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Abstract

Background Circular RNAs (circRNAs) have important regulatory functions in cancer, but the role of circRNAs in the
tumor microenvironment (TME) remains unclear. Moreover, we also explore the effects of si-circRNAs loaded in nano-
particles as therapeutic agent for anti-tumor in vivo.

Methods We conducted bioinformatics analysis, gRT-PCR, EdU assays, Transwell assays, co-culture system and mul-
tiple orthotopic xenograft models to investigate the expression and function of circRNAs. Additionally, PLGA-based
nanoparticles loaded with si-circRNAs were used to evaluate the potential of nanotherapeutic strategy in anti-tumor
response.

Results We identified oncogene SERPINE2 derived circRNA, named as cSERPINE2, which was notably elevated in
breast cancer and was closely related to poor clinical outcome. Functionally, tumor exosomal cSERPINE2 was shut-
tled to tumor associated macrophages (TAMs) and enhanced the secretion of Interleukin-6 (IL-6), leading to increased
proliferation and invasion of breast cancer cells. Furthermore, IL-6 in turn increased the EIF4A3 and CCL2 levels within
tumor cells in a positive feedback mechanism, further enhancing tumor cSERPINE2 biogenesis and promoting the
recruitment of TAMs. More importantly, we developed a PLGA-based nanoparticle loaded with si-cSERPINE2, which
effectively attenuated breast cancer progression in vivo.

Conclusions Our study illustrates a novel mechanism that tumor exosomal cSERPINE2 mediates a positive feedback
loop between tumor cells and TAMs to promote cancer progression, which may serve as a promising nanotherapeutic
strategy for the treatment of breast cancer.
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Background

Globally, breast cancer affects more women than any
other type of cancer and is the leading cause of cancer-
related death for women [1, 2]. Although active surgery
combined with radiotherapy, chemotherapy and hor-
mone therapy have achieved benefits, the treatment
efficacy is still limited for some breast cancer patients
[3]. The advent of targeted therapy has transformed
the concept of cancer treatments, where both early and
advanced breast cancer can be targeted by specific pro-
teins or genes to improve clinical outcomes [4]. Hence,
more novel targets are urgently needed to be discov-
ered to optimize current therapies and address acquired
resistance.

The tumor microenvironment (TME) is an essen-
tial precondition for the occurrence and progression
of tumor [5-7]. As one of the most abundant stromal
cell types in the TME, tumor-associated macrophages
(TAMs) function in response to various microenviron-
mental signals [8]. For example, colorectal cancer cell-
conditioned macrophages are characterized by a mixed
M1/M2 phenotype and regulate the EMT program to
enhance tumor cell migration and invasion [9]. However,
the crosstalk between TAMs and cancer cells is extremely
sophisticated. Accordingly, exploring pivotal mecha-
nisms underlying the communication between TAM:s
and cancer cells may aid in the development of effective
treatment strategies to improve the outcome of breast
cancer patients.

Extracellular vesicles (EVs) are composed of lipid
bilayer membrane-enclosed particles released from most
cell types. They are classified into small EVs (<200 nm
in diameter), medium/large EVs(>200 nm) based on
the different sizes and the mode of biogenesis pathways,
termed exosomes, microvesicles, microparticles, ecto-
somes, oncosomes, apoptotic bodies according to the
International Society for Extracellular Vesicles (ISEV)
[10]. But exosomes which are originated from the endo-
somal compartment, are membrane-enclosed vesicls
30 nm-150 nm in diameter referred to as small EVs [11].
Exosomes contain abundant bioactive molecules, includ-
ing nucleotides, metabolites and lipids from their paren-
tal cells [10]. Increasing evidences have established that
exosomes function as intercellular mediators by transfer-
ring functional cargoes to, or engage membrane recep-
tor-mediated signaling in recipient cells [12]. Moreover,
recent studies suggest that circRNAs can be encapsulated
within exosomes to regulate tumor growth, angiogenesis
and metastasis, indicating that TME may be affected by
exosomal circRNAs [13, 14].

Serpin family E member 2 (SERPINE2), belonging to
the serine protease inhibitor superfamily, usually func-
tions as a secreted protein with anti-serine protease
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activity against thrombin, urokinase and plasminogen
[15]. Moreover, SERPINE?2 is involved in the progres-
sion of multiple cancers [15-20]. For instance, SERPINE2
overexpression promoted the metastasis of breast cancer
by remodeling the tumor matrix [19]. Nevertheless, the
current explorations of SERPINE2 cannot fully illustrate
the diversity of its involvement in tumor development.
Therefore, elucidation of the function of circRNAs aris-
ing from SERPINE2 is urgently needed.

Herein, we shown that SERPINE2-derived hsa_
circ_0001103 (cSERPINE2) was notably elevated in
breast cancer and was associated with poor clinical out-
come. Interestingly, we found that cSERPINE2 reshaped
the breast cancer immune microenvironment in vivo
but had no effect on biological functions of tumor cells
in vitro. Mechanistically, tumor exosomal cSERPINE2
was shuttled to TAMs and notably elevated MALT1 lev-
els, enhancing the secretion of Interleukin-6 (IL-6) by
activating the NF«B pathway and leading to increased
proliferation and invasion of breast cancer cells. More
importantly, IL-6 in turn increased the EIF4A3 and CCL2
levels within tumor cells in a positive feedback mecha-
nism, further enhancing tumor cSERPINE2 biogenesis
and promoting the recruitment of TAMs. Moreover,
the PLGA-based si-cSERPINE2 nanoparticles effectively
attenuated breast cancer progression in vivo. Taken
together, our study illustrates that tumor exosomal cSER-
PINE2 mediates a positive feedback loop between tumor
cells and TAMs to promote cancer progression, which
may serve as a promising nanotherapeutic strategy for
the treatment of breast cancer.

Methods
Patient and tissue samples
Breast cancer tissues were obtained from surgical speci-
men archives of 136 patients from the First Affiliated
Hospital of Gannan Medical University, between 2009
and 2012. The inclusion criteria of patients were as fol-
low: i) Female; ii) Diagnosed as breast cancer by patho-
logical confirmation; iii) No adjuvant treatment including
chemotherapy, radiotherapy, hormone therapy or immu-
notherapy before surgery; iv) Complete clinical and
pathological data. The patients had the exclusion criteria
as follows: i) Male; ii) Combined with other tumors and
serious diseases; iii) incomplete clinical and pathological
data. Frozen tissues were used for quantitative reverse
transcription PCR (qRT-PCR) analyses, while paraffin-
embedded tissues were used for FISH and IHC analyses.
All samples were collected from patients with informed
consent, and all related procedures were performed
with the approval of the internal review and ethics
boards of the First Affiliated Hospital of Gannan Medi-
cal University. The study was compliant with all relevant
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ethical regulations regarding research involving human
participants.

Exosome isolation, quantification and characterization
When equal cell numbers of tumor cells (MCF-7 and
EO771 cells) were seeded and reached 70% confluency in
150 mm culture dishes, cells were washed with PBS and
cultured in exosome-depleted media to isolate exosomes
after 48—72 h of further culture as previously described
[14, 21]. Briefly, equal volume of conditioned media were
collected and centrifuged at 3000 rpm for 10 min, fol-
lowed by a centrifugation step of 10,000 x g for 30 min at
4°C to remove cellular debris. Subsequently, the superna-
tant was filtered through a 0.22- um filter. Exosomes were
ultracentrifuged at 100,000 x g for 90 min and resolved in
100 pl PBS.

For exosomes protein quantification, we used
10 x RIPA buffer to lyse exsomes. Then, micro BCA Pro-
tein Assay Reagent Kit (Cat#23,235, Invitrogen, USA)
were used to quantificate the protein concentration of
lysed exosomes. Additionally, exosomes were examined
by electron microscopy using negative staining, and
quantified using a NanoSight NS300 instrument (Mal-
vern Instruments) equipped with NTA 3.0 analytical
software.

Animal studies and in vivo imaging

The animal study procedures were approved by the
Animal Care and Use Committee of Sun Yat-sen Uni-
versity. 4—6 weeks-old female C57BL/6, CsfI°”’’’ and
corresponding wide-type mice were randomized to each
experimental group. For orthotopic transplantations, 10°
EO771 cells transduced with lentivirus carrying control
or cSERPINE2 shRNA and with or without cSERPINE2
overexpression were resuspended in 100yl of PBS and
injected into the fourth mammary fat pads on one flank
of the mice.

In some experiments, intraperitoneal injection was
performed with 200pg of IL-6 antibody or control IgG
antibody three times per week as previously described
[22]. For the exosome injection mouse breast cancer
model, exosomes obtained from cells with a dose of
approximately 10'® were resuspended in 100ul PBS per
mouse, which was injected into mice every 3 days as pre-
viously described [23, 24].

The tumor volumes were calculated by the formula:
volume = width? x length/2. The maximum permitted
tumor diameter of 20 mm in any dimension was never
exceeded. We recorded the tumor volumes every 3 days.
Additionally, mouse tumor burden was monitored by
weekly bioluminescence imaging using the IVIS-200
Lumina Imaging System (Xenogen). Lung metastatic
lesions were confirmed by histological analysis.
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Additional methods information can be found in Sup-
plementary Materials.

Results
Identification analysis of a novel circular RNA generated
from the SERPINE2 gene
A number of host genes of circRNAs play oncogenic
roles in tumorigenesis, but it remains unclear whether
oncogenes-derived circRNAs affect cancer progres-
sion. Given that SERPINE2 overexpression programmed
breast cancer cells for vascular mimicry and contrib-
uted to distant metastasis [20], we wondered whether
SERPINE2-derived circRNAs exerted influence on
breast cancer progression. We first analyzed the expres-
sion of 8 SERPINE2-derived circRNAs in breast cancer
and found that only hsa_circ_0001103 (cSERPINE2) was
substantially upregulated (Fig. 1a, b). Consistently, the
expression of cSERPINE2 was much higher in breast can-
cer tissues than in paired adjacent tissues in our cohort
(Fig. 1c). Subsequently, we explored the relationship
between cSERPINE2 expression and the clinicopatho-
logical characteristics of 136 breast cancer patients and
found that cSERPINE2 might participate in the progres-
sion of breast cancer (Supplementary Table S1). Notably,
breast cancer patients with larger tumor sizes and lymph
node metastasis exhibited higher expression of cSER-
PINE2 (Fig. 1d, e). Moreover, Kaplan—Meier survival
analysis revealed that breast cancer patients with higher
cSERPINE2 expression exhibited shorter overall survival
(OS) and recurrence-free survival (RFS) than those with
lower cSERPINE2 expression (Fig. 1f). Additional Cox
proportional hazards regression models suggested that
upregulated cSERPINE2 expression was an independ-
ent prognostic indicator for OS and RFS in breast cancer
patients (Supplementary Table S2 and S3).

cSERPINE2, derived from exon 2 and exon 3 of the
SERPINE2 gene, formed a circular transcript of 509 nt
(Fig. 1g). We investigated the expression of cSERPINE2 in
breast cancer cell lines and normal breast cell line MCF-
10A and found that cSERPINE2 was significantly upreg-
ulated in breast cancer cell lines (Supplementary Fig.
Sla). For further characterization of cCSERPINE2, RNase
R treatment and half-life assay consistently showed that
c¢SERPINE2 was much more stable than the linear tran-
script of SERPINE2 in MCF-7 and MDA-MB-468 cells
(Supplementary Fig. S1b, c). Subsequent cell fractiona-
tion and fluorescent in situ hybridization (FISH) assays
showed that cSERPINE2 was predominantly localized
in the cytoplasm (Supplementary Fig. S1d, Fig. 1h). Col-
lectively, these data suggest that cSERPINE?2 is frequently
upregulated in breast cancer, and it could serve as a
potential indicator for unfavorable prognosis.
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Fig. 1 Analysis of SERPINE2-derived circRNAs in breast cancer. a Volcano plot showing the differentially expressed circRNAs in breast cancer tissues
compared to matched adjacent tissues in GSE182471 dataset. b Venn diagram showing the intersection of differentially expressed circRNAs in
GSE182471 dataset and SERPINE2-derived circRNAs. ¢ The relative expression of cSERPINE2 in breast cancer tissues and matched adjacent tissues
(n=18).d, e 136 breast cancer patients were divided into different groups according to tumor size or lymph node metastasis status. The diagram
showing cSERPINE2 expression in each group. f Kaplan—-Meier analysis of the OS and RFS of breast cancer patients according to cSERPINE2
expression. g Diagram illustrating back-splicing of cSERPINE2 from the host gene SERPINE2. h Representative images of FISH analysis of cSERPINE2
in MCF-7 and MDA-MB-468 cells. Scale bar, 5 um. i The relative expression of cSERPINE2 in MDA-MB-468 cells after knocking down DHX9, QKI,
ADAR-1, EIF4A3, FUS or HNRNPM. j Putative binding sites of EIF4A3 in cSERPINE2 pre-mRNA predicted by CircInteractome database (upper), and
RIP assay (lower) of interaction of EIF4A3 with cSERPINE2 pre-mRNA in MDA-MB-468 cells. The H19 IncRNA was used as the positive control. k A
schematic diagram of five fragments of cSERPINE2 pre-mRNA (upper), and RNA pull-down analysis (lower) of the interaction between EIF4A3 and
the above five fragments of cSERPINE2 pre-mRNA. | Representative images (left) of ISH analysis of cSERPINE2 expression and IHC analysis of EIF4A3
expression in breast cancer tissues, and a correlation analysis (right) between the cSERPINE2 and EIF4A3 expression. Scale bar, 50 pm. Data are
presented as the means =+ SD of three independent experiments. *P<0.05, **P < 0.01, ***P<0.001
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EIF4A3 promoted the formation of cSERPINE2 in breast
cancer

RNA-binding proteins (RBPs) participate in the bio-
synthesis of circRNA by binding to specific sequences
to regulate the back splicing of circRNAs [25, 26]. To
investigate which RBPs contributed to the formation of
cSERPINE2, we chose 6 RBPs previously reported to par-
ticipate in circRNA formation in cancers and detected
the expression of c¢SERPINE2 after knocking down
these RBPs (Supplementary Fig. Sle). Interestingly, we
found that knocking down EIF4A3 significantly inhib-
ited the expression of cSERPINE2 in MDA-MB-468
cells (Fig. 1i). Moreover, down-regulation of cSERPINE2
expression in EIF4A3 silenced cells could be restored
by ectopic reintroduction of EIF4A3, indicating that
EIF4A3 was involved in cSERPINE2 biogenesis (Supple-
mentary Fig. S1f-h). EIF4A3 is a core component of the
exon junction complex, which plays an essential role in
pre-mRNA splicing [27]. To further explore the mecha-
nisms by which EIF4A3 regulates cSERPINE2 biogenesis,
we used CircInteractome to predict EIF4A3 binding sites
and found two binding sites of EIF4A3 in the upstream
flanking intron and across the self-exon 2 region of SER-
PINE2 pre-mRNA. Subsequently, we truncated the full
length, upstream and downstream region of cSERPINE2
into four segments. RNA immunoprecipitation (RIP)
assays indicated that EIF4A3 could bind the full-length
sequence of cSERPINE2 (named “b”) and the upstream
flanking sequence (named “d”) but not the other sites (“a”
and “c”) (Fig. 1j). These results were further confirmed
by RNA pull-down assays using in vitro transcript RNA
fragments of the corresponding cSERPINE2 pre-mRNA
(Fig. 1k).

In addition, the expression of cSERPINE2 in tumor tis-
sues was positively related to the level of EIF4A3 in 27
clinical breast cancer specimens, suggesting that EIF4A3
was associated with cSERPINE2 expression (Fig. 11). Fur-
thermore, the expression of EIF4A3 was significantly
increased in breast cancer tissues compared to normal
tissues according to TCGA database analysis (Supple-
mentary Fig. S1i). Kaplan—Meier survival analyses indi-
cated that higher EIF4A3 expression was associated with
poor OS and RFS in the breast cancer Kaplan—Meier

(See figure on next page.)
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plotter database (Supplementary Fig. S1j). Taken
together, our findings suggest that EIF4A3 may facili-
tate the formation of cSERPINE2 by binding to flanking
sequences.

cSERPINE2 reshaped the immune microenvironment
in breast cancer
To further investigate the biological functions of ¢SER-
PINE2 in breast cancer cells, we constructed stable cSER-
PINE2 knockdown cell lines using short hairpin RNAs
that specifically targeted the back-splicing junction site of
c¢SERPINE2. In addition, we also successfully constructed
stable ectopic ¢cSERPINE2 overexpression cell lines by
transduction with the full-length ¢cDNA of the cSER-
PINE2 lentiviral vector. The transduction efficiency was
validated by qRT-PCR, but knocking down or overex-
pressing cSERPINE2 did not affect the level of SERPINE2
(Supplementary Fig. S2a). Unexpectedly, neither silenc-
ing nor overexpressing cSERPINE2 affected tumor cell
proliferative and invasive capacity in vitro (Supplemen-
tary Fig. S2b, c). We observed high conservation between
human and mouse cSERPINE2 through sequence align-
ment identification (Supplementary Fig. S2d). There-
fore, we further explored the role of cSERPINE2 in vivo.
Mouse cSERPINE2 was stably knocked down and over-
expressed in EO771 cells which previously labeled with
luciferase (Supplementary Fig. S2e), followed by ortho-
topic implantation into C57BL/6 mice. Contrary to
in vitro results, tumor growth was significantly inhibited
by ¢SERPINE?2 silencing and accelerated by overexpres-
sion of cSERPINE2 (Fig. 2a). Furthermore, fewer formed
lung metastases were detected following cSERPINE2
knockdown, while cSERPINE2 ectopic expression facili-
tated the occurrence of lung metastases (Fig. 2b). How-
ever, in vitro gain- and loss- of function assays showed
that ¢SERPINE2 had no effect on the proliferative and
invasive capacity of EO771 cells (Supplementary Fig. S2f,
g). The substantial difference between cSERPINE2 func-
tion in vivo and in vitro indicated that cSERPINE2 might
mainly influence the tumor immune microenvironment
rather than the tumor cells themselves.

In an analysis of the association of CD45" tumor-infil-
trating leukocytes (CD8' T cells, CD19" B cells, CD56™

Fig. 2 cSERPINE2 reshaped the immune microenvironment of breast cancer in mice. a Representative bioluminescence images (left) and
quantification (right) of cSERPINE2 silenced and overexpressed tumor cells derived orthotopic breast cancer models (n =6 mice for each group).
b Representative lung H&E images (left) and quantification of lung metastatic area (right) of cSERPINE2 silenced and overexpressed tumor cells
derived orthotopic breast cancer models (n=6 mice for each group). Scale bar, 100 um. ¢ Representative IHC staining images of CD8" T cells,
CD197" B cells, CD56™ NK cells and CD68™ macrophages in breast cancer tissues with low or high cSERPINE2 expression. Scale bar, 50 um. d
Correlation analysis of CD8 T cells, CD197 B cells, CD56" NK cell and CD68™ macrophages infiltration and the cSERPINE2 expression in 27 breast
cancer tissues. e Representative IHC staining images (left) and quantification (right) of F4/80" macrophages infiltration in mice orthotopic breast
cancer tissues. Scale bar, 50 um. f, g cSERPINE2 silenced EO771 cells were used to constructed orthotopic tumor models in the wild-type (WT) or
¢sf19P"%P mice (n=6 for each group). Tumor size was measured over time (f). Representative H&E images (left) and quantification (right) of lung
metastases (g). Scale bar, 100 um. Data are presented as the means =+ SD of three independent experiments. *P < 0.05, **P < 0.01, ***P<0.001
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NK cells and CD681 macrophages) and the cSERPINE2
level in breast cancer tissues (#=27), immunohisto-
chemistry (IHC) staining suggested that higher cSER-
PINE2 expression was notably associated with increasing
CD68" macrophages infiltration (Fig. 2c, d). Consist-
ently, F4/80% macrophages infiltration was elevated in
the cSERPINE2-overexpressing xenograft tumors but
decreased in the cSERPINE2-silenced xenograft tumors
(Fig. 2e). To further investigate the role of macrophages
in ¢SERPINE2-induced carcinogenesis, we constructed
the CsfI%’’ mice that lack macrophages with mutated
macrophage colony stimulating factor 1 (Csfl) and then
constructed orthotopic tumor xenograft models [28].
As predicted, no significant differences in tumor size
or lung metastasis formation were found in CsfI%/?
mice after transplantation of cSERINE2-silenced EO771
cells (Fig. 2f, g). Collectively, these results indicate that
¢SERPINE2 may promote breast cancer progression by
increasing TAMs infiltration.

Tumor exosomal cSERPINE2 targeted macrophages

to promote the proliferation and invasion of breast cancer
cells

To further elucidate the effects of tumor cSERPINE2 on
TAMs, we induced THP-1 monocytic cells to differenti-
ate into macrophages by stimulation with PMA for 24 h,
and these THP-1-derived macrophages (PMA-THP-1)
were further stimulated with cell-free conditioned media
(CM) from MCEF-7 cells transduced with empty vector
or cSERPINE2 overexpression vector to obtain TAMs
(TAMEV=M or TAMOE=M) (Fig. 3a). Moreover, we iso-
lated and differentiated murine bone marrow derived
macrophages (BMDMs) from C57BL/6 mice, and then
exposed them to cell-free CM collected from EO771 cells
transduced with empty vector or cSERPINE2 overexpres-
sion vector to obtain BMDMs derived TAMs (mTAMEY~
™M or mTAMOE=M), Consistent with previous studies
[9, 29], THP-1 and BMDM-derived TAMs both exhib-
ited a mixed M1/M2 phenotype, which not only showed
higher levels of the M2 markers CD163 and CD206 but
also increased the expression of proinflammatory genes,
including TNF-a, IL-1f and IL-6 (Supplementary Fig.
S3a, b). Since cSERPINE2 promoted breast cancer pro-
gression through TAMs in vivo, we constructed a cocul-
ture system in which tumor cells (MCF-7 and EO771)
were cocultured with THP-1 and BMDM derived TAMs
for 24 h, and subsequently, tumor cells were collected
for EdU staining and transwell invasion assays (Fig. 3a).
We found that the proliferative and invasive capacities
of tumor cells were obviously enhanced after cocultur-
ing with TAMs, especially coculturing with TAMF~M,
suggesting that TAMs promoted the proliferation and
invasion of tumor cells and that this promotion effect was
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enhanced by cSERPINE2 overexpression in tumor cells
(Supplementary Fig. S3c, d).

Previous studies have shown that tumor exosomal
RNAs promoted tumor progression by regulating the
interaction between tumor cells and TAMs [13, 30].
Hence, we speculated that cSERPINE2 could be shut-
tled from breast cancer cells to TAMs via exosomes and
further educated TAMs, which impacted the prolifera-
tion and invasion of tumor cells. Therefore, we collected
exosomes in CM from breast cancer cells using ultra-
centrifugation and the structure and size distribution
of enriched exosomes were analyzed by transmission
electron microscopy (TEM) and nanoparticle tracking
analysis (Fig. 3b, c). Additionally, the exosomal markers
CD63 and CD81 were detected on enriched exosomes
(Fig. 3d). More importantly, the cSERPINE2 expression
in enriched exosomes was positively related to the cor-
responding tumor cells, indicating that cSERPINE2 could
be effectively packed into exosomes (Fig. 3e). Moreo-
ver, cSERPINE2 expression was significantly increased
in TAMs, especially in TAMOE M and mTAMOE-CM,
suggesting that tumor exosomal cSERPINE2 could be
internalized by macrophages (Fig. 3f). Furthermore, we
inhibited exosome secretion of tumor cells by applying
GW4869 or depleted exosomes from CM by ultracen-
trifugation, and found that the expression of cSERPINE2
was largely decreased in TAM%F~M or mTAMOE-M
(Fig. 3f). These results indicated that cSERPINE2 could
be encapsulated into tumor exosomes and further inter-
nalized by TAMs.

To further investigate the function of tumor exoso-
mal cSERPINE2 internalized by TAMs, we stimulated
PMA-THP-1 cells and BMDMs with exosomes from
tumor cells transduced with empty vector or cSERPINE2
overexpression vector to acquire corresponding TAMs
(TAMEV/OE=Ex0 op mTAMEY/OE=Ex0) respectively. Subse-
quently, tumor exosome-induced TAMs were cocultured
with tumor cells for 24 h, and then, these tumor cells
were collected for EAU staining and transwell invasion
assays (Fig. 3a). Similar to the aforementioned results,
the proliferation and invasion of MCF-7 and EO771 cells
were notably increased after coculturing with exosome-
pulsed TAMs, especially coculturing with TAM©E-Ex
and mTAMOE~Ex° (Fig, 3g.j). Taken together, our findings
suggest that TAMs promote the proliferative and invasive
behaviors of breast cancer cells by internalizing tumor
exosomal cSERPINE2.

Tumor exosomal cSERPINE2 upregulated MALT1

expression in macrophages by sponging miR-513a-5p
Since sponging miRNAs is a major mechanism of cir-
cRNAs [31], we analyzed the CircInteractome, circBank
and StarBase online databases, and eventually identified
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Fig. 3 Tumor exosomal cSERPINE2 targeted macrophages to promote proliferation and metastasis of breast cancer cells. a THP-1 cells were

treated with PMA, followed by the treatment of CM or exosomes derived from tumor cells as indicated treatments to obtain TAMs. Then tumor

cells cocultured with these TAMs were used to subsequent experiments. b, ¢ Phenotype analysis of exosomes derived from MCF-7 and EO771 cells
using electron microscopy and NanoSight nanoparticle tracking analysis. Scale bar, 100 nm. d CD63 and CD81 expression in exosomes derived from
MCF-7 and EO771 cells were detected by Western blotting. e The relative expression of cSERPINE2 in exosomes derived from MCF-7 and EO771 cells
as indicated treatments. f The relative expression of cSERPINE2 in THP-1 or BMDM derived TAMs as indicated treatments. g-j The proliferation and
invasion of MCF-7 and EO771 cells as indicated treatments in vitro were evaluated using EdU and transwell invasion assays, respectively. Scale bar,
20 um. Data are presented as the means 4 SD of three independent experiments. *P < 0.05, **P<0.01, ***P < 0.001

3 miRNAs as possible targets of cSERPINE2 (Fig. 4a).
Moreover, we performed a circRNA pull-down assay to
identify miRNAs interacted with cSERPINE2 in TAM©E~
Ex0 and found that miR-513a-5p could be pulled down by

a biotin-labeled cSERPINE2 probe (Fig. 4b). Additionally,
the miRNA pull-down assay further confirmed obvious
enrichment of ¢cSERPINE2 using biotin-miR-513a-5p in
TAMOE=Ex (Fig, 4c). Furthermore, we constructed the
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full-length ¢SERPINE2 sequence (cSERPINE2-WT) and
cSERPINE2 sequences with mutant binding sites (cSER-
PINE2-MUT) followed by a luciferase reporter assay
(Fig. 4d). Our results demonstrated that miR-513a-5p
mimic and inhibitor significantly reduced and increased
the luciferase activity of the luciferase reporter plasmid
with ¢SERPINE2-WT respectively, while no change in
the luciferase activity of the luciferase reporter plasmid
with ¢SERPINE2-MUT was found (Fig. 4d and Supple-
mentary Fig. S4a). Moreover, FISH assay suggested that
cSERPINE2 colocalized with miR-513a-5p in the cyto-
plasm of TAMEY=5 and TAMOE~5< (Fig, 4e and Sup-
plementary Fig. S4b). These results demonstrate that
miR-513a-5p has a direct interaction with ¢cSERPINE2 in
TAMs.

To better understand the functions and mechanisms of
c¢SERPINE2 in TAMs, we analyzed TAM transcriptomes
by RNA-seq to compare differentially expressed genes
(DEGs) between TAMEY=E* and TAMOE5x° Heatmap
showed the top 200 upregulated and downregulated
genes (Supplementary Fig. S4c). KEGG analysis showed
that the upregulated genes were prominently enriched
in the NF-kB pathway (Fig. 4f). Subsequently, we used
StarBase and TargetScan to identify the potential target
genes of miR-513a-5p and overlapped the potential tar-
get genes with the 52 upregulated genes involved in the
NF-«B pathway. Finally, 7 DEGs were identified as poten-
tial targets of the cSERPINE2/miR-513a-5p axis (Fig. 4g).
Among the 7 DEGs, the miR-513a-5p in vivo pull-down
assay revealed that the relative MALT1 enrichment
bound by miR-513a-5p was prominently decreased in
TAMOEE compared to TAMEY=EX, suggesting that
increased ¢SERPINE2 prevented miR-513a-5p binding
to MALT1 (Fig. 4h). To further confirm that miR-513a-5p
interacted with MALT1, we constructed a luciferase
reporter gene containing the wild-type (WT) or mutant
(MUT) MALT1 sequences. MiR-513a-5p mimics and
inhibitor reduced and increased the luciferase activ-
ity, respectively, from 293 T cells transfected with

(See figure on next page.)
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MALT1-WT but not in MALT1-MUT group (Fig. 4i and
Supplementary Fig. S4d). Furthermore, the expression of
MALT1 was obviously upregulated in TAM©E~E*® com-
pared to TAMFV"*° and the upregulation of MALT1
was retarded by the miR-513a-5p mimic in TAMOE-Ex
cells (Fig. 4j).

The paracaspase MALT1, a key regulator of immune
responses, could induce a component of the signal-
ing pathway mediating antigen receptor-dependent
stimulation of the transcription factor NF-kB [32, 33].
Although abnormal MALT1 expression is closely asso-
ciated with lyphomagenesis and antoimmune diseases,
the function of MALT1 in breast cancer is still unclear
[34-36]. MALT1 expression has been noted in several
types of cancer, with low expression levels in breast can-
cer indexed in the Human Protein Atlas database (Sup-
plementary Fig. S4e). In our cohorts of breast cancer
patients, MALT1 expression was barely present in tumor
cells but was enriched in CD68%" TAMs in breast can-
cer tissues with high expression cSERPINE2 (Fig. 4k and
Supplementary Fig. S4f). Moreover, enforced cSERPINE2
expression had no effect on MALT1 expression in MCF-7
and EO771 cells, but obviously promoted MALT1
expression in PMA-THP-1 and BMDMs cells (Supple-
mentary Fig. S4g-h). Collectively, these results suggest
that the MALT1 levels are regulated by tumor exosomal
c¢SERPINE2 by sponging miR-513a-5p in TAMs, while
this regulatory mechanism of MALT1 is not present in
breast cancer cells.

Tumor exosomal cSERPINE2 promoted IL-6 secretion

of TAMs through activating the NF-xB pathway to enhance
breast cancer progression

We observed that the IL-6 expression was substantially
upregulated in TAM®E~“M compared to TAMEY-M,
indicating that the expression of IL-6 in TAMs may
be regulated by tumor exosomal cSERPINE2 (Supple-
mentary Fig. S3a, b). Indeed, ELISA results confirmed
that the level of IL-6 was significantly increased in the

Fig. 4 Tumor exosomal cSERPINE2 upregulated MALT1 expression in macrophages by sponging miR-513a-5p. a Identification of miRNAs that
potentially bind to cSERPINE2 based on Circinteractome, circBank and Starbase databases. b RNA pull-down assay was performed in TAMOE 5 cells
using biotinylated cSERPINE2-specific probe and control probe. The enrichment of miRNAs was detected by gRT-PCR. ¢ RNA pull-down assay was
performed in TAMPE=B cells using biotinylated miR-513a-5p probe and control probe. The enrichment of cSERPINE2 was detected by gRT-PCR.

d A schematic drawing showing the putative binding sites of miR-513a-5p in cSERPINE2 sequence, and the luciferase activity of cSERPINE2-WT

or cSERPINE2-MUT in 293 T cells after co-transfection with miR-513a-5p inhibitor. @ Representative FISH images of co-localization between
miR-513a-5p and cSERPINE2 in TAM £=5° and TAM %5=B cells. Scale bar, 10 um. f Pathway enrichment of the up-regulated genes in TAMOE-B©
according to KEGG analysis. g Venn diagram showing the intersections of up-regulated genes involved in the NF«B pathway and potential targets
of miR-513a-5p predicted by Starbase and TargetScan. h RNA pull-down assay was performed in TAMFY=5 and TAMOE =5 cells using biotinylated
miR-513a-5p probe and control probe. The enrichment of RNAs was detected by gRT-PCR. i A schematic drawing showing the putative binding
sites of miR-513a-5p in MALT1 3'UTR sequence, and the luciferase activity of MALT1-WT or MALT1-MUT in 293 T cells after co-transfection with
miR-513a-5p inhibitor. j The relative expression of MALT1 in PMA-THP-1 and TAMs as indicated treatments. k Immunofluorescence showing MALT1
expression (Green) on CD68™ macrophages (Red) in breast cancer tissues with low or high cSERPINE2 expression. Scale bar, 20 um. Data are
presented as the means =+ SD of three independent experiments. *P<0.05, **P < 0.01, ***P < 0.001
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supernatants of TAME~5° compared to TAMEY—Ex®
(Supplementary Fig. S5a). Since MALT1 promoted
IL-6 secretion by activating the NF-kB pathway in mac-
rophages, we asked whether tumor exosomal cSER-
PINE2 promoted IL-6 secretion of TAMs through
activation of the NF-«B pathway [37, 38]. As expected,
silencing MALT1 or the additional treatment with
PDTC (NF-«B inhibitor) in TAM® 5% jnhibited the

High cSERPINE2

stromal IMALT 4/

increasing IL-6 secretion (Supplementary Fig. Sb5a).
Furthermore, western blotting indicated that the lev-
els of phosphorylated IkBa and IKK-B were nota-
bly increased in TAMCE"Ex° while these effects were
retarded by MALT1 knockdown or the addition of
PDTC treatment (Supplementary Fig. S5b-c). Simi-
lar findings were obtained in mTAMs using the above
mentioned assays and western blotting quantification



Zhou et al. J Exp Clin Cancer Res (2023) 42:48 Page 11 of 19
a b P c
0
gj@ 6@@ 6(,}“ 5 <f
> O W s EV-Exo OE-Exo
3 A mTAM mTAM
O \\\ P.\\ Y «P \&\?‘ P?" o©
Mouse macrophage 9“\ \“‘(‘x «P « 2 " ( kDa
500 MALT1  — *—-. @
o — -100 a
400 o
p-IKKB _— - e - - <
£ 300 70 a
2 . T —————————————— OE-Exo OE-Ex0 OE-Ex0
o 2004 —— _70 mTAM mTAM! mTAM
3 +sh-NC +sh-MALT1 +PTDC
p-lIxBo - _
N * $° *0 o
SIS o A ——— O
S «P“" N \»\\Nx\' e -35
d f
EO771-Luc EO771 EO771
19G Anti-IL-6 Abs EO771-Luc 19G Anti-IL-6 Abs EV
CSERPINE2OE __ EV __ GSERPINE2-OE (=13 [JcSERPINE2-OF

[ cSERPINE2-OE

Flux (x107 p/s)
CaNwa O

Tumor Radiance

19G Anti-
IL-6 Abs
e EO771-Luc

EO771-Luc _ CIEV
Anti-IL6 Abs [ cSERPINE2-OE
CSERPINE2-OE 1 -

1gG
cSERPINE2-OE

=)

EV

metastasis

oN b O ®

=

<
Lung nodules of

° EXOEO77’I-OE+|gG
® ExoFO77-EV4+Anti-IL-6 Abs |_ |3
® ExoEO771-OE+Anti-IL-6 Abs |

Tumor size (cm3)

o ExoEO771EV4|gG | |

T
19
Time (days)

CD44 Ki67

F4/80

CcSERPINE2-OE

100+

52 o
g3 404 -
8 2
07 ek
—
2127 ==
£ -
“6.5 9
2% 64 .
IS ns
(Sg 3 ﬁ _
o 0-
g 50 —
£8250] 1
3y
F 9220
&S 810 w
€ 0-
19G Anti-
IL-6 Abs
EO771 EO771

1 ExoEO771-EV

19G Anti-IL-6 Abs

1 ExoEO771-OE

ExoEOTT1EV  EyoEOTT1-0E  pyoEOT71-EV  EyoEO771-0E

Total area of lung
metastases (mm?/section)

Fig. 5 Tumor exosomal cSERPINE2 promoted the secretion of IL-6 in TAMs via activating the NF-«B pathway to encourage progression of breast
cancer. a ELISA assay of IL-6 concentration in the supernatants from BMDMs and mTAMs as indicated treatments. b Western blotting was performed
to evaluate the expression levels of MALT1, phosphorylated IKK-@3, IKK-3, phosphorylated IkBa and IkBa in BMDMs and mTAMs as indicated
treatments. ¢ p65 nuclear translocation in BMDMs and mTAMs as indicated treatments was assessed by immunofluorescent confocal microscopy.
Scale bar, 5 um. d Representative bioluminescence images (left) and quantification (right) of cSERPINE2 silenced and overexpressed tumor cells
derived orthotopic breast cancer model after IgG or anti-IL-6 Abs treatments (n =6 mice for each group). e Representative lung images (left)

and quantification of metastatic foci (right) of cSERPINE2 silenced and overexpressed tumor cells derived orthotopic breast cancer model after

IgG or anti-IL-6 Abs treatments (n =6 mice for each group). f Representative IHC images (left) and quantification (right) of Ki67, CD44 expression
and F4/80™" macrophages infiltration in ¢SERPINE2 silenced and overexpressed tumor cells derived orthotopic breast cancer model after IgG or
anti-IL-6 Abs treatments. Scale bar, 50 um. g, h Orthotopic breast cancer models were injected exosomes derived from EO771 cells with or without
cSERPINE2 overexpression, followed by treatment of IgG or anti-IL-6 antibody (n =6 for each group). Tumor size was measured over time (g).
Representative H&E images (left) and quantification (right) of lung metastases (h). Scale bar, 100 um. Data are presented as the means & SD of three

independent experiments. *P < 0.05, **P<0.01, ***P <0.001

analysis (Fig. 5a-b and Supplementary Fig. S5d). More-
over, p65 nuclear translocation was notably increased
in mTAMO B while silencing MALT1 or adding
PDTC treatment significantly inhibited p65 nuclear
translocation (Fig. 5c). These results suggested that
tumor exosomal cSERPINE2 promoted the IL-6 expres-
sion by upregulating MALT1 and activating the NF-kB
pathway in TAMs.

Cytokine secretion represents the major functional
response of macrophages [8]. Next, we asked whether the
increased IL-6 levels were responsible for the tumor-pro-
moting function of tumor exosomal cSERPINE2. Breast
cancer orthotopic xenograft model was constructed
with EO771 cells transduced with empty vector or cSER-
PINE2 overexpression vector followed by intraperitoneal
injection of IgG or anti-IL-6 antibody. Surprisingly, the
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promoting effect of cSERPINE2 overexpression on tumor
growth and metastasis was blocked by anti-IL-6 antibody
(Fig. 5d, e). Furthermore, IHC staining revealed that the
increased expression of Ki67 and CD44 (invasive marker)
and the elevated infiltration of F4/80" macrophages in
cSERPINE2 overexpressing tumor tissues were blocked
by anti-IL-6 antibody (Fig. 5f). In particular, we injected
exosomes enriched from EO771 cells transduced with
empty vector or cSERPINE2 overexpression vector
(Exo®O771=EV or ExoF©771~OF) followed by injection of IgG
or anti-IL-6 antibody in orthotopic xenograft models.
Notably, the tumor size and lung metastatic formation
largely increased after injection of ExoF®771~©F in the IgG
group, while no significant difference was observed after
injection of anti-IL-6 antibody (Fig. 5g, h). Additionally,
the expression of Ki67 and CD44 and the infiltration of
F4/80" macrophages were not affected by treatment of
Exof©771=OF in the anti-IL-6 antibody group (Supplemen-
tary Fig. S5e).

IL-6 usually binds to its receptor complex IL6R/gp130
and activates downstream Janus kinases (JAKs), which
subsequently activate STAT3 through phosphorylation
of tyrosine 705 [39]. Unsurprisingly, analysis of harvested
xenograft tumors showed that the levels of p-JAK2 and
p-STAT3 notably increased after injection of Exo®%7’!~
OF in the IgG group, while no significant changes were
observed in the anti-IL-6 antibody group (Supplemen-
tary Fig. S5f-g). Consistently, the levels of p-JAK2 and
p-STAT3 notably increased in EO771 cells after cocul-
turing with mTAMCE~F%® in contrast to mTAMEY—Fx°
followed by IgG treatment, whereas anti-IL-6 antibody
abrogated these effects (Supplementary Fig. S5h-i).
Together, these results demonstrate that tumor exosomal
c¢SERPINE2 promotes the secretion of IL-6 in TAMs by
activating the NF-«B pathway to encourage breast cancer
progression.

IL-6 promoted EIF4A3 and CCL2 levels in tumor cells

by activating the JAK2-STAT3 pathway

To better uncover the mechanism of IL-6/STAT?3 signal-
ing in TAM-educated tumor cells, we performed RNA-
seq on MCE-7 cells after coculturing with TAMEY =5 or
TAMOEEx°_ Transcriptional profiling revealed that 590
genes were upregulated and 691 genes were downregu-
lated (|log,FC|> 1; FDR <0.05) (Fig. 6a). More interest-
ingly, we found that EIF4A3 and CCL2 were prominently
upregulated in MCF-7 cells educated with TAMOE-Ex
compared to those educated with TAMEY"E*°_ Gene set
enrichment analysis (GSEA) analysis confirmed that
the JAK2-STAT3 pathway was enriched as the top path-
way in MCF-7 cells after coculturing with TAMOE-Ex
(Fig. 6b).
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As described above, the RNA binding protein EIF4A3
is considered as an important regulator of post-tran-
scriptional regulatory processes [40], and CCL2, as a
powerful macrophage chemokine, was reported to be
a target of STAT3 in breast cancer [41]. Here, we fur-
ther confirmed that the EIF4A3 and CCL2 levels were
notably increased in MCEF-7 cells after coculturing
with TAMOE-Ex° (Fig. 6¢, d and Supplementary Fig.
S6a). Nevertheless, ectopic expression of cSERPINE2 in
MCE-7 cells did not regulate the expression of EIF4A3
or CCL2 or activation of the JAK2-STAT3 pathway,
which indirectly indicated that cSERPINE2 overexpres-
sion did not affect tumor cell proliferative and invasive
capacity in vitro (Supplementary Fig. S6b-d). Consist-
ent with the above data, silencing STAT3 in the MCF-7
cells stimulated with IL-6 led to striking downregula-
tion of EIF4A3 and CCL2, suggesting that STAT3 par-
ticipated in the regulation of EIF4A3 and CCL2 (Fig. 6e
and Supplementary Fig. S6e-f). By investigating the
mechanisms by which STAT3 regulates EIF4A3 and
CCL2 expression using the Jaspar database, we firstly
found two binding sites (BS1/BS2) for STAT3 in the
promoter of EIF4A3 (Fig. 6f). ChIP-qPCR revealed
that MCE-7 cells cocultured with TAMF~E*° had sig-
nificantly increased STAT3 occupancies on the BS1 and
BS2 of the promoter of EIF4A3 (Fig. 6g). Furthermore,
a luciferase plasmid with the top 2000 nucleotides of
the promoter domain of the EIF4A3 gene (EIF4A3-
WT) and a luciferase plasmid with mutant sequences in
BS1 or/and BS2 of the promoter domain (EIF4A3-BS1/
BS2-MUT) were generated and transfected into MCEF-7
cells. Luciferase reporter assays revealed that the
TAMCE=Ex induced MCEF-7 cells enhanced the lucif-
erase activity of EIF4A3-W'T, but mutation in either
STAT3 binding site partially abrogated this promo-
tion and mutations in both sites completely abrogated
it (Fig. 6h). Similar to the results of EIF4A3, two bind-
ing sites (BS1/BS2) for STAT3 in the promoter of CCL2
were predicted in the Jaspar database (Supplementary
Fig. S6g). ChIP-qPCR suggested that the STAT3 occu-
pancies on the both BS1 and BS2 of the promoter of
CCL2 were significantly increased in the TAMCE-Ex
induced MCEF-7 cells (Supplementary Fig. S6h). Moreo-
ver, our results indicated that the supernatant from the
MCE-7 cells cocultured with TAMOE-E* significantly
promoted PMA-THP-1 migration compared to that
of supernatant from the tumor cells cocultured with
TAMFV~Ex (Supplementary Fig. S6i-j).

We summarized our findings in a schematic (Fig. 6i).
Briefly, breast cancer cells exosomal cSERPINE2 was
shuttled to TAMs and notably elevated MALT1 lev-
els, enhancing the secretion of IL-6 by activating the
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TAMEY=B© or TAMOE=Ex \as determined by qRT-PCR. d. Western blotting analysis (left) and quantification (right) of EIF4A3 level in MCF-7 cells
co-cultured with TAME=B© or TAMOE=B©_a The relative expression of EIF4A3 in MCF-7 cells as indicated treatments. f Sequence motif representing
the consensus STAT3 binding motif (JASPAR database, upper) and schematic diagram of the putative STAT3 binding site in the EIF4A3 promoter
(lower). g ChIP assay was performed in MCF-7 cells co-cultured with TAME/=8 or TAMO® =B to detect the enrichment of potential binding
sequences using the STAT3 antibody. h Luciferase reporter assay was performed to validate the interaction between STAT3 and the two binding
sites (BS1 and BS2). i Schematic illustrating the molecular mechanism of tumor exosomal cSERPINE2 triggered a positive feedback loop between
tumor cells and TAMs to promote breast cancer progression. Data are presented as the means £ SD of three independent experiments. *P < 0.05,
**P<0.01,**P<0.001

NEF-kB pathway and leading to increased proliferation  Characteristics of PLGA-PEG (si-cSERPINE2) NPs

and invasion of breast cancer cells. More importantly, To investigate the potential utility of cSERPINE2 as
IL-6 in turn increased the EIF4A3 and CCL2 levels a therapeutic target in breast cancer, we applied a
within tumor cells in a positive feedback mechanism, self-assembly strategy for formulating lipid-polymer
further enhancing tumor ¢cSERPINE2 biogenesis and  hybrid NPs for systemic si-cSERPINE2 delivery, com-
promoting the recruitment of TAMs. posed of the ionizable lipid-like compound GO-C14
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for si-cSERPINE2 complexion, a biocompatible poly
lactic-co-glycolic acid (PLGA) polymer to form a sta-
ble NP core to carry the GO0-C14/si-cSERPINE2 and
a lipid-poly (ethylene glycol) (lipid-PEG) layer for
stability (Fig. 7a). The si-cSERPINE2 loaded NPs
were ~114.63 nm in size, as measured by dynamic
light scattering (DLS) (Fig. 7b). Their morphology was
assessed by transmission electron microscopy and
the zeta potential was~-9.09 mV (Fig. 7c, d). Moreo-
ver, there were no obvious changes in the size of si-
cSERPINE2-NPs over a period of 96 h in the presence
of 10% serum, indicating acceptable stability of these
engineered NPs (Fig. 7e). Furthermore, the si-cSER-
PINE2-NPs efficiently silenced c¢SERPINE2 expres-
sion in tumor cells and more than 70% of cSERPINE2
expression could be inhibited at a siRNA dose of 30 nM
(Fig. 7f). With a siRNA dose of 30 nM, si-cSERPINE2-
NPs significantly silenced cSERPINE2 expression in
tumor cells compared to si-ctr]l-NPs (Fig. 7g and Sup-
plementary Fig. S7a). We next examined whether
si-cSERPINE2-NPs treatment of tumor cells could
influence the cSERPINE2 and MALT1 levels in TAM:s.
As mentioned in the aforementioned assays, we found
that ¢cSERPINE2 and MALT1 expression was signifi-
cantly decreased in the TAMs educated by exosomes
of the tumor cells pretreated with si-cSERPINE2-NPs
(TAM SiCSERPINE2-NPs—Exoy compared to TAMs edu-
cated by exosomes of the tumor cells pretreated with
si-ctrl-NPs (TAMS—ct-NPs—Ex0) (Fjg 7h and Supple-
mentary Fig. S7b-d). Moreover, the proliferative and
invasive ability of tumor cells were obviously repressed
after coculturing with TAM Si—¢SERPINE2Z=NPs=Exo 0oy
pared to coculture with TAMS—ctl-NPs—Exo (Gypple-
mentary Fig. S7e-h).

To further evaluate the properties of si-cSERPINE2
NP delivery in vivo, we first conducted pharmacokinet-
ics studies by injecting cy5-si-cSERPINE2-1-NPs or
naked-cy5-si-cSERPINE2-1 into healthy C57BL/6 mice
through the tail vein, and the results showed that the cy5-
si-cSERPINE2-1-NPs had prolonged siRNA circulation

(See figure on next page.)
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(Supplementary Fig. S7i). Next, we investigated the bio-
distribution and tumor accumulation of these NPs in
orthotopically incubated EO771 tumor-bearing mice.
As shown in Supplementary Fig. S7j, cy5-si-cSERPINE2-
1-NPs exhibited higher tumor accumulation. With the
promising in vitro results, prolonged blood circula-
tion and high tumor accumulation described above, the
effects of si-cSERPINE2-NPs on breast cancer in vivo are
promising.

Therapeutic efficacy and toxicity evaluation of systemic
injection of PLGA-PEG (si-cSERPINE2) NPs in breast cancer
To better illustrate the potential therapeutic effect of si-
c¢SERPINE2-NPs on breast cancer in vivo, we randomly
divided the tumor-bearing mice into four groups. The
mice in the PBS, control NPs, si-ctrl NPs and si-cSER-
PINE2-1-NPs groups were injected via the tail vein with
a siRNA dose of 700 pg/kg body weight every 3 days
for 6 cycles after average tumor size had increased
to ~120mm? (about day 10) (Fig. 7i). At day 31, all mice
were euthanized and we found that si-cSERPINE2-1-NPs
obviously suppressed tumor growth (Fig. 7i). qRT-PCR
results confirmed the consistent knockdown of cSER-
PINE2 in tumor tissues derived from the mice treated
with si-cSERPINE2-1-NPs (Supplementary Fig. S8a). In
addition, IHC staining showed that si-cSERPINE2-NPs
treatment inhibited the expression of Ki67 and CD44
and the infiltration of F4/80" macrophages (Fig. 7j).
Furthermore, we generated lung metastasis models
to explore the effect of si-cSERPINE2-1-NPs in regu-
lating the tumor metastasis in vivo. After 3 weeks of
tail vein injection of EO771 cells, PBS, NPs, si-control
NPs or si-cSERPINE2-1-NPs were injected into mice
via tail vein every 3 days for 6 cycles (Fig. 7k). Surpris-
ingly, we found that the lung metastatic tumor burden
was significantly reduced in the si-cSERPINE2-1-NPs
group compared to other groups (Fig. 7k). Regard-
less of the orthotopic tumor model or lung metastasis
model mice, no remarkable changes in mouse body
weight were found during the whole treatment period,

Fig. 7 Characteristics of si-cSERPINE2-NPs and therapeutic efficacy of si-cSERPINE2-NPs in breast cancer in vivo. a Schematic illustration of the
si-cSERPINE2-NPs. b Size distribution of the si-cSERPINE2-NPs in the aqueous solution detected by Dynamic light scattering (DLS). ¢ Representative
TEM images of si-cSERPINE2-NPs. Scale bar, 100 nm. d Zeta potential of si-cSERPINE2-NPs in the aqueous solution detected by DLS. e Stability of
si-cSERPINE2-NPs in 10% serum at 37 °C was evaluated by measuring particle size changes with DLS at various time points up to 96 h. f The relative
expression of cSERPINE2 in EO771 cells treated with si-cSERPINE2-NPs at different siRNA doses. g The relative expression of cSERPINE2 in EO771 cells
treated with PBS, NPs, si-ctrl NPs, si-cSERPINE2-NPs or shcSERPINE2-1. h The relative expression of cSERPINE2 (left) and MALT1 (right) in mTAMs as
indicated treatments. i Schematic illustration (upper) of tumor inoculation and different treatments in EO771-Luc orthotopic breast cancer models.
Representative bioluminescence images and quantification (lower) of the EO771-Luc orthotopic breast cancer models. j IHC staining of Ki67, CD44
expression and F4/80" macrophages infiltration in the tumor tissues of orthotopic breast cancer models. scale bar, 20 um. k Schematic illustration
(upper) of tumor inoculation and different treatments in EO771 lung metastatic models. Representative H&E images (left) and quantification

(right) of lung metastases. Scale bar, 100 um. | Histological section of the major organs after six consecutive injections of PBS, NPs, si-ctrl NPs or
si-cSERPINE2-1-NPs in EO771-luc orthotopic breast cancer models. Scale bar, 20 um. Data are presented as the means = SD of three independent

experiments. *P<0.05, **P<0.01, **P<0.001
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indicating no apparent systemic toxicity for any treat-
ment group (Supplementary Fig. S8b). Furthermore,
the results of systemic toxicity revealed that intrave-
nous administration of si-cSERPINE2-1-NPs exhibited

no significant toxicity to major organs, and blood
index analyses confirmed the absence of significant
hepatotoxicity and renotoxicity (Fig. 71 and Supple-
mentary Fig. S8c).
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Discussion

During tumor progression and metastasis, complex com-
munication networks between tumor cells and stromal
cells determine the effect of clinical intervention [42,
43]. TAMs are the most prominent stromal cells that
inhibit the anti-tumor immune response [8, 44]. Previ-
ous reports found that circRNAs enable TAMs to inter-
act with tumor cells or other stromal cells by secreting
cytokines and chemokines to modulate tumor progres-
sion [45]. However, the role of tumor derived circRNAs
in TAMs remains largely unclear.

A variety of evidence showed that the extracellular
serine protease inhibitor SERPINE?2 fosters the metasta-
sis of breast cancer cells by remodeling the extracellular
matrix [19, 20, 46, 47]. Moreover, the secreted protein
SERPINE2 not only drives the formation of extravascular
networks but also ensures cancer cell perfusion by acting
as an anticoagulant, finally leading to distant metastasis
of breast cancer [20]. Hence, SERPINE2 is regarded as a
driver of metastatic progression in human cancer. Nev-
ertheless, the current explorations of SERPINE2 cannot
fully illustrate the diversity of its involvement in tumor
development, especially, the function of circRNAs aris-
ing from SERPINE2 has not been fully elucidated. In
this study, we revealed a novel mechanism by which
¢SERPINE2 function as a communication mediator in
the TME. cSERPINE2 exhibited increased expression in
breast cancer and was closely associated with poor sur-
vival. Interestingly, cCSERPINE2 did not directly promote
the malignant phenotype of breast cancer cells in vitro,
while high c¢SERPINE2 expression increased the infil-
tration of TAMs and drove breast cancer progression
in vivo. Mechanistically, tumor exosomal cSERPINE2 was
shuttled to TAMs and notably elevated MALT1 levels,
which enhanced the secretion of IL-6 through activat-
ing the NF-kB pathway, leading to increased proliferation
and invasion of breast cancer cells.

The paracaspase MALT1 functions as a central role
in the activation of immune cells by transducing NF-kB
signaling [32, 33]. NF«B targeted genes, which encoding
cytokines and antiapoptotic proteins, promote the effi-
cient generation of immune response [48]. Recent studies
have indicated that MALT1 inhibition impairs immune
suppressive function of regulatory T cell in the TME,
indicating that MALT1 may suppress anti-tumor immu-
nity in solid cancers [49]. Notably, MALT1 drives epithe-
lial-to-mesenchymal transition (EMT) in claudin-low,
triple-negative breast cancer (TNBC) with overexpres-
sion of selected G protein-coupled receptors (GPCRs)
[50], suggesting MALT1 as a novel oncogenic signaling
molecule in a subset of GPCRTTNBCs. Here, we found
that MALT1 is barely expressed on tumor cells but is
widely expressed on TAMs in breast cancer patients
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with high expression of cSERPINE2. Indeed, breast can-
cer cells notably elevated MALT1 expression in TAMs
via tumor exosomal cSERPINE2, which further activated
the NF-kB pathway and promoted the secretion of IL-6.
However, the level of MALT1 and the activation of the
NF-«B pathway were not determined by cSERPINE2
in breast cancer cells. This “spatially isolated” MALT1
expression and its regulation may contribute to breast
cancer immune evasion and promote tumor progression.
Similarly, the “spatially isolated” CD39-CD73 expression
was observed in hepatocellular carcinoma (HCC) envi-
ronment, which CD39% macrophages surrounded by
CD73" HCC cells and finally lead to poor response to the
PD1 antibody in HCC [13]. In fact, the spatial differences
of gene expression across different regions of tumor were
known as intratumor heterogeneity [51]. Recently, stud-
ies suggest that induction of the hypoxia-responsive gene
expression program is accompanied by spatial alterations
of genome, which might explain why existed “spatially
isolated” of gene expression [51, 52].

IL-6, one of the major cytokines in the TME, promotes
tumorigenesis by regulating the hallmarks of cancer and
multiple signaling pathways [53-55]. Our findings dem-
onstrated that tumor exosomal cSERPINE2 increased
IL-6 levels by activating the NF-kB pathway of TAMs
and that blocking IL-6 reversed the tumor-promoting
effect of cSERPINE2 overexpression in vivo. Additionally,
TAM-derived IL-6 in turn elevated CCL2 and EIF4A3
expression in tumor cells by increasing the activation
of the JAK2-STAT3 pathway. Similar to previous stud-
ies, our study found that increased IL-6 secretion by
tumor exosomal cSERPINE2-educated TAMs elevated
the expression of CCL2 to enhance TAMs infiltration
[41]. Moreover, the increased EIF4A3 expression in
TAMs educated tumor cells promoted the biosynthesis
of cSERPINE2. Herein, our study disclosed a novel posi-
tive feedback loop between TAMs and cancer cells that
is essential to the proliferation and metastasis of breast
cancer, implying that the signal cascade initiated by
c¢SERPINE2 might be a potential therapeutic target.

PLGA was characterized by biodegradability, non-tox-
icity and high stability, suggesting that PLGA-based NPs
incorporating siRNA may serve as a promising nanother-
apeutic strategy for the treatment of cancers [56—59]. In
our study, we developed and characterized a PEGylated
PLGA nanoplatform loaded with si-cSERPINE2 for
breast cancer therapy. The PLGA-based nanosystem
protected si-cSERPINE2 from premature degradation.
The enhanced permeability and retention (EPR) effect is
an interesting concept in which nanoparticles of certain
sizes tend to accumulate in tumor tissues due to the leaky
vasculature and poor lymphatic drainage present in the
tumor. Taking advantage of the EPR effect, PLGA-PEG
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(si-cSERPINE2) NPs achieved high concentrations in
breast cancer xenografts in vivo. Moreover, the results
from breast orthotopic and lung metastatic models
showed that this si-cCSERPINE2-NPs system prominently
reduced tumor burden and lung metastatic formation.
Additionally, the results from H&E histopathological
analysis and blood biochemical examination confirmed
si-cSERPINE2-NPs had not significant toxic side effects.
Hence, si-cSERPINE2-NPs with high specificity and
in vivo safety can be explored to enable therapeutic gain
for breast cancer patients.

Conclusion

In this work, we unraveled a novel mechanism that onco-
gene SERPINE2-derived hsa_circ_0001103 (cSERPINE2)
functioned as communication signaling in tumor immune
microenvironment to promote breast cancer progression.
Different from cognate gene SERPINE2, overexpression
of cSERPINE2 cannot encourage the malignant pheno-
type of breast cancer cells in vitro. Interestingly, enforced
cSERPINE2 expression increased TAMs infiltration and
further drove breast cancer progression in vivo, while
these effects were abolished in csfI%””” mice. Further-
more, we uncovered a positive feedback loop between
TAM:s and tumor cells. Tumor exosomal cSERPINE2 was
shuttled to TAMs and notably elevated MALT1 level, and
then enhanced the secretion of IL-6 through activating
NF-«B pathway, leading to increasing proliferation and
invasion of breast cancer cells. Moreover, IL-6 in turn
increased the EIF4A3 and CCL2 level within tumor cells
in a positive feedback manner, further enhancing tumor
c¢SERPINE2 biogenesis and promoting the recruitment
of TAMs. More importantly, the PLGA-based si-cSER-
PINE2 nanoparticles effectively attenuate breast cancer
progression in vivo.

Abbreviations

circRNAs  Circular RNAs

TME Tumor microenvironment

TAMs Tumor associated macrophages
SERPINE2  Serpin family E member 2

gRT-PCR  Quantitative reverse transcription PCR
0S Overall survival

RFS Recurrence-free survival

FISH Fluorescent in situ hybridization
RBPs RNA-binding proteins

RIP RNA immunoprecipitation

IHC Immunohistochemistry

Csfl Colony stimulating factor 1

(@Y Conditioned media

BMDMs  Bone marrow derived macrophages
TEM Transmission electron microscopy
DEGs Differentially expressed genes

JAKs Janus kinases

GSEA Gene set enrichment analysis

PLGA Poly lactic-co-glycolic acid

DLS Dynamic light scattering
EMT Epithelial-to-mesenchymal transition

Page 17 of 19

TNBC Triple-negative breast cancer
GPCRs G protein-coupled receptors
HCC Hepatocellular carcinoma
I-6 Interleukin-6

EPR Enhanced permeability and retention
ISH In situ hybridization

H&E Hematoxylin—eosin

IF Immunofluorescence

ALT Alanine transaminase

AST Aspartate transaminase

Cr Creatinine

BUN Blood urea nitrogen

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513046-023-02620-5.

Additional file 1: Fig. S1. Analysis of the expression and character of
cSERPINE2 in breast cancercells. Fig. S2. cSERPINE2 reshaped the immune
microenvironment of breast cancer. Fig. S3 Tumor exosomal cSERPINE2
targeted macrophages to promote theproliferation and invasion of
breast cancer cells. Fig. S4. Tumor exosomal cSERPINE2 upregulated

the MALT1 expressionin macrophages by sponging miR-513a-5p. Fig.
S5. Tumor exosomal cSERPINE2 promoted the secretion of IL-6 in TAMs
via activating the NF-kB pathway to promote the progression of breast
cancer. Fig. S6. |L-6 secreted by TAMs promoted the expression of

CCL2 in breastcancer cells via activating the JAK2-STAT3 pathway. Fig.
S7. Characteristics of si-cSERPINE2-NPs and therapeutic efficacy of
si-cSERPINE2-NPs in breast cancer invitro. Fig. S8. Toxicity evaluation of
systemic injection of si-cSERPINE2-NPs in breast cancer. Supplementary
Table S1. Correlation between cSERPINE2 expression and clinicopatho-
logical features in 136 patients withbreast cancer. Supplementary
Table S2. Univariate and multivariate analyses of OS in breast cancer
(n=136). Supplementary Table S3. Univariate and multivariate analyses
of RFS in breast cancer (=136). Supplementary Table S4. The primers
(5'-3) used for RT-gPCR in this study. Supplementary Table S5. The
probe sequences (5'-3') for FISH. Supplementary Table S6. Primers for
EIF4A3 RIP. Supplementary Table S7. Primers for CHIP. Supplementary
Table S8. The probe sequences (5-3') for RNA pull-down assay. Sup-
plementary Table S9. Primers for in vitro transcription. Supplementary
Table S10. Effective sequences (5'-3") of lentivirus plasmids-overexpres-
sion. Supplementary Table S11. Effective sequences (5'-3') of lentivirus
plasmids-knockdown. Supplementary Table S12. miRNA mimics and
inhibitor sequences (5"-3)).

Authors’ contributions

FZ, JZ and BXZ designed and supervised the study; BXZ, ZHM, GEL and XHC
performed the experiments; FZ and JZ provided administrative, technical, and
material support; ZHM, RXL and RXW analyzed the data; BXZ, ZHM, JZ and

FZ wrote and revised the manuscript. All authors read and approved the final
manuscript.

Funding
This study was supported by grants from the National Natural Science Foun-
dation of China (81772613, 81774378,82160559).

Availability of data and material
The data sets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All samples were collected from patients with informed consent, and all
related procedures were performed with the approval of the internal review
and ethics boards of the First Affiliated Hospital of Gannan Medical University.
The animal study procedures were approved by the Animal Care and Use
Committee of Sun Yat-sen University.


https://doi.org/10.1186/s13046-023-02620-5
https://doi.org/10.1186/s13046-023-02620-5

Zhou et al. J Exp Clin Cancer Res (2023) 42:48

Consent for publication
All the authors agree to publish this paper.

Competing interests
The authors declare no competing interests.

Author details

'Department of Breast Surgery, the First Affiliated Hospital of Gannan Medical
University, Ganzhou 341000, China. “Medical Research Center and Guang-
dong Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene
Regulation, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guang-
zhou 510120, China. *Department of Hepatobiliary Surgery, the Third Affiliated
Hospital, Sun Yat-Sen University, Guangzhou 510630, China. “Department

of Laboratory, the First Affiliated Hospital of Gannan Medical University, Gan-
zhou 341000, China. >Department of Hepatobiliary and Pancreatic Surgery,
The Eighth Affiliated Hospital, Sun Yat-Sen University, Shenzhen 518033, China.
6Zhongshan School of Medicine, Sun Yat-Sen University, Guangzhou 510080,
China.’Department of Breast Surgery, the First Affiliated Hospital of Nanchang
University, Nanchang 330000, China.

Received: 25 October 2022 Accepted: 9 February 2023
Published online: 17 February 2023

References

1. Fan L, Strasser-Weippl K, Li JJ, St Louis J, Finkelstein DM, Yu KD, et al. Breast
cancer in China. Lancet Oncology. 2014;15(7):E279-89.

2. SungH, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Ca-a Cancer J Clin.
2021;71(3):209-49.

3. Torre LA, Siegel RL, Ward EM, Jemal A. Global Cancer Incidence and
Mortality Rates and Trends-An Update. Cancer Epidemiol Biomark Prev.
2016;25(1):16-27.

4. Waks AG, Winer EP. Breast Cancer Treatment A Review. JAMA.
2019;321(3):288-300.

5. Pollard JW.Tumour-educated macrophages promote tumour progres-
sion and metastasis. Nat Rev Cancer. 2004;4(1):71-8.

6. XiaoY,Yu D. Tumor microenvironment as a therapeutic target in cancer.
Pharmacol Ther. 2021;221:107753.

7. ZouY,YeF KongY, Hu X, Deng X, Xie J, et al. The Single-Cell Landscape of
Intratumoral Heterogeneity and The Immunosuppressive Microenviron-
ment in Liver and Brain Metastases of Breast Cancer. Adv Sci (Weinheim,
Baden-Wurttemberg, Germany). 2022:€2203699-e.

8. Noy R, Pollard JW. Tumor-Associated Macrophages: From Mechanisms to
Therapy. Immunity. 2014;41(1):49-61.

9. WeiC Yang CG, Wang SY, Shi DD, Zhang CX, Lin XB, et al. Crosstalk
between cancer cells and tumor associated macrophages is required for
mesenchymal circulating tumor cell-mediated colorectal cancer metasta-
sis. Mol Cancer. 2019;18(1):64.

10. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, et al. Minimal information for studies of extracellular vesicles
2018 (MISEV2018): a position statement of the International Society for
Extracellular Vesicles and update of the MISEV2014 guidelines. Journal of
extracellular vesicles. 2018:7(1):1535750.

11. Fei X, Li Z Yang D, Kong X, Lu X, Shen Y, et al. Neddylation of Corola
determines the fate of multivesicular bodies and biogenesis of extracel-
lular vesicles. Journal of extracellular vesicles. 2021;10(12): e12153.

12. Kugeratski FG, Hodge K, Lilla S, McAndrews KM, Zhou X, Hwang RF, et al.
Quantitative proteomics identifies the core proteome of exosomes with
syntenin-1 as the highest abundant protein and a putative universal
biomarker. Nat Cell Biol. 2021;23(6):631-41.

13. Lu JC, Zhang PF, Huang XY, Guo XJ, Gao C, Zeng HY, et al. Ampilification of
spatially isolated adenosine pathway by tumor-macrophage interac-
tion induces anti-PD1 resistance in hepatocellular carcinoma. J Hematol
Oncol. 2021;14(1):200.

14. Zhang PF, Gao C, Huang XY, Lu JC, Guo XJ, Shi GM, et al. Cancer cell-
derived exosomal circUHRF1 induces natural killer cell exhaustion and
may cause resistance to anti-PD1 therapy in hepatocellular carcinoma.
Molecular Cancer. 2020;19(1):110.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 18 of 19

. Zhang JL, Luo AP, Huang FR, Gong TY, Liu ZH. SERPINE2 promotes

esophageal squamous cell carcinoma metastasis by activating BMP4.
Cancer Lett. 2020;469:390-8.

. Bergeron S, Lemieux E, Durand V, Cagnol S, Carrier JC, Lussier JG, et al.

The serine protease inhibitor serpinE2 is a novel target of ERK signaling
involved in human colorectal tumorigenesis. Mol Cancer. 2010,9:271.

. Buchholz M, Biebl A, Neessbe A, Wagner M, Iwamura T, Leder G, et al.

SERPINE2 (protease nexin I) promotes extracellular matrix production and
local invasion of pancreatic tumors in vivo. Can Res. 2003;63(16):4945-51.

. Perego M, Maurer M, Wang JX, Shaffer S, Muller AC, Parapatics K, et al.

A slow-cycling subpopulation of melanoma cells with highly invasive
properties. Oncogene. 2018;37(3):302-12.

. Smirnova T, Bonapace L, MacDonald G, Kondo S, Wyckoff J, Ebersbach

H, et al. Serpin E2 promotes breast cancer metastasis by remodeling the
tumor matrix and polarizing tumor associated macrophages. Oncotarget.
2016;7(50):82289-304.

Wagenblast E, Soto M, Gutierrez-Angel S, Hartl CA, Gable AL, Maceli AR,
et al. A model of breast cancer heterogeneity reveals vascular mimicry as
a driver of metastasis. Nature. 2015;520(7547):358358-+.

Chhoy P, Brown CW, Amante JJ, Mercurio AM. Protocol for the separation
of extracellular vesicles by ultracentrifugation from in vitro cell culture
models. STAR Protoc. 2021;2(1)100303-+.

Wang J, Filippakis H, Hougard T, Du H, Ye C, Liu H-J, et al. Interleukin-6
mediates PSAT1 expression and serine metabolism in TSC2-deficient cells.
Proc Natl Acad Sci USA. 2021;118(39):e2101268118.

Mendt M, Kamerkar S, Sugimoto H, McAndrews KM, Wu CC, Gagea M,

et al. Generation and testing of clinical-grade exosomes for pancreatic
cancer. Jci Insight. 2018;3(8):€99263.

Chen F, Chen J,Yang L, Liu J, Zhang X, Zhang Y, et al. Extracellular
vesicle-packaged HIF-1 alpha-stabilizing INcRNA from tumour-associated
macrophages regulates aerobic glycolysis of breast cancer cells. Nature
Cell Biol. 2019;21(4):498.

Okholm TLH, Sathe S, Park SS, Kamstrup AB, Rasmussen AM, Shankar

A, et al. Transcriptome-wide profiles of circular RNA and RNA-binding
protein interactions reveal effects on circular RNA biogenesis and cancer
pathway expression. Genome Med. 2020;12(1):112.

Liu P Wang Z, Ou X, Wu P, Zhang Y, Wu S, et al. The FUS/circEZH2/KLF5/
feedback loop contributes to CXCR4-induced liver metastasis of breast
cancer by enhancing epithelial-mesenchymal transition. Mol Cancer.
2022;21(1):198.

Zheng X, Huang M, Xing L, Yang R, Wang X, Jiang R, et al. The circRNA
circSEPT9 mediated by E2F1 and EIF4A3 facilitates the carcinogenesis and
development of triple-negative breast cancer. Mol Cancer. 2020;19(1):73.
Cipriani G, Gibbons SJ, Miller KE, Yang DS, Terhaar ML, Eisenman ST, et al.
Change in Populations of Macrophages Promotes Development of
Delayed Gastric Emptying in Mice. Gastroenterology. 2018;154(8):2122-+.
Penny HL, Sieow JL, Adriani G, Yeap WH, Ee PSC, San Luis B, et al. Warburg
metabolism in tumor-conditioned macrophages promotes metasta-

sis in human pancreatic ductal adenocarcinoma. Oncoimmunology.
2016;5(8):1191731.

Wang D, Wang XH, Si MH, Yang J, Sun SY, Wu HC, et al. Exosome-encap-
sulated miRNAs contribute to CXCL12/CXCR4-induced liver metastasis of
colorectal cancer by enhancing M2 polarization of macrophages. Cancer
Lett. 2020;474:36-52.

Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB, Kjems
J.The biogenesis, biology and characterization of circular RNAs. Nat Rev
Genet. 2019;20(11):675-91.

Coornaert B, Baens M, Heyninck K, Bekaert T, Haegman M, Staal J,

etal. T cell antigen receptor stimulation induces MALT1 paracaspase-
mediated cleavage of the NF-kappa B inhibitor A20. Nat Immunol.
2008;9(3):263-71.

Ruland J, Hartjes L. CARD-BCL-10-MALT1 signalling in protective and
pathological immunity. Nat Rev Immunol. 2019;19(2):118-34.

Demeyer A, Staal J, Beyaert R. Targeting MALT1 Proteolytic Activity in
Immunity, Inflammation and Disease: Good or Bad? Trends Mol Med.
2016;22(2):135-50.

Liang XW, Cao YC, Li CP, Yu HL, Yang CH, Liu H. MALT1 as a promising
target to treat lymphoma and other diseases related to MALT1 anomalies.
Med Res Rev. 2021;41(4):2388-422.

Thome M. CARMAT, BCL-10 and MALT1 in lymphocyte development and
activation. Nat Rev Immunol. 2004;4(5):348-59.



Zhou et al. J Exp Clin Cancer Res (2023) 42:48

37. Jaworski M, Thome M. The paracaspase MALT1: biological function and
potential for therapeutic inhibition. Cell Mol Life Sci. 2016;73(3):459-73.

38. Zhao XQ, Zhu LL, Chang Q, Jiang CY, You Y, Luo TM, et al. C-type Lectin
Receptor Dectin-3 Mediates Trehalose 6,6 -Dimycolate (TDM)-induced
Mincle Expression through CARD9/Bcl10/MALT1-dependent Nuclear
Factor (NF)-kappa B Activation. J Biol Chem. 2014;289(43):30052-62.

39. Siersbaek R, Scabia V, Nagarajan S, Chernukhin |, Papachristou EK, Broome
R, et al. IL6/STAT3 Signaling Hijacks Estrogen Receptor alpha Enhancers to
Drive Breast Cancer Metastasis. Cancer Cell. 2020;38(3):412-+.

40. LinY, Zhang J, Cai J, Liang R, Chen G, Qin G, et al. Systematic Analysis of
Gene Expression Alteration and Co-Expression Network of Eukaryotic
Initiation Factor 4A-3 in Cancer. J Cancer. 2018;9(24):4568-77.

41. Wang S, Liang K, Hu Q, Li P, Song J, Yang Y, et al. JAK2-binding long
noncoding RNA promotes breast cancer brain metastasis. J Clin Investig.
2017;127(12):4498-515.

42. Li FM, Simon MC. Cancer Cells Don't Live Alone: Metabolic Communica-
tion within Tumor Microenvironments. Dev Cell. 2020;54(2):183-95.

43. Zhang XN, Xiang JJ. Remodeling the Microenvironment before Occur-
rence and Metastasis of Cancer. Int J Biol Sci. 2019;15(1):105-13.

44. Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in
cancer: from tumor initiation to metastatic progression. Genes Dev.
2018;32(19-20):1267-84.

45, Duan S,Wang S, Huang T, Wang J, Yuan X. circRNAs: Insight Into Their Role
in Tumor-Associated Macrophages. Front Oncol. 2021;11:780744.

46. Fayard B, Bianchi F, Dey J, Moreno E, Djaffer S, Hynes NE, et al. The Serine
Protease Inhibitor Protease Nexin-1 Controls Mammary Cancer Metastasis
through LRP-1-Mediated MMP-9 Expression. Can Res. 2009;69(14):5690-8.

47. TangTT, Zhu QH, Li XP, Zhu GL, Deng SW, Wang VS, et al. Protease Nexin |
is a feedback regulator of EGF/PKC/MAPK/EGR1 signaling in breast cancer
cells metastasis and stemness. Cell Death Dis. 2019;10(9):649.

48. Jing H, Lee S. NF-kappa B in Cellular Senescence and Cancer Treatment.
Mol Cells. 2014;37(3):189-95.

49. Rosenbaum M, Gewies A, Pechloff K, Heuser C, Engleitner T, Gehring
T, et al. Bcl10-controlled Malt1 paracaspase activity is key for the
immune suppressive function of regulatory T cells. Nature Commun.
2019;10(1):2352.

50. Lee J-YL, Ekambaram P, Carleton NM, Hu D, Klei LR, Cai Z, et al. MALT1 Is a
Targetable Driver of Epithelial-to-Mesenchymal Transition in Claudin-Low.
Triple-Negative Breast Cancer Mol Cancer Res. 2022;20(3):373-86.

51. LiQY, Zhang XY, Ke RQ. Spatial Transcriptomics for Tumor Heterogeneity
Analysis. Front Genetics. 2022;13:906158.

52. Sun HZ, Zhang DF, Huang CBA, Guo YH, Yang Z, Yao N, et al. Hypoxic
microenvironment induced spatial transcriptome changes in pancreatic
cancer. Cancer Biol Med. 2021;18(2):616-+.

53. Johnson DE, O'Keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3 signal-
ling axis in cancer. Nat Rev Clin Oncol. 2018;15(4):234-48.

54, Kitamura H, Ohno Y, Toyoshima Y, Ohtake J, Homma S, Kawamura H,
et al. Interleukin-6/STAT3 signaling as a promising target to improve the
efficacy of cancer immunotherapy. Cancer Sci. 2017;108(10):1947-52.

55. Manore SG, Doheny DL, Wong GL, Lo HW. IL-6/JAK/STAT3 Signal-
ing in Breast Cancer Metastasis: Biology and Treatment. Front Oncol.
2022;12:866014.

56. Rezvantalab S, Drude NI, Moraveji MK, Guvener N, Koons EK, ShiY,
et al. PLGA-Based Nanoparticles in Cancer Treatment. Front Pharmacol.
2018;9:1260.

57. Ryu JH, Koo H, Sun IC, Yuk SH, Choi K, Kim K, et al. Tumor-targeting
multi-functional nanoparticles for theragnosis: New paradigm for cancer
therapy. Adv Drug Deliv Rev. 2012;64(13):1447-58.

58. Sun HT, Yarovoy |, Capeling M, Cheng C. Polymers in the Co-delivery of
siRNA and Anticancer Drugs for the Treatment of Drug-resistant Cancers.
Topics Curr Chem. 2017;375(2):24.

59. Cao S, Lin G, Li X, Liang Y, Saw PE. TME-Responsive Multistage Nanoplat-
form for siRNA Delivery and Effective Cancer Therapy. Int J Nanomed.
2021;16:5909-21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Targeting tumor exosomal circular RNA cSERPINE2 suppresses breast cancer progression by modulating MALT1-NF-𝜅B-IL-6 axis of tumor-associated macrophages
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patient and tissue samples
	Exosome isolation, quantification and characterization
	Animal studies and in vivo imaging

	Results
	Identification analysis of a novel circular RNA generated from the SERPINE2 gene
	EIF4A3 promoted the formation of cSERPINE2 in breast cancer
	cSERPINE2 reshaped the immune microenvironment in breast cancer
	Tumor exosomal cSERPINE2 targeted macrophages to promote the proliferation and invasion of breast cancer cells
	Tumor exosomal cSERPINE2 upregulated MALT1 expression in macrophages by sponging miR-513a-5p
	Tumor exosomal cSERPINE2 promoted IL-6 secretion of TAMs through activating the NF-𝜅B pathway to enhance breast cancer progression
	IL-6 promoted EIF4A3 and CCL2 levels in tumor cells by activating the JAK2-STAT3 pathway
	Characteristics of PLGA-PEG (si-cSERPINE2) NPs
	Therapeutic efficacy and toxicity evaluation of systemic injection of PLGA-PEG (si-cSERPINE2) NPs in breast cancer

	Discussion
	Conclusion
	References


