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CircPVT1 promotes ER-positive breast
tumorigenesis and drug resistance by targeting
ESR1 and MAVS
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Abstract

The molecular mechanisms underlying estrogen receptor (ER)-
positive breast carcinogenesis and endocrine therapy resistance
remain incompletely understood. Here, we report that circPVT1, a
circular RNA generated from the lncRNA PVT1, is highly expressed
in ERa-positive breast cancer cell lines and tumor samples and is
functionally important in promoting ERa-positive breast tumori-
genesis and endocrine therapy resistance. CircPVT1 acts as a com-
peting endogenous RNA (ceRNA) to sponge miR-181a-2-3p,
promoting the expression of ESR1 and downstream ERa-target
genes and breast cancer cell growth. Furthermore, circPVT1
directly interacts with MAVS protein to disrupt the RIGI–MAVS
complex formation, inhibiting type I interferon (IFN) signaling
pathway and anti-tumor immunity. Anti-sense oligonucleotide
(ASO)-targeting circPVT1 inhibits ERa-positive breast cancer cell
and tumor growth, re-sensitizing tamoxifen-resistant ERa-positive
breast cancer cells to tamoxifen treatment. Taken together, our
data demonstrated that circPVT1 can work through both ceRNA
and protein scaffolding mechanisms to promote cancer. Thus,
circPVT1 may serve as a diagnostic biomarker and therapeutic tar-
get for ERa-positive breast cancer in the clinic.
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Introduction

Estrogen receptor (ER)-positive subtype of breast cancer accounts for

around 70% of all breast cancer subtypes (Anurag et al, 2018; Mesa-

Eguiagaray et al, 2020). One of the important initiating factors is the

disturbance of estrogen (17-b-estradiol, estradiol, E2), which leads to

the abnormal expression of a large number of estrogen/ER-target

genes with implication in cell cycle regulation, cell proliferation, and

cell metabolism, among others (Anurag et al, 2018). ER includes ERa
and ERb, which are encoded by ESR1 and ESR2 genes, respectively.

Treatments that block ER itself and up- or downstream of ER path-

ways are called endocrine therapies, which are the most important

and specific treatments for ER-positive breast cancer. Several classes

of endocrine therapy have been developed to date, which include

selective ER modulators (SERMs), such as tamoxifen (Osborne, 1998;

Clarke et al, 2001); aromatase inhibitors (AIs), such as letrozole,

anastrozole, and exemestane (Waks & Winer, 2019); and selective

ER downregulators (SERDs), such as fulvestrant (ICI; Howell

et al, 2004; Blackburn et al, 2018). However, some ER-positive breast

cancer patients do not benefit from endocrine therapy due to primary

resistance. Patients with initial benefit may also face difficulties with

acquired resistance after prolonged or multi-line endocrine therapy

(Shu & Selmanoff, 1991; Rossinnes et al, 2011; Pan et al, 2017). Evi-

dence suggested that regulatory factors that target ER could facilitate

resistance to endocrine therapy (Green & Carroll, 2007). Finding new

drug targets and developing novel strategies will bring new hopes for

overcoming endocrine therapy resistance of ER-positive breast

cancer.

MAVS and STING are two major adapters in the type I interferon

(IFN) signaling pathway. MAVS is located in the mitochondria and

is responsive to exogenous RNA virus infection or endogenous RNA

in cells (Seth et al, 2005; Sun et al, 2006). STING is located in endo-

plasmic reticulum and is responsive to exogenous DNA virus infec-

tion or endogenous DNA breaks (Ishikawa & Barber, 2008; Ishikawa

et al, 2009). Upon DNA or RNA stimulation, RLR-MAVS or cGAS-

STING can activate TBK1 to phosphorylate IRF3. Phosphorylated

IRF3 forms dimer and transfers into the nucleus to bind the pro-

moters and induce the expression of type I IFN and type I IFN-

stimulated genes (ISGs) (West et al, 2011; Schneider et al, 2014;

Chen et al, 2016; Yum et al, 2019; Ablasser & Hur, 2020). Activation
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of MAVS and STING plays important roles in anti-tumor immunity

(Motwani et al, 2019; Yum et al, 2019; Ablasser & Hur, 2020; Chen

& Hur, 2022). It has been reported that low-dose anti-cancer drug

decitabine (5-AZa-CdR), a DNA methylation inhibitor, can inhibit

colorectal cancer cell growth by inducing viral mimicry. Treatment

with 5-AZA-CdR can induce dsRNA expression, mainly from endog-

enous retroviruses (ERVs), which then activates MAVS-mediated

type I IFN pathway (Roulois et al, 2015). Inhibition of LSD1 has also

been reported to induce ERVs to activate dsRNA-mediated type I

IFN pathway and stimulates anti-tumor immune responses of T cells

(Sheng et al, 2018).

Circular RNAs (circRNAs) are highly abundant, conserved, and

dynamically expressed in a variety of tissues. Accumulating evi-

dence suggested that circRNAs exert their functions by means of

sponging miRNA, contacting with proteins, or translating into pro-

teins (Hansen et al, 2013; Memczak et al, 2013; Ashwal-Fluss

et al, 2014; Chen, 2016, 2020; Yang et al, 2017). CircRNAs exhibit

differential expression patterns in many diseases, such as cancer. In

recent years, increasing number of circRNAs have been shown to be

highly associated with many biological processes and diseases

(Chen, 2016; Kristensen et al, 2019, 2022; Li et al, 2020). In particu-

lar, a number of circRNAs were reported to be associated with

immunological pathways. A circular RNA named cia-cGAS is highly

expressed in the nucleus of long-term hematopoietic stem cells (LT-

HSCs). Cia-cGAS deficiency in mice causes elevated expression of

type I IFNs in bone marrow and decreased numbers of dormant LT-

HSCs. Under homeostatic conditions, cia-cGAS binds to the DNA

sensor cGAS in the nucleus to block its synthase activity (Xia

et al, 2018). EBV-encoded circBART2.2 was found to be highly

expressed in nasopharyngeal carcinoma, which promotes the tran-

scription of PD-L1 by binding the helicase domain of RIGI and acti-

vating downstream IRF3 and NFjB, resulting in tumor immune

escape (Ge et al, 2021). CircPVT1 has been reported to play impor-

tant roles in a variety of diseases (Chen et al, 2017; Zhu et al, 2018;

Wang et al, 2020b; Ghafouri-Fard et al, 2021; Palcau et al, 2022).

However, whether and how circRNA regulates immune responses

and tumor development in ERa-positive breast cancer remain

unknown.

In our previous study, we reported that circPGR, a circRNA

induced by estrogen, functions as a miRNA sponge to promote ERa-
positive breast cancer cell growth (Wang et al, 2021). We noticed

that a number of circRNAs are highly expressed in ERa-positive
breast cancer cells. However, whether and how these highly

expressed circRNAs function in ERa-positive breast cancer remain

unknown. Here, we reported that one of these circRNAs, circPVT1,

is highly expressed in ERa-positive breast cancer cell lines and clini-

cal breast tumor samples, which enhances ESR1 mRNA stability via

sponging miR-181a-2-3p, reinforcing the activation of estrogen/ERa-
target genes and cell growth. Meanwhile, circPVT1 directly interacts

with MAVS to inhibit the formation of RIGI and MAVS complex,

suppressing the activation of type I IFN and ISGs and anti-tumor

immunity. As expected, targeting circPVT1 inhibits ERa-positive
breast cancer cell growth and tumorigenesis and overcomes endo-

crine therapy resistance.

Results

CircPVT1 is highly expressed in ERa-positive breast cancer cells
and is required for ERa-positive breast cancer cell growth and
tumorigenesis

We performed circRNA sequencing (circRNA-seq) in an ERa-positive
breast cancer cell line, MCF7. There were 25,817, 22,965, and 17,687

circRNAs being predicted from three independent circRNAs algo-

rithms, CIRI2, find_circ, and CIRCexplorer2, respectively (back splic-

ing junction (BSJ) reads ≥ 2). Also, 10,151 circRNAs were found to

be predicted in common (Fig 1A). In particular, the top 40 circRNAs

with the largest number of BSJ reads identified by these algorithms

had 20 in common (Dataset EV1). To identify circRNAs that are

required for the growth of ERa-positive breast cancer cells, MCF7

cells were transfected with control siRNA or siRNA specifically

▸Figure 1. CircPVT1 is highly expressed in ERa-positive breast cancer cells and is required for ERa-positive breast cancer cell growth and tumorigenesis.

A The overlapping between circRNAs predicted by three different tools, CIRI2, find_circ, and CIRCexplorer2, is shown by Venn diagram (back splicing junction (BSJ)
reads ≥ 2).

B RNA samples extracted from normal breast epithelial cell, MCF10A, and different subtypes of breast cancer cell lines as indicated were subjected to RT-qPCR analysis
to examine the expression of circPVT1 (n = 3 biological replicates, � s.e.m., ns: non-significant, *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

C RNA samples extracted from 28 pairs of ER-positive (ER+) breast tumor and adjacent normal tissues and 14 pairs of ER-negative (ER�) breast tumor and adjacent
normal tissues were subjected to RT-qPCR analysis to examine the expression of circPVT1 (� s.e.m., *P < 0.05, **P < 0.01 by two-tailed Student’s t-test).

D, E MCF7 cells transfected with control siRNA (si-CTL) or two independent siRNAs specifically targeting circPVT1 (si-circPVT1#1 and si-circPVT1#2) were subjected to
RNA extraction and RT-qPCR analysis to examine the expression of circPVT1 (D) and cell proliferation assay (E) (n = 3 biological replicates, � s.e.m., ***P < 0.001,
day 4 by two-tailed Student’s t-test for cell proliferation assay).

F, G MCF7 cells were transfected with control vector or vector expressing circPVT1 followed by RT-qPCR to examine the expression of circPVT1 (F) and cell proliferation
assay (G) (n = 3 biological replicates, � s.e.m., ***P < 0.001, day 4 by two-tailed Student’s t-test for cell proliferation assay).

H, I MCF7 cells were infected with control shRNA (sh-CTL), or two independent shRNAs specifically targeting circPVT1 (sh-circPVT1#1 and sh-circPVT1#2) were
subjected to RNA extraction and RT-qPCR analysis to examine the expression of circPVT1 (H) and colony formation assay (I) (n = 3 biological replicates, � s.e.m.,
***P < 0.001 by two-tailed Student’s t-test).

J Quantification of the crystal violet dye as shown in (I) (n = 3 biological replicates, � s.e.m., ***P < 0.001 by two-tailed Student’s t-test).
K MCF7 cells infected with sh-CTL, sh-circPVT1#1, or sh-circPVT1#2 were injected subcutaneously into female BALB/C nude mice for xenograft experiments.
L The weight of tumors in (K) is shown (n = 6, � s.e.m., **P < 0.01 by two-tailed Student’s t-test).
M 4T1 cells infected with sh-CTL or sh-circPvt1 were injected subcutaneously into female BALB/C mice for allograft experiments.
N The weight of tumors in (M) is shown (n = 6, � s.e.m., **P < 0.01 by two-tailed Student’s t-test).
O Tamoxifen-resistant MCF7 cells transfected with si-CTL, si-circPVT1#1, or si-circPVT1#2 were treated with or without tamoxifen (Tam, 5 lM, 72 h) followed by cell

proliferation assay (n = 3 biological replicates, � s.e.m., ns: non-significant, *P < 0.05, **P < 0.01, day 4 by two-tailed Student’s t-test).
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targeting to eight circRNAs with designable siRNA followed by cell

proliferation assay (Fig EV1A–C). It was found that circRNAs includ-

ing circPVT1, circMIB1, and circCTBP1 were required for the growth

of MCF7 cells (Fig EV1C). We focused on studying circPVT1 in the

current study. CircPVT1 was found to be highly expressed in breast

cancer cells, including ERa-positive, HER2-positive, and triple-

negative breast cancer (TNBC) cell lines as well as breast tumor tis-

sues, both ER-positive and ER-negative breast tumor tissues (Fig 1B

and C). We, therefore, focused on investigating circPVT1’s function

in ERa-positive breast cancer in this study.

The requirement of circPVT1 for the growth of MCF7 cells was

confirmed by using a second independent siRNA (Fig 1D and E). In

contrast, over-expression of circPVT1 promoted MCF7 cell growth

(Fig 1F and G). The results from colony formation assay also

showed that circPVT1 was required for the growth of MCF7 cells

(Fig 1H–J). The requirement of circPVT1 for cell growth was inde-

pendent confirmed in another ERa-positive breast cancer cell line,

T47D (Fig EV1D–J). To further test the effects of circPVT1 on tumor

growth in vivo, xenograft experiments using MCF7 cells and allo-

graft experiments using 4T1 cells were performed. The results indi-

cated that the knockdown of circPVT1 significantly attenuated

tumorigenesis (Fig 1K–N). Endocrine therapy resistance represents

one of the major challenges for ERa-positive breast cancer in the

clinic. We transfected tamoxifen-resistant-MCF7 cells with control

siRNA or two independent siRNAs targeting circPVT1, and then

treated cells with or without tamoxifen followed by cell proliferation

assay. The results showed that knocking down of circPVT1 could

re-sensitize tamoxifen-resistant-MCF7 cells to tamoxifen treatment

(Fig 1O). Taken together, our data suggested that circPVT1 pro-

motes ERa-positive breast cancer cell growth both in vitro and in

vivo, and knockdown of circPVT1 overcomes endocrine therapy

resistance in ERa-positive breast cancer cells.

CircPVT1 is stably localized in the cytosol of cells

The functional importance of circPVT1 in ERa-positive breast cancer

cells prompted us to characterize it in more detail. CircPVT1 origi-

nates from the second exon of PVT1, and it is 410 base pairs (bps)

in length (Fig 2A). When we digested total RNA extracted from

MCF7 cells with RNase R, circPVT1, but not PVT1, exhibited resis-

tance to RNase R digestion (Fig 2B). CircPVT1 was much more sta-

ble than PVT1 when MCF7 cells were treated with Actinomycin D

(Fig 2C). The results of polysome profiling analysis indicated that

circPVT1 was largely associated with ribosome-free fractions, indi-

cating that it is a non-coding RNA (Fig 2D). To serve as a control,

ACTIN was found to be associated with polysome fractions (Fig 2E).

Next, cellular fractionation followed by RNA extraction and RT-

qPCR analysis indicated that circPVT1 was predominantly localized

in the cytosol of cells, which was consistent with the fact that most

of the exonic circRNAs are cytosolic (Fig 2F). RNA-FISH analysis

results confirmed the cytosolic localization of circPVT1 (Fig 2G).

Taken together, our data indicated that circPVT1 is an exonic

circRNA and stably localized in the cytosol of cells.

CircPVT1 is required for the expression of estrogen/ERa-target genes

The functional important of circPVT1 in breast tumorigenesis and

drug resistance prompted us to identify target genes regulated by

circPVT1. To this end, RNA-seq analysis was performed by

knocking down circPVT1 in MCF7 cells. The impact of both siRNAs

targeting circPVT1 on the whole transcriptome is well correlated

(Pearson correlation coefficient = 0.615) (Fig 3A). There were 853

and 1,126 genes positively and negatively regulated by circPVT1,

respectively (Fig 3B). The results of hallmark gene sets analysis for

genes positively regulated by circPVT1 revealed that “Estrogen

Response Early” and “Estrogen Response Late” were the top two

most enriched terms (Fig 3C). These genes are well known to be

implicated in cell proliferation, metastasis, metabolism, and endo-

crine therapy resistance. CircPVT1’s effects on representative estro-

gen/ERa-target genes from RNA-seq were shown (Fig 3D and E),

which were further confirmed by RT-qPCR analysis in both MCF7

(Fig 3F and G) and T47D cells (Fig EV2A). To support the functional

importance of these circPVT1-regulated estrogen/ERa-target genes

in tumor development, the expression of representative ones, such

as TFF1, PGR, and GREB1, was found to be significantly inhibited

when circPVT1 was knocked down in MCF7 cell-derived xenografts

(Figs 1K and 3H). Taken together, our data suggested that circPVT1

activates estrogen/ERa-target genes to promote ERa-positive breast

tumorigenesis.

CircPVT1 acts as a ceRNA to sponge miR-181a-2-3p to modulate
ESR1 mRNA stability and downstream estrogen/ERa-target genes

To investigate how circPVT1 regulates estrogen/ERa-target genes,

we sought to construct the competing endogenous RNA (ceRNA)

network. To this end, RegRNA2.0 (Chang et al, 2013), miRanda

(Betel et al, 2008), RNAhybrid (Rehmsmeier et al, 2004), and

TarPmiR (Ding et al, 2016) were used to predict potential miRNAs

that can bind to circPVT1 at high stringency. CeRNA network con-

struction led to 16 circPVT1-miRNA-mRNA (gene positively regu-

lated by circPVT1) hubs (Fig EV2B). Three hubs caught our

attention due to that one of the mRNA targets in these hubs was

ESR1, the master regulator of estrogen-induced gene transcription

(Fig EV2B). Specifically, miR-181a-2-3p, miR-449b-3p, and miR-

6715b-5p were predicted to target to both the 30 untranslated region

(UTR) of ESR1 and circPVT1 (Figs 4A and EV2B–D). We first vali-

dated that the levels of ESR1 mRNA and its protein product ERa
were dramatically decreased after knocking down of circPVT1

(Figs 4B–D and EV2E and F). Importantly, ESR1 decreased dramati-

cally in circPVT1-knockdown, MCF7 cell-derived xenografts

(Figs 1K and 4E).

The results of RNA immunoprecipitation (RIP) analysis

showed that circPVT1 was successfully pulled down by AGO2

(Fig 4F), suggesting that circPVT1 has the potential to bind with

miRNAs. We then examined whether miR-181a-2-3p, miR-449b-

3p, and miR-6715b-5p can bind to circPVT1. The luciferase activ-

ity of circPVT1 (WT)-luc was significantly inhibited by both miR-

181a-2-3p and miR-6715b-5p, but not miR-449b-3p (Figs 4G and

EV2C). To support that miR-181a-2-3p and miR-6715b-5p binding

to the predict sites in circPVT1, luciferase reporter constructs

with the miR-181a-2-3p or miR-6715b-5p binding site mutated

(circPVT1 (MT)-luc) were no longer responsive to mimic transfec-

tion (Figs 4H and EV2C). Furthermore, circPVT1, miR-181a-2-3p,

and miR-6715b-5p were specifically pulled down by the anti-

sense oligonucleotide targeting circPVT1, but not the sense one

(Fig 4I).
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Figure 2. CircPVT1 is stably localized in the cytosol of cells.

A RNA sample from MCF7 cells was subjected to reverse transcription, and standard PCR was performed by using divergent primer sets flanking the junction region
of circPVT1, followed by Sanger sequencing. Sequence flanking junction region is shown. Junction site is highlighted in light blue. Sanger sequencing histogram is
shown at the bottom. D1: divergent primer 1; D2: divergent primer 2.

B Total RNAs extracted from MCF7 cells were incubated with or without RNase R (10 units/lg RNA) at 37°C for duration as indicated, followed by RT-qPCR analysis
to examine the expression of PVT1 or circPVT1 (n = 3 biological replicates, � s.e.m., ns: non-significant, **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

C MCF7 cells were treated with Actinomycin D (10 g/ml) for duration as indicated, followed by RT-qPCR analysis to examine the expression of PVT1 or circPVT1
(n = 3 biological replicates, � s.e.m., ns: non-significant, **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

D, E MCF7 cells were subjected to polysome profiling assay, and the resultant fractions were subjected to RNA exaction and RT-qPCR analysis to examine the expression
of circPVT1 (D) and ACTIN (E). Fractions 1–3: free RNA (unbound with ribosome); Fraction 4: 40S (40S ribosomal subunit); Fractions 5 and 6: 60S (60S ribosomal
subunit); Fractions 7–9: monosome; Fractions 10–15: polysome.

F MCF7 cells were subjected to cellular fractionation followed by RNA extraction and RT-qPCR analysis to quantify the amount of circRNA in both nucleus and cyto-
sol of the cells. ACTIN and U6 snoRNA were served as purity control for cytosolic and nuclear fractions, respectively (n = 3 biological replicates, � s.e.m.).

G MCF7 cells transfected with si-CTL, si-circPVT1#1, or si-circPVT1#2 were subjected to RNA-FISH analysis using probe specifically targeting circPVT1. Red: circPVT1;
Blue: DAPI. Scale bar, 5 lm.
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We next tested whether miR-181a-2-3p and miR-6715b-5p regu-

late the expression of ESR1, the target for circPVT1. The luciferase

activity of ESR1 30 UTR (WT)-luc, but not ESR1 30 UTR (MT)-luc, was

significantly inhibited by both miR-181a-2-3p and miR-6715b-5p,

confirming that they bind to the predicted sites in the 30 UTR of ESR1

(Figs 4J and EV2D). The molecular basis for circPVT1 to function as a

ceRNA to sponge miRNAs is that the copy number of these molecules

is comparable. The results of the copy number analysis revealed that

the copy number of circPVT1 and miR-181a-2-3p was comparable,

while that for miR-6715b-5p was too few (Figs 4K and EV2G). We

then focused on whether circPVT1 works through miR-181a-2-3p to

regulate the expression of ESR1, estrogen/ERa-target genes, and

breast cancer cell growth. As expected, miR-181a-2-3p inhibitor could

rescue the decreased expression of ESR1 at both mRNA and protein

levels as well as estrogen/ERa-target genes (Fig 4L–N). The reduced

expression of ESR1 caused by miR-181a-2-3p mimic transfection was

reversed by circPVT1 (WT), but not circPVT1 (MT) with the miR-

181a-2-3p binding site mutated, further supporting that circPVT1 reg-

ulation of ESR1 is dependent on miR-181a-2-3p binding (Fig EV2H).

Furthermore, circPVT1-regulated breast cancer cell growth was also

found to be dependent on miR-181a-2-3p (Fig 4O–Q). The miR-181a-

2-3p inhibitor alone exhibited no apparent effects on the expression

of ESR1 and estrogen/ERa-target genes as well as MCF7 cell growth

(Fig EV2I and J), which might because the copy number of miR-181a-

2-3p is relatively low, at least lower than that of circPVT1 in MCF7

cells, and the amount of free miR-181a-2-3p is limited (Figs 4K and

EV2G). However, the expression of ESR1 and estrogen/ERa target

genes was decreased, and MCF7 cell growth was inhibited upon miR-

181a-2-3p mimic transfection (Fig EV2K and L). Taken together,

circPVT1 activates estrogen/ERa-target genes and promotes ERa-
positive breast cancer cell growth by stabilizing ESR1 expression

through sponging miR-181a-2-3p.

◀ Figure 3. CircPVT1 is required for the expression of estrogen/ERa-target genes.

A, B MCF7 cells were transfected with control siRNA (si-CTL) or two individual siRNAs specific against circPVT1 (si-circPVT1#1 and si-circPVT1#2) followed by RNA-seq.
The correlation between the effects of the two si-circPVT1s on the whole transcriptome is shown (Pearson correlation coefficient = 0.615) (A). Genes that are posi-
tively and negatively regulated by circPVT1 are shown by volcano plot (FDR < 0.05, FC > 1.5) (B).

C The five most enriched hallmark terms for genes positively regulated by circPVT1 are shown.
D, E UCSC genome browser views of RNA-seq as described in (A) for TFF1 (D) and GREB1 (E) are shown.
F MCF7 cells transfected with si-CTL, si-circPVT1#1, or si-circPVT1#2 were treated with or without estrogen (E2, 10

�7 M, 6 h) followed by RNA extraction and RT-
qPCR analysis to examine the expression of genes as indicated (n = 3 biological replicates, � s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s t-
test).

G MCF7 cells infected with sh-CTL, sh-circPVT1#1, or sh-circPVT1#2 were treated with or without estrogen (E2, 10
�7 M, 6 h) followed by RNA extraction and RT-

qPCR analysis to examine the expression of genes as indicated (n = 3 biological replicates, � s.e.m., **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).
H Tumor samples as described in Fig 1K were subjected to RNA extraction and RT-qPCR analysis to examine the expression of genes as indicated (n = 6 biological

replicates, � s.e.m., ***P < 0.001 by two-tailed Student’s t-test).

▸Figure 4. CircPVT1 acts as a ceRNA to sponge miR-181a-2-3p to stabilize ESR1 mRNA and downstream estrogen/ERa-target genes.

A The three miRNAs, miR-449b-3p, miR-181a-2-3p, and miR-6715b-5p that can bind to both circPVT1 and ESR1 predicted by ceRNA network analysis are shown.
B UCSC genome browser views of RNA-seq as described in Fig 3A for ESR1 are shown.
C, D MCF7 cells transfected with control siRNA (si-CTL) or siRNAs specifically targeting circPVT1 (si-circPVT1#1 and si-circPVT1#2) were treated with or without estrogen

(E2, 10
�7 M, 6 h) followed by RT-qPCR analysis (C) and immunoblotting analysis (D) to examine the expression of ERa (n = 3 biological replicates, � s.e.m.,

**P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).
E Tumor samples as described in Fig 1K were subjected to RNA extraction and RT-qPCR analysis to examine the expression of ESR1 (n = 6 biological replicates,

� s.e.m., ***P < 0.001 by two-tailed Student’s t-test).
F RNA immunoprecipitation (RIP) was performed in MCF7 cells by using control IgG or anti-AGO2 antibody followed by RT-qPCR analysis to examine the binding of

circPVT1 and U6 snoRNA (n = 3 biological replicates, � s.e.m., ns: non-significant, ***P < 0.001 by two-tailed Student’s t-test).
G Full-length, linear sequence of circPVT1 was cloned into psiCHECK2 luciferase reporter vector (circPVT1-luc), which were then transfected into HEK293T cells with

control (CTL), miR-181a-2-3p, miR-449b-3p, or miR-6715b-5p mimic followed by luciferase activity measurement (n = 3 biological replicates, � s.e.m., *P < 0.05 by
two-tailed Student’s t-test).

H Wild-type circPVT1-luc (circPVT1 (WT)-luc) and its mutant form with the potential miR-181a-2-3p or miR-6715b-5p binding site mutated (circPVT1 (MT)-luc) were
transfected into HEK293T cells with or without CTL, miR-181a-2-3p, or miR-6715b-5p mimic followed by luciferase activity measurement (n = 3 biological replicates,
� s.e.m., ns: non-significant, **P < 0.01 by two-tailed Student’s t-test).

I Oligonucleotide pull-down assay was performed by incubating MCF7 cell lysates with sense or anti-sense oligonucleotide-targeting circPVT1 followed by RT-qPCR
analysis to detect the associated RNA as indicated (n = 3 biological replicates, � s.e.m., ns: non-significant, *P < 0.05, ***P < 0.001 by two-tailed Student’s t-test).

J The 30 untranslated region (UTR) of ESR1 (ESR1 (WT)-luc) and its mutant form with the miR-181a-2-3p or miR-6715b-5p binding site mutated (ESR1 (MT)-luc) were
cloned into psiCHECK2 luciferase reporter vector, which were then transfected with or without CTL, miR-181a-2-3p, or miR-6715b-5p mimic into HEK293T cells
followed by luciferase activity measurement (n = 3 biological replicates, � s.e.m., ns: non-significant, ***P < 0.001 by two-tailed Student’s t-test).

K MCF7 cells were subjected to copy number analysis for genes as indicated. Copy number was calculated based on the standard curves as shown in Fig EV3G.
L–N MCF7 cells transfected with si-CTL or si-circPVT1 in the presence or absence of miR-181a-2-3p inhibitor were subjected to RT-qPCR analysis (L, N) to examine the

expression of genes as indicated and immunoblotting analysis (M) using antibodies as indicated (n = 3 biological replicates, � s.e.m., **P < 0.01, ***P < 0.001 by
two-tailed Student’s t-test).

O MCF7 cells transfected with si-CTL or si-circPVT1 in the presence or absence of miR-181a-2-3p inhibitor were subjected to cell proliferation assay (n = 3 biological
replicates, � s.e.m., ns: non-significant, **P < 0.01, day 4 by two-tailed Student’s t-test).

P MCF7 cells that were infected with control shRNA (sh-CTL) or shRNAs specifically targeting circPVT1 (sh-circPVT1) in the presence or absence of miR-181a-2-3p
inhibitor were subjected to colony formation assay.

Q Quantification of the crystal violet dye as shown in (P) (n = 3 biological replicates, � s.e.m., **P < 0.01 by two-tailed Student’s t-test).
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CircPVT1 represses the expression of type I IFN and ISGs

Our RNA-seq analysis results revealed that a cohort of genes with

implications in type I IFN signaling pathway were negatively

regulated by circPVT1 (Fig 5A–C), which were further confirmed by

RT-qPCR analysis (Fig 5D). As expected, knockdown of circPVT1

led to the increased levels of phosphorylated-TBK and -IRF3

(Fig 5E). Similar results were also observed in T47D cells (Fig EV3A

Figure 5.
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and B). In consistent with its high expression in other subtypes of

breast cancer cells, knockdown of circPVT1 in HCC1937 and 4T1

cells also led to the activation of type I IFN signaling (Fig EV3C–F).

To support the functional importance of these type I IFN and ISGs in

tumor development, the expression of representative ones was

found to be significantly upregulated when circPVT1 was knocked

down in MCF7 cell-derived xenografts (Figs 1K and 5F) and 4T1

cell-derived allografts (Figs 1M and 5G). CD8+ T cell infiltration was

significantly increased when circPvt1 was knocked down (Figs 1M

and 5H and I). Taken together, our data demonstrated that circPVT1

represses the expression of type I IFNs and ISGs in breast cancers.

CircPVT1 interrupts RIGI–MAVS interaction to repress the
expression of type I IFN and ISGs

We next sought to investigate how circPVT1 engages in type I IFN

signaling pathway. The activation of the type I IFN signaling path-

way can be mediated through MAVS or STING proteins. We double

knocked down circPVT1 and MAVS or STING in MCF7 cells, finding

that knockdown of MAVS, but not STING, significantly attenuated

the induced expression of IFNb, IL28A, CCL5, ISG15, and TNFa in

circPVT1-knockdown cells (Figs 6A and EV4A and B). We then

examined whether the repressive function of circPVT1 was depen-

dent on cytoplasmic RNA sensors upstream of MAVS, including

MDA5 and RIGI. Double-knockdown experiment revealed that

knockdown of RIGI, but not MDA5, significantly attenuated the

phosphorylation of TBK1 and IRF3 as well as the expression of IFNb
and ISGs in circPVT1-knockdown cells, suggesting that circPVT1

might target the RIGI–MAVS axis (Figs 6B and C, and EV4B–D).

CircRNAs have been reported to function as protein scaffolds. The

results of RIP analysis showed that circPVT1 was successfully pulled

down by MAVS, but not by RIGI (Figs 6D and E, and EV4E and F).

The interaction between circPVT1 and MAVS was further validated

by Chromatin Isolation by RNA Purification (ChIRP) assay using

biotin-labeled anti-sense probe specifically targeting circPVT1

(Fig 6F and G).

To characterize the interaction between circPVT1 and MAVS in

detail, we transfected HEK293T cells with full length (FL), the

amino (N)-terminal domain (NTD), or the carboxyl (C)-terminal

domain (CTD) MVAS followed by RIP analysis. The results of RIP

analysis revealed that circPVT1 interacted with the NTD in MAVS,

but not the CTD (Fig 6H–K). Since the RNA sensor RIGI also inter-

acts with the NTD of MAVS, we next determined whether circPVT1

will compete with RIGI for binding with MAVS. We transfected cells

with RIGI and MAVS in the presence or absence of circPVT1

followed by immunoprecipitation (IP), and we found that the inter-

action between RIGI and MAVS was significantly blocked by

circPVT1 (Fig 6L). It has been reported that MAVS will form prion-

◀ Figure 5. CircPVT1 represses the expression of type I IFN and ISGs.

A The five most enriched hallmark terms for genes negatively regulated by circPVT1 are shown.
B, C UCSC genome browser views of RNA-seq as described in Fig 3A for CCL5 (B) and ISG15 (C) are shown.
D, E MCF7 cells were transfected with control siRNA (si-CTL) or two individual siRNAs specific against circPVT1 (si-circPVT1#1 and si-circPVT1#2) were subjected to RT-

qPCR analysis (D) to examine the expression of genes as indicated and immunoblotting analysis (E) using antibodies as indicated (n = 3 biological replicates,
� s.e.m., **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

F Tumor samples as described in Fig 1K were subjected to RT-qPCR analysis to examine the expression of genes as indicated (n = 6 biological replicates, � s.e.m.,
*P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

G, H Tumor samples as described in Fig 1M were subjected to RNA extraction and RT-qPCR analysis (G) to examine the expression of genes as indicated and immuno-
histochemistry analysis (H) using anti-CD8 antibody. Dark brown staining indicates CD8-positive cell. Scale bar, 100 lm (n = 6 biological replicates, � s.e.m.,
*P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

I The quantification of CD8-positive cells as described in (H) is shown (n = 3 biological replicates, mean � s.e.m., ***P < 0.001 by two-tailed Student’s t-test).

▸Figure 6. CircPVT1 interrupts RIGI–MAVS interaction to repress the expression of type I IFN and ISGs.

A MCF7 cells infected with control shRNA (sh-CTL) or shRNAs specifically targeting MAVS (sh-MAVS) or STING (sh-MAVS) were transfected with control siRNA (si-CTL)
or siRNA specifically targeting circPVT1 (si-circPVT1) followed by RT-qPCR analysis to examine the expression of genes as indicated (n = 3 biological replicates,
� s.e.m., ns: non-significant, *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

B, C MCF7 cells infected with sh-CTL, sh-MAVS, sh-MDA5, or sh-RIGI were transfected with si-CTL or si-circPVT1 followed by immunoblotting analysis (B) using anti-
bodies as indicated and RT-qPCR analysis (C) to examine the expression of genes as indicated (n = 3 biological replicates, � s.e.m., ns: non-significant, *P < 0.05,
**P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

D, E RNA immunoprecipitation (RIP) was performed in MCF7 by using control IgG or anti-MAVS antibody followed by immunoblotting analysis (D) using antibodies as
indicated and RT-qPCR analysis (E) to examine the binding of MAVS with circPVT1 and 7SK snRNA (n = 3 biological replicates, � s.e.m., ***P < 0.001 by two-tailed
Student’s t-test).

F, G ChIRP analysis was performed in MCF7 cells with sense or anti-sense probe specifically targeting the junction region of circPVT1 followed by RT-qPCR analysis (F)
to examine the RNA molecules being pulled down as indicated and immunoblotting analysis (G) to examine the interaction between MAVS and circPVT1 (n = 3 bio-
logical replicates, � s.e.m., ns: non-significant, **P < 0.01 by two-tailed Student’s t-test).

H Schematic representation of MAVS protein is shown. CARD: caspase activation and recruitment domain; PRO: proline-rich domain; TM: transmembrane domain;
NTD: amino-terminal domain; CTD: carboxyl-terminal domain.

I–K HEK293T cells transfected with HA-tagged MAVS-FL, MAVS-NTD, or MAVS-CTD were subjected to RIP using anti-HA antibody followed by RT-qPCR analysis to exam-
ine the binding of circPVT1 (I) and 18 s rRNA (J) or immunoblotting analysis (K) using antibodies as indicated (n = 3 biological replicates, � s.e.m., *P < 0.05,
**P < 0.01 by two-tailed Student’s t-test). Asterisks indicate the predicted size of the corresponding proteins.

L HEK293T cells transfected with HA-tagged MAVS and Flag-tagged RIGI in the presence or absence of circPVT1 were subjected to immunoprecipitation (IP) with
anti-Flag M2 agarose followed by immunoblotting analysis using antibodies as indicated.

M MCF7 cells transfected with si-CTL, si-circPVT1#1, or si-circPVT1#2 were subjected to SDD-AGE and SDS-PAGE analysis using antibodies as indicated.
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like aggregates upon binding with RIGI (Hou et al, 2011). We thus

tested whether the aggregation of MAVS will be influenced by

circPVT1. The results of semi-denaturing detergent agarose gel elec-

trophoresis (SDD-AGE) showed that the formation of aggregated

MAVS was dramatically enhanced in circPVT1-knockdown MCF7

cells (Fig 6M). Taken together, our data suggested that circPVT1

competes with RIGI to bind with MAVS, thus inhibiting the down-

stream signaling transduction and type I IFN and ISGs expression.

Figure 6.
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Figure 7.
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CircPVT1 serves as a potential therapeutic target for breast
cancer

Anti-sense oligonucleotides (ASO) drugs were quickly developing

during the past decades. ASO drugs, such as Vitravene and Nusi-

nersen, have been approved by FDA for clinical use (Stein & Casta-

notto, 2017; Kulkarni et al, 2021; Alhamadani et al, 2022). The

upregulation of circPVT1 in breast cancer cells and clinical sample

and its significant role in ERa-positive breast cancer prompted us to

examine whether circPVT1 can serve as a potential therapeutic tar-

get. ASO-circPVT1 significantly knocked down circPVT1 itself

(Fig 7A) as well as its target, ESR1, at both mRNA and protein level

(Fig 7B and C). As expected, estrogen/ERa-target genes were signifi-

cantly decreased upon ASO-circPVT1 transfection (Fig 7D). Simi-

larly, circPVT1-regulated phosphorylation of TBK1 and IRF3

(Fig 7E) and expression of type I IFN and ISGs (Fig 7F) were dramat-

ically increased upon ASO-circPVT1 transfection. Consequently,

ASO-circPVT1 could inhibit MCF7 cell growth (Figs 7G and H, and

EV5A). Furthermore, combination treatment with ASO-circPVT1

and ICI exhibited synergistic effects on cell growth compared to

treatment with either ASO-circPVT1 or ICI alone (Figs 7I and J, and

EV5B).

To further test the therapeutic effects of ASO-circPVT1 in vivo,

MCF7 cells were inoculated subcutaneously into female BALB/C

nude mice followed by ASO treatment. ASO-circPVT1 treatment led

to a significant decrease of tumor growth (Figs 7K and L, and

EV5C). Combination treatment with ASO-circPVT1 and ICI exhibited

synergistic effects on tumor growth (Figs 7K and L, and EV5C). The

expression of ESR1, TFF1, PGR, GREB1, and NRIP1 was found to be

significantly inhibited upon ASO-circPVT1 treatment in tumors

(Fig 7M). Meanwhile, the expression of IFNb, IL28A, CCL5, ISG15,
and TNFa was upregulated (Fig 7N). Lastly, we found that ASO-

circPVT1 could re-sensitize tamoxifen-resistant-MCF7 cells to

tamoxifen treatment (Fig 7O). Taken together, our data suggested

that ASO-targeting circPVT1 is as effective as fulvestrant to suppress

ERa-positive breast cancer cell growth and tumorigenesis, and it can

overcome endocrine therapy resistance.

Discussion

ER-positive breast cancer accounts for around two-thirds of all

breast cancer subtypes. Although endocrine therapy can achieve

gratifying curative effects in patients with ER-positive breast cancer,

there is still a persistent risk of resistance and recurrence. Here, we

reported that a cytosolic localized circRNA, circPVT1, activates

estrogen/ERa-target genes through sponging miR-181a-2-3p to stabi-

lize ESR1, while it represses type I IFNs and ISGs through binding

MAVS to disturb RIGI–MAVS complex formation. The dual func-

tions of circPVT1 in both gene transcriptional activation and repres-

sion together contribute to ERa-positive breast cancer development.

ASO-targeting circPVT1 is effective in suppressing ERa-positive
breast tumor growth (Fig 8).

Tens of thousands of circRNAs have been wildly detected, vali-

dated, and explored in different cell lines, tissues, organs, and spe-

cies. In this study, we examined the effects of a cohort of highly

expressed circRNAs on cell growth in ERa-positive breast cancer

cells. Some of these circRNAs have already been reported in other

studies. For instance, circCDYL is specifically upregulated in the

early stages of hepatocellular carcinoma (HCC) (Wei et al, 2020).

Circ-ZKSCAN1 acts as a tumor suppressor to regulate cell prolifera-

tion, migration, and invasion in bladder cancer cells (Bi

et al, 2020). CircPVT1 was first reported to be associated with

senescence by modulating let-7 activity (Panda et al, 2017). More

recently, circPVT1 was found to be upregulated in gastric cancer

due to genomic amplification. It promotes cell proliferation by act-

ing as a sponge for members of the miR-125 family (Chen

et al, 2017). Knockdown of circPVT1 could also inhibit cancer cell

proliferation in other cancer types, such as acute lymphoblastic

leukemia (Hu et al, 2018), ovarian cancer (Sun et al, 2020), and

glioblastoma (Chi et al, 2020). Other studies have also shown that

circPVT1 plays a critical role in cell migration in cancers, such as

breast cancer (Bian, 2019; Wang et al, 2020a), esophageal cancer

(Zhong et al, 2019), and medullary thyroid cancer (Zheng

et al, 2021). In addition, some reports also indicated that circPVT1

is involved in the regulation of chemotherapeutic drug sensitivity

and resistance in cancer cells (Ghafouri-Fard et al, 2021). For

example, the depletion of circPVT1 would increase the sensitivity

of gastric cancer cells to Paclitaxel treatment (Liu et al, 2019).

However, it remains unknown whether and how circPVT1 func-

tions in ERa-positive breast cancer and whether targeting circPVT1

can suppress ERa-positive breast tumorigenesis and overcome

endocrine therapy resistance.

CircPVT1 was found to be stably localized in the cytoplasm. We

focused on studying its potential role as a miRNA sponge and pro-

tein scaffold. Based on the ceRNA network constituting of circPVT1-

◀ Figure 7. Therapeutic anti-sense oligonucleotide (ASO)-targeting circPVT1 is effective in suppressing breast cancer cell growth and tumorigenesis.

A–F MCF7 cells transfected with control ASO (ASO-CTL) or ASO specifically targeting circPVT1 (ASO-circPVT1) were subjected to RT-qPCR analysis (A, B, D, F) to examine
the expression of genes as indicated and immunoblotting analysis (C, E) using antibodies as indicated (n = 3 biological replicates, � s.e.m., *P < 0.05, **P < 0.01,
***P < 0.001 by two-tailed Student’s t-test).

G, H Cells as described in (A) were subjected to cell proliferation (G) and colony formation assay (H) (n = 3 biological replicates, � s.e.m., **P < 0.01, day 4 by two-
tailed Student’s t-test).

I, J MCF7 cells were treated with ASO-CTL, ASO-circPVT1 (50 nM), or fulvestrant (ICI, 1 lM) for duration as indicated followed by cell proliferation assay (I) and colony
formation (J) (n = 3 biological replicates, � s.e.m., **P < 0.01, ***P < 0.001, day 4 by two-tailed Student’s t-test).

K, L MCF7 cells were injected subcutaneously into female BALB/C nude mice, randomized, and then treated with estrogen in the presence of fulvestrant (ICI, 5 mg per
dose, weekly) and/or ASO-circPVT1 (5 nm per dose, every 3 days). Tumors were then excised, photographed (K), and weighted (L) 4 weeks after subcutaneous injec-
tion (n = 6, � s.e.m., ***P < 0.001 by two-tailed Student’s t-test).

M, N Tumor samples as described in (K) were subjected to RNA extraction and RT-qPCR analysis to examine the expression of genes as indicated (n = 6 biological repli-
cates, � s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test).

O Tamoxifen-resistant MCF7 cells transfected with ASO-CTL or ASO-circPVT1 and treated with or without tamoxifen (Tam, 5 lM) were subjected to cell proliferation
assay (n = 3 biological replicates, � s.e.m., ns: non-significant, *P < 0.05, **P < 0.01, day 4 by two-tailed Student’s t-test).
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miR-181a-2-3p-ESR1 we constructed, we proved that circPVT1 pro-

motes the expression of ESR1 and ERa through miR-181a-2-3p.

Thus, different from the mechanism of endocrine therapy for

treating ER-positive breast cancer, targeting circPVT1 will directly

inhibit the expression of ERa at the mRNA level, which has the

potential to overcome endocrine therapy resistance for ER-positive

breast cancer.

For circPVT1 negatively regulated genes, we found that TNFa
signaling via NFjB, interferon c response, interferon a response,

and inflammatory response were among the top five most enriched

gene ontology terms. All these genes actually belong to the type I

IFN signaling pathway. MAVS and STING are engaged in the RNA-

and DNA-mediated type I IFN signaling pathway, respectively.

Double-knockdown experiment indicated that circPVT1 regulates

type I IFN signaling pathway through RIGI–MAVS axis. RIP and

ChIRP assay results revealed that circPVT1 directly interacts with

MAVS. The N terminus of MAVS is made up with a CARD and PRO

domain, and the C terminus has a TM domain. Interestingly,

circPVT1 interacts with the N terminus of MAVS, which is also uti-

lized by the RNA sensor protein RIGI to interact with MAVS. This

provides the molecular basis for circPVT1 to inhibit the RIGI–

MAVS-mediated type I IFN signaling pathway, such that circPVT1

competes with RIGI to interact with MAVS and therefore inhibits

MAVS aggregation, the critical event for the activation of down-

stream type I IFN signaling pathway. We surveyed the breast cancer

datasets in TCGA to explore the correlation between type I IFN gene

signature with estrogen/estrogen receptor gene signature. Gene set

enrichment analysis (GSEA) results showed that type I IFN-related

signaling pathways, such as “Allograft Rejection,” “Inflammatory

Response,” “TNFa Signaling Via NFjB,” and “Interferon c
Response,” were negatively correlated with the expression of ESR1.

As expected, “Estrogen Response Early” and “Estrogen Response

Late” signaling pathways were highly correlated with ESR1 expres-

sion. However, whether estrogen/ERa can inhibit type I IFN

responses, or vice versa, remain unknown, which will certainly be

an interesting topic for future investigation. Nevertheless, we dem-

onstrated that circPVT1 promotes the expression of estrogen/ERa-
target genes to promote cell growth, while it inhibits the type I IFN

signaling pathway to inhibit anti-tumor immunity. These dual mech-

anisms together contribute to circPVT1 function in breast cancer

development. We must emphasize that circPVT1 is also found to be

highly expressed in ER-negative breast cancer cell lines and tumor

tissues, and it appears that the repression of type I IFN signaling

pathway is a common mechanism for circPVT1 to promote tumor

growth.

Type I IFN signaling pathway facilitates anti-tumor immunity

by activating of cytotoxic T cells and NK cells infiltration to

inhibit cancer development in various cancer models (Lin &

Karin, 2007; Hanahan & Weinberg, 2011; Banoth & Cassel, 2018;

Greten & Grivennikov, 2019; Liu & Gack, 2020). Immune check-

point blockade therapy is one of the most successful immunother-

apies, showing remarkable effects in the treatment of many types

of cancer (Postow et al, 2015). More and more breast cancer

immunotherapy studies have been in the preclinical or clinical

trial stage (Schmid et al, 2019; Mittendorf et al, 2020; Tolaney

et al, 2020; Lee et al, 2022). Enhancing anti-tumor immune

response is one of the effective ways to improve the efficacy of

immune checkpoint blockade therapy. Based on our findings that

Figure 8. Working model of circPVT1 function in ERa-positive breast cancer.

A proposed model depicts that, in breast tumor cells, the highly expressed circPVT1 acts as a ceRNA to sponge miR-181a-2-3p to activate the expression of ESR1 and
downstream estrogen/ERa-target genes, while it interacts with MAVS to disturb the formation of RIGI–MAVS complex to inhibit the expression of type I IFN and ISGs.
The dual function of circPVT1 in both gene transcriptional activation and repression together contributes to ERa-positive breast cancer development. ASO-targeting
circPVT1 is effective in suppressing ERa-positive breast tumor growth.
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circPVT1 negatively regulates type I IFN signaling pathway and

targeting circPVT1 improves anti-tumor immunity. The possibility of

targeting circPVT1 in combination with immune checkpoint block-

ade therapy for breast cancer is worthy of future study. Nevertheless,

ASO-targeting circPVT1 is effective in suppressing the expression of

estrogen/ERa-target genes, and meanwhile enhancing the expression

of type I IFN and ISGs, both of which contribute to the inhibitory

effects of ASO on breast cancer cell growth and tumorigenesis. More

importantly, ASO-targeting circPVT1 is able to overcome endocrine

therapy resistance in ERa-positive breast cancer cells.
Taken together, our data demonstrated that circPVT1 can work

through both ceRNA and protein scaffold mechanisms to promote

ERa-positive breast cancer development and endocrine therapy

resistance, providing a diagnosis biomarker and therapeutic target

for ERa-positive breast cancer in the clinic.

Materials and Methods

Clinical specimens and cell lines

Breast tumor tissues and matched adjacent normal tissues were

obtained from patients who were diagnosed with breast cancer and

who had undergone surgery at the Second Affiliated Hospital of

Shantou University Medical College. Tissue samples were freshly

frozen in dry ice and stored at �80°C until RNA extraction. The

study was approved by the Institutional Ethics Committee of the

Second Affiliated Hospital of Shantou University Medical College

(ID: 2022-7). All research was performed in compliance with gov-

ernment policies and the Helsinki Declaration. Experiments were

undertaken with the understanding and written consent of each

subject.

Human and mouse breast cancer cell lines and human embryonic

kidney cell line HEK293T were cultured in Dulbecco’s modified

Eagle medium (DMEM) (Biological Industries) or Roswell Park

Memorial Institute 1640 (RPMI 1640) (Biological Industries). All

medium was supplied with 10% fetal bovine serum (FBS) (Biological

Industries) and 1% penicillin/streptomycin (Biological Industries)

for cell culture. When treating cells with estrogen (Sigma-Aldrich,

E2758), phenol red-free medium supplemented with 5% charcoal-

treated FBS was used.

Cloning procedures

ShRNA-targeting circPVT1 (both human and mouse), MAVS,

STING, MDA5, or RIGI was cloned into lenti-viral pLKO.1 vector

with AgeI and EcoRI restriction enzymes ((shRNA-targeting

sequence: GCTGGGCTTGAGGCCTGATCT (sh-circPVT1#1); CAGCT

GGGCTTGAGGCCTGAT (sh-circPVT1#2); ATGTGGATGTTGTAGAG

ATTC (sh-MAVS); CATGGTCATATTACATCGGAT (sh-STING);

CCAACAAAGAAGCAGTGTATA (sh-MDA5); AGCACTTGTGGACG

CTTTAAA (sh-RIGI)); AGCTCCCTCTAAAATGTCTGA (sh-circPvt1)).

Full-length circPVT1 was cloned in pCD2.1-ciR vector (Geneseed

Biotech) with KpnI and BamHI restriction enzymes for over-

expression. This vector contains complementary Alu sequences

besides the two restriction enzyme sites. Linear circPVT1 will be co-

transcribed with the Alu sequences, which will generate circPVT1

through back splicing. pCD2.1-circPVT1 plasmid was transfected

into cells by using Lipo Plus DNA transfection reagent

(Sagecreation).

Linear sequence of circPVT1 (circPVT1 (WT)) and its mutant

form with the potential miR-181a-2-3p or miR-6715b-5p binding site

mutated (circPVT1 (MT)) were cloned into psiCHECK2 vector with

NotI and XhoI restriction enzymes, which were named as circPVT1

(WT)-luc and circPVT1 (MT)-luc, respectively. The primer used to

mutate miR-181a-2-3p-binding site was TTATGTCAGATCTAGT-

CACCTCTGGGGAATAACGCTG, the primer used to mutate miR-

6715b-5p-binding site was CCTCAAGATGGCTCACGGACACAGCTG-

CATGGA. 30 untranslated region (30 UTR) of ESR1 and the corre-

sponding mutant form with the predicted miR-181a-2-3p or miR-

6715b-5p binding site mutated were cloned into psiCHECK2 vector

with NotI and XhoI restriction enzymes, which were named as 30

UTR (WT)-luc and 30 UTR (MT)-luc, respectively. The primer used

to mutate miR-181a-2-3p-binding site was AGAACGGTGACTCC-

CATTAGCTACTGTC. The primer used to mutate miR-6715b-5p-

binding site was AGTTGTCCGTGCTTTGGATGCAAAA.

C-terminal HA-tagged full-length (FL) MAVS and truncations,

NTD (1-183 aa) and CTD (174-540 aa), were cloned into pBoBi-

cs2.0 vector with BamHI and XhoI restriction enzymes. C-terminal

Flag-tagged RIGI was kindly provided by Dr. Jiahuai Han.

SiRNA, anti-sense oligonucleotides (ASO), miRNA inhibitor,
miRNA mimic, and plasmid transfection, and lenti-virus
packaging and infection

SiRNAs or anti-sense oligonucleotides (ASO) specifically targeting

circPVT1 were purchased from RiboBio (siRNA-targeting sequence:

GCUGGGCUUGAGGCCUGAU dTdT (si-circPVT1#1); UGGGCUU-

GAGGCCUGAUCU dTdT (si-circPVT1#2); ASO-targeting sequence:

cholesterol modified-CTTGAGGCCTGATCTTTTGG (ASO-circPVT1)).

The phosphorothioate backbone was used along the entire length of

the ASO to provide nuclease resistance, while the 20-O-methyl modifi-

cation is used exclusively on the first and last 5 nucleotides, leaving

the middle 10 nucleotides unmodified at the 20-sugar position. This

provides increased target RNA-binding affinity on the outer portions of

the ASO, while still allowing RNase H cleavage at the central region of

the ASO. MiR-181a-2-3pmimic and inhibitor were also purchased from

RiboBio. SiRNA, ASO, miRNA inhibitor, and miRNA mimic transfec-

tions were performed using Lipofectamine 2000 (Invitrogen) according

to the manufacturer’s protocol. Plasmid transfections in HEK293T cells

were performed using Polyethyleneimine (Polysciences, PEI)

according to the manufacturer’s protocol. Plasmid transfection in

MCF7 cells was performed using Lipo Plus reagent according to the

manufacturer’s protocol. For lenti-virus packaging, HEK293T cells

were seeded in culture plates coated with poly-D-lysine (0.1% (w/v),

Sigma-Aldrich, P7280) and transfected with lenti-viral vectors together

with packaging vectors, pMDL, VSVG, and REV, at a ratio of 10:5:3:2

using PEI for 48 h according to the manufacturer’s protocol. Virus was

collected, filtered, and added to MCF7 or 4T1 cells in the presence of

10 lg/ml polybrene (Sigma-Aldrich, H9268), followed by centrifuga-

tion for 30 min at 1,500 g at 37°C. Mediumwas replaced 24 h later.

RNA isolation and RT-qPCR

Total RNA was isolated using TRIzol (Invitrogen) following the

manufacturer’s protocol. First-strand cDNA synthesis from total
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RNA was carried out using GoScriptTM Reverse TranscriptionMix with

random primers (Promega), followed by quantitative PCR (qPCR)

using AriaMx Real-Time PCR machine (Agilent Technologies). All

RT-qPCRs were repeated at least three times, and the relative abun-

dance of each transcript was normalized to the expression level of

ACTIN. Sequence information for all primers used to check both gene

expression and circPVT1 expression was presented in Table EV1.

RNA sequencing (RNA-seq) and circRNA sequencing (circRNA-seq)

Total RNA was isolated using RNeasy Mini kit (Qiagen) following

the manufacturer’s protocol. DNase I in column digestion was

included to ensure RNA quality. For circRNA-seq, total RNA after

DNase I treatment was digested with RNase R (Epicenter) at 37°C

for 3 h before RNA library preparation. RNA library preparation for

both regular RNA-seq and circRNA-seq was performed by using

NEBNext� UltraTM Directional RNA Library Prep Kit for Illumina

(E7420L).

For regular RNA-seq, paired-end sequencing was performed with

Illumina HiSeq 4000 platform. Sequencing reads were aligned to the

hg19 reference genome by using STAR. featureCounts was used to

calculate the expression of RefSeq annotated genes with the options

–primary (count primary alignments only), –B (only count read

pairs that have both ends aligned), –C (do not count read pairs that

have their two ends mapping to different chromosomes or mapping

to same chromosomes but on different strands), -Q 20 (the mini-

mum mapping quality score 20), and -s 0 (unstranded), and edgeR

was used to determine the differentially expressed genes. For differ-

entially expressed genes between sample groups, a cutoff of q value

less than 0.05 and fold change larger than 1.5 was applied. Volcano

plot and heat map were generated by R software. Hallmark analysis

was performed using R package clusterProfiler.

For circRNA-seq analysis, sequencing reads were mapped to

hg19 reference genome by using BWA MEM (�T 19), and circRNAs

were predicted by using CIRI2.pl (Gao et al, 2017), find_circ

(Memczak et al, 2013), and CIRCexplorer2 (Zhang et al, 2016). All

three algorithms were used at default settings.

Competitive endogenous RNA (CeRNA) network analysis

To construct ceRNA network, miRNAs that could bind to circPVT1

were first predicted by using four independent algorithms, miRanda

(default settings) (Betel et al, 2008), RNAhybrid (minimal free

energy, �e � 23) (Rehmsmeier et al, 2004), TarPmiR (probability

of target site, �p 0.8) (Ding et al, 2016), and RegRNA2 (Chang

et al, 2013), based on miRBase. The miRNAs that were commonly

predicted were chosen for downstream analysis. To construct the

ceRNA network for circPVT1, only the mRNA targets that were

shown to be positively regulated by circPVT1 were kept. The ceRNA

network was constructed by Cytoscape (Shannon et al, 2003).

Cell proliferation assay

Cell viability was measured by using a CellTiter 96 AQueous one

solution cell proliferation assay kit (Promega) following the manu-

facturer’s protocol. Briefly, MCF7 and T47D cells were transfected

with indicated siRNA or plasmid and maintained in culture medium

for different time points followed by cell proliferation assay.

Colony formation assay

Cells were seeded at the same density (~2,000 cells/well) in 6-well

plate and infected with lenti-viral shRNA, and medium was replaced

24 h later. Cells were then cultured in a humidified, 5% CO2 atmo-

sphere incubator at 37°C for 2–3 weeks until colonies developed.

The cells were fixed in fixative solution (acetic acid: methanol =

1:3) for 15 min and stained with 0.1% crystal violet for 15 min. For

quantification, the crystal violet dye was released into 10% acetic

acid and data were recorded at wavelength 590 nm.

Mouse tumor models

Three groups (6 mice/group) of female BALB/C nude mice (age 4–

6 weeks) were subcutaneously implanted with 1 × 107 of sh-CTL,

sh-circPVT1#1, sh-circPVT1#2-infected MCF7 cells suspended in

PBS. Each nude mouse was brushed with estrogen (E2, 10�2 M)

every 3 days for the duration of the experiments to sustain xenograft

tumor growth. All mice were euthanized 20 days after subcutaneous

injection. Tumors were then excised, photographed, and weighted.

For xenograft assays to assess the effects of ASO or ICI treatment,

four groups (6 mice/group) of female BALB/C nude mice (age 4–

6 weeks) were subcutaneously implanted with 1 × 107 of MCF7 cells

suspended in PBS. Each nude mouse was brushed with estrogen (E2,

10�2 M) every 3 days for the duration of the experiments to sustain

xenograft tumor growth. After 1 week, mice were randomized to

treatment group based on tumor size and administrated with or with-

out ICI (5 mg per dose, weekly) in the presence or absence of ASO-

circPVT1 (5 nM per dose, every 3 days) for another 3 weeks.

Tumors were measured, both long diameter (D) and short diameter

(d), every 3 days with a caliper once palpable. Tumor volume was

determined using the volume formula for an ellipsoid: 1/2 × D × d2.

All mice were euthanized 4 weeks after subcutaneous injection. For

4T1 cell-derived allograft experiment, two groups (6 mice/group)

female BALB/C mice (age 4–6 weeks) were subcutaneously

implanted with 5 × 105 of sh-CTL or sh-circPvt1-infected 4T1 cells

suspended in PBS. Tumors were measured as described above. Mice

were sacrificed when tumors reached 1,500 mm3 or upon tumor

ulceration/bleeding. Tumors were then excised, photographed, and

weighted. Animals were housed in the Animal Facility at Xiamen

University under pathogen-free conditions, following the protocol

approved by the Xiamen Animal Care and Use Committee.

RNA fluorescence in situ hybridization (RNA-FISH)

MCF7 cells seeded on cover glass were transfected with siRNAs for

48 h before fixing with fixation buffer (4% formaldehyde, 10%

acetic acid) for 10 min. Cells were then permeabilized in 70% of

ethanol overnight and rehydrated in 2 × SSC buffer (300 mM NaCl

and 30 mM sodium citrate [pH7.0]) with 50% formamide. Hybridi-

zation was carried out in the presence of 30 ng of probe (Sangon

Biotech, biotin-GATCAGGCCTCAAGCCCAGCTG) at 37°C overnight.

Biotin-labeled probes were incubated with Streptavidin-Cy3TM

(Sigma-Aldrich, S6402) in 2 × SSC buffer with 8% formamide,

2 mM vanadyl-ribonucleoside complex, and 0.2% RNase-free BSA

at 37°C for 1 h in dark. Nuclei were counterstained with DAPI

(0.1 lg/ml) and then washed twice with 2 × SSC with 8% formam-

ide at room temperature (RT) for 15 min. Three images of each
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cover glass were taken with Carl Zeiss laser confocal microscope,

and representative images were shown.

Cellular fractionation

Cellular fractionation was performed as described previously (Gao

et al, 2015). Briefly, cells were washed with ice-cold PBS, collected,

spun down, and re-suspended in ice-cold buffer I (10 mM Hepes (pH

8.0), 1.5 mMMgCl2, 10 mMKCl, and 1 mMDTT) supplemented with

protease inhibitor cocktail (Roche) and RNase inhibitor (Promega),

followed by incubation for 15 min on ice to allow cells to swell.

Igepal-CA630was then added at a final concentration of 1% (use 10%

stock solution) followed by vortexing for 10 s. Nuclei were collected

by centrifuging 2 � 3 min at maximum speed. The resultant super-

natant was cytosolic fraction. Nuclei were then lysed in ice-cold buffer

II (20 mM Hepes (pH 8.0), 1.5 mM MgCl2, 25% glycerol, 420 mM

NaCl, 0.2 mM EDTA, and 1 mM DTT) supplemented with protease

inhibitor cocktail and RNase inhibitor followed by vigorous rotation

at 4°C for 30 min and centrifugation 15 min at maximum speed. The

resultant supernatant was nuclear fraction. Both cytosolic and nuclear

RNAs were extracted by Phenol-Chloroform-Isoamyl Alcohol mixture

(Sigma-Aldrich, 77618) followed by RT-qPCR analysis.

RNase R digestion

Total RNAs were isolated by TRIzol which were treated with RNase

R (10 units/lg RNA) in RNase R buffer supplemented with murine

Ribonuclease Inhibitor (New England Biolabs) at 37°C for 1 h, 3 h,

or 6 h, and followed by RT-qPCR analysis.

RNA immunoprecipitation (RIP)

RIP was performed as described previously (Jia et al, 2016). Briefly,

cells were lysed in polysome lysis buffer (100 mM KCl, 5 mM

MgCl2, 10 mM HEPES (pH 7.0), 0.5% NP-40, 1 mM DTT, and 2 mM

vanadyl-ribonucleoside complexes solution [Sigma-Aldrich, 94742])

supplemented with protease inhibitor cocktail and RNase inhibitor,

which were then subjected to IP with indicated antibody, and

followed by washing with polysome lysis buffer four times and poly-

some lysis buffer plus 1 M urea four times. RNAs was released by

adding 150 lL of polysome lysis buffer with 0.1% SDS and 45 lg
proteinase K (Ambion, AM2548) and incubated at 50°C for 30 min.

RNA extracted with phenol–chloroform–isoamyl alcohol mixture

was recovered by adding 2 ll GlycoBlue (15 mg/ml, Ambion), 36 ll
3 M sodium acetate, and 750 ll ethanol followed by incubation at

�20°C for overnight. Precipitated RNAs were washed with 70% eth-

anol, air dried, and re-suspended in RNase-free water followed by

DNase I (Promega, M6101) treatment to remove genomic DNA. The

resultant RNAs were subjected to RT-qPCR analysis.

Anti-sense or sense probe pull-down and chromatin isolation by
RNA purification (ChIRP) assay

Oligonucleotide pull-down was carried out as described previously

(Panda et al, 2017). MCF7 cells were lysed in polysome extraction

buffer (PEB, 20 mM Tris–HCl (pH 7.5), 100 mM KCl, 5 mM MgCl2,

and 0.5% NP-40) supplemented with protease inhibitor cocktail and

RNase inhibitor for 10 min on ice, and the supernatant was collected

by centrifugation for 10 min at 15,000 g at 4°C, which were then incu-

bated with 100 pM of biotin-labeled sense oligonucleotide (biotin-

CAGCTGGGCTTGAGGCCTGATC) or an anti-sense oligonucleotide

complementary to the junction sequence of circPVT1 (biotin-

GATCAGGCCTCAAGCCCAGCTG) in 1 × TENT buffer (10 mM Tris–

HCl [pH 8.0], 1 mM EDTA [pH 8.0], 250 mM NaCl, and 0.5% Triton

X-100 [v/v]) supplemented with protease inhibitor cocktail and

RNase inhibitor at 25°C for 1 h with rotation. Streptavidin-coupled

Dynabeads (Invitrogen, M280) were washed with 1 × TENT buffer

and incubated with lysates at 25°C for 30 min with rotation. After

washing the beads three times with ice-cold 1 × TENT buffer, RNA

was isolated using TRIzol, and circPVT1, PVT1, and microRNAs in

the pull-down were detected by RT-qPCR analysis. For ChIPR assay,

RNA-binding proteins were detected by immunoblotting.

Immunoblotting and immunoprecipitation

Immunoblotting analysis was performed following the protocol

described previously (Gao et al, 2018). Antibodies used are

listed as follows: Anti-ERa (Santa Cruz Biotechnology, sc-543),

anti-ACTIN (Proteintech, 66009-1-Ig), anti-TBK1 (Santa Cruz Bio-

technology, sc-52957), anti-IRF3 (Santa Cruz Biotechnology, sc-

33641), anti-p-TBK1 (Cell Signaling Technology, 5483S), anti-p-

IRF3 (Cell Signaling Technology, 4947S), anti-MAVS (Protein-

tech, 14341-1-AP), anti-STING (Cell Signaling Technology,

13647S), anti-MDA5 (Proteintech, 21775-1-AP), anti-RIGI (Cell

Signaling Technology, D14G6), anti-HA (Roche, 3F10), anti-HA

(Abcam, ab9110), anti-Flag (Sigma-Aldrich, F1804), and anti-Flag

M2 Affinity Gel (Millipore, A2220, for immunoprecipitation).

Copy number analysis

Copy number analysis was performed following the protocol

reported previously with minor modifications (Castellanos-

Rubio et al, 2016). Briefly, MCF7 cells cultured in stripping

medium for 3 days were treated with estrogen (E2, 10�7 M) for

6 h, and 1.5 × 106 cells were then used for copy number anal-

ysis. Absolute quantification was performed using 2-fold serial

dilutions of the reference standard, and Ct value from qPCR

analysis versus the dilution factor was plotted, fitting the data

to a straight line. The standard curve was used for extrapolat-

ing the number of molecules of interest.

Semidenaturing detergent agarose gel electrophoresis

Semidenaturing detergent agarose gel electrophoresis (SDD-AGE)

was performed according to a published protocol (Hou et al, 2011).

Briefly, crude mitochondria were extracted and resuspended in

sample buffer (0.5 × TBE, 10% glycerol, 2% SDS, and 0.0025%

bromophenol blue) and loaded onto 1.5% agarose gel. After elec-

trophoresis in the running buffer (1 × TBE and 0.1% SDS) for

35 min with a constant voltage of 100 V at 4°C, the proteins were

transferred to immobilon membrane for immunoblotting.

Immunohistochemistry

Immunohistochemistry assay was performed following the protocol

described previously (Shen et al, 2021).
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Statistics analysis

The comparison of two groups or data points was performed by the

two-tailed t-test. Multiple comparisons were analyzed by two-way

analysis of variance (ANOVA). P ≤ 0.05 was considered statistically

significant. Results from xenograft experiments and clinical breast

samples were analyzed by GraphPad Prism 9.

Data availability

RNA-seq data were deposited in the Gene Expression Omnibus data-

base under accession GSE220776 (http://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE220776).

Expanded View for this article is available online.
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