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miR-7 Reduces Breast Cancer Stem
Cell Metastasis via Inhibiting RELA
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This study aimed to present evidence that miR-7 inhibited the
metastasis of breast cancer stem cells (BCSCs) and elucidated the
mechanisms that have remained unknown. The samples collected
from miR-7 agomir-treated, BCSC-driven tumors were subjected
to a protein array to analyze the protein expression profiles. A
dual-luciferase reporter and chromatin immunoprecipitation-
PCR were used to validate and evaluate the molecular expressions
of interest in the collectedbreast cancer tissues andcell lines.miR-7
overexpression affecting metastasis of BCSCs was further evalu-
ated in mice. The endothelial cell-selective adhesion molecule
(ESAM) was highly expressed in breast cancer tissues and in
BCSC-driven xenografts. Results of the dual-luciferase reporter
and chromatin immunoprecipitation-PCR indicated that the
miR-7 mimic reduced RELA expression by directly targeting the
30 UTR of RELA to inhibit ESAM expression in MDA-MB-231
cells. Moreover, the expression levels of RELA, CD44, and ESAM
were significantly decreased in lentivirus (Lenti)-miR-7-BCSC-
drivenxenografts comparedwith the control xenografts, accompa-
nied with an increase in E-cadherin and a decrease in vimentin
expression, as well as reduction in tumor growth and metastasis
to lungs. Our data demonstrated that miR-7 overexpression
reduced the metastasis of BCSCs via inhibiting ESAM, suggesting
that ESAM could be a potential target for breast cancer therapy.
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INTRODUCTION
Numerous recent studies have focused on new treatment strategies
that combine surgery, radiotherapy, chemotherapy, and biotherapy
to treat breast cancer patients. However, approximately 25% of breast
cancer patients who are clinically node-negative at diagnosis eventu-
ally have cancer recurrence.1,2 A possible reason is that there are
breast cancer stem cells (BCSCs) in the tumors. BCSCs represent
only a small fraction of tumor cells that can regenerate tumor through
aberrant proliferation and self-renewal, resulting in metastasis and
relapse of breast cancer. However, the biological features of BCSCs
and the metastatic potential still remain to be elucidated.3 Therefore,
a successful breast cancer therapy may require a strategy against
metastasis of BCSCs by using special therapies.4–6
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Evidence from a recent study has shown that the endothelial cell-se-
lective adhesion molecule (ESAM), a member of the immunoglobulin
receptor family, mediates homophilic interactions between endothe-
lial cells.7 ESAM might be involved in modulating vascular endothe-
lial growth factor-dependent action and regulating tumor metastasis
through endothelial cell migration and tube formation in metastatic
nodules.8 In this regard, inhibition of ESAM might suppress cancer
metastasis by inhibiting the angiogenic processes.9

Studies have suggested that a noncoding microRNA (miRNA), miR-
7, is a cancer inhibitor and that enforced miR-7 expression signifi-
cantly reduced the self-renewal ability of BCSCs.10,11 In our previous
study, we found that miR-7 was downregulated in BCSCs compared
with the non-BCSCs analyzed by the miRNA microarray (confirmed
by quantitative real-time PCR), and that miR-7 mediated downregu-
lation of SET domain bifurcated 1, a new oncogene that was overex-
pressed in breast cancer, and inhibited tumor progression and metas-
tasis in a BCSC-driven tumor xenograft mouse model.11 However, the
exact molecular mechanisms remain largely unknown.

In the present study, we focused on the effects of enforced miR-7
expression on inhibition of the metastasis of CD44+CD24�ESA+

BCSCs and sought to clarify its molecular mechanisms in the
BCSC-derived tumor xenografts in nonobese diabetic (NOD)/severe
combined immunodeficient (SCID) mice.

The results of a protein array from the study indicated that high
ESAM and yet low miR-7 expression levels were found in the
BCSC-driven xenografts. Additionally, results of quantitative real-
time PCR showed that ESAM expression was significantly higher in
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Figure 1. Results of Protein Array and Identification of

Interested Molecular Expression

(A) Heatmap of protein array scanning analysis was generated for

the protein expression in the CD44+CD24�ESA+ BCSC-driven

tumor tissues of mice treated with miR-7 agomir or PBS. (B)

ESAM expression in the miR-7 agomir and control groups. (C–E)

Validation expression levels of (C) ESAM, (D) miR-7, and (E) RELA

in MCF-7, SK-BR-3, MDA-MB-231, and LD cells by quantitative

real-time PCR.
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breast cancer tissues than in adjacent noncancerous tissues. Overex-
pression of miR-7 specifically inhibited RELA expression and led to a
reduction in ESAM expression, which attenuated the tumorigenesis
and lung metastasis of BCSCs. The data suggested that the targeted
inhibition of ESAM reduced the lung metastasis of BCSC-driven xe-
nografts and enhanced the efficacy of treatment of breast cancer.

RESULTS
miR-7 Influences Stem-like Molecular Expression in BCSC-

Driven Xenografts

In an attempt to know the protein expression difference in tumor tis-
sues between the miR-7 agomir and the PBS-treated BCSC-driven xe-
nografts in NOD/SCID mice, we analyzed protein expression
profiling by protein array. Figure S1 gives results of protein array
scanning. It indicates that 55 proteins were differentially expressed,
including 21 with upregulated expression and 34 with downregulated
expression in 493 target proteins compared with the control. Fig-
ure 1B shows that ESAM expression was significantly downregulated
in miR-7 agomir-treated, BCSC-driven tumor tissues compared with
PBS-treated, BCSC-driven tumor tissues (p < 0.0299), which was
consistent with results of the protein array in Figure 1A. The different
protein expression profiling is listed in Table S6.

To further identify ESAM expression, we detected its expression in
MCF-7, SK-BR-3, MDA-MB-231, and LD cell lines. As shown in Fig-
ures 1C and 1D, ESAM expression in MCF-7 cells was significantly
decreased compared to MDA-MB-231 (p < 0.001), SK-BR-3 (p <
0.0179), and LD (p < 0.01) cells, respectively, whereas the miR-7
Molecu
expression in MCF-7 cells was significantly increased
compared with MDA-MB-231 (p < 0.0053), SK-BR-
3 (p < 0.0113), and LD (p < 0.0053) cells, respectively.
Owing to the role of RELA in the stem-like molecule
expression,12,13 we simultaneously detected RELA
expression. High RELA expression was found in
MDA-MB-231, SK-BR-3, and LD cells (Figure 1E),
which was consistent with ESAM expression pattern.

Expression Levels of ESAM, miR-7, and RELA in

Breast Cancer Patients

After having validated the expression levels of ESAM
and miR-7 in a mouse xenograft model and in human
breast cancer cell lines, we further investigated these
levels in breast cancer. To this end, we collected 12
postsurgery samples from breast cancer patients and used them in a
quantitative real-time PCR assay. From the results in Figure 2A, we
found that the expression of ESAM was significantly higher in breast
cancer tissues than in adjacent normal tissues, whereas the miR-7
expression was markedly lower than in adjacent normal tissues,
whichwas statistically significant (p = 0.0087 or p = 0.0227). Figure 2A
also indicates that RELA expression was remarkably higher in breast
cancer tissues than in adjacent normal tissues (p = 0.0125). Figure 2B
indicates that the lower was the miR-7 expression, the higher was the
ESAM expression, which was statistically significant (p = 0.0104, r =
�0.7015), but the relative expression levels of ESAM and RELA
changed simultaneously (p = 0.0318, r = 0.6192) (Figure 2C). Addi-
tionally, western blot analyses showed that the expression levels of
RELA, phosphorylated (p-)RELA, and ESAM were remarkably
higher in breast cancer tissues than in adjacent normal tissues (Fig-
ure 2D), which was statistically significant (Figure 2E).

miR-7 Inhibits ESAM Expression by Targeting RELA

Figure 2B suggests that expression levels of miR-7 and ESAM are
negatively correlated. To confirm this relationship, we used the
miR-7 mimic and the RELA small interfering RNA (siRELA) re-
combinants to transfect them into MDA-MB-231 and MCF-7 cells.
We found that ESAM transcriptional (Figure 3A) and translational
(Figure 3B) expression levels inMDA-MB-231 cells were significantly
decreased in comparison with the different controls after miR-7
mimic transfection, which were statistically significant (Figures 3A
and 3C). Figures 3D and 3E show that transcriptional and transla-
tional expression levels of ESAM were markedly reduced compared
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Figure 2. Analysis of Interested Molecular Expression in Breast Tumor Tissues of Patients

(A) Relative expression of miR-7, ESAM, and RELA were analyzed in breast tumor tissues and adjacent normal tissues of 12 patients by qRT-PCR. (B) Relative expression of

miR-7 and ESAM. (C) Relative expression of RELA and ESAM. (D) Western blotting analysis of the expression of RELA, p-RELA, and ESAM. N, noncancerous tissues; T,

tumor tissues. (E) Semiquantitative analysis of the protein expression of RELA, p-RELA, and ESAM; refer to the differences as indicated.
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with the different controls after the siRELA recombinants were trans-
fected into MDA-MB-231 cells, as shown in Figure 3D. In Figures
3G–3K, the transcriptional and translational expression levels of
ESAMwere also remarkably decreased compared to the different con-
trols after miR-7 mimic and siRELA recombinants were transfected
into MCF-7 cells, which were statistically significant (Figures 3I and
3L).

In addition, the RELA 30 UTR contained two miR-7 binding sites
(Figure 3M). Therefore, a dual-luciferase reporter assay was carried
out in the MDA-MB-231 cells. We cloned the luciferase reporter
assay vectors (psiCHECK2-RELA-30 UTR-mutant [Mut] and psi-
CHECK2-RELA-30 UTR) according to the sequences (Figure S2A),
and then the luciferase reporter assay was performed as previously
described.11,14 Figure 3N indicates that the miR-7 mimic decreased
the relative luciferase activity of the wild-type (WT) vector but not
the relative luciferase activity of the mutation A or B vector or the
A plus B vector.

Furthermore, we tested whether RELA had increased the occupancy
in the promoter region of its target gene ESAM and performed a chro-
matin immunoprecipitation (ChIP) assay. Based on JASPAR data-
base prediction, we found that there are four putative RELA binding
sites in the ESAM promoter located at the�1232 to�1243,�1234 to
�1244,�1345 to�1355, and�1545 to�1555 positions (Figure S2B).
ChIP PCR results demonstrated that RELA was directly bound to the
72 Molecular Therapy: Oncolytics Vol. 18 September 2020
�1232 to �1243 region in the ESAM promoter 1 in MDA-MB-231
cells (Figure 3O).
Enforced miR-7 Expression Attenuates BCSC-Driven Tumor

Growth and Inhibits Tumor Metastasis

After having demonstrating that the expression of ESAMwas reduced
in miR-7 mimic-transfected MDA-MB-231 and MCF-7 cells in vitro,
we wanted to know whether miR-7 could have an effect on ESAM
expression and attenuate BCSC-driven tumor growth and metastasis
in vivo. To this end, we established a BCSC-driven xenograft model by
local injection of lentivirus (Lenti)-miR-7-BCSCs (2 � 105), which
were isolated from LD cells, into the NOD/SCID mouse’s right
inguinal mammary fat pads. As shown in Figure 4, the LD cell line
was established in the present study from a postoperative human
breast cancer tissue (diameter of 2.8 cm, infiltrating ductal carcinoma,
TNM [tumor, node, metastasis] stage IIa [T2, N0, M0]), which was
cultured in DMEM with 10% fetal bovine serum (FBS), day 16 (5 �
10) and day 21 (10 � 10), observed with microscopy (Figure 4A).
To determine counts in BCSCs in LD cells, we used a flow cytometer
(FCM) to analyze the ALDH1 activity (biological marker)15 and
ESA+CD44+CD24� cell phenotypes (surface markers). Figure 4B
shows that the ALDH-positive cells accounted for 10.63% of the total
of LD cells, and ESA+CD44+CD24� cell phenotypes accounted for
21.50% of the total of LD cells (Figure 4C). The result of sorting ESA+

CD44+/CD24� cells (purity for 90.60%) is shown in Figure 4D. From



Figure 3. Effects of miR-7 Mimic and siRELA Recombinants on the Expressions of ESAM and RELA in MDA-MB-231 and MCF-7 Cells

(A and B) ESAM expression analyzed by (A) quantitative real-time PCR and (B) western blot in MDA-MB-231 cells transfected with a miR-7 mimic. (C) Quantification of ESAM

translational expression in MDA-MB-231 cells. (D and E) ESAM and RELA expression analyzed by (D) quantitative real-time PCR and (E) western blot in MDA-MB-231cells

transfected with various siRELA recombinants. (F) Quantification of ESAM and RELA translational expression. (G, H, J, and K) Relative expression of (G and H) ESAM and

(J and K) RELA analyzed by (G and J) quantitative real-time PCR and (H and K) western blot in MCF-7 cells transfected with a miR-7 mimic and various siRELA recombinants,

respectively. (I) Quantification of translational expression of ESAM in MCF-7 cells. (L) Quantification of translational expression of ESAM and RELA in MCF-7 cells. (M) Two

miR-7 binding sites in the RELA 30 UTR region. (N) Luciferase activity of the wild-type or mutant RELA 30 UTR reporter genes in MDA-MB-231 cells transfected with miR-7

mimics or miR-7 mimics control or the different psiCHECK2-RELA-30UTR-Mut vectors. (O) ChIP-PCR results.
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these results, we concluded that LD cells have a high BCSC population
for the sequent experiment in vivo.

Figure 5A shows images of LD cells and BCSC-driven tumor xeno-
grafts in mice. Figure 5B shows photographs of the sizes of tumors
removed from the BCSC-driven xenograft in mice 31 days after the
local injection. Owing to the CD44+CD24�ESA+ BCSC origin of
LD cells (Figure 4), BCSCs have a strong tumorigenicity. Accordingly,
the injection of LD-BCSCs (2� 105) without infection of Lenti-miR-7
quickly generated tumors on day 10, and tumor growth was the fastest
31 days after injection, whereas LD cells (2 � 105) generated tumors
on day 16 after injection. In the Lenti-miR-7-LD-driven tumor group,
only two of the four mice generated the smallest tumor on day 31
(Figure 5B), and tumor growth was the slowest among the all groups
(Figure 5D). As shown in Figure 5E, the differences were statistically
significant between the LD-BCSCs and the LD cells, and between the
Lenti-miR-7 BCSCs and the other control groups.

We found that the CD44+ cell percentages and the expression levels of
CD44, RELA, p-RELA, and ESAM in tumor tissues were significantly
decreased (Figures 5F and 5I); however, miR-7 expression was mark-
edly increased in the Lenti-miR-7-BCSC group compared to the other
three groups. In addition, the mouse weight was not changed remark-
ably in the Lenti-miR-7-BCSC group, and weight in this group was
similar to that of control mice until day 31. This suggested that the
Lenti-miR-7-BCSC did not cause severe side effects. However, in
response to the combined adriamycin (Ad) plus cyclophosphamide
(Cy) treatment, breast cancer-bearing mice showed a serious weight
loss, suggesting severe side effects in mice treated with drugs
(Figure 5C).

To identify the effect of enforced miR-7 expression on reducing
BCSC-driven xenograft metastasis, we dissected lungs from the
breast-cancer bearing mice on day 31 and tested for the presence of
tumor micrometastasis as analyzed by H&E staining. We found
more metastasized tumor nodules in the lungs of mice injected
with BCSCs or BCSCs infected with lentiviral vector (Lentivector)
than in the lungs of mice injected with Lenti-miR-7-infected BCSCs
(Figure 6A). Differences in tumor nodules between the Lenti-miR-
7-BCSC and Lentivector-BCSC groups, and between the Lenti-miR-
7-BCSC group and the other control groups were found and are
shown in Figure 6B.

To understand the mechanisms of miR-7 reducing the tumor xeno-
graft metastasis, we detected the expression of epithelial-mesen-
chymal transition (EMT) characteristic molecules, which are closely
Molecular Therapy: Oncolytics Vol. 18 September 2020 73
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Figure 4. FCM Analyzes the BCSC Counts in LD Cells

The cells were set up from a breast cancer postsurgery sample. (A) Cells were cultured on day 16 (5� 10) and day 21 (10� 10), observed under microscopy. (B) ALDH activity

cells were analyzed by FCM. (C) ESA+CD44+CD24� cell phenotypes in LD cells were analyzed by FCM. (D) Sorting of ESA+CD44+CD24� cells analyzed by FCM.
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related to typical phenotype change of the tumor cell’s EMT in a
mouse model. Figure 6C shows expression levels of E-cadherin and
vimentin in the tumor tissues analyzed by immunohistochemical
staining. The tumor cells in mice injected with Lenti-miR-7-BCSCs
significantly increased the staining of E-cadherin and markedly
decreased the staining of vimentin compared to the tumor cells in
mice injected with Lentivector-BCSCs, Lentivector-BCSCs-drugs,
Lenti-miR-7-WT, LD-WT, and LD-BCSCs, respectively, which was
statistically significant, as shown in Figures 6D and 6E.
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Effects of Knockdown of ESAM on the Proliferation, Clone

Formation, Metastasis, and BCSC-Driven Tumor Growth

Although we have demonstrated that enforced miR-7 expression
reduced ESAM expression and attenuated BCSC-driven tumor growth,
we wondered whether knockdown of ESAM affected MDA-MB-231
cell proliferation, colony, and metastasis in vitro, and inhibited
BCSC-driven tumor growth in in vivo NOD/SCID mice by injection
of siESAM-1. Figure 7A shows that the expression levels of ESAM
mRNA and protein were significantly decreased inMDA-MB-231 cells



Figure 5. Effect of Lenti-miR-7-BCSCs on Tumor

Growth in NOD/SCID Mice

(A) Representative images of BCSC-driven breast can-

cer in mice 31 days after injection of CD44+CD24�ESA+

BCSCs (2 � 105). (B) Representative images of tumor

sizes. (C) Tumor dynamic growth curve chart. (D) Mouse

weight change. (E) Quantification analysis of tumor sizes.

(F) FCM analysis of CD44+ percentage in tumor tissues.

(G) Quantitative real-time PCR analysis of the expression

of miR-7, RELA, CD44, and ESAM in tumor tissues. (H)

Western blotting analysis of the expression of RELA, p-

RELA, CD44, and ESAM in tumor tissues. (I) Quantifi-

cation of the expression levels of RELA, p-RELA, CD44,

and ESAM. LD-BCSC, CD44+CD24�ESA+ BCSCs iso-

lated from LD cells; LD-WT, LD cells without trans-

fection; Lentivector-BCSC, BCSCs isolated from LD

cells infected with Lentivector; Lenti-miR-7-BCSC,

BCSCs infected with Lenti-miR-7; Lenti-miR-7-WT, LD

cells infected with Lenti-miR-7; Lentivector-BCSC-

Drugs, BCSCs infected with Lentivector plus drugs

(30 mg Ad/kg, twice a week, and 10 mg Cy/kg, once a

week, for a total of 3 weeks). Arrows represent various

cells injected into a mouse’s right or left inguinal mam-

mary fat pads.
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Figure 6. miR-7 Reduces Tumor Lung Metastasis

(A) Representative images of lung pathological sections stained with H&E are shown in the top panels (original magnification,�100) and bottom panels (original magnification,

�200); the lung tissues were taken out of the BCSC-driven breast cancer in mice 31 days after injection of 2 � 105 BCSCs. (B) Semi-quantification of the tumor micro-

metastasis focus. (C) E-cadherin expression (top panels) and vimentin expression (bottom panels), analyzed by immunochemistry (original magnification, �400). (D and E)

Semi-quantification of the expression levels of (D) E-cadherin and (E) vimentin.
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transfected with siESAM-1, siESAM-2, and siESAM-3 respectively,
compared with the control cells, particularly in the siESAM-1-trans-
fected cells. Figure 7B shows a lower proliferation rate in siESAM-1-
transfected cells than in the other control cells, particularly in the
96-h culture. The difference was statistically significant between the si-
ESAM-1 cells and the other control cells (p < 0.001).We also found that
clone formation and metastasis were markedly reduced in siESAM-1-
transfected cells compared to the other control cells, which was
statistically significant (Figures 7C and 7D). Therefore, the synthetic si-
ESAM-1 was used for subsequent in vivo study.

Figure 8A shows that the dynamic plot of mouse weight change, in
which the siESAM-1-injected mice mostly maintained mouse weight
similar to that of control mice, suggested that no severe side effects
were caused. Figure 8B gives the tumor dynamic growth plot in
mice. Figure 8C shows photographs of the BCSC-driven xenografts
in mice on day 27 after implantation of ESA+CD44+CD24� BCSCs
(2 � 105). Figure 8D includes photographs of tumor sizes. Tumor
growth was significantly inhibited in mice injected with siESAM-1
compared with mice injected with LD-BCSCs or Lentivector-BCSCs,
but the inhibitive effectiveness was still lower in mice than in mice in-
jected with Lenti-miR-7-BCSCs, as shown in Figure 8E.

DISCUSSION
Emerging data demonstrate that BCSCs are typically seed cells of
breast cancer and are involved in its metastasis and recurrence. How-
76 Molecular Therapy: Oncolytics Vol. 18 September 2020
ever, the current treatment protocol for breast cancer may lack any
approved molecular target therapy for the disease metastasis.14 In
the present study, we first investigated whether miR-7 could impact
the metastasis-related molecular expression in miR-7 agomir-treated,
CD44+CD24�ESA+ BCSC-driven tumor xenograft tissues. The hu-
man L493 array provided by RayBiotech was used to assess protein
expression profiles. Data of the protein array showed a novel mole-
cule, ESAM, that was highly expressed in the BCSC-driven tumor tis-
sues in mice treated with PBS, but it was lowly expressed in the BCSC-
driven tumor tissues of mice treated with the miR-7 agomir. To verify
the protein expression profiles, we used a variety of cell lines to
analyze ESAM expression. Compared with the MCF-7 cell line, the
MDA-MB-231, SK-BR-3, and LD cell lines exhibited high expression
of ESAM and low expression of miR-7. It is known that MCF-7 cells
are duct cell carcinoma with estrogen receptor (ER+), progesterone
receptor (PR+), and epidermal growth factor receptor 2 (HER2�),16

while the MDA-MB-231 cells are ER�/PR�/HER2� (triple-negative
breast cancer cells), the SK-BR-3 cells are ER�/PR�/HER2+,17,18

and the LD cells are ER+/PR+/HER2+. Owing to the high expression
of ESAM, a molecule tightly related to tumor cell metastasis, the cells
with high ESAM expression may pose a higher capability of invasion
and metastasis than do the MCF-7 cells, which are relative low
malignancy.

To further verify the above results, we collected 12 breast samples
from breast cancer patients to detect the expression of ESAM and



Figure 7. Inhibition of Proliferation, Metastasis, and Clonal Formation

(A) ESAMmRNA and protein expression in cells transfected with siESAMs. (B) Different cell dynamic proliferation curve chart. (C) Representative images of the different clones

and statistical analysis of the clone formation rate. (D) Representative images of the different cell metastasis and statistical analysis of cell metastasis rate; refer to the dif-

ferences as indicated.
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miR-7 by quantitative real-time PCR. The results confirmed that,
compared to the adjacent noncancerous tissues, the expression of
ESAM was significantly increased in cancer tissues but miR-7 expres-
sion was markedly decreased. We also found that there is an inverse
correlation between the expression levels of miR-7 and ESAM; alter-
natively, we found that RELA expression was positively correlated
with ESAM expression in breast cancer tissues. Therefore, we further
investigated the effects of miR-7 mimic and the siRELA recombinants
on molecule expression in MDA-MB-231 and MCF-7 cells. Signifi-
cantly, the transfection of miR-7 mimic or siRELA recombinants
decreased the expression of ESAM. From these findings, we hypoth-
esized that the decrease of ESAM expression may be due to direct
regulation by miR-7 or RELA. To verify the hypothesis, we carried
out dual-luciferase reporter and ChIP assays. As we had predicted,
Molecular Therapy: Oncolytics Vol. 18 September 2020 77
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the dual-luciferase reporter assay indicated that miR-7 directly bound
to the RELA 30 UTR region. ChIP assays confirmed our hypothesis
that RELA could directly bind to the region in the ESAM promoter
that may enhance ESAM expression in MDA-MB-231 cells. It is
thus evident that the miR-7 mimic indirectly inhibited ESAM expres-
sion by directly decreasing RELA expression.

More importantly, we observed that, in our in vivo animal experi-
ment, the enforcedmiR-7 expression in BCSCs isolated from LD cells,
which were established from the postoperative human breast cancer
sample, not only reduced BCSC-driven tumor growth but also
blocked tumor lung metastasis. This effect was better than that of
the combination of Ad plus Cy treatment of breast cancer (one of
the conventional therapies during the past few decades),19 as was re-
flected in the slowed tumor growth, smaller tumor sizes, and almost
no serious side effect, as well as no obvious tumor lung metastasis in
the tumor-bearing mice. The FCM analyses indicated a decrease in
cell percentage of the CD44+ molecule, a surface marker for BCSCs,
in the Lenti-miR-7-BCSC group. These results suggested that miR-
7 overexpression reduced the BCSC subset and inhibited tumor
growth and metastasis. In addition, the decreasing vimentin expres-
sion and yet increasing E-cadherin expression analyzed by immuno-
histochemical staining may be attributed to the reduced expression of
ESAM, which was regulated by miR-7 that directly inhibited RELA
expression in the BCSC-driven tumor tissues.8,20

It is known that ESAM is tightly associated with modulating tumor
vascularization to promote tumor metastasis8,9; therefore, we investi-
gated the effects of a direct knockdown of ESAM on MDA-MB-231
cell proliferation, clone formation, and metastasis in vitro, as well
as on BCSC-driven xenograft growth in in vivo NOD/SCID mice
by injection of a siESAM-1. Knockdown of ESAM expression in the
MDA-MB-231 cells by injection of siESAM-1 not only inhibited
cellular proliferation, clone formation, and metastasis in vitro, but it
also inhibited the Lentivector-BCSC-driven xenograft growth in
mice (Figures 8C and 8D), even though its inhibitive effect was
slightly lower than that of the Lenti-miR-7-BCSC group. From the re-
sults of immunofluorescence analyses, we postulated that the local in-
jection of siESAM-1 into tumor-bearing mice not only inhibited
ESAM expression but also reduced the expression of CD31, a blood
vessel marker, in the tumor tissue; this may have reduced tumor
lung metastasis.

Conclusion

To our knowledge, the present study may be the first to delineate a
novel molecular mechanism whereby ESAM was highly expressed
in the CD44+CD24�ESA+ BCSC-driven tumor xenografts and in
breast cancer patients. Our in vitro and in vivo studies provide defin-
Figure 8. siESAM-1 Inhibits the BCSC-Driven Tumor Growth in Mice

(A) Mouse weight dynamic plot. (B) The tumor dynamic growth plot in NOD/SCID m

CD44+CD24� BCSCs. (D) Photographs of tumor sizes dissected from the differently tre

tissues.(G) immunofluorescence detection of tumor tissues. (H) immunofluorescence a

PCR and western blot in tumors.
itive evidence that the enforced miR-7 expression in BCSCs signifi-
cantly inhibited tumor xenograft lung metastasis by miR-7 direct tar-
geting of RELA to further inhibit ESAM expression. Our findings
demonstrated that ESAM may serve as a specific target reducing
BCSC distant metastasis via miR-7 overexpression.

MATERIALS AND METHODS
Cell Lines

Human breast cancer MCF-7, SK-BR-3, and MDA-MB-231 cell lines
were obtained from the Cellular Institute in Shanghai, China. Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% FBS. The LD cell line was established by our laboratory
from a human breast cancer postsurgery sample that was cultured
in DMEM with 10% FBS and characterized as shown in Figure 4.
All media consist of 2 mM L-glutamine, 100 U/mL penicillin,
100 mg/mL streptomycin, and 10% FBS.

Infection with a Lentivirus-Encoding miR-7 Vector in LD Cells

To obtain the enforced miR-7 expression in ESA+CD44+CD24�

BCSCs, a lentivirus-encoding miR-7 vector was infected into LD cells
as previously described.11,21 The clones with the stable miR-7 expres-
sion were selected by GFP expression.

Isolation and Identification of BCSCs

BCSC ALDH1 activity was identified with the ALDH1 enzyme assay
kit (Invitrogen, Carlsbad, CA, USA), which was applied on an FCM.
CD44/CD24 and CD44/CD24/ESA (also called EpCAM [epithelial
cell adhesionmolecule] or CD326) antibodies conjugated to magnetic
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) were
used to obtain BCSCs from LD cell clones with stable miR-7 expres-
sion by a magnetic-activated cell sorting (MACS) system. LD cell
clones was cultured in DMEM with 10% FBS; the isolated BCSCs
from LD cell clones were directly injected into mice. The sorting
method was performed by following the manufacturer’s instructions
and our previous study.22–24 We named CD44+CD24�ESA+ cells
BCSCs.

Protein Array

Three independent controls and miR-7-treated tumor samples were
used for the protein arrays, according to the standard operating pro-
cedures of the Raybio (USA) human L493 array (catalog no. AAH-
BLG-2-2). Total protein was extracted from 250 mg of tissues with
ice-cold cell & tissue protein extraction reagent (KangChen Bio-
tech, China, catalog no. KC-415), which contained the inhibitors
for protein degradation (5 mL of protease inhibitor cocktail, 5 mL of
PMSF, and 5 mL of phosphotase cocktail were added into 1 mL of pro-
tein extraction reagent). The protein concentration was determined
by a BCA protein assay kit (KangChen Bio-tech, catalog no.
ice. (C) The images of the BCSC-driven tumor mice injected with 2 � 105 ESA+-

ated mice on day 27. (E) Statistical analysis of tumor sizes. (F) HE staining of tumor

nalyses of ESAM and CD31. (I) ESAM expression analyzed by quantitative real-time
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KC-430). Protein array membranes were blocked in blocking buffer
for 30 min and then incubated with samples at room temperature
for 1–2 h, then decanted, and membranes were washed with washing
buffer. After that, membranes were incubated with diluted biotin-
conjugated antibodies at room temperature for 1–2 h. The
membranes were washed with washing buffer and reacted with strep-
tavidin-conjugated fluor at room temperature. Membranes were then
washed thoroughly and scanned by an Axon scanner. The intensities
of signals were quantified by densitometry. Raw intensities were
revised by background and normalized by median. A 2-fold change
in protein expression was calculated.25–27

Animal Experiment

Female NOD/SCIDmice at 6 weeks of age and weighing 18 ± 1 g were
ordered from Beijing Weitong Lihua Experimental Animal Technol-
ogy (China). All mice were raised in a specific pathogen-free (SPF)
animal facility at the Experimental Animal Center, School of Medi-
cine, Southeast University (Nanjing, Jiangsu, China). The animal ex-
periments followed the guidelines of the Animal Research Ethics
Board of Southeast University (China).

For the lentivirus miR-7 treatment experiment, each NOD/SCID
mouse received inoculation of 2� 105 LD-BCSCs, LD cells, Lentivec-
tor-LD-BCSCs, Lenti-miR-7-LD-BCSCs, Lenti-miR-7-LD cells, or
Lentivector-LD-BCSCs plus drugs at the mouse’s right or left inguinal
mammary fat pads. Twenty-four mice were divided into six groups of
equal size (four per group). Ten days after the injection, all mice grew
tumors that reached 3–5mm in size. At this time, the Lentivector-LD-
BCSCs plus drugs group of mice alone received the following drugs:
30 mg/kg Ad (purchased from Dalian Meilun Biotech, China, twice
a week for a total of 3 weeks) and 10mg/kgCy (purchased fromDalian
Meilun Biotech, China), once a week for a total of 3 weeks in 0.1 mL of
PBS; both were locally injected into the BCSC-formed tumor sites.

For the siESAM-1 treatment experiment (three per group), each
NOD/SCID mouse received inoculation of 2 � 105 LD-BCSCs, Len-
tivector-LD-BCSCs, Lenti-miR-7- LD-BCSCs, or Lentivector-LD-
BCSCs plus injection of siESAM-1, which was synthesized by Bioribo
and performed as described previously, and 2 nmol of siESAM-1 in
0.1 mL of saline buffer was locally injected into the tumor site once
every 3 days for a total of five times. The target sequences sited for
siESAM are as follows: siESAM-1, 50-GACAAACAAGG
CAAATCTA-30; siESAM-2, 50-TGATGTGGTTCTTCAAACA-30; si-
ESAM-3, 50-ACTGCCCAATGTAATGTGA-30. Tumor take was as-
sessed for up to 31 days. In vivo tumor growth in each mouse was
monitored every 3 days by taking two-dimensional measurements
of a tumor. The tumor tissues were subjected to western blotting,
quantitative real-time PCR, hematoxylin and eosin (H&E), and
immunohistochemistry assays.28,29 The experiments were repeated
twice.

Quantitative Real-Time PCR

To test the expression levels of miR-7, RELA, and ESAM, quantitative
real-time PCR analyses were performed on an ABI StepOnePlus real-
80 Molecular Therapy: Oncolytics Vol. 18 September 2020
time PCR system (Applied Biosystems). Total cellular RNA was iso-
lated from each sample by using a QIAGEN RNeasy kit (QIAGEN,
Valencia, CA, USA). One microgram of total RNA per sample was
subjected to cDNA synthesis using SuperScript III reverse transcrip-
tase (Invitrogen). The mRNA levels of the genes of interest were ex-
pressed as the ratio of each gene of interest to U6 mRNA per sample.
cDNAs were amplified by PCR with primers as listed in Table S1.30

Western Blot

Western blot was performed as described previously.31,32 The rabbit
anti-mouse/human nuclear factor kB (NF-kB) p65 (RELA) antibody
(8242S) (Cell Signaling Technology, USA), the rabbit anti-mouse/hu-
man p-NF-kB p65 (RELA) antibody (AF2006) (Affinity Biosciences,
USA), and the rabbit anti-mouse/human ESAM antibody (12445-1-
AP) (Proteintech, USA) were used in the assay. Immunoreactive
bands were detected by an Odyssey imaging system scanning instru-
ment (LI-COR Biosciences, USA).

Breast Cancer Samples

Breast cancer postsurgery tissue samples were received from the
Department of General Surgery of Zhongda Hospital at Southeast
University (Nanjing, Jiangsu, China). Our study was approved by
an Ethics Committee at Southeast University School of Medicine,
together with confirmation that informed consent for the use of the
postsurgery samples was obtained from the donors. The clinical
data of 12 breast cancer patients and specimens are shown in Table
S2.

Short Hairpin RNA Targeting the ESAM Encoding Gene

Short hairpin RNA sequences of a human RELA were designed based
on the RELA DNA sequence (GenBank: NM_001128128.2) using
siDESIGN software (Dharmacon, https://horizondiscovery.com/)
and BLOCK-iT RNAi designer (Invitrogen, Grand Island, NY,
USA) as well as BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi).33,34 The target sequence for RELA shRNA and one scramble
sequence as a negative control are listed in Table S3. MDA-MB-231
cells were transiently transfected using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s recommendations.35

Dual-Luciferase Reporter Assay

We used the miRcode algorithm (release 6.2, http://www.mircode.
org/) to search for miR-RNA target of RELA. The wild or mutated
RELA was developed by PCR from human genomic DNA. For the
luciferase reporter assay, the pmirGLO dual-luciferase miRNA target
expression vector (psiCHECK2-RELA-30 UTR, psiCHECK2-RELA-
30 UTR-Mut) was used. The oligonucleotide sequences (WT) used
are shown in Table S4. The luciferase reporter assay was performed
using the Dual-Luciferase reporter assay system (Promega). The lucif-
erase activity was measured 48 h after transfection.36,37

ChIP-PCR assay

The ChIP-PCR assay was performed inMDA-MB-231 cells with Sim-
pleChIP assay kits (Beyotime Institute of Biotechnology, Hangzhou,

https://horizondiscovery.com/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.mircode.org/
http://www.mircode.org/
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China; Cell Signaling Technology) as described previously.33,34 The
primers used in the ChIP assay are listed in Table S5.

Histopathology

Thirty-one days after mice were challenged by Lentivector-LD-
BCSCs, Lenti-miR-7- LD-BCSCs, or Lentivector-LD-BCSCs, mice
were sacrificed and the lung tissues were fixed in 10% formalin and
then embedded in paraffin. Serial thin tissue sections (5 mm) were
cut and mounted on SuperFrost Plus glass slides, fixed in methanol,
and stained in H&E. The slides were viewed under a Zeiss Axioplan
light microscope at a magnification of �100, �200, or �400.35,38

Immunohistochemical Staining

Briefly, 5-mm-thick formalin-fixed and paraffin-embedded slides
were incubated with a rabbit anti-mouse/human E-cadherin
(20874-1-AP) (Proteintech, USA) and anti-mouse/human vimentin
(5741s) (Cell Signaling Technology, USA) overnight at 4�C. The
samples were then labeled with horseradish peroxidase-conjugated
streptavidin (Invitrogen), and the chromogenic reaction was devel-
oped using a liquid diaminobenzidine (DAB) substrate pack accord-
ing to the manufacturer’s instructions. The stained cells from random
and non-overlapping fields were counted under a magnification of
�200.39,40

Assays of Cell Proliferation, Colony, and Migration

2 � 103 siESAM-1-, siESAM-2-, and siESAM-3-transfected MDA-
MB-231 cells or MDA-MB-231 cell suspensions seeded into 96-well
plates were assayed for proliferative activity in triple wells and colony
formation. A colony with a diameter larger than 75 mm or having
more than 50 cells was counted for one positive colony according
to our previous report.23 In migration assay, the same above-
mentioned cells were plated in six-well plates (5 � 105 cells per
well) to form a monolayer 1 day before the assay. The subsequent
steps were performed as previously described.30

Statistical Analysis

Statistical analyses were performed using the Student’s t test or single
factor analysis of variance to test for the difference between the exper-
imental and the control groups. The mean and standard deviations of
the results between the two groups were used and p values <0.05 were
taken as statistically significant.
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