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1  |  INTRODUC TION

Triple-negative breast cancer is an aggressive cancer, and patients 
develop resistance to anticancer drugs, leading to poor prognosis.1,2 
One of the novel methods suggested for TNBC treatment is the acti-
vation of RLR signaling in cancer cells by transfection of RLR ligands, 
such as polyI:C, to induce tumor cell death.3-5

One of the possible difficulties of transfection-based approaches 
for cancer therapy is the limited efficiency of intracellular delivery of 
nucleic acids; the ligands might not be necessarily delivered to all 
cancer cells.6 However, cytosolic administration of RLR ligands is also 
expected to overcome this issue by affecting surrounding, untrans-
fected cells through enhanced production of IFNs.3,4 Interferons 
are a group of ligands released when cells are invaded by pathogens 
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Abstract
The activation of RIG-I-like receptor (RLR) signaling in cancer cells is widely recognized 
as a critical cancer therapy method. The expected mechanism of RLR ligand-mediated 
cancer therapy involves the promotion of cancer cell death and strong induction of 
interferon (IFN)-β that affects the tumor microenvironment. We have recently shown 
that activation of RLR signaling in triple-negative breast cancer cells (TNBC) attenu-
ates transforming growth factor-β (TGF-β) signaling, which partly contributes to the 
promotion of cancer cell pyroptosis. However, the consequences of suppression of 
TGF-β signaling by RLR ligands with respect to IFN-β-mediated tumor suppression 
are not well characterized. This study showed that transfection of a typical RLR li-
gand polyI:C in cancer cells produces significant levels of IFN-β, which inhibits the 
growth of the surrounding cancer cells. In addition, IFN-β-induced cell cycle arrest 
in surrounding cancer cells was inhibited by the expression of constitutively active 
Smad3. Constitutively active Smad3 suppresses IFN-β expression through the allevia-
tion of IFN regulatory factor 3 binding to the canonical target genes, as suggested by 
ChIP sequencing analysis. Based on these findings, a new facet of the protumorigenic 
function of TGF-β that suppresses IFN-β expression is suggested when RLR-mediated 
cancer treatment is used in TNBC.
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to activate innate and adaptive immune responses. Interferon-β is 
considered as one of the most important IFNs because IFN-β binds 
strongly to the receptors IFNAR1 and IFNAR2.7,8 After receptor 
binding, Jak2 and Tyk1 interact with the receptors, which is followed 
by phosphorylation of STAT1 and STAT2. Phosphorylated STAT1 and 
STAT2 then form a complex with IRF9 and upregulate a group of 
genes called ISGs to confront pathogens. However, the effect of 
IFN-β secreted by cancer cells through the administration of virus-
mimicking RLR ligands in the context of cancer treatment has not 
been examined in detail.

Transforming growth factor-β is one of the main contributors to 
tumor progression in TNBC. Our previous report showed that the 
transfection of polyI:C, which is a classically used RLR ligand and is 
being currently evaluated in clinical trials for cancer treatment, sup-
presses TGF-β signaling and accelerates tumor cell death.9 Our inter-
ests, therefore, expand to the question of whether polyI:C-induced 
suppression of TGF-β signaling also influences IFN-β expression and 
attenuates the functional effect of IFN-β on surrounding cancer 
cells.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

BT-549 and Hs578T cells were from ATCC and cultured in RPMI-
1640 medium (#11875; Thermo Fisher Scientific) supplemented with 
10% FBS (#SH30910.03 #10270-106; Thermo Fisher Scientific), 
50 U/mL penicillin, 50 μg/mL streptomycin, and 0.95 μg/mL (BT-549) 
or 10 μg/mL (Hs578T) insulin. The cells were maintained in a 5% CO2 
atmosphere at 37°C.

2.2  |  Statistical analysis

Welch’s t test was used to compare the two samples, and Tukey-
Kramer (for comparison of all combinations) or Dunnett tests (for 
comparison with a control) were used to compare multiple samples.

Additional materials and methods are available in Appendix S1. 
Primer sequences are available in Table S1.

3  |  RESULTS

3.1  |  PolyI:C transfection produces sufficient levels 
of IFN-β that cause inhibition of cell growth in TNBC

We first evaluated whether the IFN-β ligand activates the IFN path-
way in BT-549, a TNBC cell line. We found that the ng/mL-order 
of IFN-β is sufficient to phosphorylate STAT1, which is a down-
stream phosphorylation target of the IFN-β receptors in BT-549 
cells (Figure  1A). We next analyzed the biological effect of IFN-β 
and found that 3 or 4  days of stimulation with IFN-β suppressed 

the proliferation of BT-549 cells (Figure  1B). This might be par-
tially mediated by the induction of CDKN1A, as previously reported 
(Figure 1C).10,11 We next examined whether transfection of polyI:C 
induces the secretion of IFN-β from BT-549 cells at a functional 
level. Less than 10 pg/mL IFN-β was secreted by mock transfection 
conditions, whereas approximately 1  ng/mL IFN-β was secreted 
after 6 hours of polyI:C transfection, and more than 3 ng/mL was 
secreted after 24 hours, both of which were sufficient to activate 
the IFN-β pathway and phosphorylate STAT1 (Figure 1D). These re-
sults suggest that polyI:C transfection produces sufficient levels of 
IFN-β, which can possibly lead to growth inhibition of surrounding 
cancer cells.

3.2  |  PolyI:C-induced suppression of TGF-β 
signaling further escalates IFN-β production

We previously reported that polyI:C transfection in TNBC in-
hibited TGF-β signaling through attenuation of Smad3 phospho-
rylation, and this suppression promoted tumor cell death.9 The 
next question is whether polyI:C-induced attenuation of TGF-β 
signaling also accelerates IFN-β production, which is also one of 
the major expected benefits of RLR ligands for cancer therapy. 
To inhibit the exhaustion of TGF-β signaling by polyI:C transfec-
tion, we used BT-549 cells stably expressing caSmad3 (BT-549-
caSmad3 cells) with upregulated expression of a target gene of 
TGF-β, PMEPA1 (Figure  S1A). We used BT-549 cells stably ex-
pressing HA (BT-549-HA cells) as a control. PolyI:C transfection 
in BT-549-caSmad3 cells significantly suppressed the mRNA ex-
pression of IFNB1 (Figure  2A) and the early phase of IFN-β pro-
duction (Figure 2B), although the decrease in IFN-β production by 
caSmad3 was minimal after 24  hours of polyI:C transfection. In 
agreement with the result of caSmad3 expression, pretreatment of 
the cells with TGF-β, instead of caSmad3 expression, also partially 
attenuated the induction of IFNB1 (Figure  S1B). To test whether 
coculturing polyI:C-transfected cells with intact cells alleviated the 
proliferation of intact cells, we used a coculture system and evalu-
ated the cell growth of intact cells by staining with crystal violet 
(Figure  2C, upper panels). By coculture with polyI:C-transfected 
BT-549-HA cells, the growth of parental BT-549 cells was signifi-
cantly attenuated, suggesting that factors including IFN-β secreted 
from BT-549-HA cells triggered growth inhibition of the surround-
ing, untransfected cells. In contrast, the inhibitory effect was not 
significant when polyI:C was transfected into BT-549-caSmad3 
cells (Figure 2C, lower panels, and 2D).

Interferon regulatory factor 3 is one of the critical transcription 
factors that contribute to the induction of IFN-β during the early 
response to viral infection.12 Thus, we evaluated the transcriptional 
activity of IRF3 using a luciferase reporter vector, PRDIII-I, which 
contains IRF3 binding sites upstream of the IFNB1 gene locus.13 The 
caSmad3 expression in BT-549 cells significantly attenuated the 
activity of 3× (PRDIII-I)-Luc, suggesting that the function of IRF3 
is impaired by caSmad3 in BT-549-caSmad3 cells (Figure 2E). This 
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is supported by the finding that upregulation of ISG15 by polyI:C, 
which is also a target of IRF3,14 was alleviated in BT-549-caSmad3 
cells (Figure S1C), and also partially attenuated by TGF-β pretreat-
ment in parental BT-549 cells (Figure S1D).

We then confirmed our findings by using another TNBC cell 
line, Hs578T. Hs578T cells were also prone to polyI:C-induced 
cell death, partly through the inhibition of TGF-β signaling, in our 
previous study.9 Hs578T cells stably expressing either caSmad3 
(Hs578T-caSmad3) or HA (Hs578T-HA) were established, and we 
found that caSmad3 expression in Hs578T cells inhibited IFNB1 
induction by polyI:C (Figure 2F). We also used another experimen-
tal setting to evaluate the effect of polyI:C-induced secreted fac-
tor(s) on the cell proliferation of untransfected cells by collecting 
conditioned media from Hs578T-caSmad3 and Hs578T-HA cells. 
Similar to the result of the coculture of BT-549-caSmad3 cells, 
conditioned media from Hs578T-caSmad3 cells partly inhibited 
the cytostatic effect of polyI:C (Figure 2G). Xu et al15 previously 
revealed the polyI:C-induced suppression of Smad signaling in sev-
eral types of cells. To know whether the expression of IFNB1 by 
polyI:C is also affected by TGF-β in other types of cancer, we eval-
uated HepG2 based on their findings. Unlike BT-549 and Hs578T 
cells, IFNB1 expression in HepG2 cells was not inhibited, but 
rather induced by TGF-β (Figure S1E), suggesting cell type-specific 
regulatory mechanisms.

These results indicate that suppression of TGF-β signaling by 
polyI:C promotes IFN-β secretion, which results from the enhanced 

IRF3 function through suppression of TGF-β signaling in BT-549 and 
Hs578T cells.

We next examined the effect of neutralizing Abs against IFN-β on 
cell proliferation. Coculturing of nontransfected cells with polyI:C-
transfected cells revealed that neutralizing Abs against IFN-β did not 
rescue the nontransfected cells from growth inhibition by coculture 
with polyI:C-transfected cells (Figure S2A–C), suggesting that IFN-β 
is not the only factors downstream of polyI:C to suppress cell prolif-
eration of surrounding untransfected cells. Therefore, we evaluated 
the expression of other secreted factors possibly induced by polyI:C. 
To this end, we picked up IFNA1, IFNA2, IFNA8, and IFNA17, as type I 
IFNs related to breast cancer.16-19 We also evaluated the expression 
of other type I IFNs, IFNE and IFNW1, as potential targets of IRF3 
downstream of polyI:C. The result showed, however, very weak ex-
pression of these factors and the absence of induction by polyI:C, in 
contrast to IFNB1 and a type III IFN, IFNL1 (see below; Figure S2D). 
Because there are more than 15 known type I IFNs, we then knocked 
down their common receptor, IFNAR1, to inhibit the signaling path-
way20 (Figure  S2E). BT-549 cells transfected with IFNAR1 siRNAs 
were cultured with conditioned media obtained from parental 
BT-549 cells transfected with or without polyI:C. Unfortunately, 
consistent results were not obtained between the two siRNAs tar-
geting IFNAR1 regarding the cytostatic effect of polyI:C (Figure S2F). 
Indeed, we found that IFNL1 (encoding IFN-λ1 protein), a member 
of the type III IFN family that is not generally considered to bind to 
IFNAR1 and likely caused the phosphorylation of STAT1, was also 

F I G U R E  1  PolyI:C transfection produces functional levels of interferon-β (IFN-β) to induce cytostatic effect. A, Immunoblotting analysis 
of phosphorylated signal transducer and activator of transcription 1 (STAT1) after stimulation with IFN-β in triple-negative breast cancer 
cells. Phosphorylation of STAT1 by IFN-β was detected by the phosphorylation of tyrosine-701 (Y701). BT-549 cells were stimulated 
with the indicated concentrations of IFN-β for 2 or 6 h, and the lysed cells were analyzed by immunoblotting (IB). A representative of two 
independent experiments is shown. B, Effect of IFN-β on cell growth in BT-549 cells. BT-549 cells were stimulated with IFN-β (10 ng/mL) 
on day 0, and the cells were collected and enumerated by Trypan blue staining after 3 or 4 d of culture. Data were obtained from three 
independent experiments. *P < .05, **P < .01, Welch’s t test. C, Quantitative RT-PCR analysis of CDKN1A (encoding p21 protein) in IFN-β-
stimulated BT-549 cells. BT-549 cells were stimulated with IFN-β (10 ng/mL) for 6 or 24 h, or left untreated. Data were normalized to TBP 
expression. Data were obtained from three independent experiments (shown in red, blue, and green). D, ELISA of secreted IFN-β after 
transfection of polyI:C. BT-549 cells were transfected with polyI:C (1 μg/mL), and the culture supernatant was collected after 6 or 24 h of 
transfection. Data were obtained from three independent experiments
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strongly induced by polyI:C transfection and suppressed by caSmad3 
(Figure S2D,G). Based on the findings that IFN-β protein is expressed 
at a sufficient level to inhibit cell proliferation (Figure 1A,B,D), IFN-β 
is at least the representative type I IFN induced by polyI:C in BT-549 
cells, and other secreted factors such as IFN-λ1 contribute to the 
tumor-suppressive potential of polyI:C transfection.

3.3  |  Chromatin immunoprecipitation sequencing 
analysis elucidates the genome-wide IRF3 regulation 
in BT-549-caSmad3 cells

The above results suggested that the function of IRF3 was attenu-
ated in caSmad3-expressing BT-549 cells. However, we previously 
failed to find a significant difference in phosphorylation of IRF3 
Ser386 between BT-549-HA cells and BT-549-caSmad3 cells after 
18  hours of polyI:C transfection.9 Therefore, we undertook ChIP 
analyses of IRF3 and Smad3 binding to DNA in BT549-HA or BT-
549-caSmad3 cells. We first undertook ChIP-qPCR, and found that 
the most remarkable binding of IRF3 to the regulatory region of 
IFNB1 and ISG15 was observed after 2-4 hours of polyI:C transfec-
tion (Figure 3A).

Chromatin immunoprecipitation sequencing was then carried 
out by an established method21,22 to determine the genome-wide 
distribution of IRF3 and Smad3 in BT-549-HA and BT-549-caSmad3 
cells (Figure 3B). The effect of polyI:C on Smad3 binding was evalu-
ated by comparing ChIP-seq data of BT-549-HA cells with or with-
out polyI:C transfection (Figure S3A). The number of Smad3 binding 
regions was increased in caSmad3-expressing cells, suggesting 
a relatively weak strength of the Smad3 signaling pathway in the 
BT-549-HA cells (Figure  S3B). De novo motif analysis of the IRF3 
binding regions in BT-549-HA cells showed that the IRF binding site 
was the most significant motif, suggesting the validity of the data 
(Figure 3C).

The number of IRF3 binding regions was increased in BT-549-
caSmad3 cells (Figure 3D). However, a comparison of the IRF3 and 
Smad3 binding regions in BT-549-HA and BT-549-Smad3 showed 

that only 1266 and 1841 IRF3 binding regions were shared with 
Smad3, respectively (Figure  3E). We found that IRF3 binding at 
known target gene loci, such as ISG15, IFIT1, and IFNB1, was strongly 
downregulated in BT-549-caSmad3 cells (Figure 3F). Notably, signif-
icant Smad3 binding was not observed at these loci. In contrast, the 
IRF3 binding strength was not inhibited at the ID1 locus, a known 
target of Smad3 (Figure S3C, left). As a negative control, we did not 
identify significant IRF3 or Smad3 binding regions at the HBB locus 
(Figure S3C, right).

We further analyzed the ChIP-seq data to determine the char-
acteristics of IRF3 binding regions specific to either BT-549-HA or 
BT-549-caSmad3 cells. In the BT-549-HA cell-specific IRF3 binding 
regions, motif analysis again showed significant IRF3 binding motif 
enrichment (Figure 4A). The IRF3 binding motifs were enriched in 
the peak summit of the binding regions (Figure 4B), whereas motifs 
identified in the IRF3 binding regions found in both cells (BT-549-HA 
and BT-549-caSmad3) or those specific to BT-549-caSmad3 cells did 
not show notable features (Figure S4A,B). Nor did we find an IRF3 
binding motif in the Smad3 binding regions in BT-549-caSmad3 cells 
(Figure S4C). Gene ontology analysis of IRF3 binding regions spe-
cific to BT-549-HA cells showed enrichment of IFN signaling-related 
ontologies (Figures 4C,D and S5A,B). Many of the well-known tar-
gets of IRF3 were included in this group (Figure 3F). Interestingly, 
the IRF3-bound genes common to both BT-549-HA and BT-549-
caSmad3 cells and those specific to BT-549-caSmad3 cells are not 
widely accepted as canonical targets of IFN signaling (Figure S5C–F). 
The IRF3 and Smad3 binding signals flanking the peak summits of all 
IRF3 binding regions (union of the IRF3 binding regions in both BT-
549-HA and BT-549-caSmad3 cells) were then visualized (Figure 4E). 
The IRF3 binding signals were downregulated in BT-549-caSmad3 
cells compared to BT-549-HA cells in the IRF3 binding regions spe-
cific to BT-549-HA cells at the genome-wide level, which was in 
agreement with the data at IFNB1, ISG15, and IFIT1 loci (Figure 3F). 
In contrast, this inhibitory effect of caSmad3 expression was not 
observed in IRF3 binding regions specific to BT-549-caSmad3 
cells or in the binding regions common to BT-549-HA and BT-549-
caSmad3 cells. The frequency of Smad3-cobinding was 9.7% in the 

F I G U R E  2  Constitutively active Smad3 (caSmad3) suppresses interferon-β (IFN-β) expression induced by polyI:C transfection. A, 
Quantitative RT-PCR analysis of IFNB1 (encoding IFN-β) in BT-549-HA and BT-549-caSmad3 cells transfected with polyI:C. Cells were 
transfected with polyI:C (1 μg/mL), and total RNA was collected after 6 h of transfection. Data were obtained from three independent 
experiments. B, ELISA of the secreted IFN-β after transfection of polyI:C. BT-549-HA or BT-549-caSmad3 cells were transfected with 
polyI:C (1 μg/mL) and the culture supernatant was collected after 6 or 24 h of transfection. Data were obtained from four independent 
experiments. C, D, Effect of caSmad3-induced suppression of IFN-β on the growth of cocultured BT-549 cells. BT-549-HA or BT-549-
caSmad3 cells were transfected with polyI:C (1 μg/mL). The culture medium was changed to remove polyI:C 6 h after transfection, and 
parental BT-549 cells were seeded on the cell culture insert (C, top panels). After 4 d of coculture, parental cells were fixed and stained with 
crystal violet. Representative images of cocultured cells under each condition (C, bottom panels). Percent coverage of cocultured cells on the 
cell culture insert (D). Data were obtained from three independent experiments. E, Interferon regulatory factor 3-responsive luciferase assay 
after transfection of polyI:C in BT-549-HA or BT-549-caSmad3 cells. 3× (PRDIII-I)-Luc derived from the IFNB1 promoter and CMV-Renilla 
vectors were transfected into BT-549-HA or BT-549-caSmad3 cells. After 18 h of reporter transfection, cells were transfected with polyI:C 
and incubated for 6 h. Data were obtained from five independent experiments. F, Expression of IFNB1 in Hs578T cells stably expressing 
caSmad3 (Hs578T-caSmad3) or HA (Hs578T-HA). Total RNA was collected 6 h after transfection with polyI:C as in (A). Data were obtained 
from four (HA) or five (caSmad3) biological replicates. G, Effect of caSmad3 expression on the secreted factors from Hs578T cells related to 
cellular proliferation. Parental Hs578T cells were cultured with the conditioned media obtained from the Hs578T-caSmad3 or Hs578T-HA 
cells transfected with or without polyI:C for 3 d, and cell numbers were counted. Data were obtained from four biological replicates. Error 
bars, SD. *P < .05, **P < .01, ***P < .001, Tukey-Kramer test. n.s., not significant
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IRF3 binding regions specific to BT-549-HA cells, whereas it was as 
high as 35.1% in the common IRF3 binding regions. We validated the 
downregulation of IRF3 binding in BT-549-caSmad3 cells through 
ChIP-qPCR (Figure 4F).

We then established BT-549 cells with Smad3 gene inactivation 
to evaluate the contribution of the endogenous signaling pathway 

to inhibit polyI:C-induced IFNB1 expression and cytostasis. Of note, 
Smad3 was phosphorylated at baseline in both BT-549 and Hs578T 
cells,9 but too weak to detect, depending on the experimental con-
dition (Figure  5A). Stable Smad3 gene inactivation was achieved 
by lentivirus-based gRNA expression (Figure  5A). We found an 
enhancement of polyI:C-induced transcriptional activity of the 3× 

F I G U R E  3  Chromatin immunoprecipitation sequencing (ChIP-seq) analysis of interferon regulatory factor 3 (IRF3) and Smad3 in BT-549-
HA and BT-549-constitutively active Smad3 (caSmad3) cells. A, ChIP-quantitative PCR analysis of IRF3 in polyI:C-transfected BT-549 cells. 
Cells were fixed after 2, 4, and 6 h of transfection. Percent input of immunoprecipitated DNA around indicated gene loci is shown. Binding 
of IRF3 to the SOBP locus served as a control. B, ChIP-seq analysis identified IRF3 and Smad3-binding regions in BT-549-HA and BT-549-
caSmad3 cells. After 4 h of transfection with polyI:C, the cells were fixed and harvested, and anti-IRF3 ChIP-seq analyses were carried out in 
BT-549-HA and BT-549-caSmad3 cells. To compare the IRF3 ChIP-seq data with Smad3 ChIP-seq data in BT-549-caSmad3 cells, anti-Smad3 
ChIP-seq data were obtained from transforming growth factor-β-treated (1.5 h) BT-549-HA cells with (+) or without (−) polyI:C transfection. 
Significant binding regions were calculated from the pool of ChIP-seq data obtained from the two biological replicates. The number of 
binding regions identified is shown. C, De novo motif prediction identified the IRF binding motif in the IRF3 ChIP-seq data of BT-549-HA 
cells. The most significant motif is shown with the E-value. D, A Venn diagram showing the overlap of the IRF3 binding regions between BT-
549-HA and BT-549-caSmad3 cells. The number of cell-specific IRF3 binding regions in BT-549-HA and BT-549-caSmad3 cells was 710 and 
4770, respectively. E, Limited overlaps between IRF3 and Smad3 binding regions in BT-549-HA and BT-549-caSmad3 cells. F, Reduced IRF3 
binding in the ISG15, IFIT1, and IFNB1 loci in BT-549-caSmad3 cells (middle panel) relative to BT-549-HA cells (top panel). Significant Smad3 
binding was absent in those regions (bottom panel). Y-axis shows the values calculated by MACS2 (arbitrary units)
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F I G U R E  4  Expression of genes related to interferon signaling regulated by interferon regulatory factor 3 (IRF3) is suppressed in BT-549-
constitutively active Smad3 (caSmad3) cells. A, Results of de novo motif prediction of IRF3 binding regions specific to BT-549-HA cells. 
The known IRF3 binding motif (upper panel) and the most significant motif (bottom panel) of the IRF3 binding regions specific to BT-549-
HA cells are shown. B, Centrality analysis of the motif identified in (A). Position of the best site relative to the peak summit of each IRF3 
binding region is shown. The identified IRF3 motifs were present in 34% (239/710) of the IRF3 binding regions specific to BT-549-HA cells. 
C, D, Gene ontology analysis of IRF3-bound genes specific to BT-549-HA cells. 898 genes were analyzed using gene ontology datasets 
“BioPlanet_2019” (C) and “Reactome_2016” (D). The top six enriched ontologies (P < .05) are shown. E, Comparison of IRF3 binding regions 
between BT-549-HA and BT-549-caSmad3 cells. IRF3 binding regions (union of IRF3 binding regions of BT-549-HA and BT-549-caSmad3 
cells) were classified into three groups based on the results shown in Figure 3D. IRF3 and Smad3 binding signals of ChIP sequencing data 
relative to the peak summits of IRF3 binding regions were visualized to show their binding strength and proximity. The percentage of the 
presence of significant Smad3 binding regions in each group is also shown. F, ChIP-quantitative PCR analysis of IRF3 in polyI:C-transfected 
BT-549-HA or BT-549-caSmad3 cells. The percent input of immunoprecipitated DNA around the indicated gene locus is shown. The graph 
shows the results of two independent experiments. ChIP samples obtained prior to library preparation for ChIP sequencing were used
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(PRDIII-I)-Luc reporter (Figure 5B) and IFNB1 expression (Figure 5C) 
by Smad3 gene inactivation. By collecting the conditioned media 
from the culture of Smad3 gRNA-expressing cells after polyI:C 
transfection, the cytostatic effect of polyI:C was also enhanced 
(Figure 5D). To determine whether the Smad3 gene inactivation en-
hances genome-wide IRF3 binding, we additionally acquired ChIP-
seq data of control or Smad3 gRNA expressing cells. However, the 
results suggested that loss of Smad3 expression only minimally 
changed the distribution of IRF3 binding regions on the genome 
(Figure S6A). Even when focusing on the BT-549-HA-specific IRF3 
binding regions identified in Figures 3F and 4E, the effect of Smad3 
gene inactivation was not observed by the attempt to quantify the 
ChIP-seq data (Figure S6B,C). The ChIP-qPCR analysis of IRF3 bind-
ing regions also suggested the absence of statistically significant up-
regulation by Smad3 gRNAs (Figure S6D). Therefore, we concluded 
that the residual endogenous Smad signaling after the suppression 
by polyI:C transfection is not enough to show detectable levels of 
changes in the IRF3 binding strength by ChIP experiments.

The above results suggested that the canonical target genes 
of the IFN signaling regulated by IRF3 were inhibited by Smad 

signaling in TNBC cells, which was efficiently suppressed by polyI:C 
in the present in vitro culture condition. Because TGF-β signaling 
is activated in some of the TNBC tumors in vivo,9,23,24 the pres-
ent findings suggest the importance of considering the activation 
of this signaling pathway for the selection of patients to treat with 
polyI:C.

4  |  DISCUSSION

In the present study, we showed that polyI:C-transfected BT-549 
cells released functional levels of IFN-β, which suppressed the 
growth of even nontransfected cells. It was also suggested that 
polyI:C-induced suppression of TGF-β signaling further promoted 
IFN-β secretion and growth inhibition. The mechanism of caSmad3-
mediated reduction of IFN-β levels is associated with the alleviation 
of IRF3 function, possibly through the inhibition of IRF3 binding to 
the canonical target gene loci (Figure  6). The present findings re-
vealed a mechanism of action of polyI:C in cancer cells, in addition 
to its propyroptotic function.9 Importantly, the cytostatic effect 

F I G U R E  5  Effect of Smad3 gene inactivation on IFNB1 expression and cellular response to polyI:C transfection. A, Immunoblotting for 
evaluation of Smad3 gene inactivation. BT-549 cells infected with lentiviruses expressing Smad3 or control (NC) guide RNAs (gRNAs) were 
stimulated with 1 μg/mL transforming growth factor-β (TGF-β) for 4 h. Smad3 gRNA-infected samples were prepared as biological duplicates 
(lanes 3 and 4 for Smad3 gRNA #1; lanes 5 and 6 for gRNA #2). Two blotted membranes were prepared to detect different antigens. 
*Nonspecific band. B, Interferon regulatory factor 3 (IRF3)-responsive luciferase assay using 3× (PRDIII-I)-Luc in polyI:C-transfected BT-549 
cells with Smad3 gene inactivation. After 24 h of the reporter transfection, cells were transfected with 1 μg/mL polyI:C and incubated for 
6 h. Data were obtained from four biological replicates and normalized to the relative luciferase activities (firefly/Renilla) without polyI:C 
transfection. C, Quantitative RT-PCR of IFNB1 in Smad3 gene-inactivated BT-549 cells. Cells infected with gRNAs were transfected with 
1 μg/mL polyI:C and incubated for the indicated times. Data were obtained as biological duplicates. D, Proliferation of BT-549 cells cultured 
with conditioned media prepared from gRNA-expressing cells. BT-549 cells were seeded on a 24-well plate (1 × 104 cells/well). Medium was 
replaced with the conditioned media on the next day and incubated for 4 d. Data were obtained from the three biological replicates and 
normalized to the cell numbers of respective gRNA-expressing cells without polyI:C transfection. Error bars, SD. *P < .05, Dunnett’s test
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through IFN-β can address the limited intracellular delivery rate of 
polyI:C, a common problem related to the nature of the transfection-
based method. In the case of in vivo tumor, cancer cell heterogeneity 
could also potentially contribute to the reduced intracellular drug 
delivery rate by transfection.

Interferon has long attracted attention as an antitumor drug, 
such as for renal cancer treatment.11,25 We showed that polyI:C-
induced IFN-β suppressed the proliferation of surrounding cancer 
cells. However, the present observation using the neutralizing Abs 
against IFN-β suggested the importance of other simultaneously se-
creted factors (Figure S2A–C). Strong induction of IFNL1 (encoding 
IFN-λ1 protein), a member of the type III IFN family, by polyI:C trans-
fection is a possible factor for this process (Figure S2G).

In addition, lower-dose treatment with IFN-β (100  U, approxi-
mately 0.1 ng/mL) in TNBC has been reported to inhibit cancer stem 
cell traits or mesenchymal phenotype.26,27 Therefore, the effect of 
polyI:C-induced IFN-β on these properties should also be examined 
in the future.

Many previous reports have revealed that TGF-β signaling and 
IFN signaling cross-talk with each other in immune systems. For 
example, while IFN activates the host immune system to prevent 
damage from viral infection, TGF-β suppresses the overactivation 
of the immune reaction or is associated with the convergence of 
the immune response.28 Interferon and TGF-β signaling mutually 
interfere with various strata. Interferon-γ induces Smad7 to in-
hibit TGF-β signaling.29 In contrast, TGF-β suppresses the produc-
tion of IFN-γ in CD4+ T cells by reducing the expression of TBET 
and STAT4 to dampen the immune reaction.30,31 More importantly, 
activation of IRF3 by the RLR ligand suppresses the phosphory-
lation of Smad3 to attenuate regulatory T cell differentiation15 or 

cancer cell pyroptosis,9 which is based on the conformity of domains 
close to the C-termini of IRF3 and Smad3 necessary for molecular 
interaction.32,33

This study suggests the suppression of IRF3 function by TGF-β 
signaling. Although the transcriptional activity of IRF3 is reduced in 
caSmad3-expressing BT-549 cells, as shown by luciferase assay or 
ChIP-seq analysis, it is notable that it might not be the regulation 
of phosphorylation of the Ser386 residue of IRF3 that is crucial for 
IRF3 activation.34 In addition, it is not probable that Smad3 directly 
binds to DNA and suppresses IRF3 function because not many 
peaks of IRF3 ChIP-seq specific to BT-549-HA cells were occupied 
by Smad3 (Figure 4E). It is possible that activated Smad3 directly or 
indirectly alleviates the function of IRF3, such as through posttrans-
lational levels or regulation of nuclear translocation. Smad3 might 
also be redirecting the distribution of IRF3 from canonical targets 
to other targets, where Smad3 and IRF3 colocalize and regulate the 
expression of other target genes. Although further studies will be 
needed, uncovering these mechanisms could explain the antiimmu-
nological function of TGF-β and highlight the therapeutic targets of 
various diseases, including cancer.
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