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Abstract 

Background  Information transmission between primary tumor cells and immunocytes or stromal cells in distal 
organs is a critical factor in the formation of pre-metastatic niche (PMN). Understanding this mechanism is essen-
tial for developing effective therapeutic strategy against tumor metastasis. Our study aims to prove the hypothesis 
that circ-0034880-enriched tumor-derived extracellular vesicles (TEVs) mediate the formation of PMN and colorectal 
cancer liver metastasis (CRLM), and targeting circ-0034880-enriched TEVs might be an effective therapeutic strategy 
against PMN formation and CRLM.

Methods  We utilized qPCR and FISH to measure circRNAs expression levels in human CRC plasma, primary CRC 
tissues, and liver metastatic tissues. Additionally, we employed immunofluorescence, RNA sequencing, and in vivo 
experiments to assess the effect mechanism of circ-0034880-enriched TEVs on PMN formation and CRC metastasis. 
DARTS, CETSA and computational docking modeling were applied to explore the pharmacological effects of Ginseno-
side Rb1 in impeding PMN formation.

Results  We found that circ-0034880 was highly enriched in plasma extracellular vesicles (EVs) derived from CRC 
patients and closely associated with CRLM. Functionally, circ-0034880-enriched TEVs entered the liver tissues 
and were absorbed by macrophages in the liver through bloodstream. Mechanically, TEVs-released circ-0034880 
enhanced the activation of SPP1highCD206+ pro-tumor macrophages, reshaping the metastasis-supportive host 
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stromal microenvironment and promoting overt metastasis. Importantly, our mechanistic findings led us to dis-
cover that the natural product Ginsenoside Rb1 impeded the activation of SPP1highCD206+ pro-tumor macrophages 
by reducing circ-0034880 biogenesis, thereby suppressing PMN formation and inhibiting CRLM.

Conclusions  Circ-0034880-enriched TEVs facilitate strong interaction between primary tumor cells 
and SPP1highCD206+ pro-tumor macrophages, promoting PMN formation and CRLM. These findings suggest 
the potential of using Ginsenoside Rb1 as an alternative therapeutic agent to reshape PMN formation and prevent 
CRLM.

Keywords  Tumor metastasis, Pro-tumor macrophages, Extracellular vesicles, Circ-0034880, Ginsenoside Rb1

Background
Colorectal cancer (CRC) is a prevalent malignant tumor, 
ranking third in terms of incidence rate and second in 
mortality rate worldwide [1, 2]. Treatment modalities 
such as surgery, radiotherapy, chemotherapy, molecular 
targeted therapy, and immunotherapy have significantly 
enhanced the survival rate among CRC patients [3]. 
Nevertheless, despite frequent follow-up, approximately 
19.4–20.1% of CRC patients still experience tumor recur-
rence and distal organ metastasis post-surgery [4]. Con-
sequently, postoperative recurrence and metastasis have 
emerged as leading causes of death in CRC patients [5], 
with liver metastasis posing a significant obstacle to their 
long-term survival [3]. Thus, there is a critical need to 
delve deeply into the pathological and molecular mech-
anisms underlying liver metastasis, overcome existing 
treatment barriers post-surgery, and explore more effec-
tive therapeutic strategies to improve the survival rate of 
postoperative CRC patients.

Numerous studies have elucidated the underlying 
pathological and molecular mechanisms governing the 
relationship between primary tumors and distal organ 
metastasis [6–8]. Increasing evidence highlights the 
significance of pre-metastatic niche (PMN) formation, 
which substantially contributes to the metastasis-sup-
portive tumor microenvironment (TME) prior to the 
arrival and colonization of disseminated tumor cells [9]. 
Extracellular vesicles (EVs), as functional entities secreted 
by various cells, are replete with proteins, nucleic acids, 
lipids, and other molecules, facilitating crucial com-
munication between tumor cells and stromal cells. This 
communication reshapes the TME and provides essential 
support for the establishment and growth of metastatic 
tumor cells [10]. An increasing number of reports suggest 
that tumor-derived EVs (TEVs) contribute to the forma-
tion of PMN, providing essential TME for the prolifera-
tion of circulating tumor cells in metastatic organs [11, 
12]. As an organ with abundant macrophages, the acti-
vation of pro-tumor macrophages in the liver contributes 
to the formation of PMN and the remodeling of TME, 
ultimately leading to the metastasis and growth of tumor 
cells [13, 14]. Circular RNAs (circRNAs) have emerged 

as a large class of primarily non-coding RNAs, many of 
which are abundantly enriched in tumor patients’ blood, 
cells, tissues and EVs, and have crucial roles in tumor 
development and progression through diverse biological 
mechanisms. Here, we aim to prove our hypothesis that 
circ-0034880-enriched TEVs mediate the formation of 
PMN and CRLM, and targeting circ-0034880-enriched 
TEVs might be an effective therapeutic strategy against 
PMN formation and CRLM.

In our study, we demonstrated a close association 
between circ-0034880-enriched TEVs from the plasma 
of CRC patients and CRLM. Our mechanistic investi-
gation revealed that circ-0034880-enriched TEVs can 
reshape the TME by activating SPP1highCD206+ pro-
tumor macrophages within liver tissues. Furthermore, 
our mechanistic findings led us to discover that the nat-
ural product Ginsenoside Rb1 impedes the activation of 
SPP1highCD206+ pro-tumor macrophages by reducing 
circ-0034880 biogenesis, thereby suppressing PMN for-
mation and inhibiting CRLM.

Materials and methods
Data analysis using exoRBase and GEO dataset
The differentially expressed circRNAs in the plasma 
EVs of CRC patients were screened using exoRBase 
2.0 (http://​www.​exorb​ase.​org/​exoRB​aseV2/) [15]. Use 
circBase database (http://​circr​na.​org/) to note circRNAs 
[16]. Use the GEO (Gene Expression Omnibus) database 
to obtain the circRNA gene chip: GSE159669. Use edgeR 
in R software (v3.3.2) to calculate the differential expres-
sion of circRNAs. The differentially expressed circRNAs 
were identified by multiple change (fold change, FC ≥ 2.0, 
that is, |log2FC |> 1) and T test (P < 0.05) between CRC 
tissues and paracancerous tissues.

Human samples
All the human CRC plasma samples, primary CRC tis-
sue and hepatic metastasis tissue samples were collected 
between 2020 and 2022 at Shuguang Hospital, Shanghai 
University of Traditional Chinese Medicine. The general 
clinical information of all enrolled 120 CRC patients was 

http://www.exorbase.org/exoRBaseV2/
http://circrna.org/
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included in Table  S1. The plasma samples from healthy 
volunteers were used as control. All clinical tissues and 
plasma samples were obtained with informed consent 
and all protocols were approved by the Ethics Committee 
at Shuguang Hospital, Shanghai University of Traditional 
Chinese Medicine.

EVs purification and characterization
The minimal experimental requirements for the defi-
nition of EVs refer to the report by Lötvall J, et al. [17]. 
All the EVs used in our experiments were purified by 
sequential centrifugation [18]. In brief, live cells, pos-
sible apoptotic bodies and large cell debris were firstly 
removed from the plasma of CRC patients or cell cul-
ture medium by two step centrifugation: 500 × g for 10 
min, and 12,000 × g for 20 min. Subsequently, the pellets 
containing EVs were collected by spinning at 100,000 × g 
for 70 min. After washing with PBS, the pellets were deal 
with ultracentrifugation (Beckman 70Ti rotor). The qual-
ity, size and particle number of EVs were characterized by 
electron microscopy and LM10 nanoparticle characteri-
zation system (NanoSight, Malvern Instruments). All the 
purified EVs pellets were resuspended in PBS. The pro-
tein concentration for each EVs sample was determined 
by BCA (Pierce, Thermo Fisher Scientific). Normal 
EVs from healthy volunteers’ plasma or normal human 
colonic epithelial cells NCM460 or murine colonic epi-
thelial cells MODEK were simultaneously purified for the 
control in our studies.

Cell culture
Human CRC cell lines HCT116, Caco2, LoVo, SW480, 
SW620, HCT115, HT29, HCT8, human colonic epithelial 
cells NCM460, human THP-1 monocyte/macrophages, 
murine colon cancer cell lines MC38, and murine colonic 
epithelial cells MODEK were purchased from ATCC 
or Chinese Academy of Sciences Shanghai Cell Bank. 
HCT116, Caco2, LoVo, SW480, SW620, HCT115, HT29, 
HCT8, NCM460, THP-1 were cultured in RPMI1640, 
Dulbecco’s Modified Eagle Medium (DMEM), F12-K 
medium, or Leibovitz’s L-15 medium, respectively. MC38 
and MODEK were cultured in DMEM medium. All the 
media were supplemented with 10% EVs-free FBS, 100 
U/mL penicillin and 100 mg/mL streptomycin.

Isolation and polarization of mouse BMDMs
Primary mouse BMDMs were isolated from the femur of 
the C57BL/6 mice according to the publication by Zhang 
et  al. [19]. BMDMs were plated at 1 × 106 cells per 10 
cm dish (Corning Lifesciences, Tewksbury, MA, USA) 
with 10 mL of macrophage complete media (DMEM, 
10%FBS), containing 50 ng/mL mouse recombinant mac-
rophage colony-stimulating factor (M-CSF; Biolegend, 

San Diego, CA, USA) and cultured for 7 days, with the 
change of media and M-CSF on day 5. On day 7, the 
mouse BMDMs were stimulated with 50 ng/mL IL-4 
(Biolegend, San Diego, CA, USA) for 48 h for the activa-
tion of CD206+ pro-tumor macrophages, or co-cultured 
with 10 μg/mL MC38-EVs, 10 μg/ml MC38shRNA-EVs 
for 48 h according to our research objects.

Tumor mouse model
Female C57BL/6 mice at the age between 6-week-old 
and 8-week-old were obtained from SLAC (SLAC Labo-
ratory Lab, Shanghai, China) and maintained under a 
12-h dark/12-h light cycle with food and water provided 
ad libitum. All animals were randomly assigned to groups 
before experiments. The experimenter was not blind to 
the assignment of the groups and the evaluation of the 
results. No samples, animals or data, were excluded. For 
EVs localization, education and tumor metastatic experi-
ments, C57BL/6 J mice between 6-week-old and 8-week-
old were used. For in vivo EVs education administration, 
C57BL/6 J mice between 6-week-old and 8-week-old 
received 10 μg of EVs via tail vein every other day for 3 
weeks. Experimental liver metastases were achieved by 
intra-splenic injection of a Luc-labeled MC38 single-cell 
suspension at 2 × 106 cells/injection site. Five to seven 
weeks later, prior to in vivo imaging, the mice were anes-
thetized with phenobarbital sodium, and established liver 
metastases images were observed by LB983 NIGHTOWL 
II system. Finally, the mice were anesthetized with phe-
nobarbital sodium, the liver organs were excised, and the 
metastatic lesions were determined by HE staining. All 
the experimental procedures involving mice were carried 
out as prescribed by the National Guidelines for Animal 
Usage in Research (China) and were approved by the Eth-
ics Committee at Shanghai University of Traditional Chi-
nese Medicine.

Tissue immunofluorescence staining
For histological analysis, the dissected tissues were fixed 
in a mixture of 2% PFA and 20% sucrose solution for 24 
h at room temperature, and then embedded in Tissue-
tek O.C.T. (Electron Microscopy Sciences). Blocks were 
frozen in a dry ice and ethanol bath. For immunofluo-
rescence, 6 μm O.C.T. tissue cryosections were stained 
with antibodies against α-SMA (ab5694, Abcam, 1: 200), 
CD11B (ab133357, Abcam, 1: 4,000), Ly6G (ab238132, 
Abcam, 1: 1,000), CD3 (ab133357, Abcam, 1: 100), 
CD206 (24595, CST, 1: 400), F4/80 (#30325, CST, 1: 
800), CD86 (#91882, CST, 1: 800), SPP1 (#88742, CST, 1: 
800). Secondary antibodies conjugated to Alexa Fluor® 
488 conjugated-anti-rabbit IgG (H + L) (#4412, CST, 1: 
2,000) and Alexa Fluor® 594 conjugated-goat anti-rabbit 
IgG (#8889, CST, 1: 2,000) were used. Nuclear staining 



Page 4 of 23Zhou et al. Molecular Cancer          (2024) 23:168 

was done with DAPI (40, 6-diamidino-2-phenylindole). 
Immunofluorescence images were taken with a TCS SP8 
STED 3X ultra-high resolution confocal system (Leica, 
Ernst-Leitz, Wetzlar, Germany).

Drug affinity responsive target stability
The DATRS experiment was performed according to the 
protocols provided by Lomenick et al. [20]. Briefly, MC38 
cells were plated in 10 cm2 culture dishes and grown until 
80% confluent. According to the manufacturer’s protocol, 
using mammalian protein extraction reagent (M-PER) 
supplemented with protease and phosphatase inhibitors 
for protein extraction. After centrifuging the lysates at 
14,000 rpm for 15 min, the supernatant was collected. 
Ginsenoside Rb1 (5 mg) or DMSO control was mixed 
with the supernatants and incubated for 30 min. The 
mixture was proteolyzed using protease, in which case 
the protein bound to the drug becomes more resistant 
to protease hydrolysis. All the steps were performed on 
ice to help prevent premature protein degradation. Gel 
bands were cut out and prepared for mass spectrometry 
analysis with trypsin digestion. Peptides were analyzed by 
LC/MS/MS on a Thermo LTQ-Orbitrap mass spectrom-
eter. For quantitative comparison of protein and peptide 
abundances, MS spectra were analyzed by using the dif-
ferential workflow of Rosetta Elucidator (Rosetta Inphar-
matics) [21].

Molecular docking simulations
The 3D structures of PHAX (Q9JJT9), HNRPLL 
(Q921F4), QKI (Q9QYS9), and EIF4G1 (Q6NZJ6) were 
obtained from the Alphafold Protein Structure Data-
base for docking simulations [22]. The structures were 
submitted to CavityPlus 2022 with loose loops deleted 
to obtain reliable prediction of binding pockets [23]. 
Docking simulations were conducted using Ginseno-
side Rb1 (PubChem CID 9898279) and AutoDock Vina 
1.2.3 in AutoDockTools 1.5.7 to assess binding affinities 
and optimal poses [24]. Dock preparation encompassed 
tasks such as hydrogen addition and Gasteiger charge 
assignment. The grid boxes were defined based on the 
predicted binding pockets of proteins, spanning approxi-
mately 22.5 Å in each direction. The default settings were 
maintained for the number of binding modes, exhaus-
tiveness, and maximum energy difference (kcal/mol). The 
docked poses of Ginsenoside Rb1 onto PHAX, HNRPLL 
and EIF4G1 with the highest scores were collected for 
protein–ligand interaction analysis, and the docked pose 
of Ginsenoside Rb1 onto QKI was kept for molecular 
dynamics simulations.

Molecular dynamics simulations
The highest-scoring pose resulting from the docking of 
Ginsenoside Rb1 with the PHAX (Q9JJT9), HNRPLL 
(Q921F4), QKI (Q9QYS9) and EIF4G1 (Q6NZJ6) struc-
ture underwent refinement through MD simulations. 
Employing the CHARMM 36 forcefield, interactions 
between the ligand and protein were computed. MD 
simulations were carried out within a cubic grid box at 
a constant temperature of 300 K and pressure of 1 atm. 
Long-range electrostatic interactions were evaluated 
using the particle-mesh Ewald method, while tempera-
ture control relied on the V-rescale method. Solvation 
was achieved using TIP3P water molecules. The equili-
bration process comprised NVT and NPT steps, span-
ning a duration of 100 ps. The 100-ns MD simulation 
employed a time step of 2 fs, adopting the Parrinello-
Rahman method. Evaluation of complex stability via 
RMSD guided the selection of the largest cluster for pro-
tein–ligand interaction analysis.

Cellular thermal shift assay
After MC38 cells were incubated with Rb1 or control 
DMSO for 18 h, the cells were collected into PCR tubes 
(100 μL) and incubated at a series of temperatures from 
37 °C to 67 °C, with a gradient of 5 °C for 3 min. After 
being frozen by using liquid nitrogen and thawed on ice 
for twice, the supernatant was collected for detecting the 
PHAX, HNRPLL, QKI and EIF4G1 protein level by west-
ern blot.

Surface plasmon resonance
Recombinant PHAX, HNRPLL, QKI and EIF4G1 pro-
teins were coupled onto a CM5 chip (#BR-1005–30) via 
carboxyl groups on the dextran. After incubation, a series 
concentration of Rb1 flowed through the protein-CM5 
system. The binding was tested and analyzed using Biac-
ore T200 instrument.

Statistical analysis
Statistical analysis was carried out using GraphPad Prism 
9 software and SPSS 26.0. All the data were presented as 
the mean values ± standard deviation (SD). Normality of 
distribution was determined by Kolmogorov–Smirnov 
test and variance between groups was assessed by the 
F-test. For normally distributed data, significance of 
mean differences was determined by unpaired Student’s 
t-tests. For groups that differed in variance, unpaired 
t-test with Welch’s correction was performed. For data 
that were not normally distributed, ANOVA was used for 
different groups analysis. Correlations were determined 
by Pearson’s r coefficient. A two-tailed P value of 0.05 or 
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less was considered statistically significant. Additional 
methods and materials are described in the Supplemen-
tary Methods.

Results
Circ‑0034880‑enriched plasma EVs correlate with CRLM
Utilizing the human blood exosome database (exoRBase 
2.0), we identified several circRNAs that were signifi-
cantly more enriched in the plasma EVs of CRC patients 
compared to those of healthy volunteers (Fig. 1A). Simul-
taneously, through analysis of the GSE159669 array, mul-
tiple circRNAs exhibited markedly higher levels in tumor 
tissues than in peritumoral tissues (Fig. 1B). Using Venn 
diagram analysis, we identified 13 highly upregulated cir-
cRNAs as potential targets (Fig. 1C).

Next, we initially assessed the expression levels of the 
aforementioned 13 circRNAs in various human CRC cell 
lines. Nearly all of these circRNAs demonstrated elevated 
levels both intracellularly and within EVs of CRC cells 
compared to normal intestinal epithelial cells (Fig.  1D, 
Fig. S1). To further validate the clinical significance of 
these 13 circRNAs, we isolated high-quality EVs from the 
plasma of CRC patients and healthy volunteers (Fig. 1E, 
F, G). The qPCR results demonstrated that, among all 
13 circRNAs, 10 showed higher expression levels in 
the plasma EVs of primary CRC patients compared to 
healthy volunteers, suggesting that these 10 circRNAs 
may be associated with the progression of CRC. Fur-
thermore, we found that among these 10 circRNAs, only 
circ-0034880 showed significantly higher expression level 
in the plasma EVs of CRC patients with liver metastases 
compared to primary CRC patients, implying that it may 

be closely related to the occurrence of liver metastasis 
in CRC (Fig.  1H, I, Fig. S2, Table  S2). This clinical data 
encouraged us to focus on studying the critical relation-
ship between circ-0034880-enriched TEVs and CRLM.

Consistent with the results of clinical blood sample 
testing, circ-0034880 also exhibited significantly higher 
expression levels in the EVs of CRC cells compared 
to human normal intestinal epithelial cells (Fig.  1J). 
Additionally, our further examination revealed high 
gene homology between mmu-circ-0034880 and has-
circ-0034880 (Fig. S3A), and subsequent validation con-
firmed elevated expression of mmu-circ-0034880 in the 
EVs of murine colon cancer cells compared to mouse 
normal intestinal epithelial cells (Fig. 1K, Fig. S3B).

Above findings prompted us to analyze the expres-
sion level of circ-0034880 in primary and liver metastatic 
tissues of CRC patients. As anticipated, circ-0034880 
expression was significantly higher in the liver meta-
static tissues compared to primary CRC tissues (Fig. 1L, 
M), while its expression was minimal in peritumoral tis-
sues (Fig. S4A, B), indicating a close association between 
circ-0034880-enriched EVs derived from the plasma of 
CRC patients and CRLM. Furthermore, FISH detection 
confirmed elevated expression of has-circ-0034880 and 
mmu-circ-0034880 in multiple colon cancer cells com-
pared to normal intestinal epithelial cells (Fig. 1N and O, 
Fig. S5).

Circ‑0034880‑enriched TEVs promote CRLM in vivo
To further investigate the in vivo effect of circ-
0034880-enriched TEVs on CRC liver metastasis, we 
conducted in vivo tracking experiments revealing that 

Fig. 1  Circ-0034880-enriched plasma EVs correlate with CRLM. A Human blood exosomes database (exoRBase) was applied to analyze 
the differentially expressed circRNAs in the plasma EVs of 12 CRC patients and 32 healthy volunteers. Red represents high expression and blue 
represents low expression. The color brightness of each unit is associated with differences in multiples (log 2[AR/N]). Not all the circRNAs 
in the figure were labeled. B GSE159669 array from GEO database was used to analyze the differentially expressed circRNAs in CRC primary 
tumor and paired para-carcinoma tissues. Red represents high expression and blue represents low expression. The color brightness of each unit 
is associated with differences in multiples (log 2[AR/N]). Not all the circRNAs in the figure were labeled. C The top up-regulated circRNAs were 
screened out through the cross-comparative analysis of circRNAs between plasmas and tissues by Venn diagram assay. Red represents upregulated 
expressed circRNAs in CRC tissues, blue represents upregulated expressed circRNAs in CRC EVs, and pink represents common upregulated 
expressed circRNAs. D Heatmap for 13 upregulated expressed circRNAs in the intracellular space and EVs of human CRC cell lines and colonic 
epithelial cells NCM460. E EVs derived from representative healthy volunteer and CRC patient were analyzed for phenotype (purity and shape) 
by electron microscopy, and the red arrows indicate the representative separated EVs. Scale bar, 100 nm. F EVs derived from representative 
healthy volunteer and CRC patient were analyzed for size and particle number by LM10 nanoparticle characterization system. G Immunoblotting 
assays of TSG101, CD81 and β-actin in representative EVs derived from healthy volunteer and CRC patients (H: healthy volunteer; P: primary CRC; 
M: metastatic CRC). H qPCR validation and proportion analysis of 13 circRNAs in the EVs derived from healthy volunteer (n = 21), Primary CRC 
(n = 60): plasma from CRC patients without metastases, Metastatic CRC (n = 60): plasma from CRC patients with liver metastases. I qPCR detection 
data of circ-0034880 in the EVs derived from healthy volunteer (n = 21), Primary CRC (n = 60) and Metastatic CRC (n = 60). J qPCR detection data 
of circ-0034880 in the EVs of human CRC cell lines and colonic epithelial cells NCM460. K qPCR detection of circ-0034880 in the EVs of murine colon 
cancer cell lines MC38 and colonic epithelial cells MODEK. L, M FISH and quantitative assay of circ-0034880 in the tissues from Primary CRC: primary 
tissues from CRC patients without metastases, Metastatic CRC: metastatic tissues from CRC patients with liver metastases. Scale bar, 50 μm. N FISH 
detection of has-circ-0034880 in representative human CRC lines LoVo and colonic epithelial cells NCM460. Scale bar, 25 μm. O FISH detection 
of mmu-circ-0034880 in representative murine colon cancer cell lines MC38 and murine colonic epithelial cells MODEK. Scale bar, 25 μm

(See figure on next page.)
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DiR-labeled TEVs accumulated at a high level in liver 
and lung tissues, with only weak signals observed in 
spleen, brain, heart and kidney tissues (Fig.  2A, B, Fig. 
S6A). Subsequently, C57BL/6 J mice were pretreated 

with TEVs containing varying levels of circ-0034880 
(Fig.  2C) for 3 weeks, followed by intrasplenic injection 
of tumor cells to establish experimental liver metastasis 
models (Fig.  2D). In vivo imaging results demonstrated 

Fig. 1  (See legend on previous page.)



Page 7 of 23Zhou et al. Molecular Cancer          (2024) 23:168 	

Fig. 2  Circ-0034880-enriched TEVs promote CRC liver metastasis. A Flow chart of animal model establishment for TEVs biodistribution observation. 
B Biodistribution of TEVs in the potential metastatic organs of mice. Representative bioluminescent images of mice in indicated groups were shown. 
C qPCR assay of silenced efficiency of circ-0034880 in MC38 cells. D Flow chart of animal model establishment for experimental liver metastasis. 
E, F Luciferase-based bioluminescence imaging on experimental liver metastasis of the indicated mice treated without EVs or with EVs derived 
from MODEK cells, or circ-0034880-enriched MC38 cells, or circ-0034880-silenced MC38 cells (shRNA-1 in Fig. 2C was used for K/D of circ-0034880). 
n = 6 for each group. Representative bioluminescent images of mice in indicated groups were shown in Fig. 2E, and the quantification data 
(fluorescence intensity) was presented in Fig. 2F. G, I Photograph and quantification of liver metastatic tissues n = 6 for each group. Representative 
images of liver tissues in indicated groups were shown in Fig. 2G, and the quantification data (liver/body weight, %) was presented in Fig. 2I. 
H, J Representative HE staining pictures of liver tissue sections from indicated mice were shown in Fig. 2H (up and middle). In addition, 
the representative immunohistochemical results using anti-CK20 and anti-glypican-3 (GPC-3) antibody were also shown in Fig. 2H to indicate 
that the metastatic origin of tumor in liver tissues are from colon tissues (down). The quantification data (tumor burden, %) for HE staining results 
was presented in Fig. 2J. Scale bar, 2 mm (up), 500 μm (middle), 40 μm (down). All results were shown as mean ± SD. Student’s t-test was used 
to analyze the data. *P < 0.05; **P < 0.01
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that circ-0034880-enriched TEVs derived from colon 
cancer cells significantly promote liver metastasis. Con-
versely, after silencing circ-0034880, the ability of its cor-
responding TEVs to promote liver metastasis markedly 
decreased (Fig. 2E, F). After 8 weeks of the experiment, 
all mice were euthanized. The tumor foci (Fig.  2G, Fig. 
S7) and liver/body weight ratio (Fig.  2I) were all obvi-
ously increased in circ-0034880-enriched TEVs group 
compared with the model group and negative control 
group. However, after silencing circ-0034880, the ability 
of its corresponding TEVs to increase the tumor foci and 
liver/body weight ratio significantly reduced (Fig. 2G, I). 
In agreement with the above observation, H&E stain-
ing also showed significant increase of tumor burden in 
circ-0034880-enriched TEVs group compared with the 
model group and negative control group, but obvious 
elimination of tumor burden in circ-0034880-silencing 
TEVs group compared with the circ-0034880-enriched 
TEVs group (Fig. 2H, J). It is noteworthy that the baseline 
expression of circ-0034880 in normal mouse liver tissue 
was extremely low (Fig. S6B).

Circ‑0034880‑enriched TEVs activate CD206+ pro‑tumor 
macrophages in liver pre‑metastatic microenvironment
To comprehensively assess the impact of circ-
0034880-enriched TEVs on the pre-metastatic micro-
environment in the liver, we established a specialized 
mouse model for TEVs education and experimental 
liver metastasis (Fig. 3A). Mice were educated with EVs 
or TEVs containing different levels of circ-0034880 via 
tail vein injection every other day for 3 weeks. After 
one week of EVs or TEVs education, experimental liver 
metastasis model was prepared by intra-splenic injection 
of murine tumor cells in mice. Another two weeks later, 
the mice liver metastatic lesions were obtained to investi-
gate the effects of TEVs on the whole liver pre-metastatic 
microenvironment. The multiplexed immunofluores-
cence analysis revealed that circ-0034880-enriched TEVs 
induced significant infiltration of CD11B+ macrophages 

and α-SMA+ fibroblasts, particularly CD11B+CD206+ 
pro-tumor macrophages (Fig. 3B). This suggests that circ-
0034880-enriched TEVs may primarily influence liver 
macrophages, reshaping the liver microenvironment. 
Previous studies have consistently shown the tumor-
promoting effects of pro-tumor macrophages [14, 25, 26]. 
Our flow cytometry results further validated the stimu-
latory effect of circ-0034880-enriched TEVs on CD11B+ 
macrophages infiltration, particularly CD11B+CD206+ 
pro-tumor macrophages, within the liver microenvi-
ronment (Fig. 3C, D). Furthermore, using the mice liver 
metastases data from Fig.  2E, we confirmed a positive 
correlation between circ-0034880 expression levels and 
CD206+ pro-tumor TAM infiltration (Fig. 3E, F, Fig. S8). 
Additionally, compared to primary CRC tissues, higher 
circ-0034880 expression was detected in CRC liver 
metastatic lesions, showing a positive correlation with 
CD206+ pro-tumor TAMs infiltration (Fig. 3G, H, I).

Circ‑0034880‑enriched TEVs promote CRC cells migration 
via activating CD206+ pro‑tumor macrophages
Since several reports have shown the promoting effect of 
activated macrophages on CRC cell migration [27–29], 
we further investigated the effects of circ-0034880-en-
riched TEVs on CRC cells migration and CD206+ pro-
tumor macrophages in vitro. To track the delivery of EVs 
to macrophages, EVs derived from murine colon cancer 
cells and normal murine BMDMs were labeled with DiR 
(red) and DiO (green), respectively. Confocal imaging 
revealed the presence of red spots in recipient BMDMs 
after co-incubation, indicating successful delivery of EVs 
to macrophages (Fig.  4A). Subsequently, we observed 
a significant increase in circ-0034880 levels in mac-
rophages following co-culture with TEVs derived from 
murine colon cancer cells. However, there was minimal 
change in the co-culture group with TEVs derived from 
circ-0034880-silenced murine colon cancer cells com-
pared to the EVs derived from murine intestinal epithe-
lial cells with extremely low endogenous expression of 

Fig. 3  Circ-0034880-enriched TEVs activate CD206+ pro-tumor macrophages in liver pre-metastatic microenvironment. A Flow chart of mice model 
establishment for detecting the effect of TEVs on the liver pre-metastatic microenvironment. B Multiplexed immunofluorescence assay was used 
to detect the overall effect of TEVs on the phenotype in the pre-metastatic microenvironment (left: 7 days; right: 14 days). The resected liver tissues 
were stained with antibodies against CD11B, CD206, α-SMA, Ly6G and CD3. Nuclear staining was done with DAPI. Scale bar, 20 μm (D7), 25 μm 
(D14). C, D Effect of TEVs on macrophages in the liver pre-metastatic microenvironment was detected by flow cytometry (7 days and 14 days). E 
FISH and quantitative assay of circ-0034880 in the liver metastatic tissues from Fig. 2E. Scale bar, 50 μm. F Immunofluorescence analysis of TAMs 
in the liver metastatic tissues from Fig. 2E. The 6 μm O.C.T. tissue cryosections were stained with antibodies against F4/80 and CD206. Nuclear 
staining was done with DAPI. Scale bar, 50 μm. G, H FISH and immunofluorescence assay of circ-0034880 expression in TAMs form representative 
clinical primary CRC and CRC liver metastatic lesions. Antibodies against CD86 and CD206 were stained for TAMs, and FITC labelled circ-0034880 
probe was applied for circ-0034880 detection. I Correlation between circ-0034880 expression and CD206 expression in above TAMs form 
representative clinical primary CRC and CRC liver metastatic lesions. Scale bar, 20 μm. All results were shown as mean ± SD. Student’s t-test was used 
to analyze the data. *, P < 0.05; **, P < 0.01

(See figure on next page.)
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circ-0034880 (Fig. 4B, C). This suggests that circ-0034880 
was transferred to macrophages from cancer cells in the 
form of TEVs.

Furthermore, functional experiments demonstrated 
that circ-0034880-enriched TEVs could promote the acti-
vation of CD206+ pro-tumor macrophages (Fig.  4D, E, 

Fig. 3  (See legend on previous page.)
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F). Additionally, conditioned medium corresponding to 
circ-0034880-enriched TEVs significantly promote the 
migration of colon cancer cells (Fig. 4G, H). These in vitro 
experiments collectively suggest that circ-0034880-en-
riched TEVs promote CRC cells migration by activating 
CD206+ pro-tumor macrophages.

Circ‑0034880‑enriched TEVs facilitate the activation 
of SPP1highCD206+ pro‑tumor macrophages
Although previous in vitro and in vivo experiments 
suggest that circ-0034880 influences the activation of 
CD206+ pro-tumor macrophages, the specific regu-
latory mechanism remains unclear. To elucidate this 
mechanism, we first analyzed the transcriptome data of 
BMDMs pretreated with or without TEVs derived from 
murine colon cancer cells. The volcanic plot in Fig.  5A 
illustrates that 732 genes were upregulated in BMDMs 
pretreated with TEVs compared to control BMDMs. Sim-
ilarly, Fig. 5B shows that 555 genes were downregulated 
in BMDMs pretreated with circ-0034880-silenced TEVs 
compared to the TEVs group. Subsequent Venn diagram 
analysis revealed 95 common alerted genes (Fig.  5C), 
with the heatmap in Fig. 5D displaying the top 30 differ-
entially expressed genes.

Among these genes, SPP1 and Phlda1 were the down-
regulated genes with statistical significance after circ-
0034880 silencing (Fig.  5E). Because our previous 
experiments have confirmed a close correlation between 
the expression of circ-0034880 and the activation of pro-
tumor macrophages (Fig.  4D, E, F), we further supple-
ment the experiment to explore whether the knockdown 
of SPP1 or Phlda1 gene is also positively correlated with 
the activation of pro-tumor macrophages. The qPCR 
results confirmed that under the knockdown of the SPP1 
gene, the activation effect of IL-4 or TEVs on pro-tumor 
macrophages was significantly reduced (Fig. S9A). How-
ever, under the knockdown of the Phlda1 gene, the acti-
vation effect of IL-4 or TEVs on pro-tumor macrophages 
was affected minimally (Fig. S9B). Moreover, the litera-
ture search results also indicate that SPP1 is known to 
be abundantly expressed in tumor metastatic tissues 
[30, 31], with SPP1+ macrophages being predominant in 

CRLM [32]. Therefore, above preliminary experimental 
and literature search results jointly suggest that the SPP1 
gene may be a key bridge for circ-0034880 to affect the 
activation of pro-tumor macrophages, but the function 
and regulatory mechanism by which the Phlda1 gene 
participates in needs further research in the future.

Subsequently, multiple in vitro experiments demon-
strated a positive correlation between the mRNA and 
protein expression levels of SPP1 and the expression of 
circ-0034880, as well as the activation of CD206+ pro-
tumor macrophages (Fig. 5F, G, H, I). To validate the in 
vitro findings, we examined SPP1 expression in experi-
mental mouse liver metastatic and clinical liver meta-
static tissues. Notably, SPP1 is a secretory protein [33], 
primarily produced by macrophages [34]. Immunofluo-
rescence experiments revealed that SPP1 was mainly 
secreted into the interstitial tissue of the TME (Fig. 5J). 
Therefore, in subsequent tissue sample analyses, we 
focused on observing the overall protein expression of 
SPP1 in the TME. The immunofluorescence results indi-
cated significantly higher SPP1 protein expression in 
TEVs-pretreated experimental mouse liver metastatic 
tissues, but significantly lower expression in the circ-
0034880-silenced TEVs-pretreated group (Fig. S10A). 
Importantly, clinical samples also confirmed the sig-
nificantly upregulated SPP1 protein expression in the 
TME of CRC liver metastatic tissues (Fig. S10B). Taken 
together, these findings suggest that circ-0034880-en-
riched TEVs facilitate the activation of SPP1highCD206+ 
pro-tumor macrophages.

TEVs‑released circ‑0034880 elevates SPP1 expression 
in macrophages by protecting SPP1 from miR‑200a‑3p 
and miR‑141‑3p‑mediated degradation
Given that circRNAs are known to function as miRNAs 
sponges, we aimed to identify the potential miRNAs 
linking circ-0034880 and SPP1. Utilizing the Circular 
RNA Interactome database and RegRNA, we identi-
fied miR-200a-3p and miR-141-3p as putative targets 
of circ-0034880 (Fig. 5K, L). Since AGO2 protein plays 
a crucial role in circRNAs or miRNAs regulating gene 
expression, we initially investigated the interaction 

(See figure on next page.)
Fig. 4  Circ-0034880-enriched TEVs promote CRC cells migration via activating CD206+ pro-tumor macrophages. A Confocal imaging showed 
the delivery of DiR-labeled EVs (red) to DiO-labeled BMDMs (green). Scale bar, 25 μm. B FISH detection of circ-0034880 in representative BMDMs 
treated with MC38-EVs or MC38shRNA-EVs for 48 h. Scale bar, 25 μm. C qPCR detection of circ-0034880 in representative BMDMs treated 
with MC38-EVs or MC38shRNA-EVs for 24 h and 48 h. D Immunofluorescence analysis of CD206+ macrophages in BMDMs treated with MC38-EVs 
or MC38shRNA-EVs. The BMDMs were stained with antibodies against F4/80 and CD206. Nuclear staining was done with DAPI. Scale bar, 25 μm. 
E, F qPCR detection of macrophages activation associated genes (Arg-1, CD206, VEGF, CD274, iNOS, H2-Ab1) in BMDMs treated with MC38-EVs 
or MC38shRNA-EVs for 48 h. G, H Transwell and wound healing assay of MC38 cells treated with indicated conditioned medium (CM) from BMDMs 
that pretreated with IL-4, MC38-EVs, or MC38shRNA EVs, or none. Representative images were shown and migrated cells were counted. Scale bar, 
150 μm. Scale bar, 150 μm. All results were shown as mean ± SD. Student’s t-test was used to analyze the data. *, P < 0.05; **, P < 0.01



Page 11 of 23Zhou et al. Molecular Cancer          (2024) 23:168 	

Fig. 4  (See legend on previous page.)
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between circ-0034880 and AGO2 or between miRNAs 
and AGO2. RIP assays revealed an enrichment of circ-
0034880 in anti-AGO2 immunoprecipitates (Fig. 5M), 
along with the enrichment of miR-200a-3p and miR-
141-3p (Fig. 5N). To further confirm these results, we 
repeated the interaction experiments in macrophages 
by using the murine BMDMs. The supplementary 
experiments confirmed the interaction between circ-
0034880 and AGO2 or between miR-200a-3p/miR-
141-3p and AGO2 in macrophages (Fig. S11).

To confirm the interaction between circ-0034880 
and miR-200a-3p or miR-141-3p, we synthesized wild-
type or mutant circ-0034880 fragments containing 
the predicted binding site of the identified miRNAs 
and inserted them downstream of the dual-luciferase 
reporter gene (Fig. S12A). Luciferase assay results indi-
cated that both miR-200a-3p and miR-141-3p mim-
ics decreased the relative luciferase activity, while the 
luciferase activity of the circ-0034880 mutant group 
remained unchanged (Fig. 5O).

Similarly, to validate the interaction between miR-
200a-3p/miR-141-3p and SPP1, we synthesized 
wild-type or mutant SPP1 mRNA 3’UTR fragments 
containing the predicted binding site of the identified 
miRNAs and inserted them downstream of the dual-
luciferase reporter gene (Fig. S12B). The dual-lucif-
erase assay demonstrated that both miR-200a-3p and 
miR-141-3p mimics significantly decreased the lucif-
erase reporter activity of the wild-type SPP1-3’UTR, 
whereas the luciferase activity of the mutant SPP1-
3’UTR remained unaltered (Fig. 5P). In summary, our 
findings collectively demonstrate that TEVs-released 
circ-0034880 elevates SPP1 expression in macrophages 

by protecting SPP1 from miR-200a-3p and miR-
141-3p-mediated degradation.

Ginsenoside Rb1 administration prevents CRC cells 
migration by impeding circ‑0034880‑enriched TEVs 
mediated activation of SPP1highCD206+ pro‑tumor 
macrophages
To identify potential therapeutic drugs targeting specific 
molecules such as circ-0034880, we conducted a screen-
ing of 103 natural products. Following preliminary dose 
screening, 71 natural products were selected to investi-
gate their effects on circ-0034880 expression (Table S3). 
Through qPCR analysis, four natural products includ-
ing Ginsenoside Rb1, Isorhamnetin, Kaempferol, and 
Quercetin exhibited the most potent inhibitory effects 
on circ-0034880 expression (Fig. 6A, Fig. S13A). Among 
these, Ginsenoside Rb1 emerged as the ideal candi-
date drug for subsequent anti-tumor metastasis studies 
(Fig. 6C, Fig. S13B, C) due to its better inhibitory func-
tion on TEVs secretion (Fig. 6B).

Further analysis revealed that Ginsenoside  Rb1 effec-
tively inhibited circ-0034880 expression, similar to direct 
circ-0034880 silencing, as evidenced by FISH results 
(Fig. 6D, E). However, under the premise of circ-0034880 
silencing, the circ-0034880 expression remained unal-
tered after plus treatment with Ginsenoside Rb1 (Fig. 6D, 
E). Additionally, qPCR assays of circ-0034880 in colon 
cancer cell-derived TEVs confirmed these findings 
(Fig. 6F).

Given the inhibitory effect of Ginsenoside Rb1 on circ-
0034880 expression, we investigated whether Ginseno-
side  Rb1 could affect the activation of SPP1highCD206+ 
pro-tumor macrophages via circ-0034880-enriched TEVs. 

Fig. 5  Circ-0034880-enriched TEVs facilitate the activation of SPP1highCD206+ pro-tumor macrophages by protecting SPP1 from miR-200a-3p 
and miR-141-3p-mediated degradation. A, B Volcano plots of log2 fold change (FC) and log10 adjusted p value of differentially expressed 
genes between MC38-EVs-treated BMDMs and control BMDMs or between MC38-EVs-treated BMDMs and MC38shRNA-EVs-treated 
BMDMs. MC38shRNA-EVs represents EVs derived from MC38 cells of circ-0034880 silencing. C Venn diagram assay of up-regulated genes 
in MC38-EVs-treated BMDMs and down-regulated genes in MC38shRNA-EVs-treated BMDMs. D Heatmap of top 30 upregulated and downregulated 
genes. E qPCR validation of the top 10 differentially expressed genes in BMDMs treated with or without circ-0034880 gene silencing. F qPCR 
detection of SPP1 gene in BMDMs that pretreated with IL-4, MC38-EVs, or MC38shRNA EVs, or none. G Immunoblotting and quantitative assays 
of SPP1 in BMDMs that pretreated with IL-4, MC38-EVs, or MC38shRNA EVs, or none. H Immunofluorescence and quantitative analysis of SPP1 
in BMDMs that pretreated with IL-4, MC38-EVs, or MC38shRNA EVs, or none. Scale bar, 25 μm. I ELISA and quantitative assays of SPP1 levels 
in the supernatant of BMDMs that pretreated with IL-4, MC38-EVs, or MC38shRNA EVs, or none. J Immunofluorescence analysis of SPP1 and CD206 
in the mice liver metastatic tissues from Fig. 2E. Antibody against SPP1 and CD206 were used in this part. Yellow arrow represents SPP1 in TAMs 
(CD206+), white arrow represents SPP1 in the whole mesenchyme of TME. Scale bar, 20 μm. K CircRNA interactome databases and RegRNA were 
used to predict the potential target miRNAs of circ-0034880 and SPP1, respectively. Venn diagram showed the mutual putative target miRNAs 
of circ-0034880 and SPP1. L MiR-200a-3p and miR-141-3p were selected as the potential bridge between circ-0034880 and SPP1. M Interaction 
between circ-0034880 and AGO2 protein was confirmed by RIP and qPCR assay in H293T cells. N Potential miRNAs (miR-200a-3p and miR-141-3p) 
that bind with circ-0034880 were detected by qPCR using the anti-AGO2 immunoprecipitates. O Luciferase reporter activity was measured 
in H293T cells after co-transfection with circ-0034880-WT or circ-0034880-MUT and miR-200a-3p/miR-141-3p mimics. P Luciferase reporter activity 
was measured in H293T cells after co-transfection with SPP1 3’UTR-WT or SPP1 3’UTR-MUT and miR-200a-3p/miR-141-3p mimics. All results were 
shown as mean ± SD. Student’s t-test was used to analyze the data. *, P < 0.05; **, P < 0.01

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Consistent with the expression levels in correspond-
ing colon cancer cells, levels of circ-0034880 in BMDMs 
treated with different TEVs mirrored those findings, with 
Ginsenoside  Rb1 administration notably reducing circ-
0034880 levels in BMDMs (Fig.  6G, H, I). Furthermore, 
protein expression of SPP1 in BMDMs was significantly 
downregulated following Ginsenoside  Rb1 treatment, 
akin to direct circ-0034880 silencing (Fig.  6J, K). Never-
theless, under the premise of silencing circ-0034880, the 
protein expression of SPP1 in BMDMs affected by Rb1 
was slightly altered (Fig. 6J, K). ELISA and qPCR experi-
ments further supported these results (Fig. 6L, M).

Moreover, as shown in Fig.  6N, Fig. S14, circ-
0034880-enriched TEVs elevated the mRNA expres-
sion levels of the markers of pro-tumor macrophages, 
whereas the mRNA expression levels of the markers 
of pro-inflammatory macrophages were decreased. 
Nevertheless, both circ-0034880 silencing and Ginse-
noside  Rb1 administration reversed the effect of circ-
0034880-enriched TEVs on the markers of pro-tumor 
and pro-inflammatory macrophages. Additionally, 
under the premise of circ-0034880 silencing, Ginseno-
side  Rb1 administration had little effect on the mark-
ers of pro-tumor and pro-inflammatory macrophages, 
suggesting that Rb1 impedes circ-0034880-enriched 
TEVs mediated activation of CD206+ pro-tumor mac-
rophages (Fig.  6N, Fig. S14). Importantly, in human 
colon cancer cell lines, we also confirmed the inhibitory 
effect of Ginsenoside Rb1 on the activation of CD206+ 
pro-tumor macrophages (Fig. S15A).

Furthermore, conditioned media from indicated 
BMDMs significantly reduced the migratory ability of 
colon cancer cells, similar to the effect of the direct 
circ-0034880 silencing. However, under the premise of 
silencing circ-0034880, the migratory ability remained 
largely unchanged following Ginsenoside  Rb1 admin-
istration (Fig.  6O, P). Similar inhibitory effect of Gin-
senoside Rb1 on the migration of human colon cancer 

cell lines were also observed (Fig. S15B). In conclusion, 
our results demonstrate that Ginsenoside  Rb1 admin-
istration prevents CRC cells migration by impeding 
circ-0034880-enriched TEVs mediated activation of 
SPP1highCD206+ pro-tumor macrophages.

Rb1 directly binds to QKI protein to inhibit the biogenesis 
of circ‑0034880
To identify the direct targets of Rb1 that influence circ-
0034880 expression, we initially conducted a DARTS 
assay to screen potential targets of Rb1. The volcanic 
plot and heatmap in Fig.  7A, B revealed 151 differen-
tially expressed proteins in Rb1-pretreated murine colon 
cancer cells compared to control cells (see Supplemen-
tal Data). As circRNAs biogenesis is tightly regulated by 
specific proteins, we focused on proteins known or sus-
pected to regulate circRNAs biogenesis through litera-
ture mining (Table S4). Venn diagram analysis identified 
QKI protein as a promising target (Fig. 7C). While pro-
teins like PHAX, HNRPLL and EIF4G1 are essential for 
mRNA regulation, they were also selected for validation.

Next, we predicted potential ligand binding sites 
of PHAX, HNRPLL, QKI and EIF4G1 using Cavity-
Plus 2022. As shown in Table S5 and Fig. S16, all of the 
four proteins possessed cavities with strong druggabil-
ity, with each protein having one contiguous druggable 
pocket. Molecular docking simulation assessed the bind-
ing potential of Ginsenoside  Rb1 to these proteins. The 
docking score of Rb1 to PHAX, HNRPLL and EIF4G1 
was estimated to be -6.689 kcal/mol, -7.829 kcal/mol and 
-7.674 kcal/mol. This molecule associated with the bind-
ing site of PHAX, HNRPLL and EIF4G1 mainly though 
hydrogen bonds, Pi-alkyl and alkyl interactions (Fig. S17). 
For instance, the disaccharide groups of Rb1 formed the 
majority of hydrogen bonds with the protein, and alkyl 
and Pi-alkyl interactions were formed by the methyl, 
isobutene and steroid of Rb1 (Fig. S18). Notably, Rb1 
was first docked to the druggable pocket of QKI with 

(See figure on next page.)
Fig. 6  Rb1 administration prevents CRC cells migration by impeding circ-0034880-enriched TEVs mediated activation of SPP1highCD206+ 
pro-tumor macrophages. A Effects of 71 natural products on the expression of circ-0034880 were measured by qPCR. The Heatmap showed 
the inhibitory degree of different natural products on circ-0034880 expression. B Effects of the selected 4 natural products on the TEVs secretion 
of MC38 were analyzed by NanoSight. C 3D molecular structure diagram of natural product Ginsenoside Rb1. D, E FISH and quantitative assay 
of the effects of gene silencing and Ginsenoside Rb1 administration on the expression of circ-0034880 in MC38 cells. Scale bar, 25 μm. F qPCR 
assay of the circ-0034880 expression in the EVs derived from MC38 cells pretreated with gene silencing and/or Ginsenoside Rb1 administration. 
G, H FISH and quantitative assay of the effects of different EVs pretreatment on the expression of circ-0034880 in BMDMs. Scale bar, 25 μm. I qPCR 
assay of the effects of different EVs pretreatment on the expression of circ-0034880 in BMDMs. J, K Immunofluorescence and quantitative analysis 
of CD206 and SPP1 in the BMDMs treated with DMEM, or MC38-EVs, or MC38shRNA-EVs, or Rb1 + MC38shRNA-EVs. Scale bar, 25 μm. L ELISA assays 
of secretory SPP1 protein in the supernatant of BMDMs treated with DMEM, or MC38-EVs, or MC38shRNA-EVs, or Rb1 + MC38shRNA-EVs. M qPCR 
assay of SPP1 in the BMDMs treated with DMEM, or MC38-EVs, or MC38shRNA-EVs, or Rb1 + MC38shRNA-EVs. N qPCR detection of macrophages 
activation associated genes (Arg-1, CD206, iNOS) in the BMDMs treated with DMEM, or MC38-EVs, or MC38shRNA-EVs, or Rb1 + MC38shRNA-EVs. O, 
P Transwell and wound healing assay of the effects of different EVs pretreated BMDMs culture supernatant on CRC cell migration. Scale bar, 150 μm. 
All results were shown as mean ± SD. Student’s t-test was used to analyze the data. *, P < 0.05; **, P < 0.01
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Fig. 6  (See legend on previous page.)
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the docking score -5.750 kcal/mol, and firmly bound to 
QKI during the 100-ns molecular dynamics simulations 
(RMSD) (Fig.  7D, E). However, the RMSD assay data 
demonstrated that, HNRPLL (red) and EIF4G1 (green) 
showed unstable binding with Rb1, PHAX (blue) showed 
relative stable binding with Rb1 (Fig. S19). Similarly, 
despite the higher number of hydrogen bonds in the Rb1-
QKI complex, the Ginsenoside Rb1 interacted robustly 
with protein via multiple alkyl interactions (Fig.  7D). 
These results showed that Rb1 potentially bound to 
PHAX, HNRPLL and EIF4G1, and formed stable com-
plex with QKI.

QKI protein has been implicated in regulating pre-
mRNA splicing and promoting circRNA biogenesis [35, 
36]. To validate the computational docking and molecu-
lar dynamics simulations results, we performed a CETSA 
assay, confirming that Rb1 significantly increased the 
thermal stability of QKI (Fig. 7F, G). However, the effects 
of Rb1 on the thermal stability of PHAX, HNRPLL and 
EIF4G1 were not that remarkable (Fig. S20). These 
results were further supported by an SPR assay, indicat-
ing strong affinity between Rb1 and QKI with KD values 
1.033e-05 M (Fig. 7H), in compared with the SPR assay 
results between Rb1 and PHAX (KD values 1.580e-05 
M), Rb1 and HNRPLL (KD values 2.168e-03 M), Rb1 
and EIF4G1 (unable to fit) (Fig. S21). The high-affinity 
binding characteristics suggest that QKI might be a 
biological target of Rb1. Moreover, in Fig.  7I, the com-
putational docking model revealed Rb1 binding to the 
domain of QKI protein overlapping with its RNA binding 
domain [37]. The overlapping binding domain suggested 
a potential competitive relationship between Rb1 and 
circ-0034880, prompting investigation into the effect of 
QKI gene silencing on circ-0034880 biogenesis. Indeed, 
QKI knockdown remarkably suppressed circ-0034880 
expression (Fig. 7J, K, L, M), underscoring the role of in 
mediating the impact of Rb1 on circ-0034880 biogen-
esis. Taken together, our findings demonstrate that Rb1 

directly binds to QKI protein, inhibiting the biogenesis of 
circ-0034880.

Rb1 administration inhibits CRLM via impeding 
circ‑0034880‑enriched TEVs mediated activation 
of SPP1highCD206+ pro‑tumor TAMs
To validate the in vivo effect of Rb1 administration, we 
designed a study as depicted in Fig.  8A, outlining Rb1 
intervention in a mouse model of experimental liver 
metastasis. In vivo imaging results in Fig. 8B, C demon-
strated a significant reduction in the liver metastases in 
the Rb1-pretreated TEVs administration group com-
pared to the TEVs alone, closely resembling the effect of 
direct circ-0034880 silencing. However, in the context of 
circ-0034880 silencing, liver metastases were minimally 
affected by Rb1-pretreated TEVs administration (Fig. 8B, 
C). After 5 weeks of the experiment, all mice were eutha-
nized. The tumor foci (Fig. 8D, Fig. S22) and liver/body 
weight ratio (Fig. 8F) were all obviously decreased in the 
Rb1-pretreated TEVs administration group compared to 
the TEVs alone, closely resembling the effect of direct 
circ-0034880 silencing. However, in the context of circ-
0034880 silencing, tumor foci and liver/body weight ratio 
were minimally affected by Rb1-pretreated TEVs admin-
istration (Fig. 8D, F). In agreement with the above obser-
vation, H&E staining also showed significant decrease of 
tumor burden in the Rb1-pretreated TEVs administra-
tion group compared to the TEVs alone, closely resem-
bling the effect of direct circ-0034880 silencing (Fig. 8E, 
G). Nevertheless, in the context of circ-0034880 silenc-
ing, the tumor burden was minimally affected by Rb1-
pretreated TEVs administration (Fig. 8E, G).

Next, we explored the effects of Rb1 on the infiltra-
tion of CD206+ pro-tumor TAMs in the liver metastases. 
Compared to the untreated group, the Rb1-pretreated 
TEVs administration group exhibited a significant 
decrease in CD206+ pro-tumor TAMs, similar to the 
effect of the direct circ-0034880 silencing. However, 

Fig. 7  Rb1 directly binds to QKI and inhibits the biogenesis of circ-0034880. A DARTS experiment was performed to search the direct targets 
of Rb1 in MC38 cells. Volcano plots of log2 fold change (FC) and log10 adjusted p value of differentially proteins between Rb1-treated MC38 
cells and control MC38 cells. Red dots, proteins upregulated in Rb1-treated MC38 cells; blue dots, proteins upregulated in control MC38 cells. B 
Heatmap of upregulated and downregulated proteins by DARTS assay of Rb1-treated MC38 cells and control MC38 cells. C Venn diagram assay 
of Rb1 targeted proteins (n = 151) and circRNAs biogenesis associated proteins (n = 17). D The stereo view of MD-optimized complex structure 
of QKI (Q9QYS9, residue14-203) bound with Ginsenoside Rb1 and the detailed interactions between QKI and Ginsenoside Rb1. E The RMSD 
analysis of Ginsenoside Rb1 fitted to the backbone of QKI. F, G CETSA experiment was used to evaluate the binding between Rb1 and QKI 
in thermodynamic levels. The expression level of QKI protein was detected by western blot. H SPR was performed using QKI full length proteins 
with increasing concentrations of Rb1. The equilibrium dissociation constant (KD) was evaluated according to the response-concentration curve. 
I The computational docking model showed the Rb1 drug binding domain in QKI protein, and QKI protein shared the same RNA binding domain 
with Rb1 drug binding domain. The motif of QKI was obtained from ENCORI, and multiple QKI binding sequences were found in the flanking 
of circ-0034880. J, K, L Expression of QKI mRNA and protein in QKI-silenced MC38 cells and control MC38 cells was measured by qPCR and western 
blot analysis. M Expression of circ-0034880 in QKI-silenced MC38 cells and control MC38 cells were evaluated by qPCR analysis. All results were 
shown as mean ± SD. Student’s t-test was used to analyze the data. *, P < 0.05; **, P < 0.01

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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under the premise of circ-0034880 silencing, CD206+ 
pro-tumor TAMs demonstrated minimal change fol-
lowing Rb1-pretreated TEVs administration (Fig.  8H, 
K). Flow cytometry assays in freshly resected liver meta-
static tissues confirmed these results (Fig. S23). Moreo-
ver, we investigated the effects of Rb1 on circ-0034880 
and SPP1 expression in liver metastases. Rb1-pretreated 
TEVs administration significantly reduced circ-0034880 
expression compared to the untreated group, similar to 
direct circ-0034880 silencing. Nevertheless, under the 
premise of circ-0034880 silencing, the expression of the 
corresponding circ-0034880 did not change more in 
response to Rb1-pretreated TEVs administration (Fig. 8I, 
L). Similarly, SPP1 expression was significantly downreg-
ulated in the Rb1-pretreated TEVs administration group, 
resembling the effect of direct circ-0034880 silencing. 
However, under the premise of circ-0034880 silencing, 
SPP1 expression in corresponding liver metastases was 
minimally affected by Rb1-pretreated TEVs administra-
tion (Fig. 8J, M).

In summary, this study uncovers a novel mechanism 
by which circ-0034880-enriched TEVs promote the acti-
vation of SPP1highCD206+ pro-tumor TAMs, reshaping 
the liver tumor microenvironment. Additionally, we pro-
posed Ginsenoside Rb1 as a potential alternative drug, 
which remodels the TME by directly targeting QKI pro-
tein and reducing the biogenesis of circ-0034880 to pre-
vent CRLM (Fig. 8N).

Discussion
The TME plays a critical role in tumor metastasis, with 
EVs acting as crucial mediators in TME remodeling. EVs, 
akin to small transport aircraft, facilitate communication 
between tumors and the external microenvironment by 
exchanging lipids, proteins, mRNAs, and ncRNAs [38]. 
In the context of tumor diseases, EVs often spearhead 

the creation of a conducive microenvironment for tumor 
cells colonization and secondary growth post-metastasis 
[39]. In this study, we present clinical and experimental 
evidence supporting the role of circRNAs-enriched TEVs 
in CRLM.

Through database mining and validation in clini-
cal samples, we identified circ-0034880-enriched TEVs 
as a potential marker for the diagnosis of CRLM. Sub-
sequent in vivo experiments unequivocally confirmed 
the promoting effect of circ-0034880-enriched TEVs on 
CRLM, highlighting the crucial role of circ-0034880 in 
CRLM formation. These findings prompted us to inves-
tigate the mechanisms underlying the influence of circ-
0034880-enriched TEVs on CRLM.

Previous studies have underscored the significance of 
TEVs in TME remodeling and distant tumor metastasis. 
For instance, our prior research revealed how ITGBL1-
enriched TEVs remodel the TME by affecting cancer-
associated fibroblasts (CAFs), thereby impacting distant 
tumor metastasis and growth [40]. Additionally, Liu 
et al. demonstrated the role of TEVs-RNA in metastatic 
niche formation and organ-specific metastatic tropism 
by recruiting neutrophils [41]. Furthermore, TEVs con-
tribute significantly to shaping the immunosuppressive 
niche before liver metastasis [42]. As anticipated, circ-
0034880-enriched TEVs exerted varying degrees of influ-
ence on various immune cells, particularly macrophages 
and fibroblasts. Notably, silencing circ-0034880 in tumor 
cells significantly reduced the activation of CD206+ pro-
tumor macrophages, suggesting that this activation path-
way may be pivotal for circ-0034880-enriched TEVs to 
remodel the TME in liver tissues.

To substantiate this hypothesis, we conducted experi-
ments using tissue samples from a mouse experimental 
liver metastasis model and clinical CRC liver metasta-
ses. Pathological analysis confirmed a positive correla-
tion between high circ-0034880 expression and CD206+ 

(See figure on next page.)
Fig. 8  Rb1 administration inhibits CRLM via impeding circ-0034880-enriched TEVs mediated activation of SPP1highCD206+ pro-tumor TAMs. A Flow 
chart of Rb1 intervention in mice model of experimental liver metastasis. B, C Luciferase-based bioluminescence imaging on experimental liver 
metastasis of the indicated mice treated without EVs or with EVs derived from circ-0034880-enriched MC38 cells, or circ-0034880-silenced MC38 
cells, or Rb1. n = 6 for each group. Representative bioluminescent images of mice in indicated groups were shown in Fig. 8B, and the quantification 
data (fluorescence intensity) was presented in Fig. 8C. D, E, F, G Photograph and HE staining to observe the effect of Rb1 on liver metastasis of mice 
colon cancer. Scale bar, 2 mm (up), 500 μm (down). n = 6 for each group. Representative liver tissues images of mice in indicated groups were 
shown in Fig. 8D, and the quantification data (liver/body weight, %) was presented in Fig. 8F. Representative HE staining pictures of liver tissue 
sections from indicated mice were shown in Fig. 8E (up and middle). In addition, the representative immunohistochemical results using anti-CK20 
and anti-glypican-3 (GPC-3) antibody were also shown in Fig. 8E to indicate that the metastatic origin of tumor in liver tissues are from colon tissues 
(down). The quantification data (tumor burden, %) for HE staining results was presented in Fig. 8G. Scale bar, 2 mm (up), 500 μm (middle), 40 μm 
(down). H Immunofluorescence analysis of TAMs in the liver metastatic tissues from above Rb1 intervene model. Scale bar, 50 μm. I FISH assay 
of circ-0034880 in the liver metastatic tissues from above Rb1 intervene model. Scale bar, 25 μm. J Immunofluorescence analysis of SPP1 in the liver 
metastatic tissues from above Rb1 intervene model. Scale bar, 20 μm. K, L, M The quantitative assay for Fig. 8H, I, J. N A schematic mechanism 
underlying interactions between primary CRC cells and macrophages in distant liver organs. All results were shown as mean ± SD. Student’s t-test 
was used to analyze the data. *, P < 0.05; **, P < 0.01
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pro-tumor TAMs infiltration in mouse and human liver 
metastases. CD206+ pro-tumor TAMs have been linked 
to tumor metastasis and growth [43]. Further in vitro 
experiments demonstrated that circ-0034880-enriched 
TEVs promoted tumor cells migration by upregulat-
ing the activation of CD206+ pro-tumor macrophages. 
Through transcriptome analysis and related in vitro 
experiments, we identified SPP1 as a key mediator of 
circ-0034880-enriched TEVs in promoting the acti-
vation of CD206+ pro-tumor macrophages. SPP1, 
abundant in various tumors, acts as a macrophage che-
moattractant, essential for macrophage infiltration and 
pro-tumor activity maintenance [33]. We confirmed that 
circ-0034880-enriched TEVs facilitated the upregula-
tion of SPP1 expression in macrophages, and the high 
expression of circ-0034880 positively correlated with 
SPP1 expression and CD206+ pro-tumor TAM activa-
tion using mouse liver metastatic tissues and clinical 
metastatic tissues. Further mechanistic studies suggested 
that circ-0034880 serve as a sponge for miR-200a-3p and 
miR-141-3p, thereby increasing SPP1 expression by pro-
tecting it from degradation.

In the realm of anti-tumor metastasis research, vari-
ous components of the TME, including CAFs, tumor-
associated neutrophils (TANs), TAMs, myeloid-derived 
suppressor cells (MDSCs), regulatory T cells (Tregs), and 
EVs, have emerged as potential therapeutic targets. For 
instance, therapies targeting TANs and TAMs to reverse 
their tumor-promoting phenotype are under clinical 
investigation [44]. Inhibition of PMN-MDSCs ferroptosis 
and subsequent release of oxygenated lipids can reverse 
the immunosuppressive TME, rendering tumors more 
susceptible to immunotherapies [45]. Moreover, inhibit-
ing EVs secretion can restore intracellular iron concen-
tration, enhancing ferroptosis-based cancer therapy and 
immunotherapy [46]. Ginsenoside Rg3 exhibits high 
capture efficiency of circulating tumor cells (CTCs) and 
inhibits PMN formation, thereby inhibiting tumor lung 
metastasis by reversing the immune suppression micro-
environment [47].

Currently, multiple therapy strategies including sur-
gery, radiation therapy, ablation therapy, systemic ther-
apy, anti-angiogenesis therapy, and immunotherapy are 
applied in clinic for patients with CRLM [48]. Further-
more, combined treatment and multidisciplinary coop-
eration have been established to reduce the mortality 
of CRLM patients. However, the prognosis for CRLM 
patients remains poor [49]. Therefore, it is very neces-
sary to seek new methods to improve the existing therapy 
strategies for CRLM. Liang et al. demonstrated that inhi-
bition of Cyclin-dependent kinase 8 (CDK8) significantly 
reduced the liver metastases of mouse and human colon 
cancer cells [50], suggesting that CDK8-targeting drugs 

might be a potential method for the treatment of CRLM. 
Shen et al. reported that anti-hypertensive drugs target-
ing the renin-angiotensin system (anti-RAS) in combina-
tion with bevacizumab could significantly improve the 
anti-angiogenic efficacy in CRLM [51]. In our study, we 
provide initial evidence that the natural product Ginse-
noside Rb1, derived from Panax Ginsenoside, can inhibit 
CRLM by blocking the activation of SPP1highCD206+ 
pro-tumor macrophages. Rb1 achieves this by directly 
binding to the QKI protein, reducing circ-0034880 bio-
genesis and SPP1 expression, thereby suppressing PMN 
formation and inhibiting CRLM. In recent years, Ginse-
noside Rb1 has been mainly reported to exert therapeutic 
roles in ischemic stroke [52], myocardial ischemia/reper-
fusion injury [53, 54], rheumatoid arthritis [55]. However, 
there are few high-quality reports on the therapeutic 
effects of Ginsenoside Rb1 in oncologic fields including 
CRC. From the perspective of regulating the TME, espe-
cially in inhibiting the biogenesis of circ-0034880 and 
generation of extracellular vesicles, our study reveals for 
the first time the special role of Ginsenoside Rb1 in the 
field of tumor prevention and treatment, laying a solid 
foundation for future clinical drug translation. Addition-
ally, our supplementary data suggest that the promoting 
function of TEVs on CRLM can be attenuated by mac-
rophage elimination (Fig. S24A, B).

Conclusion
In sum, this study elucidates the role of circ-0034880-en-
riched TEVs in promoting CRLM by enhancing the 
activation of SPP1highCD206+ pro-tumor macrophages, 
thereby reshaping the liver microenvironment to sup-
port PMN formation. Importantly, our mechanism 
insights led to the identification of Ginsenoside Rb1 as 
a potential therapeutic agent. Rb1 remodels the TME 
by directly targeting the QKI protein, thereby reducing 
circ-0034880 biogenesis and suppressing the activation 
of SPP1highCD206+ pro-tumor macrophages, ultimately 
inhibiting CRLM. These findings offer novel therapeutic 
avenues for combating colorectal cancer metastasis by 
targeting TME remodeling processes.
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