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Metastatic tumor is a major contributor to death caused by
breast cancer. However, effective and targeted therapy for met-
astatic breast cancer remains to be developed. Initially, we ex-
ploited a feasible biological rationale of the association between
metastatic status and tumor-initiating properties in metastatic
breast cancer stem cells (BCSCs). Further, we explored that
circular RNA RANBP2-like and GRIP domain-containing pro-
tein 6 (circRGPD6) regulates the maintenance of stem cell-like
characteristics of BCSCs. Targeted expression of circRGPD6
via human telomerase reverse transcriptase (hTERT) pro-
moter-driven VP16-GAL4-woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE)-integrated sys-
temic amplifier delivery composite vector (TV-circRGPD6)
significantly inhibited expression of stem-cell marker CD44
and increased expression of the DNA damage marker p-
H2AX. Furthermore, we determined TV-circRGPD6, alone
or synergized with docetaxel, displays significant therapeutic
responses on metastatic BCSCs. Mechanistic analyses exploited
that TV-circRGPD6 suppresses BCSC-mediated metastasis via
the microRNA (miR)-26b/YAF2 axis. Clinically, for the first
time, we observed that expressions of circRGPD6 and YAF2
predict a favorable prognosis in patients with breast cancer,
whereas expression of miR-26b is an unfavorable prognostic
factor. Overall, we have developed a TV-circRGPD6 nanopar-
ticle that selectively expresses circRGPD6 in metastatic BCSCs
to eradicate breast cancer metastasis, therefore providing a
novel avenue to treat breast cancers.

INTRODUCTION
Breast cancer (BC) is the most common type of diagnosed and lethal
cancer in women; moreover, metastatic tumor contributes to the ma-
jor deaths caused by BC.1,2 Metastasis is a process by which a cancer
cell spread to a different part of the body from where it started.
Further, metastatic cancer cells are derived from especially aggressive
subpopulations of the primary tumor and further develop to higher-
grade malignant tumors after dissemination to distant places.
Furthermore, metastatic cancer cells also have abundant tumor-initi-
ating properties. All of these characteristics have heightened the ther-
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apy resistance of the metastatic tumor.3,4 Accordingly, effective ther-
apy that specifically combats metastasis remains limited.

Recent studies have revealed that control of non-cancer stem cells
(non-CSCs) switching to CSCs and regulation of stem-like properties
of cancer cells are appealing strategies to prevent progression of tu-
mors toward the metastatic stage.5,6 However, the biological mecha-
nism of constructing the association between metastatic model and
stemness characteristics remains a major obstacle.3,6 Therefore, re-
searchers are in desperate need of a model to investigate metastasis
tumors, stem cell-like characteristics, and tumor-initiating properties
in the course of metastatic CSCs. In previous investigations, our
group has successfully generated four long-term-cultured breast
CSCs (BCSCs), including MDA-MB-231.SC, MCF-7.SC, XM322,
and XM607. These BCSCs present prolonged maintenance over 20
passages and keep their tumor-initiating properties.7,8 As a result,
prolonged maintenance of BCSCs is an ideal tool to exploit the direct
link between BCSCs and metastasis during cancer progression.

Epithelial-mesenchymal transition (EMT) is a very important process
in metastasis. In the process of EMT, differentiated epithelial cancer
cells reverse to an undifferentiated state with expressing markers of
a stem cell niche and also holding stem cell-like characteristics.9 Un-
der this circumstance, non-CSCs switch to CSCs by activating their
unique abilities of self-renewal, wide differentiation potentials, and
resistance to conventional therapy. However, a novel treatment
an Society of Gene and Cell Therapy.
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modality, nanoparticle delivery, has been highlighted as a promising
solution for refractory cancer.10 Nanoparticle delivery enhances ther-
apeutic efficacy of cancer, whereas minimizing off-target toxicity. Pre-
viously, our group has integrated the VP16-GAL4-woodchuck hepa-
titis virus post-transcriptional regulatory element (WPRE)-integrated
systemic amplifier (VISA), which has a significant antitumor effect on
pancreatic tumors with almost no toxicity.11 Subsequently, we found
that VISA-claudin4-BikDD treatment dramatically reduces the
CD44+CD24� population of BC cells.12 Later, we developed a versa-
tile TV (human telomerase reverse transcriptase [hTERT] promoter-
driven VISA [T-VISA]) amplifier delivery to target transgene expres-
sion in breast tumors, which has comparable or even stronger activity
than that of the cytomegalovirus promoter in cancer cells.13,14 More
recently, we developed a TV delivery of microRNA (miR)-34a, which
reduces proliferation of BCSCs effectively and safely.7 Both hTERT
expression and telomerase activity in healthy mammary epithelial
cells (HMECs) were significantly inferior to either BC cells or BCSCs.
Further, we found that the hTERT promoter can direct preferential
transgene expression in BC cells and BCSCs, rather than HMECs.7

Detailed analyses of molecular mechanisms indicate that telomeres
can form G-quadruplex structures (G4) in adult stem cells. Moreover,
structures of G4 are highly stable and are difficult to resolve during
replication, which can cause replication fork stalling.15 Therefore,
TV delivery has the appropriate construction to express targeted mol-
ecules via an efficient and safe approach. In the present study, we
explored this novel therapeutic avenue for feasible treatment of
metastasis by using long-term-cultured BCSCs.

Circular RNAs (circRNAs) are a novel type of endogenous noncoding
RNA characterized as stable, abundant, and conserved. The high de-
gree of conservation of circRNAs suggests that this family plays an
important role in the organism. A lot of studies have revealed that
circRNAs participate in the development of progenitor cells. For
instance, RNA-binding protein FUS affects the expression of
circRNAs in murine embryonic stem cell-derived motor neurons.16

Recent studies also revealed that circRNAs HECTD1 and ZNF91
regulate epidermal stem cell differentiation.17 Expression profiles of
circRNAs were significantly altered during osteogenic differentiation
of periodontal ligament stem cells.18 For example, circRNAs BIRC6
and CORO1C are functionally associated with the pluripotent state
in undifferentiated human embryonic stem cells.19 hsa_circ_0067531
alters the biological function of CD90+, a marker for the hepatic CSCs,
in hepatocellular carcinoma cells.20 All of this evidence indicates that
Figure 1. Identification of Stem-like Properties of Metastatic Breast Cancer Ce

(A) Image of primary tumor and dissemination in an MCF-7 tumor-bearing mouse was r

and statistical results (right panel) of the mammosphere-forming capacity of cancer ce

mospheres larger than or equal to 50 mm in diameter were counted. Statistical analysis w

and statistical results (right panel) of a higher percentage of CD44+CD24� subpopulation

from a primary tumor. Statistical analysis was performed using the paired t test. (D) Repre

soft agar. Scale bars, 100 mm. Spheres of colony formation greater than equal to 50 m

Whitney U test. (E) Representative IVIS spectrum images (left panel) and statistical resul

primary breast cancer (BC) cell-bearing mice (n = 9 per group). Data are expressed as

experiments were repeated more than five times unless indicated otherwise. *p < 0.05
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circRNA interference canmediate stem-like properties in cancer cells.
However, whether circRNAs have the property to regulate metastatic
CSCs remains to be explored.

With this in mind, we exploited a feasible biological rationale of the
association between metastatic status and tumor-initiating properties
in metastatic BCSCs. Further, we explored the most prominent
circRNA in tumor tissue-derived or cell line-derived long-term-
cultured BCSCs. Furthermore, we determined the therapeutic re-
sponses of TV delivery of the specific circRNA on metastatic BCSCs.
Additionally, we provided mechanistic insight of this therapeutic
strategy and the tolerability of this nonviral liposomal nanoparticle.

RESULTS
Metastatic BC Cells Show Stem-like Properties

Preliminarily, in order todetermine the biological properties ofmetasta-
tic BC cells, we generated a mouse model of the MCF-7 BC xenograft
using the femalenon-obese diabetic/severe combined-immunodeficient
(NOD/SCID) mouse (Figure 1A). Next, we distinguished the stem-like
properties of the cancer cells derived from primary and metastatic tu-
mors of the xenograft model. Metastatic tumors display to disseminate
in vivo. The stem-like properties of primary tumorswere comparedwith
their corresponding disseminations in MCF-7-bearing athymic female
NOD/SCIDmice. Compared to those cells derived from corresponding
primary tumors, cells derived from metastatic tumors displayed stron-
ger stem-like properties, evidence by the increased mammosphere-
forming capacity (Figure 1B), higher proportion of CD44+CD24� (Fig-
ure 1C), and enhanced clonogenicity in soft agarose (Figure 1D).

Further, we explored whether metastatic BC cells are prone to develop
dissemination. With the use of a mouse model of the xenograft, we
found that mice bearing the BC cells derived from the metastatic
MCF-7 tumor have higher risk of disseminated cancers than the
mice-bearing cancer cells derived from the primary MCF-7 tumor,
i.e., 8 of 9 for the former versus 1 of 9 for the latter (Figures 1E and
S1). This result demonstrated that metastatic BC cells are more prone
to disseminate in vivo. Taken together, we initially explored that met-
astatic BC cells are rich in stem-like properties and are more prone to
disseminate.

BCSCs Mediate BC Metastasis

To determine whether disseminated BC cells directly originate from
the corresponding primary cancer cells, immunohistochemistry
lls

epresentative of 12 independent experiments. (B) Representative images (left panel)

lls derived from MCF-7 primary and metastatic tumors. Scale bars, 100 mm. Mam-

as performed using the Mann-Whitney U test. (C) Representative images (left panel)

in cancer cells derived from anMCF-7 metastatic tumor compared to those derived

sentative images (left panel) and statistical results (right panel) of colony formation in

m in diameter were analyzed. Statistical analysis was performed using the Mann-

ts (right panel) of dissemination in luciferase-labeled, 20th-passage MCF-7.SC- and

mean ± SD. Statistical analysis of (E) was performed using Fisher’s exact test. All

was considered as statistically significant.
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(IHC) for biomarker expression, including estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor
(EGF) receptor 2 (HER2), Ki-67, E-cadherin, mucin 1 (Muc1), and
a-smooth muscle actin (SMA), was applied to specimens of primary
tumors and metastasized tumors in the MCF-7-bearing mice (Fig-
ure 2A). Protein expressions of the above-mentioned biomarkers in
the metastatic tumors are different from their corresponding primary
tumors (Figure 2A). Among them, positive rates of both HER2 and
Ki-67 expressions are significantly different from those in the dissem-
inated tumors. These results indicated that disseminated tumor cells
did not originate from their primary cancer cells directly.

It is well known that CSCs maintain the capability of pluripotency.
The early disseminated cancer cells potentially reflected the charac-
teristics of metastatic tumor cells.21 Therefore, we tried to investigate
the tumor-initiating properties of early disseminated cancer cells in
tumors of luciferase-labeled BCSC-bearing mice (Figure 2B). The
mouse models of the BCSC xenograft were generated using the pre-
vious reported BCSCs, MCF-7.SC and XM322.7,8 We found that early
disseminated tumor cells derived from the MCF-7.SC- and XM322-
bearing mice displayed stem-like abilities, evidenced by the properties
of mammosphere formation (Figure 2C) and abilities of colony for-
mation in soft agarose (Figure 2D). A high percentage of the CD44+

CD24� subpopulations was also observed in early disseminated
tumor cells derived from the MCF-7.SC- and XM322-bearing mice.
These subpopulations of cells had no or low expression of lineage
(Lin) but high expression of ALDH1 (CD44+CD24�Lin�/low

ALDH1+) (Figure 2E). Furthermore, early disseminated tumor cells
showed the pluripotent ability, as high expression of Muc1 and
a-SMA was observed in flow cytometry analysis after differentiation
culture (Figure 1F). Altogether, we demonstrated that BCSCs, at least
partially, mediated metastasis in BC.

circRNA RANBP2-like and GRIP Domain-Containing Protein 6

(circRGPD6) Is the Most Promising circRNA for Potential

Therapy of BCSCs

circRNAs act as microRNA (miRNA) sponges, regulate gene expres-
sion by influencing the transcription, and have the potential abilities
to inhibit tumor progression;22 therefore, we further explored the po-
tential intervention of circRNA to BCSCs. We tried to reveal the high
expression miRNAs in malignant breast cells (BC and BCSCs), as well
as with the miRNAs with a higher level in BCSCs, we performed
further evaluation of the above miRNAs. With the use of a
genome-wide miRNA array, we screened the miRNA profiles in
Figure 2. BC Stem Cells (BCSCs) Mediate BC Metastasis

(A) Representative microscope images of IHC for ER, PR, HER2, Ki-67, E-cadherin, Muc

and metastatic tumors of MCF-7-bearing mice. *p < 0.05 was considered as statistical

disseminated cancer cells in the tumor of luciferase-labeled MCF-7.SC- or XM322-bea

microscope images of mammospheres formed from the early disseminated cancer ce

colony formation in soft agarose for early disseminated tumor cells derived fromMCF-7.

of CD44+CD24�Lin�/lowALDH1+ expressions in the early disseminated cancer cells d

isotype control. (F) Flow cytometry analysis of Muc1 and a-SMA expressions assessing

XM322-bearing mice. Peaks labeled in red represent isotype control. All experiments w
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immortal HMEC lines (184A1 and MCF-12A), BC cell lines (BC,
MCF-7, MDA-MB-231, MDA-MB-468, and SK-br-3), and BCSCs
(MCF-7.SC, MDA-MB-231.SC, XM322, and XM607). These results
are available at ArrayExpress (accession number E-MTAB-5584;
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-5584). As
a result of miRNA profiling, miRNA upregulation in BC and BCSCs
was revealed compared to HMEC. Compared with HMEC, the
following 20 miRNAs are upregulated in both BC and BCSCs: miR-
103a-3p, miR-107, miR-1234-5p, miR-125b-5p, miR-151a-5p,
miR-15b-5p, miR-21-5p, miR-23b-3p, miR-24-3p, miR-26b-5p,
miR-27b-3p, miR-29a-3p, miR-29b-3p, miR-365a-3p, miR-4443,
miR-4459, miR-4530, miR-494-3p, miR-6087, and miR-6088 (Fig-
ure 3A). Next, quantitative reverse transcriptase-PCR (qRT-PCR)
analysis was also performed to confirm the expressions of these miR-
NAs. Compared with HMEC, the expressions of miR-103a-3p, miR-
107, miR-125b-5p, miR-15b-5p, miR-21-5p, miR-23b-3p, miR-24-
3p, miR-26b-5p, miR-27b-3p, miR-29a-3p, and miR-29b-3p are at
least 2 times upregulated in BC and BCSCs. Intriguingly, the expres-
sions of these 11 miRNAs were also increased compared to BC (Fig-
ure 3B). We then used starBase, which is a database for exploring
miRNA and circRNA interaction, to identify the circRNAs that can
sponge the above-mentioned upregulated miRNAs (http://starbase.
sysu.edu.cn/).23 From these results, we found that circRGPD6 was
the most promising circRNA to sponge the miRNAs that are highly
upregulated in BCSCs and thereby could be used as a potential ther-
apeutic target in BCSCs (Figure 3C; Table S1).

In order to confirm these results, we performed a qRT-PCR analysis
to quantify the expression of circRGPD6 in clinical BC specimens.We
randomly recruited 22 clinical cases with BC, including 6 cases with
metastatic BC. We observed that circRGPD6 expression in primary
tumors was significantly lower than that in adjacent healthy breast tis-
sues (HBTs), whereas metastatic tumors had significantly decreased
in circRGPD6 expression compared with adjacent HBTs and primary
tumor (Figure 3D). Further, we extended the observation of
circRGPD6 expression to cell lines. Consistently, compared with
the two immortalized HMECs (184A1 and MCF-12A), circRGPD6
expressions in BC and BCSCs were significantly decreased (Fig-
ure 3E). Additionally, circRGPD6 expressions in BCSCs were signif-
icantly lower than that in BC (Figure 3E). Over the four BCSCs,
XM322 cells showed the lowest expression of circRGPD6 followed
by MCF-7.SC. Thus, we selected MCF-7.SC cells and XM322 cells
as the representative BCSCs in most of the following experiments, un-
less indicated otherwise.
1, and a-SMA (top panel) and the corresponding results (bottom panel) in the primary

ly significant using the Fisher’s exact test (n = 12). (B) IVIS spectrum images of early

ring mice were representative of five independent experiments. (C) Representative

ll derived from MCF-7.SC- and XM322-bearing mice. (D) Representative images of

SC (top panel)- and XM322 (bottom panel)-bearing mice. (E) Flow cytometry analysis

erived from MCF-7.SC- and XM322-bearing mice. Peaks labeled in red represent

pluripotent capabilities of the early disseminated cells derived from MCF-7.SC- and

ere repeated at least in triplicate. Scale bars, 100 mm.

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-5584
http://starbase.sysu.edu.cn/
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Figure 3. circRGPD6 Is the Most Promising Circular RNA (circRNA) for BCSC Therapy

(A) Genome-wide microRNA (miRNA) expression profiling in BC cells and BCSCs. Date was normalized to immortalized healthy mammary epithelial cells (HMEC) and relative

to BC. (B) qRT-PCR of microRNA expressions in BC, BCSCs, and HMECs. (C) starBase analysis of miRNA-circRNA interactions predicting that circRNAs sponge the

(legend continued on next page)
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To investigate the potential regulation of circRGPD6 on tumor-initi-
ating properties of BCSCs, we constructed the regulators of circRGPD6.
Based on our previous studies,7,11–13 a versatile hTERT-based BC-spe-
cific promoter VISA composite to overexpress circRGPD6 (TV-
circRGPD6) was developed (Figure 3F). RT-PCR confirmed that TV-
circRGPD6 significantly enhanced the expression of circRGPD6 in
both BC and BCSC, rather than immortalized HMEC (Figures S2A–
S2E). Furthermore, the CircInteractome network was performed to
design 2 silence sequences of circRGPD6 (si-circRGPD6-1 and si-
circRGPD6-2) (https://circinteractome.nia.nih.gov/).24 We knocked
down circRGPD6 expression in HMEC, BC, and BCSCs by using
circRGPD6 small interfering RNA (siRNA). The efficiency of
circRGPD6 silencing was confirmed by qRT-PCR (Figures S2F–S2J).
Similarly, circRGPD6 siRNA significantly decreased the expression of
circRGPD6 in both BC and BCSCs, rather than immortalized HMEC
(Figures S2F–S2J). To rule out the possibility that circRGPD6 siRNA
might exert effects on the mRNA level of RGPD6 (linear RGPD6), we
analyzed the RGPD6 mRNA level and found no significant changes
(Figures S2F–S2J). Therefore, we chose si-circRGPD6-1 to perform
further experiments based on its higher knockdown efficiency.

Following, qRT-PCR analyses found that circRGPD6 expressions
were rarely altered in both HMEC cells (184A1 andMCF-12A) under
the condition of upregulation (TV-circRGPD6); however, circRGPD6
expressions were significantly inhibited by si-circRGPD6 (Figure 3G).
However, in comparison with the control (Ctrl), the relative value of
circRGPD6 expression in TV-circRGPD6-transfected BC increased
approximately 250-fold, whereas the circRGPD6 relative value in
TV-circRGPD6-transducted BCSCs increased approximately 300-
fold (Figure 3G). Conversely, si-circRGPD6 significantly increased
circRGPD6 expression in both BC and BCSCs. These results can be
explained by the findings of Cao et al.25 and our previous studies
for HMEC.7 Although mRNA and protein expression of hTERT
could be upregulated in expressing exogenous hTERT-amplified
HMEC, human telomerase RNA (hTR) limits telomerase activity
and telomere maintenance in the context of hTERT amplification.
Therefore, TV-circRGPD6 drives the expression of circRGPD6 selec-
tively in BCSCs and BC but does not drive its expression in HMEC.
We found that MCF-7.SC cells showed the highest expression of
circRGPD6 under treatment with TV-circRGPD6, and XM322 cells
showed the second-highest expression of circRGPD6 (Figure 3G).
In sum, TV-circRGPD6 induced high throughput of circRGPD6 ex-
pressions in both BC and BCSCs.

Characteristics of circRGPD6 in BCSCs

Preliminarily, we investigated the stability of circRGPD6 in both
MCF-7.SC and XM322. Total RNAs of MCF-7.SC and XM322 cells
above-regulated miRNAs. circRGPD6 was identified as the most pronounced circRNA fo

expression in healthy breast tissues, primary tumors, and disseminated lesions. (E) qRT-

7, MDA-MB-231, MDA-MB-468, and SK-br-3), and BCSCs (MCF-7.SC, MDA-MB-231

analysis of circRGPD6 expressions in HMEC (184A1 and MCF-12A), BC (MCF-7, MDA

XM322, and XM607), with or without TV-circRGPD6 and si-circRGPD6 transfection. Ea

Statistical analysis was performed using the paired t test.
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were isolated at the indicated time points under treatment with acti-
nomycin D, an inhibitor of transcription. Then, qRT-PCR was per-
formed to measure mRNA expression of circRGPD6 and linear
RGPD6. The results showed that the half-life of circRGPD6 exceeded
24 h, whereas that of linear RGPD6 was approximately 3.5 h in both
MCF-7.SC cells and XM322 (Figure S3A). Next, in order to rule out
the possibility that the head-to-tail splicing products may also derive
from genomic rearrangements and trans-splicing, we performed a
qRT-PCR assay with specially designed divergent and convergent
primers and discovered that circRGPD6, but not linear RGPD6 or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), could resist
digestion by RNase R (Figure S3B). Moreover, we confirmed the
expression of back-spliced or canonical forms of RGPD6, with or
without RNase R supplementation in the cDNA and genomic DNA
(gDNA) of BCSCs by PCR and visualized by an agarose gel electro-
phoresis assay (Figure S3C). Subsequently, Northern blots were per-
formed to validate circRGPD6 expression following transfection with
TV-circRGPD6 in BCSCs. Results indicated that the nonviral TV-
circRGPD6 nanoparticle successfully overexpressed circRGPD6
(Figure S3D). To summarize, circRGPD6 was confirmed to be a
circRNA; its stable and loop structure facility its role in BCSC
intervention.

TV-circRGPD6 Nanoparticle Inhibits Tumor-Initiating Properties

of BCSCs In Vitro

CSC-associated tumor-initiating properties are highly associated with
tumor progression.26 Here, we explored the influence of circRGPD6
on stem-like properties in 20th-passage BCSCs. Interestingly, we
found that TV-circRGPD6 reduced the proportion of CD44+CD24�

in both MCF-7.SC and XM322, whereas si-circRGPD6 increased the
subpopulation of these cells using flow cytometry analysis (Figures 4A
and S4A). For the purpose of evaluating the influence of circRGPD6
on CD44 expression in BCSCs, we constructed a TV-circRGPD6-
GFP nanoparticle and performed the clonal pair-cell assays in BCSCs
treated with the nanoparticle. Encouragingly, clonal pair-cell assays
demonstrated that TV-circRGPD6 significantly suppressed CD44
expression in both MCF-7.SC and XM322 (Figure 4B). Next, we
investigated whether decreased CD44 expression leads to cell death
of BCSCs after TV-circRGPD6 treatment. Clonal pair-cell assays
showed that decreased CD44 expression induced by TV-circRGPD6
was associated with a higher expression of phospho-H2AX (p-
H2AX), a marker of DNA damage, in both MCF-7.SC and XM322
(Figure 4C). We also noticed that increased expression of p-H2AX
was associated with the damage of nuclei, evidence by decreased
40,6-diamidino-2-phenylindole (DAPI)-positive staining in BCSCs
(Figure 4C). Further, we exploited that TV-circRGPD6 transfection
also enhanced the pluripotency capabilities in BCSCs, evidence by
r sponging the regulated miRNAs in (A) and (B). (D) qRT-PCR analysis of circRGPD6

PCR analysis of circRGPD6 expressions in HMEC (184A1 and MCF-12A), BC (MCF-

.SC, XM322, and XM607). (F) Schematic structure of TV-circRGPD6. (G) qRT-PCR

-MB-231, MDA-MB-468, and SK-br-3), and BCSC (MCF-7.SC, MDA-MB-231.SC,

ch experiment was repeated more than three times. *p < 0.05; NS, not significant.
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increased expression of differentiationmakers, e.g., Muc1 and a-SMA
(Figure S4B). Since expressions of CD44, vimentin, E-cadherin,
N-cadherin, and hypoxia-inducible factor 1-alpha (HIF-1a) are pro-
posed to be involved in maintenance of tumor-initiating properties
and pluripotency in CSCs,9 we investigated whether circRGPD6
changes their expressions of these mentioned molecules in 20th

BCSCs. Western blot analyses showed that TV-circRGPD6 inhibited
CD44 expression and elevated the expressions of p-H2AX, vimentin,
and E-cadherin in both MCF-7.SC and XM322, whereas si-
circRGPD6 increased CD44 expression but decreased expressions
of p-H2AX, vimentin, and E-cadherin. However, circRGPD6 did
not alter the expressions of N-cadherin and HIF-1a in BCSCs (Fig-
ure 4D). In sum, these results demonstrated that low expression of
circRGPD6 enhanced the maintenance of stem-like characteristics,
and TV-circRGPD6 significantly suppressed the tumor-initiating
properties of BCSCs.

Owing to TV-circRGPD6 holding the potential abilities to promote
BCSCs to convert into nonstem-like cells, we further examined
whether TV-circRGPD6 synergizes with taxanes to eradicate BCSCs.
Taxanes are a class of chemotherapy compounds, e.g., docetaxel,
which are widely used as the standard therapy for invasive BC. In
this study, we determined the therapeutic effect of a combination of
TV-circRGPD6 and docetaxel on XM322. To evaluate the combined
effect, we generated GFP-labeled BCSCs. We observed that TV-
circRGPD6 alone inhibited mammosphere-formation capacity and
fluorescence intensity of GFP-labeled BCSCs (Figures 4E and 4F).
To evaluate the synergistic effect of docetaxel on TV-circRGPD6, do-
cetaxel was added at a concentration of 2 nM.27 Although the results
showed that docetaxel alone did not influence themammosphere-for-
mation capacity and fluorescence intensity of BCSCs, a combination
of docetaxel and circRGPD6 significantly decreased mammosphere-
formation capacity and fluorescence intensity of BCSCs more than
TV-circRGPD6-alone treatment did (Figures 4E and 4G). Similar re-
sults were found in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assays. Docetaxel alone did not affect cell
viability of XM322, but a combination use of docetaxel and TV-
circRGPD6 significantly inhibited cell viability of XM322 more that
TV-circRGPD6 alone did. Conversely, si-circRGPD6 significantly
increased the viability of XM322 (Figure S4C). In summary, TV-
circRGPD6 synergized with docetaxel in eradication of BCSCs
in vitro.
Figure 4. TV-circRGPD6 Inhibits Tumor-Initiating Properties of BCSCs In Vitro

(A) Flow cytometry analysis of CD44+CD24� expressions in MCF-7.SC and XM322 aft

scope images of coimmunofluorescence (left panel) as well as statistical results (right pan

(ME) or coexpressed (CE) in at least one of the daughter cells during BCSC divisions. S

(left panel) as well as statistical results (right panel) of p-H2AX and CD44 expression in d

pair-cell assays. Scale bars, 10 mm. (D) Western blots for CD44, p-H2AX, vimentin, E-ca

or without transfection of TV-circRGPD6 and si-circRGPD6. (E) TV-circRGPD6 synergi

images of XM322 in mammosphere-formation assay. XM322, which is GFP labeled, w

docetaxel, respectively. Bright field (lamp light [LL]; left panel) or laser with excitation w

100 mm. (F and G) Quantification of (F) mammosphere formation and (G) fluorescence

cetaxel, and docetaxel combinedwith TV-circRGPD6.Mammospheres larger than or eq

paired t test. Each experiment was repeated at least three times. *p < 0.05; NS, not si
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TV-circRGPD6 Suppresses Stem-like Properties of Metastatic

BC Tumors In Vivo and Synergizes with Docetaxel for Inhibition

of Proliferation and Metastasis of BC

We next determined the protective effect of TV-circRGPD6 against
the stem-like properties of metastatic BC tumors in vivo. The mouse
model of the BCSC xenograft was generated using XM322 with
expression of firefly luciferase. Initially, we found that TV-circRGPD6
inhibited the growth of tumors in the XM322-bearing mice in a dose-
dependent manner (Figure 5A). Based on the principle of efficacious
antitumor activity with lower potential toxicity, 10 mg every other day
(qod) of TV-circRGPD6 was chosen as the optimum dose to achieve
the antitumor efficacy but avoid the potential toxicity in XM322-
bearing mouse model (Figure 5A). Meanwhile, 10 mg/kg qod of do-
cetaxel via tail-vein intravenous injection was administered to the
mice every 2 days for 20 days.28 With the goal of achieving an ortho-
topic model of BC metastasis, mice with metastatic tumors and their
corresponding primary tumors showing luminescent photon signals
at �500 � 106 photons/s were included for the following 20-day
investigation of TV-circRGPD6, si-circRGPD6, docetaxel, and doce-
taxel plus TV-circRGPD6 (Figures 5B and S5). We observed that si-
circRGPD6 significantly promoted metastasis procession in tumors
of XM322-bearing mice. Conversely, TV-circRGPD6 inhibited the
metastasis procession of the tumors. Moreover, TV-circRGPD6 syn-
ergizes with docetaxel against proliferation and metastasis of BC cells
in XM322-bearing mice (Figures 5B and S5). Stem-like biological
properties of metastatic BC tumors in XM322-bearing mice after
different interventions were also characterized. Fine-needle aspira-
tion biopsy of tumors was done at baseline (day 0) and 20 days
(day 20) after the commencement of interventions for assessment
of the CD44+CD24� subpopulation by flow cytometry. We found
the early disseminated tumor cells had a very high percentage of
CD44+CD24� subpopulation on both day 0 and day 20 (Figure 5C).
We also found that the proportion of CD44+CD24� cells in the early
disseminated tumor was higher than that in the dissemination lesion
(Figure 5C). In particular, after 20 days of intervention, TV-
circRGPD6 plus docetaxel significantly suppressed the CD44+CD24�

CSC population in primary, disseminated, and early disseminated tu-
mors of XM322-bearing mice more than TV-circRGPD6 alone did,
although docetaxel alone promoted the proportion of CD44+CD24�

in primary and disseminated tumors (Figure 5C). Importantly, lumi-
nescent imaging reflected the same result—that combined usage of
TV-circRGPD6 and docetaxel presented displayed better inhibitory
er transfection of either si-circRGPD6 or TV-circRGPD6. (B) Representative micro-

el) of TV-circRGPD6-GFP andCD44-phycoerythrin (PE) are either mutually exclusive

cale bars, 10 mm. (C) Representative microscope images of coimmunofluorescence

aughter cells of BCSCs during division after transfection of TV-circRGPD6 in clonal

dherin, N-cadherin, HIF-1a, and GAPDH expression in MCF-7.SC and XM322, with

zes with docetaxel to eradicate XM322. Representative bright field or fluorescence

as treated with TV-circRGPD6, si-circRGPD6, docetaxel, and TV-circRGPD6 plus

avelength (EL; right panel) was used to detect the depression effects. Scale bars,

expressions of XM322 after treatments of Ctrl, TV-circRGPD6, si-circRGPD6, do-
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efficacy than just TV-circRGPD6 alone or docetaxel alone (Fig-
ure 5D). Furthermore, we determined the cell death using the TUNEL
(terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate [dUTP] nick end labeling) assay and cell proliferation
using Ki-67 as a marker in the metastatic tumor of XM322-bearing
mice after different interventions. Consistently, a decrease in TUNEL
staining and increase in Ki-67 expression were observed in tumors of
XM322-bearing mice treated with si-circRGPD6, whereas an increase
in TUNEL staining and reduction in Ki-67 expression were seen in
the group treated with TV-circRGPD6. Meanwhile, XM322-bearing
mice treated with TV-circRGPD6 plus docetaxel showed the highest
level of TUNEL staining and the lowest expression of Ki-67 in a met-
astatic tumor (Figure 5E). Taken together, these results suggested that
TV-circRGPD6 inhibits stem-like properties of metastatic BC in vivo,
and this effect synergizes with docetaxel against BC metastasis.

A safety concern of TV-circRGPD6 has also been considered. To
determine whether TV-circRGPD6 takes effect on HMECs, we inoc-
ulated immortal HMEC cell 184A1 into the mammary fat pads of
female nude mice for developing the orthotopic BC model. When tu-
mors were established, TV-circRGPD6 or docetaxel was adminis-
trated to the mice for 20 days. Here, we found that neither TV-
circRGPD6 nor docetaxel significantly plays an inhibitory effect on
proliferation of 184A1-bearing tumors in vivo (Figures S6A and
S6B). Further, we explored the potential toxicity of TV-circRGPD6
on BCSC-bearing mice by using mouse models of the XM322 xeno-
graft. After up to 20 days treatments of Ctrl, si-circRGPD6, or TV-
circRGPD6, we found no significant difference in the body weight
of all XM322-bearing mice (Figure S6C). After treated with Ctrl, si-
circRGPD6, or TV-circRGPD6, liver function of XM322-bearing
mice was not changed, as indicated by the comparable serum alanine
aminotransferase (ALT) (Figure S6D, top panel) and aspartate
aminotransferase (AST) (Figure S6D, bottom panel). Similar concen-
trations of blood urea nitrogen (Bun) (Figure S6E, top panel) and
serum creatinine (Cr) (Figure S6E, bottom panel) suggested that
the renal function of XM322-bearing mice was not changed after
treatment of Ctrl, si-circRGPD6, or TV-circRGPD6. Recently, the po-
tential immunotoxicity of nanomaterial has received substantial
concern.29,30 Proinflammatory cytokines’ secretion has been widely
used to test the immunotoxicity of the nanomaterial. Here, we deter-
mined the serum proinflammatory cytokines, including tumor necro-
sis factor alpha (TNF-a), interleukin (IL)-6, and interferon (IFN)-g,
to assess the potential immunotoxicity of TV-circRGPD6 treatment
in vivo. Both Ctrl-treated (liposome) and si-circRGPD6-treated
Figure 5. TV-circRGPD6 Suppresses Stem-like Biological Properties of Metast

(A) Quantified luminescent photon signal of tumors in the XM322-bearing mice treated

growth of luciferase-labeled XM322-bearing tumors in a dose-dependentmanner. 10 mg

with interventions of TV-circRGPD6, si-circRGPD6, docetaxel, and docetaxel plus TV-c

Flow cytometry analysis of the CD44+CD24� cancer stem cell population in primary and

circRGPD6, docetaxel, and docetaxel plus TV-circRGPD6 up to 20 days. (D) Quantified l

circRGPD6, si-circRGPD6, docetaxel, and docetaxel plus TV-circRGPD6 up to 20 days.

bearing mice after treatment of Ctrl, si-circRGPD6, TV-circRGPD6, docetaxel, and doc

least three times. *p < 0.05; NS, not significant. Statistical analyses were performed us
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XM322-bearing mice had a similar concentration of serum TNF-a,
IL-6, and IFN-g (Figures S6F–S6H). From day 0 to day 10, concentra-
tions of serum TNF-a, IL-6, and IFN-gwere significantly increased in
TV-circRGPD6-treated XM322-bearing mice by 5%�10% compared
to Ctrl and si-circRGPD6-treatments (Figures S6F–S6H). After injec-
tion of empty vector (liposome 100 mL) for 10 days in mice, TNF-a
was increased by �5.5-fold relative to day 0 (Figure S6F; p < 0.05).
The level of IL-6 was increased by �3.8-fold relative to day 0 (Fig-
ure S6G; p < 0.05). Similarly, the secretion of IFN-g was increased
by �5.9-fold as compared with day 0 (Figure S6H; p < 0.05). There-
fore, compared to an increase of serum proinflammatory cytokines
driven by 10-day treatment of liposome (3.8- to 5.9-fold), an increase
of serum proinflammatory cytokines driven by TV-circRGPD6 treat-
ment was moderate.

TV-circRGPD6 Serves as a miRNA Sponge for miR-26b

We further exploited the underlying mechanisms of TV-circRGPD6
eradicating BCSCs. Subsequently, we explored whether TV-
circRGPD6 sponges miRNAs and which miRNAs are its target. An
miRNA expression profile was performed in MCF-7.SC and
XM322 after transfection of TV-circRGPD6 and si-circRGPD6
(http://starbase.sysu.edu.cn/) (Table S2).23We found that 12miRNAs
were significantly upregulated in both MCF-7.SC and XM322 (Fig-
ure 6A). These results are available at ArrayExpress (accession num-
ber E-MTAB-7556; https://www.ebi.ac.uk/arrayexpress/experiments/
E-MTAB-7556). We then used a qRT-PCR assay to analyze
the expression of these 12 upregulated miRNAs, namely miR-103-
3p, miR-24-3p, miR-107, miR-27a-3p, miR-125b-5p, miR-27b-3p,
miR-15b-5p, miR-148b-5p, miR-26b-5p, miR-23b-3p, miR-29b-3p,
and miR-29a-3p, in the sponge complex from the circRGPD6 pull-
down experiments in MCF-7.SC and XM322 cells. In this case, we
observed the enrichment of circRGPD6 and miR-26b-5p in both
BCSCs (Figure 6B), whereas other miRNAs did not show such close
interactions with circRGPD6. To further verify the absorption of
miR-26b-5p into circRGPD6, we used a specific biotin-labeled miR-
26b-5p probe to capture circRGPD6 (Figure S7A). According to
miRNA response element (MRE) analysis of starBase,23 circBase,31

and CircInteractome,24 the top miRNA regulated by circRGPD6
was miR-26b-5p, in accordance with the positions of putative binding
sites in the circRGPD6 sequence. The potential binding sites and
mutated sites of the circRGPD6 sequence were presented in Figure 6C.
Apart from the pulldown assay, we performed a dual-luciferase re-
porter assay to confirm the direct interaction between circRGPD6
and miR-26b-5p. HEK293T cells were cotransfected with miR-26b
atic BC Tumors In Vivo

with different doses of TV-circRGPD6 up to 20 days. TV-circRGPD6 inhibited the

qod is the optimum dose. (B) Luminescent images of tumors in XM322-bearingmice

ircRGPD6 up to 20 days were representative for three independent experiments. (C)

metastatic tumors of XM322-bearing mice with interventions of TV-circRGPD6, si-

uminescent photon signal of tumors in XM322-bearing mice with interventions of TV-

(E) TUNEL assay and immunofluorescence for Ki-67 in metastatic tumors of XM322-

etaxel plus TV-circRGPD6. Scale bars, 100 mm. Each experiment was repeated at

ing multifactor analysis of variance (univariate).
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mimic and luciferase reporters. Luminescence intensity was reduced
by approximately 55% in response to miR-26b mimics (Figure 6D).
Moreover, HEK293T cells cotransfected with miRNA-26b LNA
(locked nucleic acid), and luciferase reporters were performed to
confirm the findings. Consistently, luciferase intensity was increased
by approximately 70% in themiR-26b LNA-treated group (Figure 6E).
In addition, qRT-PCR analysis revealed that miR-26b significantly
reduced circRGPD6 expression (Figure S7B). Fluorescence in situ hy-
bridization (FISH) analysis further showed miR-26b-5p was colocal-
ized with TV-circRGPD6 in MCF-7.SC and XM322 (Figure 6F),
which further suggested an interaction between TV-circRGPD6 and
miR-26b-5p in BCSCs.

Furthermore, we determined whether miR-26b influences the effect
of TV-circRGPD6 on stem-like properties of BCSCs. We found
that cotransfection of miR-26b significantly reversed the decrease of
the CD44+CD24� proportion induced by TV-circRGPD6 in both
MCF-7.SC and XM322 (Figure 6G). Similarly, the suppression effect
of TV-circRGPD6 on colony formation was significantly aborted by
miR-26b in both MCF-7.SC and XM322 (Figures 6H). In a word,
TV-circRGPD6 serves as a miRNA sponge for miR-26b in BCSCs.

YAF2 (Yes-Associated Protein 2) Is a Direct Target of miR-26b

and Upregulated by TV-circRGPD6

As current literature has highlighted the role of miRNAs in gene regu-
lation in different tumors, we explored the potential downstream
target of TV-circRGPD6/miR-26b. First, both MCF-7.SC and
XM322 were treated with Ctrl, TV-circRGPD6, or si-circRGPD6.
Genes that up- or downregulated more than two-fold (p < 0.05)
were then included into gene lists of interest (Figure 7A; Table S3)
and are available at ArrayExpress (accession number E-MTAB-
7557; https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-
7557). The potential target genes were analyzed by using four algo-
rithms: TargetScan,32 miRDB,33 TargetMiner,34 and miRWalk,35 to
identify the putative cotarget genes of miR-26b. Interestingly, YAF2
was identified as the potential target of circRGPD6 and also as a direct
target of miR-26b (Figure 7A). To confirm these results, we con-
structed a luciferase reporter vector with the full-length YAF2 30

UTR containing target sites for miR-26b downstream of the luciferase
gene (pGL3-YAF2 30 UTR-wild type [WT]) and a mutant version of
pGL3-YAF2-30 UTR within the seed region (pGL3-YAF2 30 UTR-
mut) (Figure 7B). Encouragingly, miR-26b significantly reduced lucif-
erase expressions of pGL3-YAF2-30 UTR rather than pGL3-YAF2-30
Figure 6. TV-circRGPD6 Serves as a microRNA (miRNA) Sponge for miR-26b

(A) Heatmap of miRNAmicroarray profile to explore the potential miRNAs sponged by cir

TV-circRGPD6 and miR-26b-5p in MCF-7.SC and XM322. (C) Schematic diagram of cir

of miR-26b-conversed binding sites. (D) Luciferase assay of HEK293T cells cotransfecte

type (circRGPD6-WT [wild-type]) or mutant constructs with mutated miR-26b binding si

miR-26b-LNA, and a luciferase reporter containing circRGPD6-WT or circRGPD6-mut.

and XM322. Scale bars, 10 mm. (G) Flow cytometry analysis of CD44+CD24� expressio

Ctrl, TV-circRGPD6 plusmiR-Ctrl, NC plus miR-26bmimics, or TV-circRGPD6 plusmiR-

of colony formation after transfection of NC plus miR-Ctrl, TV-circRGPD6 plus miR-Ctr

Scale bars, 100 mm. Each experiment was repeated more than three times. *p < 0.05.
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UTR-mut (Figure 7C) in HEK293T. In contrast, a significant increase
in luciferase activity was observed when pGL3-YAF2-30 UTR-WT
was cotransfected with miR-26b inhibitors (miR-26b-LNA) but not
with the pGL3-YAF2-30 UTR-mut group (Figure 7D). qRT-PCR
and western blot analyses were performed to confirm the luciferase
assay results. We revealed that miR-26b significantly changed the
mRNA expression of YAF2 in both MCF-7.SC and XM322 (Fig-
ure 7E). We also found that miR-26b and si-circRGPD6 significantly
reduced YAF2 protein expression in both MCF-7.SC and XM322
cells, whereas miR-26b-LNA and TV-circRGPD6 enhanced protein
expression of YAF2 (Figure 7F).

To evaluate the effect of the circRGPD6/miR-26b/YAF2 axis on stem-
like properties of BCSCs, we further performed mammosphere-for-
mation assay on BCSCs after treatments of Ctrl, TV-circRGPD6,
miR-26b, miR-26b plus TV-circRGPD6, miR-26b plus YAF2 30

UTR, and miR-26b plus YAF2 30 UTR-mut-both. We found that
the mammosphere-formation capacity of MCF-7.SC was significantly
increased by TV-circRGPD6 but significantly increased by miR-26b
(Figure 7G). Moreover, miR-26b significantly abated the inhibitory
effect of TV-circRGPD6 in MCF-7.SC (Figure 7G). Interestingly,
the promoting effect of the mammosphere-formation capacity by
miR-26b was significantly reversed by cotransfection of YAF2 30

UTR but not of YAF2 30 UTR-mut-both (Figure 7G). Similar exper-
iments in XM322 reflected the same results (Figure 7H). Taken
together, we suggested that the circRGPD6/miR-26b/YAF2 axis plays
a critical role in maintenance of a stem-like characteristic and cancer
development. Therefore, TV-circRGPD6 eradicates long-term-
cultured BCSCs via a miR-26b/YAF2 axis (Figure 7I).

Expression of circRGPD6 Is Positively Correlatedwith YAF2, and

It Acts as a Favorable Prognosis of BC, whereas miR-26b Is an

Unfavorable Prognostic Factor

Given the striking effect of TV-circRGPD6 treatment on metastasis
and invasion of both BCSCs and BC cells, we then questioned whether
there was an association between circRGPD6 expression and clinical
prognosis in patients with BC. We included 5 clinical specimens
with paired BC and the corresponding adjacent HBTs. Northern blot
results showed that circRGPD6 was significantly reduced in tumor tis-
sues compared to healthy tissues (Figure 8A). Notably, the linear
RGPD6 mRNA expression was not changed (Figure 8A). Next, FISH
analysis of circRGPD6 expressions using a biotin-labeled specific probe
was performed and showed low expression of circRGPD6 in breast
cRGPD6 in MCF-7.SC and XM322. (B) Pulldown assay to indicate the enrichment of

cRGPD6-30 UTR and mutation of circRGPD6-30 UTR for the presence and absence

d with a scrambled Ctrl, miR-26b mimics, and a luciferase reporter containing wild-

tes (circRGPD6-mut). (E) Luciferase assay of HEK293T cells cotransfected with Ctrl,

(F) FISH analysis of colocalization of miR-26b-5p and TV-circRGPD6 in MCF-7.SC

n in MCF-7.SC and XM322 following transfection of NC (negative control) plus miR-

26bmimics. (H) Representative images (left panel) and quantified results (right panel)

l, NC plus miR-26b mimics, and TV-circRGPD6 plus miR-26b mimics, respectively.

Statistical analysis was performed using the paired t test.
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Figure 7. YAF2 Is a Direct Target Gene of miR-26b and Upregulated by TV-circRGPD6

(A) cDNA microarray profiles regulated by circRGPD6 in both MCF-7.SC and XM322; Venn diagram representing the overlap of cotarget genes of miR-26b based on four

algorithms (TargetScan, miRDBDB, TargetMiner, and miRWalk). (B) Schematic diagram of YAF2 30 UTR-WT and mutated YAF2-30 UTR (YAF2 30 UTR-mut) for the presence

(legend continued on next page)
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tumor tissues compared to healthy tissues (Figure 8B). To further
answer this question, we retrospectively analyzed clinicopathological
data of 165 patients from previous reports (Table S4). Furthermore,
we evaluated expressions of circRGPD6, YAF2, miR-26b, and other
clinicopathological data from a retrospective database, including 165
BC tissues and 83 of the corresponding HBTs. Representative in situ
hybridization (ISH) images of circRGPD6 expressions in both BC
and HBT are presented in Figures 8C and 8D. Representative images
of YAF2 expression of both BC and HBT are shown in Figures 8E
and 8F. We found that expression of circRGPD6 was positive associ-
ated to YAF2 expression in BC tissue (p < 0.001; Table 1). Further,
we evaluated expressions of circRGPD6, YAF2, miR-26b, and other
clinicopathological data from a retrospective database, including 248
samples. Representative ISH images of circRGPD6 expressions in
both BC and HBT are presented in Figures 8C and 8D. Representative
images of YAF2 expression of both BC and HBT are shown in Figures
8E and 8F. We found that expression of circRGPD6 was positively
associated to YAF2 expression in BC tissue (p < 0.001; Table 1). Corre-
spondingly, HBT had a higher expression of circRGPD6 expression
than breast tumor tissue in stages I–III or stage IV. Significantly, pa-
tients without metastasis showed significantly increased circRGPD6
expression in BC compared to those with metastasis (p < 0.01; Table
1). In addition, Kaplan-Meier survival analyses showed that BC pa-
tients with high expression of circRGPD6 had a superior rate of dis-
ease-free survival (DFS) and overall survival (OS) than those with
low expression (Figure 8G). Moreover, we found a more unfavorable
DFS and OS in the group that had high expression of miR-26b than
thosewith low expression ofmiR-26b (Figure 8H). Further, YAF2-pos-
itive expression was significantly related with longer DFS and OS (Fig-
ure 8I). Therefore, positive expressions of circRGPD6 and YAF2 are
associated with favorable prognosis in patients with BC, whereas
miR-26b expression is an unfavorable prognostic factor.

DISCUSSION
In this study, we observed that the metastatic BC cell has abundant
tumor-initiating biological properties, and BCSC-bearing tumors
are more prone to metastasis. We also demonstrated that BCSCs
mediate metastasis of BC. A microarray profile revealed that
circRGPD6 is the most pronounced circRNA for further BCSC inves-
tigation. We developed TV delivery of circRGPD6, TV-circRGPD6
nanoparticle, which induces high expression of circRGPD6 in both
BC cells and BCSCs. TV-circRGPD6 significantly suppressed the tu-
mor-initiating properties of BCSCs in vitro and in vivo, as well as syn-
ergizes with docetaxel against proliferation and metastasis of BC.
and absence of miR-26b-conversed binding sites. (C) Luciferase assay of HEK293T ce

containing YAF2 30 UTR-WT or YAF2 30 UTR-mut. (D) Luciferase assay of HEK293T cells

UTR-WT or YAF2 30 UTR-mut. (E) qRT-PCR analysis of YAF2 mRNA expressions in MC

LNA, and miR-26b-LNA. (F) Western blot for YAF2 and GAPDH in MCF-7.SC and X

circRGPD6. (G) Representative images (left panel) and statistical results (right panel) of m

26b, miR-26b plus TV-circRGPD6, miR-26b plus YAF2 30 UTR, and miR-26b plus YAF2

panel) of mammosphere formation of XM322 after treatments of Ctrl, TV-circRGPD6, mi

YAF2 30 UTR-mut-both. Scale bars, 100 mm. (I) Schematic illustration of TV-circRGPD6

repeated at least three times. *p < 0.05; NS, not significant. Statistical analysis was pe
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Furthermore, we uncovered an underlying mechanism of TV-
circRGPD6 suppressing BCSC-mediated metastasis via the miR-
26b/YAF2 axis. Clinical results showed that expressions of
circRGPD6 and YAF2 are positively associated with the favorable
outcome of BC patients, whereas miR-26b is an unfavorable prog-
nostic factor of BC outcome. Further investigation is needed to clarify
the detailed upstream regulation on circRGPD6 involved in BCSCs.

In the process of cancer metastasis, we found that disseminated tumor
cells rarely originate from their primary cancer cells directly. Howev-
er, BCSCs mediated BC metastasis. It is widely believed that cancer-
associated EMT is not a simple process to obtain the ability for cancer
cell migration and invasion36 but a comprehensive reprogramming
procedure through which differentiated epithelial cancer cells can
be reversed to an undifferentiated state, not only expressing stem
cell markers but also gaining stem cell-like functions.9,37,38 In our re-
sults, BCSCs gain a wide range of differentiation potentials, which
indicated that BCSCs have switched into an epithelial state or mesen-
chymal state. This indicated that the so-called metastasis-initiating
cells likely originate from circulating CSCs with an EMT phenotype.
All of these results also provided reasonable explanations for the clin-
ical question of why protein expressions in primary tumors are
frequently different than those in metastatic tumors.

circRNAs play vital roles in controlling properties of human progen-
itor cells.17,19,39 Our results confirmed that circRGPD6 overexpres-
sion by TV-circRGPD6 significantly suppresses tumor-initiating
properties of BCSCs in vitro, as well as stem-like properties of meta-
static breast tumors in vivo. The TV system is a nonviral system that
contains three basic elements: the hTERT promoter, the two-step
transcriptional amplification system (GAL4-VP2), and the WPRE
sequence.7,11,13,14 TV-circRGPD6 selectively increases the expression
of circRGPD6 in BCSCs proceeding with the following steps: (1) the
hTERT promoter within TV can direct preferential transgene expres-
sion in BC cells and BCSCs rather than HMECs or adult stem cells;7

(2) the hTERT promoter drives expression of the GAL4-VP2 (two
copies of VP16) fusion protein; (3) GAL4-VP2 discerns the promoter
G5E4T, owing to G5E4T containing five GAL4 sites positioned up-
stream of the adenovirus E4 TATA box; (4) G5E4T induces the
expression of the circRGPD6 transcripts and then generates
cirRGPD6; (5) circRGPD6 interacts with miR-26b, which regulates
YAF2 expression, leading to inhibition of proliferation and metastasis
of BCSCs. In summary, the TV-circRGPD6 plasmid has the appro-
priate construction to suppress BCSC-mediated metastasis.
lls cotransfected with a scrambled Ctrl, miR-26b mimics, and a luciferase reporter

cotransfected with Ctrl, miR-26b-LNA, and a luciferase reporter containing YAF2 30

F-7.SC and XM322 after transfection with a scrambled Ctrl, miR-26b mimics, Ctrl-

M322 after treatment of miR-26b mimics, miR-26b-LNA, TV-circRGPD6, and si-

ammosphere formation of MCF-7.SC after treatments of Ctrl, TV-circRGPD6, miR-

30 UTR-mut-both. (H) Representative images (left panel) and statistical results (right

R-26b, miR-26b plus TV-circRGPD6, miR-26b plus YAF2 30 UTR, and miR-26b plus

eradicates metastasis of BCSCs via the miR-26b/YAF2 axis. Each experiment was

rformed using the paired t test.
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Table 1. Distributions of circRGPD6 Expressions among Breast Cancer

Tissues (Stages I–III/without Metastasis and Stage IV/with Metastasis),

Healthy Breast Tissues (HBTs), and YAF2 Status

Different Tissues Total n (%)

circRGPD6 Status

p ValueNegative n (%) Positive n (%)

YAF2 Status <0.001

Negative 160 (100) 104 (65.0) 56 (35.0)

Positive 88 (100) 20 (22.7) 68 (77.3)

Pathological Staging <0.01

HBT 83 (100) 37 (44.6) 46 (55.4)

Stages I–III/without
metastasis

134 (100) 62 (46.3) 72 (53.7)

Stage IV/with
metastasis

31 (100) 25 (80.6) 6 (19.4)

Stat Statistical analyses were performed using Pearson chi-square test.

Molecular Therapy
Emerging evidence indicates that circRNA RGPD6 potentially acts as
a required novel biomarker and therapeutic target for cancer treat-
ment. The circRGPD6 gene locates in chromosome 2q13, which is
one of the evolutionarily conserved developmental genes in hu-
mans.40 It has been reported that RGPD6 shares strong sequence sim-
ilarity with RANBP2, a large RAN-binding protein localized at the
cytoplasmic side of the nuclear pore complex.41 RAN is a small
GTP-binding protein in the RAS superfamily, which is associated
with the nuclear membrane and is proposed to regulate a variety of
cellular functions.41 Recently, increasing evidence showed that the
GTP-binding protein has a close association with metastasis of cancer
cells.42 Moreover, Jaiswal and his colleagues found that deletion of
important developmental genes RGPD5, RGPD6, and LIMS3 in the
2q13 region may lead to rare phenotypic features of isochromosome
18p (e.g., low birth weight, microcephaly, low-set ears, strabismus, a
small pinched nose, short palpebral fissures, and a small jaw) in the
child.40 In our study, we integrated the TV-circRGPD6 nanoparticle
to induce high throughput of circRGPD6 expression in BCSCs, which
significantly suppresses tumor-initiating properties, invasion, and
metastasis of BCSCs. Thus, we revealed the potential connection
among RGPD6, GTP-binding protein, and metastasis-initiating cells.

Practically, docetaxel acts as one of the standard medicines for ther-
apy in patients with invasive BC.43 In our study, we found that doce-
taxel alone played no role in eliminating tumor metastasis but syner-
gized with TV-circRGPD6 against BCSC-mediated metastasis.
Figure 8. Positive Expressions of Both circRGPD6 and YAF2 Are Correlated wit

an Unfavorable Marker

(A) Northern blot for circRGPD6 expression in 5 paired BC tumor tissues and their corre

back-splice junction probe. RGPD6 mRNA was detected using a RGPD6-specific prob

with RNase R. (B) FISH analysis of circRGPD6 expression in BC samples #1 and #3. Sca

BC (C) and HBT (D). Positive staining is shown at the top, and negative is shown at the bo

staining is at the top, and negative is at the bottom. (G–I) Kaplan-Meier survival curves of

hybridization expression (G), miR-26b expression, “miR-26b low” refers to values less

expression (I) in BC. Scale bars, 100 mm. *p < 0.05. Statistical analysis was performed
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Furthermore, we performed clonal pair-cell analyses to show that
TV-circRGPD6 could decrease stem-like marker CD44 expression
and increase DNA damage marker p-H2AX expression in BCSCs.
All of these results demonstrated that TV-circRGPD6 sensitizes
BCSC-mediated metastasis to docetaxel by damaging DNA of BCSCs.
From in vivo experiments, we also found that the suppression of the
CD44+CD24� CSC population by TV-circRGPD6 alone or plus do-
cetaxel is insufficient to evidence the inhibition of proliferation and
metastasis in BCSCs. It cannot rule out that the proliferation and
metastasis in BCSC-bearing tumors were influenced by not only the
CD44+CD24� CSC population but also the capability of pluripotency
differentiation, microenvironment, and immunologic function,
etc.44–47 Nevertheless, these results still strongly suggested that
circRGPD6 overexpression eliminates BCSCs, especially combining
the usage of docetaxel chemotherapy. Therefore, TV-circRGPD6
therapy provides a potential avenue to protect against tumor
metastasis.

In conclusion, we have successfully constructed the biological ratio-
nale of association between the metastatic model and stemness of
BC. We also developed the nonviral TV-circRGPD6 nanoparticle,
which has strong potential to be used as a clinical application in met-
astatic BC therapy targeting BCSC-mediated metastasis.

MATERIALS AND METHODS
Patients, Tissues, Tissue Microarray Construction (TMA), and

IHC

Informed consent was obtained from all patients. All animal studies
and related experiments were approved by the Research Ethics Com-
mittee of Sun Yat-sen University Cancer Center (SYSUCC). A total
amount of 191 female patients with BC hospitalized in SYSUCC
from October 2001 to September 2013 were enrolled in our cohort.
A complete patient follow-up was performed, and endpoint of this
follow-up was August 2017. Expression data were obtained from
248 fresh-frozen resected breast specimens consisting of 165 tumor
tissues and 83 adjacent normal breast tissues. The remaining experi-
mental procedures can be found in Supplemental Information.

Cell Culture

BCSCs were maintained as spheres in ultralow attachment cell-cul-
ture flasks in serum-free DMEM-F12 and supplemented with
10 ng/mL basic fibroblast growth factor (BFGF), 20 ng/mL EGF,
2% B27, 5 mg/mL insulin, and 10,000 IU/mL penicillin-streptomycin.
See Supplemental Information for details on data processing.
h Favorable Prognosis in Patients with BC, whereas miR-26b Expression Is

sponding adjacent healthy breast tissues (HBTs). circRGPD6 was detected using a

e. 18S was a loading control, and RNA samples for 18S detection were not treated

le bars, 10 mm. (C and D) Representative in situ hybridization images of circRGPD6 in

ttom. (E and F) Representative images of IHC for YAF2 in BC (E) and HBT (F). Positive

disease-free survival (left panel) and overall survival (right panel) for circRGPD6 in situ

than median; “miR-26b high” refers to values more than median. (H), and YAF2

using the log rank test.
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Tumor Transplantation Experiments

To test tumorigenesis abilities of BCSCs in vivo, we established ortho-
topic xenograft models of BCSCs and unsorted parent cells coming
from clinical samples. NOD/SCIDmice were raised in a specific path-
ogen-free environment according to the institutional policy. Tumor
progression was evaluated daily using the In Vivo Imaging System
(IVIS system) equipped with Living Imaging software. The secretion
concentrations of cytokines (TNF-a, IL-6, and IFN-g) in mouse sera
were quantified using the Cytometric Bead Array (CBA) Kit for
mouse inflammatory cytokines (BD Biosciences). The test was
repeated more than five times. See also Supplemental Information.

Microarray Analyses of mRNA Expression Profiles

RNA extraction and microarray analysis total RNA from BCSCs
transfected with TV-circRGPD6 and si-circRGPD6 for 48 h were ex-
tracted using Trizol reagent. Synthesis of cDNA was performed using
the SuperScript Choice System according to the manufacturer’s pro-
tocol (Invitrogen Life Technologies, Capital Biochip). These results
have been submitted to ArrayExpress (accession numbers E-
MTAB-5584, E-MTAB-7556, and E-MTAB-7557). Details are avail-
able in Supplemental Information.

Statistical Analyses

All statistical analyses were performed using the SPSS 22.0 software
package (SPSS, Chicago, IL, USA). Mean ± standard deviation (SD)
was used to present quantitative data. For comparisons, Mann-Whit-
ney U test, paired t test, Pearson chi-square test, Pearson correlation
analysis, Fisher’s exact test, and log rank test were performed as indi-
cated. Survival rates were analyzed by log rank test. The significance
level was set at p <0.05. All data in our study have been recorded at
SYSUCC for future reference (number RDDB2020000967RDD).
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