metastasized to the liver 
(Figure 1C).

3.2 | Inhibition of invasion abilities by miR-93

Because miR-93 was downregulated in the CD44+ PDX cells suc-
cessfully metastasized to the liver, first we evaluated the effect of 
miR-93 on cell migration and invasion capacities of breast cancer 
cells. The results of both wound healing and Boyden chamber-
based transwell cell migration assays showed that overexpres-
sion or downregulation of miR-93 in breast cancer MDA-MB-231 
cells did not affect their migration abilities (Figures S2-S4). In con-
trast, in transwell cell invasion assays in which the upper surface 
of transwell inserts was precoated with Matrigel, overexpression 
of miR-93 using miR-93 mimic significantly reduced the number 
of hormone-receptor-negative (MDA-MB-231) and -positive (T-
47D) breast cancer cells invaded by 36% and 65%, respectively 
(Figures 2A and S2); downregulation of miR-93 using miR-93 in-
hibitor in MDA-MB-231 and T-47D cells significantly increased the 
number of invaded cells by 64% and 76%, respectively (Figures 2B 
and S2). These results suggest that although its effect on cell mi-
gration abilities was not evident, miR-93 clearly functions as a sup-
pressor of invasion abilities in breast cancer cells.

3.3 | Inhibition of organoid-forming capacity by 
miR-93

To understand whether miR-93 had a direct mechanistic role in sup-
pressing CSC properties during metastasis, we tested whether miR-
93 was able to affect the 3D organoid-forming capacity of breast 
cancer cells. Organoid culture is a 3D culture method that enables 

ex vivo analysis of stem cell behavior and differentiation.25 Infection 
of MDA-MB-231 cells with a lentivirus encoding for miR-93 signifi-
cantly reduced their capacity to grow as 3D organoids (Figure 3A, 
upper panels). Consistent with this observation, infection of hor-
mone-receptor-positive breast cancer MCF7 cells with a lentivirus 
encoding for anti-miR-93 significantly increased their capacity to 
grow as 3D organoids (Figure 3A, lower panels). Analyses of the 
gene expression profiles of organoids showed that forced expres-
sion of miR-93 caused a reduction of the expression levels of stem 
cell-related genes and EMT-related genes, such as CD44, BMI1, and 
SNAI2 (Figure 3B).

3.4 | MicroRNA-93 targets WASF3

Because the results of in vitro analyses suggested that invasion 
abilities and CSC properties were suppressed by the overexpres-
sion of miR-93, we used the TargetScan 6.2 algorithm (http://www.
targe tscan.org) to search for putative miR-93 targets that play im-
portant roles in the regulation of CSC properties and cell invasion. 
The search identified the WASF3 (WAVE3) gene as one of the prom-
ising candidates.28,29 Importantly, WASF3 is an actin cytoskel-
eton remodeling protein, which often functions as an oncogene, 
and is established as a major driver of tumor progression, invasion 
(Figure S5 and Table S2), and metastasis of breast cancers,9,29 and 
is a marker associated with worse patient prognosis.29,30 In addi-
tion, WASF3 promotes tumor sphere formation and the expression 
of CSC-related genes.28 Within its 3′-UTR, WASF3 carries 2 pre-
dicted 8-mer miR-93 target sites (2728-2735 and 3889-3896 of the 
NM_006646.6): the former is poorly conserved across mammalian 
species, and the latter is highly conserved across mammalian spe-
cies (Figure 4A, 8mer in lower boxes). Indeed, miR-93 overexpres-
sion suppressed the luciferase activity driven by the Luc-WASF3 
construct with a highly conserved 8-mer target sequence (pGL3-
WASF3-2), but not the one with poorly conserved 8-mer sequence 
(pGL3-WASF3-1), and this suppressive effect was completely ab-
rogated by the introduction of mutations restricted to the target 
sequence itself (Figure 4A,B). Moreover, forced expression of miR-
93 in MDA-MB-231 cells whose expression level of miR-93 is rela-
tively low31 significantly reduced WASF3 protein level, whereas 
inhibition of miR-93 in MCF7 cells, which highly express miR-93,31 
significantly increased its level (Figures 4C and S2). To prove the 
functional relevance of the WASF3 regulation by miR-93 in breast 
cancers, we investigated the invasion abilities of breast cancers 
using miR-93 mimic and WASF3-expression plasmid (Figure 5A). 

F I G U R E  4   MicroRNA (miR)-93 directly targets WASF3. A, Schematic representation of the predicted hsa-miR-93(-5p) target recognition 
sequences within the 3′-UTR of the WASF3 mRNA, and of the mutations introduced to functionally disable them. Numbers correspond to 
nucleotide positions in WASF3 sequence (GenBank: NM_006646.6). Lower panels show the conservation levels of nucleotide sequences 
of the miR-93 putative target site (8-mer, highlighted in blue) across multiple mammalian species. B, Luciferase activity of pGL3 constructs 
encoding the WT or mutant version of the WASF3 3′-UTR by miR-93. Luciferase activities were measured after 48 h and normalized by 
Renilla luciferase activities. Data are presented as mean ± SD. n = 3, *P < .05. C, Endogenous WASF3 protein levels after transfection with 
miR-93 mimics or inhibitor (50 nmol/L). Expression of β-actin was used as a control. Data are presented as mean ± SD. n = 3, *P < .05

http://www.targetscan.org
http://www.targetscan.org
info:ddbj-embl-genbank/NM_
info:ddbj-embl-genbank/006646.6
info:ddbj-embl-genbank/NM_
info:ddbj-embl-genbank/006646.6
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Coexpression of WASF3 abrogated the capacity of miR-93 to sup-
press the invasion of breast cancer cells in vitro (Figure 5B). To 
clarify the functional relevance of the miR-93-WASF3 interaction 
in vivo, we analyzed the breast cancer PDX mice in which the ex-
pression level of miR-93 was significantly downregulated in CD44+ 
breast cancer cells metastasized to the liver (metastasized CSC) 
compared to those in the primary site (primary CSC) (Figure 1C). As 
expected, the expression level of WASF3 mRNA was significantly 

upregulated in metastasized CSCs compared to primary CSCs 
(Figure S6).

3.5 | MicroRNA-93 suppresses the metastatic 
capacity of breast cancer cells in vivo

Because miR-93 suppressed the invasion and 3D organoid-forming ca-
pacities and reduced the expression levels of genes associated with stem 
cell properties and EMT in vitro, we tested whether miR-93 was able to 
suppress metastasis of breast cancer cells in immunodeficient NSG mice. 
Metastatic abilities of breast cancer cells were evaluated using a hepatic 
metastasis model by a splenic injection of tumor cells using MDA-MB-231 
cells overexpressing miR-93 or control MDA-MB-231 cells. The results 
showed that overexpression of miR-93 in MDA-MB-231 cells caused 
a statistically significant reduction of their in vivo metastatic capacity 
(Figure 6A,B). Finally, we undertook a competitive transplantation assay 
to further confirm that expression of miR-93 affected metastatic capaci-
ties of breast cancer cells in vivo. When MDA-MB-231-ZsGreen cells 
overexpressing miR-93 (miR-93 ZsGreen) and MDA-MB-231 mCherry 
competitor (mixed 1:1) were transplanted into the spleen of immunode-
ficient NSG mice, the percentage of MDA-MB-231 mCherry competitor 
cells was significantly higher than that of miR-93 ZsGreen cells among 
the cancer cells successfully colonized to the liver (Figure 6A,C). These 
results suggest that breast cancer cells expressing miR-93 had a signifi-
cant competitive disadvantage in the liver metastasis.

4  | DISCUSSION

Metastasis is multistep process during which adequate epigenetic 
changes are required to confer cancer cells the abilities to survive, 
invade, and successfully colonize to the target organ.32 Cancer cells 
with stem cell properties have been proposed to be a driving force of 
metastasis because they have higher probability to go through these 
metastatic processes.33 In this study, we used the breast cancer 
PDX model to analyze the molecular characteristics of CSC marker 
CD44+ cancer cells that spontaneously and successfully colonized to 
the liver (Figure 1).27 Because tumors of PDX mice are more likely to  
recapitulate the tumor cell heterogeneity of patient tumor that con-
tains a CSC population, analyses of PDX mouse models enable us to 
analyze the metastasis of cancer cells with CSC properties. Indeed, 
a previous report has shown that metastases are initiated by cancer 
cells with CSC properties in the breast cancer PDX mouse model.17

The miR-17-92 cluster is a highly conserved polycistronic miRNA 
cluster and has two paralogue gene clusters named miR-106a-363 
and miR-106b-25. The miR-17-92 cluster is activated by the Myc pro-
to-oncogene family and signaling pathways such as Notch and Sonic 
Hedgehog. The miR-106b-25 cluster, which resides in the 13th intron 
of the MCM7 gene on chromosome 7, is highly conserved across ver-
tebrates. These polycistronic miRNA clusters are highly expressed in a 
wide range of tumor cells and cancers, such as lung, breast, pancreas, 
prostate, and thyroid cancer, as well as lymphomas.34 Therefore, the 

F I G U R E  5   Forced expression of WASF3 abrogated microRNA 
(miR)-93-induced inhibition of invasion. A, Expression levels of 
WASF3 in the MDA-MB-231 cells overexpressing control or 
WASF3 expression plasmid. β-Actin was used as a loading control. 
*P < .05. B, Forced expression of WASF3 abrogated the ability 
of miR-93 to suppress cell invasion of breast cancer cells (MDA-
MB-231 and T-47D) in Boyden chamber transwell cell invasion 
assay. Cell invasion was measured after 24 h. Representative 
micrographs and number of migrated cells in 5 random fields per 
membrane are shown. Data are presented as mean ± SD. n > = 3, 
*P < .05. Scale bar = 100 μm

(A)
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majority of the previous studies aimed at studying their oncogenic abil-
ity to promote tumor cell proliferation, invasion, and metastases, and 
much fewer studies delineated antitumor properties of these clusters.35

Our results showed that downregulation of miR-93, a member 
of the miR-106b-25 cluster, is associated with a part of the mul-
tistep metastasis processes, namely invasion and maintenance 
of CSC properties, but not cell migration. Previous reports have 
shown that miR-93 is able to both enhance and inhibit metastasis 
depending on the cellular context, at least partly because miR-93 
targets multiple target genes that either promote or suppress me-
tastasis.36 MicroRNA-93 promotes cell invasion and metastasis by 
targeting PTEN, NEDD4L, and TGFBR2, which are the regulators of 
cell migration, transforming growth factor-β signaling, and EMT.37,38 
In contrast, miR-93 inhibits EMT in breast cancer cells by targeting 
MKL1, STAT3, and WNK lysine deficient protein kinase 1 (WNK1).39,40 
In this study, we showed that miR-93 suppressed invasion abilities 
of MDA-MB-231 cells in a WASF3 suppression-dependent manner 
(Figures 2 and 5). However, its effect on cell migration ability, which 
was less associated with protease-induced digestion of matrices, 
was not evident with transwell migration and would healing assays 
(Figures S3 and S4). Because suppression of WASF3 enhances the 
expression level of MMPs,41-43 we speculate that the effects of 

miR-93 on invasion of breast cancer cells became more evident than 
its effects on migration in our in vitro experimental settings.

In addition to being a specific effector downstream of the Rac 
GTPases in actin polymerization,44-46 WASF3 is involved in the 
regulation of stem cell properties; although the molecular mech-
anisms involved in the regulation of stem cell properties are not 
fully elucidated. For example, knockdown of WASF proteins im-
pairs bone marrow repopulation by hematopoietic stem cells,47 de-
creases mammosphere formation capacity after serial passaging,28 
and attenuates the expression of CSC maintenance genes in breast 
cancer cells by suppressing the translocation of Y-box-binding pro-
tein-1.28 Therefore, it is possible that WASF3 is one of the targets of 
miR-93 for the suppression of the CSC properties of breast cancer 
cells (Figure 3). Taken together, our results indicate that downreg-
ulation of miR-93 is one of the factors for an enhancement of both 
cell invasion capacity and CSC properties, which are required for 
successful colonization of CSCs to distant organs.
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