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Introduction

A commonly observed malignant tumor worldwide, 
hepatocellular carcinoma (HCC) demonstrates high 
rates of occurrence and fatality (Zuo et al. 2020; Liu 
et  al. 2022; Zhu et  al. 2022). The pathogenesis of 
HCC is complex and closely related to genetic, envi-
ronmental factors, and lifestyle (Chidambaranathan-
Reghupaty et al. 2021, Llovet et al. 2021, Konyn et al. 
2021). HCC is a lethal disease with a high prevalence 
and poor prognosis. Among liver cancers, HCC is the 
primary malignant tumor, accounting for 75%−85% 
of cases. A vast majority of HCC occurrences, 
exceeding 80%, exhibit profound hepatic fibrosis, 
incited by the activation, propagation, and aggrega-
tion of fibroblasts (Bray et al. 2018).

Typically diagnosed in advanced stages, the treat-
ment options for patients at this point are very lim-
ited, resulting in poor prognosis (Vogel et  al. 2022, 
Chidambaranathan-Reghupaty et  al. 2021, Llovet 
et al. 2021). While traditional treatment methods such 
as surgical resection, radiotherapy, and chemotherapy 
show significant efficacy in early-stage HCC, their 
effectiveness is limited in advanced-stage patients 
(Hanson et al. 2020). Furthermore, owing to the ele-
vated recurrence frequency of HCC and the resistance 
to chemotherapy, treatment results are frequently 
less than satisfactory (Hack et al. 2020; Nevola et al. 
2023; Zhang et  al. 2021a, b). Therefore, ventur-
ing into new treatment methodologies is crucial for 
enhancing survival rates and improving the quality 
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of life for those afflicted with HCC. Notably, cutting-
edge approaches focusing on the tumor microenviron-
ment (TME) have garnered attention within the HCC 
research community.

The recent years have witnessed a surge in interest 
towards the TME’s role in tumor growth and thera-
peutic interventions (Yang et  al. 2021, Khan et  al. 
2023, Huang et  al. 2022a, b, c). Comprising tumor 
cells, adjacent non-tumor cells (including fibroblasts, 
immune cells, and vascular cells), and an extracellu-
lar matrix, the TME is a complex ecosystem (Chen 
et  al. 2020). A significant feature of the TME is 
the extensive activation of cancer-associated fibro-
blasts (CAFs), which produce a range of cytokines, 
chemokines, and growth factors that directly or indi-
rectly support cancer cells (Affo et al. 2017; Yin et al. 
2019). Within this microenvironment, CAFs play a 
crucial role (Mao et al. 2021a, b; Luo et al. 2022; Biffi 
and Tuveson 2021). CAFs interact with tumor cells 
by secreting growth factors, cytokines, and matrix 
metalloproteinases, thereby promoting tumor growth, 
invasion, and metastasis (Mao et al. 2021a, b; Huang 
et al. 2022a, b, c; Li et al. 2022a, b). CAFs also mod-
ulate the immune microenvironment of the TME, 
influencing the immune evasion and drug resistance 
of tumors (Mao et al. 2021a, b; de Visser and Joyce 
2023; Biffi and Tuveson 2021). Therefore, delv-
ing into the biological behaviors exhibited by CAFs 
amidst the TME is essential for gaining insights into 
the pathways of tumor evolution and devising novel 
therapeutic schemes.

Recent studies have demonstrated a close interac-
tion between mesenchymal stem cells (MSCs) and 
CAFs, with extracellular vesicles (EVs) derived from 
MSCs exhibiting similar functions to their paren-
tal MSCs. These EVs can transfer various bioactive 
molecules to CAFs (Zhang 2023, Eiro et  al. 2021, 
Zheng et  al. 2019). Moreover, bone marrow mesen-
chymal stem cell-derived EVs (BMSCs-EVs) have 
been reported to inhibit HCC progression (Deng et al. 
2021; Zhang et al. 2022). Notably, inhibition of beta-
1,4-Galactosyltransferase III (B4GALT3) has been 
shown to activate CAFs, promoting HCC progression 
and metastasis (Fang et al. 2018).

Bone mesenchymal stromal cells (BMSCs), a type 
of multipotent cell, have shown potential in treating 
HCC, drawing widespread attention in the academic 
community (Abd-Allah et  al. 2014). However, it is 
widely believed that the functionality of BMSCs 

primarily relies on the cell factors, growth factors, 
and EVs released through paracrine signaling (Zheng 
et  al. 2019; Gu et  al. 2021). BMSCs-EVs, as a cru-
cial intercellular communication tool, have garnered 
significant interest in oncology research in recent 
years (Guo et al. 2020; Zhou et al. 2023; Kletukhina 
et  al. 2022). These BMSCs-EVs can transport vari-
ous biomolecules, including proteins, lipids, mRNA, 
and miRNA, influencing tumor development through 
interactions with target cells (Xiong et al. 2021; Wang 
et al. 2023; Huang et al. 2022a, b, c). In the field of 
HCC therapy, BMSCs-EVs demonstrate promising 
prospects as drug-delivery vehicles that can directly 
target and inhibit HCC (Yang et  al. 2022). Further-
more, BMSCs-EVs possess the ability to promote 
apoptosis in HCC cells and inhibit tumor growth 
(Deng et al. 2021). Studies indicate that BMSCs-EVs 
suppress HCC cell proliferation by downregulating 
c-FLIP expression, increasing TRAIL levels, and pro-
moting apoptosis (Deng et al. 2021). Therefore, com-
prehensive research into the functions and mecha-
nisms of BMSCs-EVs is crucial for developing novel 
strategies for HCC treatment.

The NF-κB signaling pathway is a pivotal cellular 
signaling cascade that is crucial in regulating inflam-
mation, immune response, and cell survival (Yu et al. 
2020; Hwang et al. 2020). Irregular triggering of the 
NF-κB signaling pathway is closely correlated with 
the tumor proliferation, invasion, metastasis, and 
chemoresistance during tumorigenesis and progres-
sion (Zhao et al. 2021; Hayes et al. 2020; Peng et al. 
2020). This pathway can promote the survival and 
dissemination of malignant cells in the TME through 
various mechanisms (Lazarian et al. 2020). In HCC, 
the stimulation of NF-κB is significantly correlated 
with tumor deterioration and unfavorable prognosis 
(Zhang et  al. 2021a, b; Vucur et  al. 2023; Lin et  al. 
2021). Therefore, the potential therapeutic efficacy 
of targeting the NF-κB signaling pathway in cancer 
treatment is increasingly recognized, with the sup-
pression of its activity being vital in slowing down 
the progression of HCC.

B4GALT3 is an enzyme responsible for synthe-
sizing poly-N-acetyllactosamine, and its downregu-
lation is closely linked to tumor progression (Chen 
et  al. 2014; Liu et  al. 2018). Investigations have 
revealed that exosomal miR-1247-3p derived from 
tumors directly aims at B4GALT3, triggering the 
β1-integrin/NF-κB cascade, subsequently activating 
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CAFs, thus fostering the progression and metastasis 
of HCC (Fang et al. 2018). However, no study has yet 
indicated whether there is a correlation between the 
restraining influence of BMSCs-EVs on HCC and the 
control of the B4GALT3/NF-κB signaling pathway in 
activating CAFs.

The main focus of this research is to investigate 
extensively the involvement and process of BMSCs-
EVs in the advancement of HCC. Particularly, we 
focus on the impact of B4GALT3 in BMSCs-EVs on 
the NF-κB signaling pathway and how this influence 
modulates the growth and metastasis of HCC through 
regulating CAFs in the TME. The outcomes of this 
exploration are projected to present a innovative 
theoretical underpinning and molecular markers for 
the detection and care of HCC. Seeking a profound 
understanding of how BMSCs-EVs function within 
the TME, our aspiration is to fashion more potent 
treatment techniques for enhancing the prognosis and 
quality of life for individuals suffering from HCC.

Materials and methods

Isolation of BMSCs

Human BMSCs (HUXMA-01001, Cyagen, USA) 
were maintained in DMEM medium (12,430,047, 
Gibco, USA) supplemented with 10% fetal bovine 
serum (FBS) (12,483,020, Gibco, USA) and 1% 
penicillin/streptomycin (15,070,063, Gibco, USA) 
within a 37  °C incubator with 5% carbon dioxide. 
Cultivation of BMSCs in the third segment was car-
ried out in DMEM encompassing 10% FBS until 
they achieved 80% confluence. To induce adipocytes, 
BMSCs underwent exposure to 1 µL/L dexametha-
sone (ST1254-50  mg, Beyotime, China), 0.5 µL/L 
isobutylmethylxanthine (410,957, Merck, USA), 
60 µL/L indomethacin (SF6804-25  mg, Beyotime, 
China), and 10 µL/L insulin (P3376-100  IU, Beyo-
time, China). To promote osteogenesis, BMSCs were 
co-treated with 0.1 µL/L dexamethasone, 10 mmol/L 
glycerol 3-phosphate (G5251, Merck, USA), and 
50 µL/L ascorbic acid (1,043,003, Merck, USA). 
After 3  weeks of induction, differentiation into adi-
pocytes and osteoblasts was assessed using an Oil 
Red O staining kit (C0157S, Beyotime, China) and 
Alizarin Red staining (C0148S, Beyotime, China), 
respectively.

In the third passage, BMSCs were dissociated 
using 0.25% trypsin–EDTA (25,200,072, Gibco, 
USA) and enumerated. Nearly 1 × 106 cells were 
reconstituted in 200 µL of Fluorescence-activated 
cell sorting (FACS) buffer (660,585, BD Biosciences, 
USA). Afterward, the cells were chilled on ice and 
administered with 2 µL of fluorescent antibodies in 
conjunction with isotype controls, all throughout 
a period lasting 30  min. Following this, bone mar-
row stem cells (BMSCs) underwent rinsing with 
FACS solution, were then treated with 10% forma-
lin (R04587, Merck, United States), and the propor-
tion of positive antigens was assessed utilizing the 
BD FACSCalibur flow cytometer (BD Biosciences, 
USA). Antibodies used included CD90 (ab307736, 
1:500), CD70 (ab77868, 1:500), and CD45 (ab10558, 
1:1000) from Abcam, USA (Deng et al. 2021).

Isolation and recognition of BMSCs‑EVs

BMSCs were seeded in a 6-well plate and allowed to 
adhere for 24 h. The cells were rinsed with serum-free 
α-MEM (A1049001, Gibco, USA) and cultured in 
fresh serum-free α-MEM for another 24 h. Centrifu-
gation at 2000 g led to the retrieval of the conditioned 
medium (CM). Ultracentrifugation was employed to 
isolate BMSCs-EVs in the CM. In brief, removal of 
cellular debris was achieved through centrifugation 
at 7000 × g for 20  min. Subsequently, microvesicles 
were pelleted at 16,500 × g over a period of 2  h at 
4  °C. Following a 100,000 × g separation for 2  h at 
4  °C, EVs underwent a rinse using PBS and under-
went a subsequent centrifugation at 100,000 × g for 
an additional 2  h. GW4869 (HY-19363, MedChem-
express, USA), a commonly used neutral sphingo-
myelinase inhibitor at a concentration of 10 μM, was 
utilized to inhibit EVs generation and affect the com-
position and biological activities of EVs membranes 
(Andreeff et al. 1987; Dorronsoro et al. 2021).

Transmission electron microscopy (TEM) was 
employed to identify EVs: A copper grid was utilized 
to receive 20 μL of EVs, which were allowed to set-
tle for 3 min, after which excess liquid was removed 
using filter paper. Subsequently, 30 μL of phospho-
tungstic acid solution (pH 6.8) (79,690, Merck, USA) 
was added. Subsequently, the grid underwent air-dry-
ing subsequent to a 5-min exposure at ambient tem-
perature, leading to examination using a transmission 
electron microscope (JEOL’s JEM-1011 model based 
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in Tokyo, Japan) with an accelerating voltage set at 
80 kV, and visuals were obtained via a side-mounted 
Camera-Megaview III (Soft Imaging System, Muen-
ster, Germany).

The size and quantity of EVs were measured 
through the use of nanoparticle tracking analysis 
(NTA): Suspended in PBS, the EVs samples were 
diluted by a factor of 500 using Milli-Q water and 
were carefully introduced into the sample space of a 
NanoSight LM10 tool from the UK’s Malvern facility 
with the aid of a sterile syringe, ensuring the absence 
of bubbles until the space was fully occupied. Utili-
zation of NanoSight software 2.3 from Malvern, UK, 
was crucial during the video analysis procedure. Spe-
cifically, a gain setting of 6.0 and a threshold value 
of 11 facilitated the monitoring of particle movement, 
leading to the generation of profiles depicting concen-
tration and size distribution for the diluted samples. 
Consequently, the calculation of the EVs’ initial con-
centration was made based on the dilution factor.

The surface markers of EVs were identified using 
Western blot (WB): Two sample groups were estab-
lished: the GW4869 group (where EV activity was 
inhibited using GW4869 as a control group) and the 
BMSCs-EVs group (used to verify EV extraction 
purity). EVs suspended in RIPA lysis buffer (89,901, 
Thermo, USA) were probed for specific markers such 
as CD9, CD63, TSG101, and HSP70, with Calnexin 
serving as a negative control, utilizing rabbit anti-
CD9 (ab307085, 1:1000), anti-CD63 (ab134045, 
1:1000), anti-TSG101 (ab125011, 1:1000), anti-
HSP70 (ab2787, 1:1000), and anti-Calnexin 
(ab22595, 1:1000) antibodies from abcam (UK) (Li 
et  al. 2021; He et  al. 2020; Gangadaran et  al. 2017; 
Zhou et al. 2019). Every trial was conducted thrice.

Silence and Overexpression of B4GALT3 through 
Lentivirus Construction and Transfection.

Initially, formulated were three different sets of 
sequences to target B4GALT3, where a sequence 
without any interfering elements was utilized as 
a control (sh-NC). Table  S1 contains the primer 
sequences, and GenePharma® from Shanghai, China, 
synthesized the oligonucleotides. Utilization of the 
lentivirus packaging system pLKO.1 involved the 
co-transfection of the packaged virus and target vec-
tor into 293  T cells (H4-1601, Cyagen, USA) using 
Lipofectamine 2000 (Invitrogen, USA) once the cel-
lular confluence reached 80–90%. Upon completing a 
2-day cell incubation, the fluid medium was procured, 

subjected to centrifugal force, and detected to har-
bor viral elements. The viruses proliferating expo-
nentially were collected, and the viral potency was 
ascertained. Manufactured and packaged by Gene-
chem located in Shanghai, China, the lentiviral vector 
designated LV-B4GALT3 was tailored for the ampli-
fication of B4GALT3 expression. After entering the 
logarithmic stage, the cells underwent digestion and 
transfer using trypsin, leading to a concentration of 
5 × 104 cells/mL of BMSCs, which were subsequently 
placed in a 6-well tray, containing 2  mL per well. 
Each lentivirus (MOI = 10, viral titer of 1 × 108 TU/
mL) was introduced into the cellular medium and cul-
tured for a period of 48  h. The process of selecting 
stable cell lines involved the use of 2 µg/mL puromy-
cin (UC0E03, Sigma-Aldrich, Germany) for a period 
of 14 days (Zhang et al. 2019; Wang et al. 2020; Ni 
et al. 2021; Shi et al. 2020).

Grouping of BMSCs‑EVs Co‑culture with CAFs 
cells

Human CAFs cells (SNP-H067, SUNNCELL) were 
co-cultured with BMSCs-EVs for 24 and 48  h in 
DMEM medium containing 10% FBS and 1% peni-
cillin/streptomycin. The co-cultures were incubated 
at 37  °C with 5% CO2. The co-culture experiments 
of EVs with CAFs cells were divided into 6 groups, 
with detailed procedures outlined in Table S2. CAFs 
cells were treated with 0.5 μM of the NF-κB activator 
Diprovocim (TNFα; HY-123942, MedChemexpress, 
USA) for 24 h (Chen et al. 2017; Peng et al. 2023).

Observation of the uptake of EVs by CAFs using 
fluorescence microscopy

CAFs were pre-seeded onto glass coverslips in a 
24-well plate. Each well was filled with a cell sus-
pension composed of 5 × 104 cells per well. Upon 
the adherence of CAFs, pre-stained EVs supernatant 
was added, and co-cultured for 24 h. Dil dye (C1036, 
Beyotime, China) was mixed with 40  μg of EVs to 
reach a last level of 25 μM. Subsequent to a 30-min 
room temperature incubation, the undyed molecules 
were separated by swift centrifugation. Subsequently, 
the cells received three PBS washes and were sub-
sequently immobilized with 4% paraformaldehyde 
(PFA, AR1068, Boster, China) for 30  min. Ulti-
mately, the staining of cell nuclei with DAPI (C1005, 
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Beyotime, China) lasted 30 min, and CAFs were visu-
alized at × 400 magnification applying a fluorescence 
microscope equipped with a camera (BX53, Olym-
pus, Japan). Blue fluorescence indicated the CAFs 
nuclei, while red fluorescence indicated Dil. Results 
were presented as the ratio of Dil fluorescence area 
to DAPI fluorescence area, computed utilizing 
ImageJ software developed by the National Institutes 
of Health in the United States. Examination of each 
cell involved 5 image sections and the observation of 
6–10 fields chosen at random (Cui et al. 2021; Xiong 
et al. 2022). The experiment was replicated on three 
occasions.

Grouping of CAFs and HCC Cell Co‑culture 
experiments

Co-culture of CAFs with HCC Cells: Normal liver 
cell line THLE-2 (MZ-8312) and liver cancer cell 
lines Huh-7 (MZ-0095), SNU-182 (MZ-2656), and 
JHH7 (MZ-2707) were all obtained from Ningbo 
Mingzhou Biotechnology Co., Ltd. THLE-2 cel-
lular cultures were grown in 1640 growth medium 
(R8758, Sigma-Aldrich, USA) comprising 10% FBS, 
while Huh-7, SNU-182, and JHH7 cells were sus-
tained in DMEM with 10% FBS and 1% penicillin/
streptomycin.

CAFs previously incubated with PBS or BMSCs-
EVs were seeded in the upper chamber of Transwell 
co-culture systems (354,480, Corning, USA), with 
pores measuring 0.4 µm and a cell density of 1 × 105 
cells/ml, while the lower enclosure served as the set-
ting for seeding HCC cells. Co-cultivation of CAFs 
and HCC cells occurred over a period of 24 h prior 
to the commencement of subsequent experiments 
involving HCC cells.

Based on experimental requirements, HCC 
cells co-cultured with CAFs treated differently 
were divided into the following six groups: PBS, 
EVs, EVslv−NC, EVslv−B4GALT3, EVslv−NC+TNFα, 
and EVslv−B4GALT3 + TNFα. In the PBS, EVs, 
EVslv−NC, EVslv−B4GALT3, EVslv−NC + TNFα, 
and EVslv−B4GALT3 + TNFα groups, CAFs were 
treated with PBS, EVs, EVslv−NC, EVslv−B4GALT3, 
EVslv−NC + TNFα, and EVslv−B4GALT3 + TNFα, 
respectively, before co-culturing with HCC cells 
(Huh-7, SNU-182, or JHH7) (Salah et al. 2022; Zhao 
et al. 2022).

Construction and grouping of HCC mouse models

The study involved the acquisition of fifty-six vig-
orous male BALB/c nude mice, aged 4 to 6  weeks, 
from Charles River, China. Each mouse was accom-
modated in isolation within SPF-certified animal 
quarters, with humidity levels set at 60–65% and tem-
perature precisely adjusted to fall between 22 and 25 
℃. Abundant nourishment and hydration were sup-
plied to the mice within a 12-h light–dark rhythm. 
The experiment initiated after a week of adaptation, 
with the mice’s health being evaluated in advance. 
The wellbeing of each living organism was ensured 
in compliance with the guidelines outlined in the 
"Guide for the Care and Use of Laboratory Animals" 
published by the National Academy of Sciences 
and endorsed by the National Institutes of Health. 
Authorization for the experimental procedures and 
animal care protocols was provided by the Institu-
tional Animal Ethics Committee (Ethics Approval 
No: [2022]298).

For the establishment of the orthotopic HCC 
model, introduction of the orthotopic HCC model 
involved the injection of 30  μl PBS mixed with 
2 × 106 Huh-7 cells into the liver lobes of mice. 
Starting from the 7th-day post-tumor cell injection, 
injections were administered to mice intravenously 
with 100 μl of PBS carrying EVs (10 μg per mouse) 
or without EVs every second day. After 4  weeks of 
inoculation, mice were euthanized with 100  mg/kg 
of pentobarbital sodium (11,715, Merck, USA), and 
their livers were harvested. THE establishment of 
the HCC lung metastasis model was accomplished 
by injecting 2 × 106 Huh-7 cells diluted in 100  μl 
of PBS into the mice’s blood circulation via the tail 
vein. Starting from the 5th-day post-tumor cell injec-
tion, administration of 100 μl of PBS, including EVs 
(10 μg per rodent), or without EVs, was done through 
intravenous injection to the mice at four-day intervals. 
Mice were euthanized 8 weeks post-tumor cell injec-
tion, and their lungs were excised. Tumors were dis-
sected to measure the maximum diameter and weight 
(Jiang et al. 2020; Hou et al. 2020).

Mice were arbitrarily separated into categories 
in the subsequent manner: Control group (5 mice) 
and HCC group (51 mice). The Control group 
received no treatment. The HCC group was further 
divided into subgroups: HCC group (5 mice), PBS 
group (3 mice), EVs group (3 mice), HCC + PBS 
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group (10 mice), HCC + EVslv−NC group (10 
mice), HCC + EVslv−B4GALT3 group (10 mice), and 
HCC + EVslv−B4GALT3 + TNFα group (10 mice).

In the HCC group, Huh-7 cells were injected to 
establish an in  situ HCC model. In the PBS group 
and EVs group, after establishing the in  situ HCC 
model, mice received tail vein injections of PBS or 
BMSCs-EVs respectively. Liver tissues of mice from 
the Control group, HCC group, PBS group, and EVs 
group were collected for subsequent transcriptomic 
sequencing (Jiang et al. 2020; Hou et al. 2020).

For the HCC + PBS group, HCC + EVslv-NC 
group, HCC + EVslv-B4GALT3 group, and HCC + 
EVslv-B4GALT3 + TNFα group, CAFs treated with 
PBS, EVslv-NC, EVslv-B4GALT3, or EVslv-B4GALT3 + 
TNFα were mixed with luciferase-labeled Huh-7 cells 
in a 1:1 ratio and suspended in PBS, then injected 
into the liver lobes of mice or tail veins to establish 
in  situ HCC models and lung metastasis HCC mod-
els. Five HCC mice from each group were used for 
in situ or lung metastasis model formation. Following 
4 or 8 weeks of model establishment, tumor burden 
was detected using IVIS Lumina III (PerkinElmer) 
for bioluminescence imaging. Subsequently, liver or 
lung tissues were collected from the mice (Jiang et al. 
2020; Hou et al. 2020; Liu et al. 2021).

Histological examination

Mouse liver, tumor tissue, and lung tissue were 
stained using an H&E staining kit (C0105, Beyotime, 
China). The following are the exact measures taken 
in progression: the liver and lung samples stemming 
from the murine models were initially placed in 10% 
neutral buffered formalin at a temperature of 4 °C for 
a complete period of 24 h. Following this, they under-
went dehydration, were coated with paraffin, and were 
sliced into individual sections. Xylene was used to 
deparaffinize the sections, followed by gradual alco-
hol hydration and rinsing with distilled water. After-
ward, the items were immersed in hematoxylin solu-
tion for 5–10 min, any extra dye was cleared off with 
deionized water for about 10  min, and later treated 
with eosin solution for a period spanning from 30 s to 
2 min. Finally, they underwent gradient alcohol dehy-
dration and xylene clearing. Neutral resin or an alter-
nate mounting medium was used to fix the sections, 
which were then inspected and photographed under 

an inverted microscope (IX73, Olympus, Japan) (Bai 
et al. 2022).

TUNEL staining

The TUNEL Kit reagent (C1086, Beyotime, China) 
was utilized to assess the apoptosis status in mouse 
tumor tissues. Tissue slices were treated with 3% 
H2O2 and then incubated with 50 μL TUNEL for 
60  min, avoiding exposure to light at 37  °C. DAPI 
staining was applied to the cell nuclei, allowing for 
a duration of 30  min, after which they were rinsed 
thrice with PBS. Subsequently, a fluorescence micro-
scope with a camera (BX53, Olympus, Japan) was 
employed to photograph tumor tissues at a × 400 
magnification. Calculation of the TUNEL fluores-
cence area with respect to the DAPI fluorescence 
area was conducted via the ImageJ application. Every 
collection was composed of 5 mice, encompassing 5 
parts for each mouse randomly viewed in 6–10 ter-
ritories. ImageJ tool was applied for the assessment of 
TUNEL-positive cell proportion (Tang et al. 2023).

Immunohistochemistry (IHC) experiment

Tumor tissues were processed through the follow-
ing steps: fixation in 4% PFA, dehydration, clearing, 
paraffin embedding, and ultimately sectioning of the 
tissues. For IHC staining, the sections underwent 
deparaffinization and rehydration, followed by anti-
gen retrieval. The sections were then immersed in a 
vessel with PBS and subjected to microwave heating 
until boiling occurred. Subsequently, immunostaining 
was carried out applying the universal two-step detec-
tion kit (PV-9000, ProteinTech, USA) abiding by the 
manufacturer’s prescribed protocol. The main anti-
bodies utilized were as outlined: Ki67 (12,335–1-AP, 
1:500), NF-κB p-p65 (ab131100, 1:100), N-cadherin 
(ab76011, 1:500), E-cadherin (ab76319, 1:500), and 
Vimentin (ab92547, 1:500), showing significantly 
increased expression levels. The utilization of an opti-
cal microscope (CX43, OLYMPUS, Japan) facilitated 
the observation and recording of staining outcomes. 
Staining in positive regions appeared as light brown 
or tan hue. Every collection was made up of 5 mice, 
having 5 segments for every mouse, procured from 
the matching tissue sample for every mouse. Different 
protein staining was performed on each Sect.  6–10 
fields were randomly selected for observation, and the 



Cell Biol Toxicol           (2025) 41:67 	 Page 7 of 30     67 

Vol.: (0123456789)

amount of positive cells was documented. Inspection 
was executed utilizing the image interpreting system 
(Aperio Scanscope System, Vista, CA) (Cai et  al. 
2021).

HCC Mice liver tissue transcriptomic investigation

Mice in the Control, HCC, PBS, and EVs groups 
provided liver tissue samples for analysis. The Invit-
rogen Total RNA Isolation Reagent Kit (12,183,555, 
USA) was utilized for the isolation and extraction of 
total RNA from the samples, followed by quantifica-
tion through OD value assessment. Agarose gel elec-
trophoresis was employed to evaluate the integrity 
of the total RNA, with a RIN value between 7 and 
10 considered high quality. High-quality total RNA 
underwent reverse transcription to generate cDNA, 
followed by the assembly of libraries and sequenc-
ing conducted on Illumina’s NextSeq 500 platform. 
Initial reads were produced from the sequencing’s 
raw image data by converting them using base call-
ing techniques. Ensuring the superior quality of pri-
mary documents, cutadapt was invoked to excise the 
adapter sequences used for sequencing and eliminate 
low-quality sequences, resulting in the remaining 
material designated as "purified reads." After align-
ing these sequences with the mouse reference genome 
via the application Hisat2, the quantitative examina-
tion of gene expression was performed by employing 
the R software’s limma package, ultimately creating 
a matrix displaying gene expression levels (Li et  al. 
2022a, b).

Bioinformatics Analysis

The "limma" software in the R linguistic framework 
was employed to examine the variations in mRNA 
expression levels identified in the transcriptome 
sequencing information. The thresholds applied 
to differentiate the mRNA distinctions between 
the Control and HCC samples were determined by 
∣Log2 Fold change∣ > 2 and P.adj < 0.05. For the 
PBS and EVs groups, the criteria were set at ∣Log2 
Fold change∣ > 1 and P.adj < 0.05. Implementation of 
the ggplot2 software led to the creation of volcano 
sketches, and the pheatmap package in R facilitated 
heatmap generation. The Exome Academic Data-
base was employed for the formulation of Venn dia-
grams (Langfelder and Horvath 2008). The gene set 

for CAFs was retrieved and downloaded from the 
GeneCards database (https://​www.​genec​ards.​org/). 
The Jaspar database was utilized to predict the bind-
ing positions of B4GALT3 with the NF-κB signal-
ing pathway (https://​jaspar.​gener​eg.​net/). Conducting 
GO and KEGG pathway assessments in R language 
was enabled by the integration of "clusterProfiler," 
"org.Hs.eg.db," "enrichplot," "DOSE," and "ggplot2" 
packages (Liang et al. 2022, Du et al. 2022).

Immunofluorescent (IF) staining

After fixation in 4% PFA for a quarter of an hour, 
both cells and tumor tissues underwent dual PBS 
rinses and were subsequently made penetrable with 
0.5% Triton X-100 (P0096, Belltime, China) for 10 
min. Later on, both tissues and cells were subjected 
to overnight incubation at 4  °C with primary anti-
bodies against rabbit anti-α-SMA (ab7817, 1:100), 
FAP (ab314456, 1:100), NF-κB p-p65 (ab131100, 
1:100), B4GALT3 (20,330–1-AP, 1:100), Collagen 
I (ab270993, 1:100), NF-κB p65 (ab16502, 1:100). 
Post triple PBS washes, tissue sections were treated 
with secondary antibodies conjugated with Alexa 
Fluor 647 (ab150083, 1:200) or Alexa Fluor 488 
(ab150077, 1:200) for an hour. Afterward, the seg-
ments were rinsed thrice with PBS solution and 
subjected to staining with DAPI (C1005, Beyotime, 
10 μg/mL) for a period of 10 min. The sections were 
maintained in cold storage at 4  °C and inspected 
through the use of a fluorescence microscope (IMT-
2, Olympus, Japan). For cellular experiments, each 
cell was evaluated on 5 slices, observing 6–10 fields 
randomly, repeated 3 times per experiment; for ani-
mal experiments, each group consisted of 5 mice, 
each subjected to 5 slices, with 6–10 fields observed 
randomly. ImageJ software facilitated the measure-
ment of the fluorescence area of α-SMA, FAP, NF-κB 
p-p65, and B4GALT3 concerning DAPI fluores-
cence area, or it was utilized to assess the fluores-
cence intensity of NF-κB p65 co-localized with DAPI 
within the cell population. All antibodies were pur-
chased from abcam, except B4GALT3 from Protein 
tech (Yue et al. 2019).

Dual luciferase reporter gene experiment

From the NCBI database, the protein sequence for 
B4GALT3 and the DNA sequence of the NF-κB 

https://www.genecards.org/
https://jaspar.genereg.net/
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promoter were extracted and processed for molecular 
docking analysis using the HDOCK website (http://​
hdock.​phys.​hust.​edu.​cn/). The most stable binding 
structure was identified as Model_1 (Figure  S1A). 
The pdb file of Model_1 was subsequently uploaded 
to the PDBsum website (https://​www.​ebi.​ac.​uk/​
thorn​ton-​srv/​datab​ases/​pdbsum/) for further analy-
sis of the binding sequence information between 
B4GALT3 and the NF-κB promoter DNA (Fig-
ure  S1B). Co-transfecting BMSCs with lv-NC and 
lv-B4GALT3 involved the delivery of a fluorescent 
luciferase reporter plasmid harboring the NF-κB pro-
moter sequence (TAT​ATC​TGGC) through the Lipo-
fectamine 2000 reagent kit (11,668,019, Thermo, 
USA). To serve as an internal control, the cell’s lucif-
erase activity post-transfection for 48 h was assessed 
using the Renilla luciferase assay kit (K801-200, 
Biovision, USA). Employing the Dual-Luciferase 
Reporter Assay System from Promega in Madison, 
WI, USA, allowed for the detection of the luciferase 
reporter gene. Calculating the ratio between Firefly 
luciferase assay values (RLU) and Renilla luciferase 
assay values (RLU) enabled the determination of the 
activation level of the specific reporter gene (Taniue 
et al. 2016). Each experiment was repeated thrice for 
accuracy.

Mutant vectors of dual‑luciferase reporter gene 
constructs

Subsequently, the wild-type NF-κB (NF-κB-WT) 
site (5’-TAT​ATC​TGGC-3’) and the mutant NF-κB 
(NF-κB-MUT) site (5’-CGC​GAG​TTCC-3’) were 
individually inserted into the pGL-3 luciferase 
reporter vector (4,351,372, Thermo Fisher, USA). 
The co-transfection of NF-κB-WT and NF-κB-MUT 
luciferase reporter plasmids with lentiviral vectors 
carrying lv-NC and lv-B4GALT3 into CAFs was 
followed by cell retrieval and lysis after 48  h. The 
supernatant, derived post-centrifugation at 250 × g for 
3–5  min, was integrated with the Dual-Luciferase® 
Reporter Assay System (E1910a, Promega, USA) for 
the evaluation of luciferase performance. Treatment 
of individual cell samples involved the application 
of 100 μL of Firefly Luciferase working solution for 
Firefly Luciferase detection and 100 μL of Renilla 
Luciferase working solution for Renilla Luciferase 
detection, comparing the relative luciferase activity 

of Firefly to Renilla Luciferase (Jin et al. 2020). Each 
experiment was repeated thrice.

Scratching experiment

In the cell scratching experiment, the 6-well plate 
received HCC cells at full seeding density. The cell 
layer was scratched using the tip of a sterile pipette 
(200 μL) and then gently washed with PBS solution 
three times. Cell observation and photography were 
conducted at 0, 24, and 48 h intervals to analyze the 
healing area of the scratch in each group. Before the 
scratching study, cells were treated with cytocha-
lasin D (1 μg/mL, M5353, Sigma-Aldrich) for 1 h to 
eliminate any cell proliferation defects. The scratch’s 
width was gauged initially (T = 0 h) and subsequently 
at 24  h (T = 24  h) and 48  h (T = 48  h). Cell migra-
tion ability was evaluated by calculating the differ-
ence in scratch width between the two time points and 
expressed as a percentage. Five images were taken for 
each cell, and inspections took place in 6–10 fields of 
sight that were chosen randomly (Song et  al. 2015). 
Thrice the test was replicated for validation purposes.

Transwell experiment

Two types of cell culture inserts were utilized in the 
Transwell experiment: Application of Transwell PC 
filter cell incubation equipment (CLS3422, Corning, 
USA) and BioCoat Matrigel infiltration assemblies 
employing 8.0  μm PET layer (354,480, Corning, 
USA). Co-cultured HCC cells with CAFs were seeded 
at 1 × 104 cells in the upper chamber with or without 
matrix gel, followed by adding DMEM containing 
10% FBS to the lower chamber. After incubation for 
24 h post-seeding, cells underwent fixation with 4% 
PFA followed by a gentle removal from the upper 
polycarbonate membrane employing a cotton swab. A 
crystal violet stain solution (C0121, Beyotime, China) 
was used to color cells that underwent migration and 
invasion. Examination under an inverted microscope 
(XDS-900, Caikon, China) revealed five partitions per 
cell in 6–10 randomly selected fields. The "Analyze 
Particles" feature in ImageJ was employed to quantify 
the invading cell numbers in every single image (Mao 
et al. 2021a, b). The validation process included three 
separate repetitions for every experiment.

http://hdock.phys.hust.edu.cn/
http://hdock.phys.hust.edu.cn/
https://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
https://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
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Detection of cell apoptosis by flow cytometry

The dual staining approach utilizing Annexin 
V-FITC and propidium iodide (PI) was employed 
to analyze cellular apoptosis in Huh-7 cells. 
2 × 105 cells of the Huh-7 cell line were placed in 
each well of a 6-well plate and exposed to trypsin 
(R001100, Gibco, USA). Retrieval of the superna-
tant was achieved through centrifugation of cells at 
800 g in 15 mL centrifuge tubes. Suspension of the 
pellet took place in 500 μL of binding buffer, fol-
lowed by a 15-min incubation period with 5 μL of 
FITC and 5 μL of PI in a darkened environment, in 
line with the protocols specified by the apoptosis 
detection kit (556,547, BD Biosciences, USA). A 
flow cytometer obtained from BD Biosciences in 
the USA was employed to analyze apoptosis in the 
cell suspension. Necrotic cells were observed in 
the quadrant positioned at the top left, late apop-
totic cells in the quadrant positioned at the top 
right, early apoptotic cells in the quadrant posi-
tioned at the bottom right, and normal cells in the 
quadrant positioned at the bottom left. The calcu-
lation of the apoptosis rate involved summing the 
percentages of cells in the upper right and lower 
right quadrants (Zuo et  al. 2022). Every trial was 
repeated on three occasions.

RT‑qPCR

Isolation of total RNA from cellular populations 
and tumor samples was performed applying TRI-
zol (15,596,026, ThermoFisher, USA), followed by 
the determination of its concentration and purity 
employing a nanodrop2000 spectrophotometer 
(ThermoFisher, USA). The extracted RNA was 
reverse-transcribed to cDNA following the instruc-
tions of the PrimeScript RT reagent Kit (RR047A, 
Takara, Japan) and then subjected to RT-PCR 
applying the Fast SYBR Green PCR Master Mix 
(11,736,059, ThermoFisher, USA). The internal 
control chosen was GAPDH, with triplicate setups 
for each well. Assessment of gene expression levels 
was done employing the 2−ΔΔCt technique, and the 
trial was reiterated three times. Table  S3 contains 
the primer sequences applied for RT-qPCR in this 
investigation (Liang et al. 2017).

WB

Lysis of cells and tumor tissues was conducted in 
RIPA lysis buffer (P0013B, Beyotime Biotechnology, 
China), with the quantification of protein concentra-
tions accomplished using the BCA method (A53226, 
Thermo Fisher Scientific, USA). Separation of the 
proteins was carried out via polyacrylamide gel elec-
trophoresis, and subsequently, they were transferred 
onto a PVDF membrane (PVH85R, Millipore, Ger-
many) applying a wet transfer method. Blocking of 
the membrane occurred using 5% BSA for an hour at 
room temperature, followed by an incubation over-
night at 4  °C with the primary antibodies mentioned: 
rabbit anti-α-SMA (ab7817, 1:1000), FAP (ab314456, 
1:1000), B4GALT3 (20,330–1-AP, 1:1000), rabbit 
anti-Collagen I (ab316222, 1:1000), rabbit anti-p-IκBα 
(2859, 1:1000), rabbit anti-IκBα (4812, 1:1000), rabbit 
anti-NF-κB p65 (ab32536, 1:1000), rabbit anti-NF-κB 
p-p65 (ab131100, 1:1000), and rabbit anti-GAPDH 
(ab8245, 1:1000). The cleansing of the membrane was 
followed by incubation with a secondary antibody that 
was conjugated with HRP-goat anti-rabbit IgG (ab6721, 
at a concentration of 1:5000) for up to 2 h. Three 5-min 
cycles of TBST washings were conducted on the mem-
brane. The identification of proteins was executed 
employing a chemiluminescent imaging device, and the 
evaluation of protein quantities was carried out utilizing 
ImageJ software, assessing the protein expression levels 
against the grayscale proportion of the loading control 
GAPDH or the corresponding non-phosphorylated pro-
tein. Every test underwent replication on three occa-
sions. Notably, B4GALT3 was procured from Protein 
tech, p-IκBα and IκBα were obtained from Cell Sign-
aling Technology, and all other antibodies were pur-
chased from Abcam (Zou et al. 2016).

Statistical analysis in research

Utilization of SPSS software (version 21.0, IBM, 
USA) facilitated the statistical analysis of data in this 
study, presenting all data as mean ± standard devia-
tion (mean ± SD). All significance tests were two-
tailed. Initially, the normal distribution was assessed 
using the Kolmogorov–Smirnov test. Assuming nor-
mal data distribution, two groups were compared 
using unpaired t-tests, with multiple group compari-
sons conducted through one-way ANOVA or repeated 
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measures ANOVA. The Wilcoxon signed-rank 
test was utilized to examine significant disparities 
between the dual groups for data that was not distrib-
uted normally. Significance in statistics was denoted 
by a p-value lower than 0.05 (Wan et  al. 2023; Xu 
et al. 2022).

Results

Identification of Potential Targets Regulating HCC 
Progression through Screening EVs with Transcrip-
tome Sequencing Data.

To further demonstrate the impact of CAFs on 
HCC progression, it is essential to establish a HCC 
nude mouse model, as illustrated in Figure  S2A. 
Additionally, tissue sections underwent histological 
analysis, with staining using hematoxylin and eosin 
indicating normal liver histology in the control group 
mice, devoid of inflammation or cellular infiltra-
tion. Conversely, the liver tissue sections of the HCC 
group mice exhibited visible infiltration of tumor 
cells, enlarged and deeply stained nuclei, and closely 
packed tumor cells, indicating successful modeling 
(Figure  S2B). External images of the tumors, along 
with measurements of their maximum diameter and 
weight, demonstrated that relative to the control 
group, the livers of the HCC group mice appeared 
tan-yellow with evident tumors, and the tumors dem-
onstrated a substantial enlargement in both diameter 
and mass (Figure S2C).

Subsequently, transcriptome sequencing was per-
formed on the liver tissues of mice in the Control 
and HCC groups (Fig. 1A). Differential analysis was 
conducted using a cutoff of ∣Log2 Fold change∣ > 2 
and P.adj < 0.05, revealing the presence of 250 dif-
ferentially expressed genes (DEGs) between the liver 
tissues of the HCC and Control groups, with 108 
upregulated and 142 downregulated genes (Fig.  1B-
C). Detailed information can be found in Table  S4. 
To further identify characteristic genes of HCC, 
DEGs were screened using the Lasso and SVM-RFE 
machine learning algorithms. B4GALT3, PLCD3, 
SGK2, and AVPR1A were singled out as feature 
genes by the Lasso technique (Fig.  1D), while the 
SVM-RFE algorithm has revealed 4 genes of inter-
est: B4GALT3, TNFRSF12A, ANKRD1, and AQP9 
(Fig. 1E). The genes obtained from these two machine 
learning algorithms were intersected with the CAFs 

dataset from the GeneCards database, resulting in 
the identification of CAFs-relevant key feature gene 
B4GALT3 (Fig.  1F). In the transcriptome sequenc-
ing data, the expression of B4GALT3 was found to be 
downregulated in the HCC group (Fig. 1G).

Subsequently, BMSCs were isolated and charac-
terized. Inverted microscopy revealed that BMSCs 
reached 80% confluence and exhibited a spindle 
shape in the 3rd generation (P3). The presence of red 
calcified nodules and lipid droplets in BMSCs, as 
revealed by Safranin O and Oil Red O staining, serves 
as evidence of their competence in osteogenic and 
adipogenic differentiation (Figure S3A). Flow cytom-
etry analysis showed that BMSCs were positive for 
CD90 (25–35  kDa GPI-anchored protein, a BMSC 
marker) and CD73 (69  kDa GPI-anchored protein, 
a BMSC marker) but negative for CD45 (a hemat-
opoietic stem cell marker), indicating the absence of 
hematopoietic stem cells in BMSCs (Figure  S3B). 
These results confirmed the successful isolation of 
BMSCs. BMSCs-EVs were obtained through ultra-
centrifugation and assessed by TEM, NTA, and WB. 
TEM analysis revealed that EVs were elliptical with 
uniform size (Figure S3C). NTA data showed an aver-
age EV diameter of 99.3 ± 2.1 nm and a concentration 
of 1.5 × 106 particles/mL (Figure S3D). WB analysis 
indicated strong expression of transmembrane pro-
teins CD9 and CD63, as well as intracellular proteins 
TSG101 and HSP70, while the endoplasmic reticu-
lum marker Calnexin was not detected (Figure S3E). 
These results confirmed the successful extraction of 
BMSCs-EVs.

To further evaluate the impact of BMSCs-EVs 
on HCC, we treated HCC mice with either PBS or 
BMSCs-EVs and collected mouse liver for analysis 
(Fig.  2A). Contrasted against the PBS group, mice 
in the EVs group exhibited a significant decrease in 
the maximum diameter and weight of tumors in the 
liver (Fig.  2B). Additionally, H&E staining results 
revealed that in the liver sections of mice from the 
PBS group, tumor cell infiltration, enlarged tumor 
cell nuclei, intense staining, and dense arrangement 
of tumor cells were evident. Conversely, contrasted 
with the mice in the PBS group, tumor cell infiltra-
tion notably decreased in the liver sections of mice 
in the EVs group (Fig. 2C). Subsequently, transcrip-
tome sequencing was conducted on the livers of HCC 
mice in both the EVs and PBS groups, with a thresh-
old of ∣Log2 Fold change∣ > 2 and P.adj < 0.05 set for 
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differential analysis. The findings indicated that the 
liver tissue of mice in the EVs group exhibited 648 
downregulated differentially expressed genes and 965 
upregulated differentially expressed genes compared 
to the PBS group (Fig. 2D). Notably, HCC mice in the 
EVs group showed upregulated B4GALT3 expression 
within their liver tissue (Fig. 2E).

Subsequently, enrichment assessment was imple-
mented on the DEGs. The outcomes of the GO 

analysis revealed a predominant enrichment of the 
DEGs in biological processes (BP) such as leuko-
cyte migration, negative regulation of immune sys-
tem process, positive regulation of cell adhesion, and 
regulation of cell–cell adhesion. Concerning cellular 
components (CC), the DEGs were mainly enriched in 
the collagen-containing extracellular matrix, receptor 
complex, membrane rafts on the cell membrane, and 
membrane microdomains. In relation to molecular 

Fig. 1   Analysis of DEGs in the Transcriptome of Control and 
HCC Mice and Their Correlation with CAFs in HCC, Show-
ing Decreased Expression of B4GALT3, Implying Its Potential 
Key Role in Regulating the TME. Note: (A) Schematic dia-
gram of transcriptome sequencing; (B) Volcano plot of DEGs 
between the liver tissues of Control group (n = 5) and HCC 
group (n = 5) mice; (C) Heatmap of DEGs between the liver 
tissues of Control group (n = 5) and HCC group (n = 5) mice; 
(D) Identification of 4 characteristic genes in HCC using the 

LASSO algorithm; (E) Identification of 4 characteristic genes 
in HCC using the SVM-RFE algorithm; (F) Venn diagram 
showing the intersection of results from LASSO and SVM-
RFE machine learning algorithms with CAFs gene data from 
the GeneCards database; (G) Expression levels of B4GALT3 
in the transcriptome sequencing data of the liver tissues of 
Control group (n = 5) and HCC group (n = 5) mice; values 
are presented as mean ± standard deviation, *** indicates 
P < 0.001



	 Cell Biol Toxicol           (2025) 41:67    67   Page 12 of 30

Vol:. (1234567890)

function (MF), the DEGs exhibited significant enrich-
ment in immune receptor activity, cytokine recep-
tor binding, galectin binding, and cytokine activity 
(Fig.  2F). These findings are closely related to exo-
some secretion and tumor immunity. According to 
the KEGG examination, the DEGs displayed notable 
enrichments in pathways such as cytokine-cytokine 
receptor interaction, osteoclast differentiation 

signaling pathway, hematopoietic cell lineage signal-
ing pathway, viral protein interaction with cytokine 
and cytokine receptor signaling pathway, and NF-κB 
signaling pathway, where NF-κB pathway emerged 
as the most remarkable one (Fig.  2G). The network 
diagram of the enrichment analysis is presented in 
Fig.  2H. Numerous academic works have illustrated 
the induction of the NF-κB signaling pathway in 

Fig. 2   Effects of BMSCs-EVs on HCC Mice and Transcrip-
tome Sequencing Bioinformatics Analysis. Note: (A) Sche-
matic representation of in situ HCC mice treated with PBS or 
EVs; (B) Gross view of liver and quantitative analysis of tumor 
maximum diameter and weight after tumor resection in in situ 
HCC mice treated with PBS (n = 3) or EVs (n = 3); (C) Rep-
resentative images of liver cell morphology and structure in 
in situ HCC mice (n = 3) stained with H&E, scale bar = 50 μm; 
(D) Volcano plot of DEGs in liver transcriptome sequencing 
of in  situ HCC mice treated with PBS (n = 3) or EVs (n = 3); 
(E) Expression of B4GALT3 in liver transcriptome sequencing 

data of in situ HCC mice in each group; (F) Bar graph of GO 
enrichment analysis of DEGs between liver samples of in situ 
HCC mice (n = 3) in each group in transcriptome sequenc-
ing; (G) Bubble chart of KEGG enrichment analysis of DEGs 
between liver samples of in  situ HCC mice (n = 3) in each 
group in transcriptome sequencing; (H) Network diagram of 
GO and KEGG enrichment analysis of DEGs between liver 
samples of in situ HCC mice (n = 3) in each group in transcrip-
tome sequencing. The values are presented as mean ± standard 
deviation, *** indicates P < 0.001
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HCC (Xu et al. 2021). Therefore, we hypothesize that 
EVs may influence the NF-κB signaling pathway by 
delivering B4GALT3, thereby inhibiting the progres-
sion of HCC.

BMSCs‑EVs deliver B4GALT3 to inhibit CAFs’ 
activity

Based on bioinformatics analysis and experimental 
results, we propose that BMSCs-EVs inhibit the pro-
gression of HCC by upregulating B4GALT3. CAFs 
represent one of the most abundant components in 
the TME of HCC and are closely associated with its 
development (Xu et  al. 2022). Therefore, to inves-
tigate whether BMSCs-EVs can modulate CAFs 
through B4GALT3 to treat HCC, we co-cultured 
CAFs with BMSCs-EVs for 24  h. The Dil stain-
ing revealed that CAFs could uptake BMSCs-EVs 
(Fig.  3A). WB analysis showed that EVs exhibited 
higher expression levels of B4GALT3 compared 
to BMSCs (Fig.  3B), indicating the enrichment of 
B4GALT3 in EVs. Subsequently, treating CAFs with 
PBS or EVs, WB and IF staining demonstrated that 
in the CAFs + EVs group, the B4GALT3 expres-
sion in CAFs showed an augment post BMSCs-EVs 
intervention (Fig.  3C-D), suggesting the ability of 
BMSCs-EVs to deliver B4GALT3 to CAFs.

To further validate whether BMSCs-EVs modulate 
the functionality of CAFs by delivering B4GALT3, 
we initially co-cultured PBS or EVs with CAFs and 
observed the impact of EVs on the activity of CAFs. 
WB and IF staining indicated that EVs treatment 
reduced the expression of activated fibroblast markers 
α-SMA and FAP in CAFs (Figure S4A-C). Addition-
ally, CCK8 results demonstrated that EVs treatment 
inhibited the cell viability of CAFs (Figure  S4D), 
implying that BMSCs-EVs potentially suppress 
CAFs’ activity by delivering B4GALT3.

Furthermore, studies have shown that activated 
CAFs remodel the TME by depositing collagen pro-
teins, thereby supporting the advancement of HCC 
(Sun et  al. 2023). Subsequently, the variations in 
Collagen I levels in CAFs upon EVs treatment were 
investigated using WB and IF assessment. The results 
revealed downregulation of Collagen I expression 
by EVs (Figure  S4E-F), indicating that inhibiting 
the activation of CAFs can suppress the deposition 
of collagen proteins, further supporting the potential 
impact of CAFs in the TME on HCC.

To further validate whether BMSCs-EVs suppress 
CAF activity through the delivery of B4GALT3, 
we constructed lentiviral vectors and verified their 
knockdown efficiency through RT-qPCR, select-
ing the sh-B4GALT3-1 with the highest knockdown 
efficiency for further investigations (Fig. 3E). Immu-
nostaining outcomes revealed that, in contrast with 
the lv-NC group, B4GALT3 was notably amplified in 
BMSCs of the lv-B4GALT3 group; and in relation to 
the sh-NC group, B4GALT3 was substantially low-
ered in BMSCs of the sh-B4GALT3 group (Fig. 3F).

Next, we isolated BMSCs-EVs with B4GALT3 
overexpression and silencing and co-cultured these 
EVs with CAFs. WB and IF outcomes revealed that 
in contrast with EVslv−NC group, B4GALT3 expres-
sion was increased in CAFs exposed to EVslv−B4GALT3 
group, with decreased expression of the activa-
tion markers α-SMA and FAP. Conversely, when 
comparing EVssh−NC group, CAFs treated with 
EVssh−B4GALT3 group exhibited reduced B4GALT3 
expression alongside increased levels of α-SMA 
and FAP (Fig.  3G-I). CCK8 assay data indicated a 
notable drop in cell viability of CAFs treated with 
EVslv−B4GALT3 group relative to the lv-NC group, 
while there was a marked growth in cell viability of 
CAFs treated with EVssh−B4GALT3 group contrasted 
against the sh-NC group (Fig.  3J). Furthermore, 
WB examination displayed a decline in Collagen I 
expression in CAFs treated with EVslv−B4GALT3 group 
and an escalation in Collagen I expression in CAFs 
treated with EVssh−B4GALT3 group (Fig. 3K).

In conclusion, the transfer of B4GALT3 via 
BMSCs-EVs suppresses CAFs activity, which may 
impact HCC progression through inhibiting collagen 
deposition.

Delivery of BMSCs-EVs Suppresses CAFs Activ-
ity by Inhibiting NF-κB Signaling Pathway Activa-
tion Through B4GALT3.

In line with previous bioinformatics analysis, 
B4GALT3 was found to be highly expressed in EVs-
treated HCC mice and linked to the NF-κB signal-
ing pathway within EVs. To confirm if BMSCs-
EVs transferring B4GALT3 inhibits CAF activity 
via the NF-κB signaling pathway, we initially con-
ducted dual-luciferase reporter gene assays and WB 
experiments to investigate the relationship between 
B4GALT3 and the NF-κB signaling pathway, with the 
binding sites of B4GALT3 and NF-κB shown in Fig-
ure S1. The findings yielded from the dual-luciferase 
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reporter gene mutant vector investigation demon-
strated a substantial reduction in luciferase activ-
ity in the lv-B4GALT3 group relative to the lv-NC 
group in the NF-κB-WT group, while no noteworthy 
alteration was observed in the corresponding NF-κB-
MUT group (Fig. 4A), indicating a direct interaction 
between B4GALT3 and NF-κB.

Furthermore, to further explore whether 
B4GALT3 mediates the initiation of the NF-κB path-
way in regulating CAFs, we treated CAFs with EVs 
with or without the NF-κB activator Diprovocim 
(TNFα). WB results indicated a substantial upregu-
lation of B4GALT3 in CAFs in the EVslv−B4GALT3 
group in contrast with the EVslv−NC group, and a 
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Fig. 3   Impact of BMSCs-EVs Delivery of B4GALT3 on 
CAFs Viability and Collagen I Expression. Note: (A) Dil stain-
ing to detect the uptake of EVs by CAFs, scale bar = 25 μm; 
(B) WB analysis of B3GALT3 expression in BMSCs and EVs; 
(C) WB analysis of B4GALT3 protein expression in CAFs 
treated with PBS or EVs; (D) IF staining for B4GALT3 protein 
expression in CAFs treated with PBS or EVs; (E) RT-qPCR 
analysis of B4GALT3 expression in BMSCs overexpressing 
(lv-B4GALT3) or silencing (sh-B4GALT3) B4GALT3; (F) IF 
staining to examine B4GALT3 expression in BMSCs, scale 

bar = 25 μm; (G) WB analysis of B4GALT3, α-SMA, and FAP 
expression in CAFs treated with different EVs; (H) IF stain-
ing to assess α-SMA expression in CAFs treated with different 
EVs, scale bar = 25 μm; (I) IF staining to evaluate FAP expres-
sion in CAFs treated with different EVs, scale bar = 25  μm; 
(J) CCK-8 assay to measure the cell viability of CAFs in each 
group; (K) WB analysis of Collagen I expression in CAFs 
treated with different EVs. All experiments were repeated three 
times, and values are presented as mean ± standard deviation. 
* denotes P < 0.05; ** denotes P < 0.01; *** denotes P < 0.001
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Fig. 4   Impact of BMSCs-EVs Overexpressing B4GALT3 on 
the Activity of CAFs via the NF-κB Signaling Pathway. Note: 
(A) Dual-Luciferase Reporter Gene Assay to investigate the 
relationship between B4GALT3 and NF-κB; (B) WB analysis 
of B4GALT3, α-SMA, FAP, p-IκBα, IκBα, p-p65, and p65 
expression in CAFs; (C) IF staining for p-p65 in CAFs of each 
group, scale bar = 25 μm; (D) IF staining for p65 in CAFs of 
each group (scale bar = 25 μm), fluorescence intensity of p65 
co-localized with the cell nucleus in each cell, p65 (red), DAPI 

(cell nucleus, blue); (E) IF staining for α-SMA in CAFs of 
each group, scale bar = 25 μm; (F) IF staining for FAP in CAFs 
of each group, scale bar = 25 μm; (G) CCK-8 assay to evalu-
ate the cell viability of CAFs in each group; (H) WB analysis 
of Collagen I expression in CAFs of each group. All experi-
ments were repeated three times, and values are presented as 
mean ± standard deviation, * indicates P < 0.05, ** indicates 
P < 0.01, *** indicates P < 0.001
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significant downregulation of the activation mark-
ers α-SMA and FAP, and the expression of NF-κB 
signaling pathway proteins p-IκBα/IκBα and p-p65/
p65. In the EVslv−NC + TNFα group, no remarkable 
shift was identified in the expression of B4GALT3 
among CAFs, but there was a noteworthy surge in 
α-SMA, FAP, p-IκBα/IκBα, and p-p65/p65 levels. 
When contrasted with the EVslv−B4GALT3 group, the 
EVslv−B4GALT3 + TNFα group exhibited no altera-
tion in B4GALT3 expression in CAFs, but a marked 
growth in α-SMA, FAP, p-IκBα/IκBα, and p-p65/p65 
expression (Fig.  4B). These findings elucidate that 
BMSCs-EVs may inhibit CAFs activity by deliver-
ing B4GALT3 to suppress NF-κB signaling pathway 
activation.

Subsequently, we conducted IF staining for p-p65 
and p65, and the observations revealed that, con-
trasted against the EVslv−NC group, the level of 
p-p65 and the nuclear translocation of p65 in CAFs 
were substantially lowered in the EVslv−B4GALT3 
group. In contrast, in the EVslv−NC + TNFα group, 
the expression of p-p65 and the nuclear transloca-
tion of p65 were considerably escalated. Further-
more, in relation to the EVslv−B4GALT3 group, the 
EVslv−B4GALT3 + TNFα group exhibited a significant 
increase in the expression of p-p65 and the nuclear 
translocation of p65 (Fig.  4C-D). These findings 
further confirm that BMSCs-EVs inhibit the activa-
tion of the NF-κB signaling pathway by delivering 
B4GALT3.

Subsequent experiments were conducted to 
verify the impact of the B4GALT3/NF-κB path-
way mediated by BMSCs-EVs on CAFs activity. 
IF staining outcomes displayed that, in contrast 
with the EVslv−NC group, the fluorescence inten-
sity of α-SMA and FAP in CAFs was substantially 
reduced in the EVslv−B4GALT3 group. Conversely, in 
the EVslv−NC + TNFα group, the fluorescence inten-
sity of α-SMA and FAP showed a marked increase. 
Moreover, contrasted against the EVslv−B4GALT3 
group, the EVslv−B4GALT3 + TNFα group illustrated 
a noteworthy surge in the fluorescence intensity of 
α-SMA and FAP (Fig.  4E-F). CCK8 assays indi-
cated that, relative to the EVslv−NC group, the cel-
lular activity of CAFs was noticeably lessened in 
the EVslv−B4GALT3 group, whereas it was markedly 
enhanced in the EVslv−NC + TNFα group. Further-
more, when juxtaposed with the EVslv−B4GALT3 

group, the EVslv−B4GALT3 + TNFα group showed a 
notable increase in CAFs cellular activity (Fig. 4G). 
Moreover, relative to the EVslv−NC group, the down-
regulation of Collagen I expression was observed in 
CAFs of the EVslv−B4GALT3 group, which was sig-
nificantly upregulated upon TNFα treatment; simi-
larly, as opposed to the EVslv−NC group, there was 
a remarkable upsurge in the expression of Collagen 
I in CAFs of the EVslv−NC + TNFα group (Fig. 4H). 
These results provide further validation for our 
conclusions.

Overall, these results demonstrate that BMSCs-
EVs delivering B4GALT3 prevent the initiation of 
the NF-κB signaling pathway, thereby inhibiting the 
activity of CAFs.

BMSCs-EVs Suppress Migration and Invasion of 
HCC Cells while Inducing Apoptosis.

Delving into the impact of BMSCs-EVs on the 
malignant phenotype of HCC cells through the modu-
lation of CAFs’ activity, we co-cultured EVs-treated 
CAFs with HCC cells following PBS or EVs treat-
ment (Figure  S5A). Results from scratch and Tran-
swell assays indicated that, in relation to the PBS 
group, co-culture of EVs-treated CAFs with HCC 
cells (Huh-7, SNU-182, and JHH7) significantly 
inhibited the migration and invasion of HCC cells 
(Figure S5B-D). Conversely, EVs-treated CAFs nota-
bly promoted apoptosis in Huh-7, SNU-182, and 
JHH7 cells (Figure S5E). These findings suggest that 
BMSCs-EVs delivering B4GALT3 suppress CAFs’ 
activity, thereby reducing the migratory and invasive 
capabilities of HCC cells and promoting their apopto-
sis, ultimately ameliorating the aggressive phenotype 
of HCC.

To further validate this conclusion, we co-cul-
tured CAFs treated with EVslv−NC, EVslv−B4GALT3, 
EVslv−NC + TNFα, and EVslv−B4GALT3 + TNFα with 
HCC cells (Fig.  5A, Figure  S6A). Cell scratch and 
Transwell experiments revealed that, in contrast 
with the EVslv−NC group, the migration and inva-
sion of Huh-7, SNU-182, and JHH7 cells were sig-
nificantly reduced in the EVslv−B4GALT3 group. 
Moreover, the addition of TNFα to the EVslv−NC 
group or EVslv−B4GALT3 group markedly heightened 
the migratory and invasive behavior of HCC cells 
(Fig.  5B-D, Figure  S6B-D). Furthermore, flow 
cytometry experiments showed a marked growth in 
apoptosis in HCC cells in the EVslv−B4GALT3 group 
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relative to the EVslv−NC group; the administration of 
TNFα to the EVslv−NC group resulted in a notable 
drop in HCC cell apoptosis (Figure S6E). Addition-
ally, HCC cell apoptosis was notably reduced in the 

EVslv−B4GALT3 + TNFα group in contrast with the 
EVslv−B4GALT3 group (Fig. 5E).

To sum up, the inhibition of CAF activation 
by BMSCs-EVs through the B4GALT3/NF-κB 
pathway results in the suppression of HCC cells’ 

Fig. 5   Impact of Various Treatments of CAFs on the Malig-
nant Phenotype of Huh-7 Cells. Note: (A) Schematic represen-
tation of the co-culture of Huh-7 cells with different treated 
CAFs; (B) Wound healing assay evaluating the migration abil-
ity of HCC cells in each group, scale bar = 100 μm; (C) Tran-
swell assay assessing the migration of HCC cells in different 

groups, scale bar = 50  μm; (D) Transwell assay assessing the 
invasion of HCC cells in different groups, scale bar = 50 μm; 
(E) Flow cytometry measuring the apoptosis of HCC cells in 
different groups; All experiments were repeated thrice, and 
values are presented as mean ± standard deviation. * indicates 
P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001
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migration and invasion abilities while fostering 
their apoptotic processes.

BMSCs‑EVs‑B4GALT3 Inhibit HCC tumor growth 
and metastasis by halting NF‑κB signaling activation

We established an in  situ HCC model by intra-
hepatic injection of Huh-7 cells and CAFs cells 
treated differently to investigate the impact of 
BMSCs-EVs-mediated regulation of B4GALT3/
NF-κB pathway on CAFs activity in HCC tumor 
growth (Fig.  6A). Live imaging experiments illus-
trated that contrasted with the HCC + PBS group, 
tumor growth was noticeably inhibited in the 
HCC + EVslv−NC group, with a further enhancement 
of tumor suppression in the HCC + EVslv−B4GALT3 
group. Conversely, the HCC + EVslv−B4GALT3 + TNFα 
group notably promoted tumor growth compared to 
the HCC + EVslv−B4GALT3 group (Fig.  6B-C). Addi-
tionally, H&E staining of tissue sections demon-
strated that tumor infiltration and nuclear charac-
teristics of tumor cells were prominently reduced 
in the HCC + EVslv−NC and HCC + EVslv−B4GALT3 
groups, showing some restoration and improve-
ment of cell morphology and structure compared to 
the HCC + PBS and HCC + EVslv−B4GALT3 + TNFα 
groups (Fig. 6D). These results indicate that BMSCs-
EVs-mediated inhibition of CAFs activity through the 
B4GALT3/NF-κB pathway can effectively suppress 
HCC tumor growth.

Furthermore, Tunel staining unveiled an aug-
mented count of TUNEL-positive cells in the 

HCC + EVslv−NC group in contrast with the 
HCC + PBS group, accompanied by a height-
ened presence of TUNEL-positive cells in the 
HCC + EVslv−B4GALT3 group. In contrast, the quantity 
of TUNEL-positive cells oticeably lessened in the 
HCC + EVslv−B4GALT3 + TNFα group in contrast with 
the HCC + EVslv−B4GALT3 group (Fig. 6E). IHC stain-
ing for Ki-67 showed a decreased area of Ki-67-posi-
tive regions in the HCC + EVslv−NC group in relation 
to the HCC + PBS group, with a further decrease in 
Ki-67-positive areas in the HCC + EVslv−B4GALT3 
group. Conversely, the HCC + EVslv−B4GALT3 + TNFα 
group indicated a substantial escalation in the 
area of Ki-67-positive regions compared to the 
HCC + EVslv−B4GALT3 group (Fig.  6F). These find-
ings suggest that BMSCs-EVs-mediated inhibition 
of CAFs activity through the B4GALT3/NF-κB path-
way can suppress tumor cell apoptosis and promote 
proliferation.

Subsequently, we further validated the regulatory 
role of the B4GALT3/NF-κB pathway in HCC mice 
in vivo. Initially, WB results revealed that contrasted 
against the HCC + PBS group, the HCC + EvsIv-NC 
group upregulated the expression of B4GALT3 in 
tumor tissue while downregulating the expression of 
p-IκBα/IκBα and p-p65/p65 in the NF-κB signaling 
pathway. In the HCC + EvsIv-B4GALT3 group, the 
expression of B4GALT3 in tumor tissue was further 
upregulated compared to the HCC + EvsIv-NC group, 
leading to a significant downregulation of p-IκBα/
IκBα and p-p65/p65 expression. In comparison to the 
HCC + EvsIv-B4GALT3 group, the HCC + EvsIv-
B4GALT3 + TNFα group showed no significant 
changes in B4GALT3 expression in tumor tissue 
but exhibited a significant upregulation of p-IκBα/
IκBα and p-p65/p65 expression in the NF-κB sign-
aling pathway (Fig.  7A). Furthermore, IHC and IF 
staining outcomes indicated that when juxtaposed 
with the HCC + PBS group, the HCC + EvsIv-NC 
and HCC + EvsIv-B4GALT3 groups illustrated a 
further drop in the expression of p-p65 and nuclear 
translocation of p65 in tumor tissue, along with an 
upregulation in B4GALT3 expression. In contrast, the 
HCC + EvsIv-B4GALT3 + TNFα group illustrated a 
noteworthy surge in p-p65 expression and p65 nuclear 
translocation in tumor tissue, with no significant dif-
ference in B4GALT3 expression (Fig.  7B-C). These 

Fig. 6   Impact of Different Treatments of CAFs on the Growth 
of HCC in Mice. Note: (A) Schematic representation of the 
in  situ HCC model co-injected with CAFs subjected to dif-
ferent treatments and Huh-7 cells; (B) In  vivo biolumines-
cence imaging monitoring tumor growth in each group of 
mice (n = 5); (C) Gross appearance of livers and quantitative 
assessment of tumor size and weight after tumor resection 
in each group of mice (n = 5); (D) Representative images of 
tumor tissue morphology and structure in each group of mice 
(n = 5) assessed by H&E staining, scale bar = 50 μm; (E) Rep-
resentative images of tumor tissue cell apoptosis detected by 
Tunel staining in each group of mice (n = 5), with quantitative 
analysis of Tunel-positive cell percentage, scale bar = 50  μm; 
(F) IHC analysis of Ki67 expression in tumor tissue of each 
group of mice (n = 5), scale bar = 50 μm. Values are presented 
as mean ± standard deviation, * indicates P < 0.05, ** indicates 
P < 0.01, *** indicates P < 0.001

◂
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Fig. 7   Changes in the B4GALT3/NF-κB Signaling Path-
way in HCC Mice. Note: (A) WB analysis of B4GALT3, 
p-IκBα, IκBα, p-p65, and p65 expression in tumors of each 
group of mice (n = 5). (B) IHC detection of p-p65 expres-
sion in tumor tissues of each group of mice (n = 5), with posi-
tive areas appearing light brown or dark brown, with a local 
enlargement in the lower left corner at a scale of 50 μm. (C) 
IF detection of B4GALT3 and p-p65 expression in tumor tis-

sues of each group of mice (n = 5) at a scale of 50 μm. (D) IF 
staining of p65 in tumor tissues of each group of mice (n = 5) 
(scale = 25  μm), showing the fluorescence intensity of p65 
co-localized with the cell nucleus in each cell, where p65 is 
shown in red and DAPI (cell nucleus) in blue. Numerical val-
ues are represented as mean ± standard deviation. * indicates 
P < 0.05, ** P < 0.01, *** P < 0.001
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findings suggest that the inhibitory effect on HCC 
progression in HCC mice is related to the delivery of 
BAGALT3 into CAFs by BMSCs-EVs, inducing the 
obstruction of the NF-κB signaling pathway, consist-
ent with the cellular observations (Fig. 7D).

Finally, we constructed a lung metastasis model 
of HCC by intravenously injecting Huh-7 cells and 
differently treated CAFs cells, to further evaluate the 
impact of MSCs-EVs-mediated B4GALT3/NF-κB 
pathway inhibition on CAFs activity in HCC mice 
(Fig.  8A). Contrasted with the HCC + PBS group, 
the quantity of lung metastatic nodules in mice was 
drastically minimized in the HCC + EvsIv-NC group, 
further lessened in the HCC + EvsIv-B4GALT3 
group relative to the HCC + EvsIv-NC group. On 
the contrary, the HCC + EvsIv-B4GALT3 + TNFα 
group indicated a substantial escalation in the num-
ber of lung metastatic nodules in relation to the 
HCC + EvsIv-B4GALT3 group (Fig.  8B-C). Sub-
sequently, IHC experiment outcomes illustrated 
that the HCC + EvsIv-NC group, contrasted against 
the HCC + PBS group, decreased the expression of 
N-cadherin and Vimentin in liver, while E-cadherin 
expression escalated. In the HCC + EvsIv-B4GALT3 
group, the expression of N-cadherin and Vimen-
tin in liver was further lessened contrasted with the 
HCC + EvsIv-NC group, with a noteworthy surge in 
E-cadherin expression. Lastly, when compared to the 
HCC + EvsIv-B4GALT3 group, the HCC + EvsIv-
B4GALT3 + TNFα group exhibited a marked 
growth in the expression of N-cadherin and Vimen-
tin in liver while showing a significant decrease in 
E-cadherin expression (Fig. 8D). Furthermore, IHC 
staining showed that, compared to the HCC + PBS 
group, the HCC + EVslv-NC group revealed reduced 
N-cadherin and Vimentin expression while increas-
ing E-cadherin expression in lung tissue. In the 
HCC + EVslv-B4GALT3 group, N-cadherin and 
Vimentin expression was further reduced, while 
E-cadherin expression was substantially elevated 
relative to the HCC + EVslv-NC group. However, 
in the HCC + EVslv-B4GALT3 + TNFα group, 
N-cadherin and Vimentin expression significantly 
increased, whereas E-cadherin expression decreased 
(Fig.  8D-E). The data point towards BMSCs-EVs 
hindering the NF-κB signaling pathway activation 
through the transfer of B4GALT3, which effectively 

restrains CAFs activity, ultimately leading to the 
inhibition of lung metastasis in HCC mice.

Discussion

Recent studies have shown that BMSCs-EVs are 
crucial in promoting apoptosis and inhibiting tumor 
growth in HCC (Deng et al. 2021). The advancement 
and metastasis of HCC are propelled by the migra-
tion and invasion stimulation of HCC cells by CAFs 
through a variety of mechanisms (Xu et al. 2022; Liu 
et  al. 2021; Zhu et  al. 2023). Our groundbreaking 
research has revealed that BMSCs deliver B4GALT3 
to the CAFs in the TME of HCC via EVs, thereby 
inhibiting their activation and impacting the develop-
ment of HCC. This finding is innovative on multiple 
levels.

While previous studies have acknowledged the 
ability of BMSCs to regulate immune responses and 
secrete bioactive molecules, the specific mechanisms 
by which they alter the development of HCC by influ-
encing CAFs in the TME remain limited (Zohora 
et al. 2023; Vaka et al. 2023). Focused on the delivery 
of B4GALT3, our study enhances the understanding 
of how BMSCs-EVs contribute to HCC development 
from a distinct standpoint.

Furthermore, our research delves into the criti-
cal role of B4GALT3 in regulating the activation 
of CAFs. Although B4GALT3 is implicated in the 
occurrence and progression of various cancers, 
its specific mechanism of action in HCC remains 
incompletely understood (Liu et  al. 2018). We 
demonstrate that B4GALT3 hinders HCC progres-
sion by restraining the stimulation of CAFs within 
the TME, intricately linked to the blockage of the 
NF-κB signaling pathway. Previous research has 
revealed that miR-1247-3p targets B4GALT3 to 
activate the β1-integrin/NF-κB signaling pathway, 
leading to the activation of CAFs, promoting the 
progression and metastasis of HCC (Fang et  al. 
2018), consistent with our findings. Furthermore, 
B4GALT3-deficient fibroblasts secrete higher lev-
els of IL-6 and IL-8, which are NF-κB pathway 
downstream targets. Increased secretion of these 
cytokines further activates the NF-κB pathway, 
forming a positive feedback loop that is pivotal in 
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inflammation and the TME (Liu et al. 2017). Addi-
tionally, studies have reported that in B4GALT3-
deficient mice, CD8 + T cell infiltration and 
cytotoxic activity are enhanced, which may be asso-
ciated with NF-κB pathway modulation. CD8 + T 
cells activate the NF-κB pathway by secreting 
cytokines such as IFN-γ and TNF-α. Therefore, 
B4GALT3 depletion may enhance CD8 + T cell 
activity, thereby affecting NF-κB downstream sign-
aling (Wei et  al. 2023). Our discovery emphasizes 
the role of BMSCs-EVs in modulating CAF behav-
ior through the delivery of B4GALT3 to regulate 
the NF-κB signaling pathway, providing a new per-
spective on understanding its complex role in HCC.

In vitro experiments have demonstrated that the 
overexpression of B4GALT3 in BMSCs-EVs can fur-
ther suppressed CAF viability,, thereby suppressing 
the migration and invasion of HCC cells. This finding 
is consistent with existing research, further confirm-
ing the significant role of B4GALT3 in tumor biol-
ogy (Topno et al. 2021). In vivo animal experiments 
have shown that CAFs treated with BMSCs-EVs 
overexpressing B4GALT3 results in a remarkable 

suppression of HCC tumor growth and metastasis in 
mice. The authentication of this breakthrough cor-
roborates the validity of the results attained through 
the in vitro studies.

Our research broadens the comprehension 
regarding the function of BMSCs-EVs in cancer 
therapy. Previous research has demonstrated that 
BMSCs can transfer various bioactive molecules 
via EVs, such as proteins, lipids, and RNA, altering 
the function of target cells (Chang et al. 2021; Yang 
et al. 2020; Orso et al. 2023). Our research reveals 
the significant impact of this transport mechanism 
on HCC development and highlights the potential 
therapeutic value of BMSCs-EVs as a treatment 
tool in HCC therapy. Our findings underscore the 
potential strategy of inhibiting HCC development 
by targeting CAF activation, providing a direction 
for developing novel treatment approaches.

Our study has shed new light on the role of 
BMSCs-EVs in HCC, but it is subject to certain 
limitations. Particularly, we have not directly dem-
onstrated in  vivo that BMSCs-EVs specifically act 
on CAFs within the TME or that the anti-tumor 
effects of BMSCs-EVs carrying B4GALT3 are 
solely dependent on CAF regulation. Moreover, 
while we have elucidated the potential mechanism 
by which BMSCs-EVs transport B4GALT3 to sup-
press CAF activation and consequently impact HCC 
development, these findings are predominantly 
based on in  vitro and murine models and have 
yet to be validated in humans. Therefore, further 
research should investigate the in vivo mechanisms 
of BMSCs-EVs in the TME, and large-scale animal 
and clinical trials are necessary to validate these 
observations. Furthermore, our study did not clar-
ify the mechanism by which BMSCs-EVs transport 
B4GALT3 to CAFs.

Fig. 8   Effects of CAFs with Different Treatments on the Lung 
Metastasis Model of HCC Mice. Note: (A) Schematic dia-
gram illustrating the construction of the lung metastasis HCC 
model in mice where CAFs with different treatments were co-
injected intravenously with Huh-7 cells; (B) Images of lungs 
from each group of mice (n = 5) with quantification of lung 
metastatic nodules; (C) H&E staining to evaluate the mor-
phology and structure of lung tissues in each group of mice, 
scale bar = 100 μm; (D) IHC staining to assess the expression 
of E-cadherin, N-cadherin, and Vimentin in tumor cells in 
liver tissues of each group of mice, scale bar = 50 μm; (E) IHC 
staining to evaluate the expression of E-cadherin, N-cadherin, 
and Vimentin in lung tissues of each group of mice, scale 
bar = 50  μm; Values are presented as mean ± standard devia-
tion, * indicates P < 0.05, ** indicates P < 0.01, *** indicates 
P < 0.001
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In summary, our investigation has revealed that 
BMSCs-EVs inhibit CAF activation by transport-
ing B4GALT3 to suppress the NF-kB pathway, 
ultimately restraining HCC tumor growth and 
metastasis (Fig.  9). This discovery holds signifi-
cant implications for understanding the mechanisms 
underlying HCC development and for identify-
ing novel therapeutic approaches. Future research 
could delve deeper into the mechanisms through 
which BMSCs-EVs transport B4GALT3 to CAFs 
and further explore how B4GALT3 modulates CAF 
function by regulating the NF-κB pathway, thereby 
potentially uncovering new therapeutic targets for 
HCC treatment. Overall, examining the involvement 
of BMSCs-EVs in the progression of HCC, our 
research illuminates fresh insights and establishes a 
basis for the design of innovative treatment modali-
ties informed by these findings.

Acknowledgements  None.

Author contributions  Juncheng Guo: Conceptualization, 
Methodology, Investigation, Data Curation, Writing—Original 

Draft. Kaiqiong Wang: Bioinformatic Analysis, Data Inter-
pretation, Visualization, Writing—Review & Editing. Qigang 
Sun: Experimental Validation, Cell Culture, Western Blot-
ting, Data Collection. Jun Liu: Transcriptome Sequencing, 
Statistical Analysis, Resources, Writing—Review & Editing. 
Jinfang Zheng: Supervision, Project Administration, Funding 
Acquisition, Writing—Review & Editing. All authors read and 
approved the final manuscript.

Funding  This study was supported by 2023 Clinical Medi-
cal Research Center Project in Hainan Province (Project No. 
LCYX202302).

Data availability  All data can be provided as needed.

Declarations 

Ethical Statement  All animal experiments were approved by 
the Animal Ethics Committee of Hainan General Hospital (No. 
[2022]298).

Conflict of Interest  The authors declare no competing inter-
ests.

Fig. 9   Schematic Diagram of BMSCs-EVs Transporting B4GALT3 Mediating the Molecular Mechanism of NF-κB Signaling Path-
way Involvement in HCC Growth and Metastasis



Cell Biol Toxicol           (2025) 41:67 	 Page 25 of 30     67 

Vol.: (0123456789)

Open Access  This article is licensed under a Creative Com-
mons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License, which permits any non-commercial use, shar-
ing, distribution and reproduction in any medium or format, as 
long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, 
and indicate if you modified the licensed material. You do 
not have permission under this licence to share adapted mate-
rial derived from this article or parts of it. The images or other 
third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a 
credit line to the material. If material is not included in the arti-
cle’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, 
you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecom-
mons.org/licenses/by-nc-nd/4.0/.

References

Abd-Allah SH, Shalaby SM, El-Shal AS, Elkader EA, Hussein 
S, Emam E, et al. Effect of bone marrow–derived mesen-
chymal stromal cells on hepatoma [Internet]. Cytother-
apy. Elsevier BV; 2014 [cited 2025 Mar 5]. p. 1197–206. 
Available from: https://​doi.​org/​10.​1016/j.​jcyt.​2014.​05.​006

Affo S, Yu L-X, Schwabe RF. The Role of Cancer-Associated 
Fibroblasts and Fibrosis in Liver Cancer [Internet]. Annu. 
Rev. Pathol. Mech. Dis. Annual Reviews; 2017 [cited 
2025 Mar 5]. p. 153–86. Available from: https://​doi.​org/​
10.​1146/​annur​ev-​pathol-​052016-​100322

Andreeff M, Gaynor J, Chapman D, Little C, Gee T, Clarkson 
BD. Prognostic Factors in Acute Lymphoblastic Leuke-
mia in Adults: The Memorial Hospital Experience [Inter-
net]. Haematology and Blood Transfusion/Hämatologie 
und Bluttransfusion. Berlin, Heidelberg: Springer Berlin 
Heidelberg; 1987 [cited 2025 Mar 5]. p. 111–24. Avail-
able from: https://​doi.​org/​10.​1007/​978-3-​642-​71213-5_​18

Bai X, Zhou Y, Yokota Y, Matsumoto Y, Zhai B, Maarouf N, 
et al. Adaptive antitumor immune response stimulated by 
bio-nanoparticle based vaccine and checkpoint blockade 
[Internet]. J Exp Clin Cancer Res. Springer Science and 
Business Media LLC; 2022 [cited 2025 Mar 5]. Available 
from: https://​doi.​org/​10.​1186/​s13046-​022-​02307-3

Biffi G, Tuveson DA. Diversity and Biology of Cancer-Associ-
ated Fibroblasts [Internet]. Physiological Reviews. Ameri-
can Physiological Society; 2021 [cited 2025 Mar 5]. p. 
147–76. Available from: https://​doi.​org/​10.​1152/​physr​ev.​
00048.​2019

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal 
A. Global cancer statistics 2018: GLOBOCAN estimates 
of incidence and mortality worldwide for 36 cancers 
in 185 countries [Internet]. CA A Cancer J Clinicians. 
Wiley; 2018 [cited 2025 Mar 5]. p. 394–424. Available 
from: https://​doi.​org/​10.​3322/​caac.​21492

Cai Q, Shi P, Yuan Y, Peng J, Ou X, Zhou W, et  al. Inflam-
mation-Associated Senescence Promotes Helicobacter 
pylori–Induced Atrophic Gastritis [Internet]. Cellular and 

Molecular Gastroenterology and Hepatology. Elsevier 
BV; 2021 [cited 2025 Mar 5]. p. 857–80. Available from: 
https://​doi.​org/​10.​1016/j.​jcmgh.​2020.​10.​015

Chang X, Ma Z, Zhu G, Lu Y, Yang J. New perspective into 
mesenchymal stem cells: Molecular mechanisms regulat-
ing osteosarcoma [Internet]. Journal of Bone Oncology. 
Elsevier BV; 2021 [cited 2025 Mar 5]. p. 100372. Avail-
able from: https://​doi.​org/​10.​1016/j.​jbo.​2021.​100372

Chen C-H, Wang S-H, Liu C-H, Wu Y-L, Wang W-J, Huang 
J, et al. β-1,4-Galactosyltransferase III suppresses β1 inte-
grin-mediated invasive phenotypes and negatively corre-
lates with metastasis in colorectal cancer [Internet]. Car-
cinogenesis. Oxford University Press (OUP); 2014 [cited 
2025 Mar 5]. p. 1258–66. Available from: https://​doi.​org/​
10.​1093/​carcin/​bgu007

Chen C, Cao M, Wu D, Li N, Peng J, Song L, et al. KH‐type 
splicing regulatory protein mediate inflammatory response 
in gastric epithelial cells induced by lipopolysaccharide 
[Internet]. Cell Biology International. Wiley; 2017 [cited 
2025 Mar 5]. p. 871–8. Available from: https://​doi.​org/​10.​
1002/​cbin.​10804

Chen Z, Yang X, Bi G, Liang J, Hu Z, Zhao M, et al. Ligand-
receptor interaction atlas within and between tumor cells 
and T cells in lung adenocarcinoma [Internet]. Int. J. Biol. 
Sci. Ivyspring International Publisher; 2020 [cited 2025 
Mar 5]. p. 2205–19. Available from: https://​doi.​org/​10.​
7150/​ijbs.​42080

Chidambaranathan-Reghupaty S, Fisher PB, Sarkar D. Hepa-
tocellular carcinoma (HCC): Epidemiology, etiology and 
molecular classification [Internet]. Advances in Cancer 
Research. Elsevier; 2021 [cited 2025 Mar 5]. p. 1–61. 
Available from: https://​doi.​org/​10.​1016/​bs.​acr.​2020.​10.​
001

Cui Y, Wang D, Xie M. RETRACTED: Tumor-Derived Extra-
cellular Vesicles Promote Activation of Carcinoma-Asso-
ciated Fibroblasts and Facilitate Invasion and Metastasis 
of Ovarian Cancer by Carrying miR-630 [Internet]. Front. 
Cell Dev. Biol. Frontiers Media SA; 2021 [cited 2025 Mar 
5]. Available from: https://​doi.​org/​10.​3389/​fcell.​2021.​
652322

Deng L, Wang C, He C, Chen L. Bone mesenchymal stem cells 
derived extracellular vesicles promote TRAIL-related 
apoptosis of hepatocellular carcinoma cells via the deliv-
ery of microRNA-20a-3p [Internet]. CBM. SAGE Pub-
lications; 2021 [cited 2025 Mar 5]. p. 223–35. Available 
from: https://​doi.​org/​10.​3233/​cbm-​201633

Dorronsoro A, Santiago FE, Grassi D, Zhang T, Lai RC, 
McGowan SJ, et al. Mesenchymal stem cell‐derived extra-
cellular vesicles reduce senescence and extend health span 
in mouse models of aging [Internet]. Aging Cell. Wiley; 
2021 [cited 2025 Mar 5]. Available from: https://​doi.​org/​
10.​1111/​acel.​13337

Du X, Qi H, Ji W, Li P, Hua R, Hu W, et al. Construction of 
a Colorectal Cancer Prognostic Risk Model and Screen-
ing of Prognostic Risk Genes Using Machine-Learning 
Algorithms [Internet]. Computational and Mathematical 
Methods in Medicine. Wiley; 2022 [cited 2025 Mar 5]. 
p. 1–20. Available from: https://​doi.​org/​10.​1155/​2022/​
94088​39

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jcyt.2014.05.006
https://doi.org/10.1146/annurev-pathol-052016-100322
https://doi.org/10.1146/annurev-pathol-052016-100322
https://doi.org/10.1007/978-3-642-71213-5_18
https://doi.org/10.1186/s13046-022-02307-3
https://doi.org/10.1152/physrev.00048.2019
https://doi.org/10.1152/physrev.00048.2019
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.jcmgh.2020.10.015
https://doi.org/10.1016/j.jbo.2021.100372
https://doi.org/10.1093/carcin/bgu007
https://doi.org/10.1093/carcin/bgu007
https://doi.org/10.1002/cbin.10804
https://doi.org/10.1002/cbin.10804
https://doi.org/10.7150/ijbs.42080
https://doi.org/10.7150/ijbs.42080
https://doi.org/10.1016/bs.acr.2020.10.001
https://doi.org/10.1016/bs.acr.2020.10.001
https://doi.org/10.3389/fcell.2021.652322
https://doi.org/10.3389/fcell.2021.652322
https://doi.org/10.3233/cbm-201633
https://doi.org/10.1111/acel.13337
https://doi.org/10.1111/acel.13337
https://doi.org/10.1155/2022/9408839
https://doi.org/10.1155/2022/9408839


	 Cell Biol Toxicol           (2025) 41:67    67   Page 26 of 30

Vol:. (1234567890)

Eiro N, Fraile M, Fernández-Francos S, Sánchez R, Costa 
LA, Vizoso FJ. Importance of the origin of mesenchy-
mal (stem) stromal cells in cancer biology: “alliance” 
or “war” in intercellular signals [Internet]. Cell Biosci. 
Springer Science and Business Media LLC; 2021 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1186/​
s13578-​021-​00620-6

Fang T, Lv H, Lv G, Li T, Wang C, Han Q, et  al. Tumor-
derived exosomal miR-1247-3p induces cancer-asso-
ciated fibroblast activation to foster lung metastasis 
of liver cancer [Internet]. Nat Commun. Springer 
Science and Business Media LLC; 2018 [cited 2025 
Mar 5]. Available from: https://​doi.​org/​10.​1038/​
s41467-​017-​02583-0

Gangadaran P, Rajendran RL, Lee HW, Kalimuthu S, Hong 
CM, Jeong SY, et  al. Extracellular vesicles from mesen-
chymal stem cells activates VEGF receptors and acceler-
ates recovery of hindlimb ischemia [Internet]. Journal of 
Controlled Release. Elsevier BV; 2017 [cited 2025 Mar 
5]. p. 112–26. Available from: https://​doi.​org/​10.​1016/j.​
jconr​el.​2017.​08.​022

Gu H, Yan C, Wan H, Wu L, Liu J, Zhu Z, et al. Mesenchymal 
stem cell-derived exosomes block malignant behaviors of 
hepatocellular carcinoma stem cells through a lncRNA 
C5orf66-AS1/microRNA-127–3p/DUSP1/ERK axis 
[Internet]. Human Cell. Springer Science and Business 
Media LLC; 2021 [cited 2025 Mar 5]. p. 1812–29. Avail-
able from: https://​doi.​org/​10.​1007/​s13577-​021-​00599-9

Guo M, Yin Z, Chen F, Lei P. Mesenchymal stem cell-
derived exosome: a promising alternative in the therapy 
of Alzheimer’s disease [Internet]. Alz Res Therapy. 
Springer Science and Business Media LLC; 2020 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1186/​
s13195-​020-​00670-x

Hack SP, Spahn J, Chen M, Cheng A-L, Kaseb A, Kudo M, 
et  al. IMbrave 050: A Phase III Trial of Atezolizumab 
Plus Bevacizumab in High-Risk Hepatocellular Carci-
noma after Curative Resection or Ablation [Internet]. 
Future Oncol. Informa UK Limited; 2020 [cited 2025 Mar 
5]. p. 975–89. Available from: https://​doi.​org/​10.​2217/​
fon-​2020-​0162

Hanson D, Hoffman LM, Nagabushan S, Goumnerova LC, 
Rathmann A, Vogel T, et al. A modified IRS-III chemo-
therapy regimen leads to prolonged survival in children 
with embryonal tumor with multilayer rosettes [Inter-
net]. Neuro-Oncology Advances. Oxford University Press 
(OUP); 2020 [cited 2025 Mar 5]. Available from: https://​
doi.​org/​10.​1093/​noajnl/​vdaa1​20

Hayes JD, Dinkova-Kostova AT, Tew KD. Oxidative Stress in 
Cancer [Internet]. Cancer Cell. Elsevier BV; 2020 [cited 
2025 Mar 5]. p. 167–97. Available from: https://​doi.​org/​
10.​1016/j.​ccell.​2020.​06.​001

He L, Zhu C, Jia J, Hao X-Y, Yu X-Y, Liu X-Y, et al. ADSC-
Exos containing MALAT1 promotes wound healing 
by targeting miR-124 through activating Wnt/β-catenin 
pathway [Internet]. Bioscience Reports. Portland Press 
Ltd.; 2020 [cited 2025 Mar 5]. Available from: 10.1042/
bsr20192549

Hou P, Luo L, Chen H, Chen Q, Bian X, Wu S, et al. Ecto-
somal PKM2 Promotes HCC by Inducing Macrophage 
Differentiation and Remodeling the Tumor Microenvi-
ronment [Internet]. Molecular Cell. Elsevier BV; 2020 
[cited 2025 Mar 5]. p. 1192–1206.e10. Available from: 
https://​doi.​org/​10.​1016/j.​molcel.​2020.​05.​004

Huang H, Wang Z, Zhang Y, Pradhan RN, Ganguly D, Chan-
dra R, et al. Mesothelial cell-derived antigen-presenting 
cancer-associated fibroblasts induce expansion of regu-
latory T  cells in pancreatic cancer [Internet]. Cancer 
Cell. Elsevier BV; 2022a [cited 2025 Mar 5]. p. 656–
673.e7. Available from: https://​doi.​org/​10.​1016/j.​ccell.​
2022.​04.​011

Huang L, Rong Y, Tang X, Yi K, Qi P, Hou J, et al. Engineered 
exosomes as an in situ DC-primed vaccine to boost anti-
tumor immunity in breast cancer [Internet]. Mol Cancer. 
Springer Science and Business Media LLC; 2022b [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1186/​
s12943-​022-​01515-x

Huang L, Xiong J, Fu J, Zhou Z, Yu H, Xu J, et  al. (2022c) 
Bone marrow mesenchymal stem cell-derived exosomal 
LINC00847 inhibits the proliferation, migration, and inva-
sion of Ewing sarcoma. J Clin Transl Res. Singapore; 
24;8(6):563–76.

Hwang B, Engel L, Goueli SA, Zegzouti H. A homogene-
ous bioluminescent immunoassay to probe cellular 
signaling pathway regulation [Internet]. Commun Biol. 
Springer Science and Business Media LLC; 2020 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1038/​
s42003-​019-​0723-9

Jiang K, Dong C, Yin Z, Li R, Mao J, Wang C, et al. Exosome-
derived ENO1 regulates integrin α6β4 expression and 
promotes hepatocellular carcinoma growth and metastasis 
[Internet]. Cell Death Dis. Springer Science and Business 
Media LLC; 2020 [cited 2025 Mar 5]. Available from: 
https://​doi.​org/​10.​1038/​s41419-​020-​03179-1

Jin Z, Ren J, Qi S. Exosomal miR-9–5p secreted by bone mar-
row–derived mesenchymal stem cells alleviates osteo-
arthritis by inhibiting syndecan-1 [Internet]. Cell Tissue 
Res. Springer Science and Business Media LLC; 2020 
[cited 2025 Mar 5]. p. 99–114. Available from: https://​doi.​
org/​10.​1007/​s00441-​020-​03193-x

Khan F, Pang L, Dunterman M, Lesniak MS, Heimberger AB, 
Chen P. Macrophages and microglia in glioblastoma: 
heterogeneity, plasticity, and therapy [Internet]. Journal 
of Clinical Investigation. American Society for Clinical 
Investigation; 2023 [cited 2025 Mar 5]. Available from: 
https://​doi.​org/​10.​1172/​jci16​3446

Kletukhina S, Mutallapova G, Titova A, Gomzikova M. Role 
of Mesenchymal Stem Cells and Extracellular Vesicles 
in Idiopathic Pulmonary Fibrosis [Internet]. IJMS. MDPI 
AG; 2022 [cited 2025 Mar 5]. p. 11212. Available from: 
https://​doi.​org/​10.​3390/​ijms2​31911​212

Konyn P, Ahmed A, Kim D. Current epidemiology in hepato-
cellular carcinoma [Internet]. Expert Review of Gastroen-
terology & Hepatology. Informa UK Limited; 2021 [cited 
2025 Mar 5]. p. 1295–307. Available from: https://​doi.​org/​
10.​1080/​17474​124.​2021.​19917​92

https://doi.org/10.1186/s13578-021-00620-6
https://doi.org/10.1186/s13578-021-00620-6
https://doi.org/10.1038/s41467-017-02583-0
https://doi.org/10.1038/s41467-017-02583-0
https://doi.org/10.1016/j.jconrel.2017.08.022
https://doi.org/10.1016/j.jconrel.2017.08.022
https://doi.org/10.1007/s13577-021-00599-9
https://doi.org/10.1186/s13195-020-00670-x
https://doi.org/10.1186/s13195-020-00670-x
https://doi.org/10.2217/fon-2020-0162
https://doi.org/10.2217/fon-2020-0162
https://doi.org/10.1093/noajnl/vdaa120
https://doi.org/10.1093/noajnl/vdaa120
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1016/j.molcel.2020.05.004
https://doi.org/10.1016/j.ccell.2022.04.011
https://doi.org/10.1016/j.ccell.2022.04.011
https://doi.org/10.1186/s12943-022-01515-x
https://doi.org/10.1186/s12943-022-01515-x
https://doi.org/10.1038/s42003-019-0723-9
https://doi.org/10.1038/s42003-019-0723-9
https://doi.org/10.1038/s41419-020-03179-1
https://doi.org/10.1007/s00441-020-03193-x
https://doi.org/10.1007/s00441-020-03193-x
https://doi.org/10.1172/jci163446
https://doi.org/10.3390/ijms231911212
https://doi.org/10.1080/17474124.2021.1991792
https://doi.org/10.1080/17474124.2021.1991792


Cell Biol Toxicol           (2025) 41:67 	 Page 27 of 30     67 

Vol.: (0123456789)

Langfelder P, Horvath S. WGCNA: an R package for weighted 
correlation network analysis [Internet]. BMC Bioinfor-
matics. Springer Science and Business Media LLC; 2008 
[cited 2025 Mar 5]. Available from: https://​doi.​org/​10.​
1186/​1471-​2105-9-​559

Lazarian G, Friedrich C, Quinquenel A, Tran J, Ouriemmi 
S, Dondi E, et  al. Stabilization of β-catenin upon B-cell 
receptor signaling promotes NF-kB target genes tran-
scription in mantle cell lymphoma [Internet]. Oncogene. 
Springer Science and Business Media LLC; 2020 [cited 
2025 Mar 5]. p. 2934–47. Available from: https://​doi.​org/​
10.​1038/​s41388-​020-​1183-x

Li Y, Zhang J, Shi J, Liu K, Wang X, Jia Y, et  al. Exosomes 
derived from human adipose mesenchymal stem cells atten-
uate hypertrophic scar fibrosis by miR-192-5p/IL-17RA/
Smad axis [Internet]. Stem Cell Res Ther. Springer Science 
and Business Media LLC; 2021 [cited 2025 Mar 5]. Avail-
able from: https://​doi.​org/​10.​1186/​s13287-​021-​02290-0

Li W, Liu D, Xu J, Zha J, Wang C, An J, et  al. Astrocyte-
Derived TNF-α-Activated Platelets Promote Cerebral 
Ischemia/Reperfusion Injury by Regulating the RIP1/
RIP3/AKT Signaling Pathway [Internet]. Mol Neurobiol. 
Springer Science and Business Media LLC; 2022a [cited 
2025 Mar 5]. p. 5734–49. Available from: https://​doi.​org/​
10.​1007/​s12035-​022-​02942-z

Li X, Sun Z, Peng G, Xiao Y, Guo J, Wu B, et al. Single-cell 
RNA sequencing reveals a pro-invasive cancer-associated 
fibroblast subgroup associated with poor clinical out-
comes in patients with gastric cancer [Internet]. Thera-
nostics. Ivyspring International Publisher; 2022b [cited 
2025 Mar 5]. p. 620–38. Available from: https://​doi.​org/​
10.​7150/​thno.​60540

Liang N, Li Y, Chung HY. Two natural eudesmane-type ses-
quiterpenes from Laggera alata inhibit angiogenesis and 
suppress breast cancer cell migration through VEGF- and 
Angiopoietin 2-mediated signaling pathways [Internet]. 
International Journal of Oncology. Spandidos Publica-
tions; 2017 [cited 2025 Mar 5]. p. 213–22. Available 
from: https://​doi.​org/​10.​3892/​ijo.​2017.​4004

Liang X, Cheng Z, Chen X, Li J. Prognosis analysis of necrop-
tosis-related genes in colorectal cancer based on bioinfor-
matic analysis [Internet]. Front. Genet. Frontiers Media 
SA; 2022 [cited 2025 Mar 5]. Available from: https://​doi.​
org/​10.​3389/​fgene.​2022.​955424

Lin L, Chen S, Wang H, Gao B, Kallakury B, Bhuvaneshwar 
K, et  al. SPTBN1 inhibits inflammatory responses and 
hepatocarcinogenesis via the stabilization of SOCS1 and 
downregulation of p65 in hepatocellular carcinoma [Inter-
net]. Theranostics. Ivyspring International Publisher; 2021 
[cited 2025 Mar 5]. p. 4232–50. Available from: https://​
doi.​org/​10.​7150/​thno.​49819

Liu T, Zhang L, Joo D, Sun S-C. NF-κB signaling in inflamma-
tion [Internet]. Sig Transduct Target Ther. Springer Sci-
ence and Business Media LLC; 2017 [cited 2025 Mar 5]. 
Available from: https://​doi.​org/​10.​1038/​sigtr​ans.​2017.​23

Liu H, Chen D, Bi J, Han J, Yang M, Dong W, et  al. Circu-
lar RNA circUBXN7 represses cell growth and invasion 
by sponging miR-1247–3p to enhance B4GALT3 expres-
sion in bladder cancer [Internet]. Aging. Impact Journals, 

LLC; 2018 [cited 2025 Mar 5]. p. 2606–23. Available 
from: https://​doi.​org/​10.​18632/​aging.​101573

Liu G, Sun J, Yang Z-F, Zhou C, Zhou P-Y, Guan R-Y, et al. 
Cancer-associated fibroblast-derived CXCL11 modu-
lates hepatocellular carcinoma cell migration and tumor 
metastasis through the circUBAP2/miR-4756/IFIT1/3 axis 
[Internet]. Cell Death Dis. Springer Science and Business 
Media LLC; 2021 [cited 2025 Mar 5]. Available from: 
https://​doi.​org/​10.​1038/​s41419-​021-​03545-7

Liu Y, Zhang L, Ju X, Wang S, Qie J. Single-Cell Transcrip-
tomic Analysis Reveals Macrophage–Tumor Crosstalk 
in Hepatocellular Carcinoma [Internet]. Front. Immunol. 
Frontiers Media SA; 2022 [cited 2025 Mar 5]. Available 
from: https://​doi.​org/​10.​3389/​fimmu.​2022.​955390

Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, 
Roayaie S, et al. Hepatocellular carcinoma [Internet]. Nat 
Rev Dis Primers. Springer Science and Business Media 
LLC; 2021 [cited 2025 Mar 5]. Available from: https://​
doi.​org/​10.​1038/​s41572-​020-​00240-3

Luo H, Xia X, Huang L-B, An H, Cao M, Kim GD, et  al. 
Pan-cancer single-cell analysis reveals the heteroge-
neity and plasticity of cancer-associated fibroblasts in 
the tumor microenvironment [Internet]. Nat Commun. 
Springer Science and Business Media LLC; 2022 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1038/​
s41467-​022-​34395-2

Mao C, Li D, Zhou E, Zhang J, Wang C, Xue C. Nicotine exac-
erbates atherosclerosis through a macrophage-mediated 
endothelial injury pathway [Internet]. Aging. Impact Jour-
nals, LLC; 2021a [cited 2025 Mar 5]. p. 7627–43. Avail-
able from: https://​doi.​org/​10.​18632/​aging.​202660

Mao X, Xu J, Wang W, Liang C, Hua J, Liu J, et al. Crosstalk 
between cancer-associated fibroblasts and immune cells 
in the tumor microenvironment: new findings and future 
perspectives [Internet]. Mol Cancer. Springer Science and 
Business Media LLC; 2021b [cited 2025 Mar 5]. Avail-
able from: https://​doi.​org/​10.​1186/​s12943-​021-​01428-1

Nevola R, Ruocco R, Criscuolo L, Villani A, Alfano M, Bec-
cia D, et  al. Predictors of early and late hepatocellular 
carcinoma recurrence [Internet]. World J Gastroenterol. 
Baishideng Publishing Group Inc.; 2023 [cited 2025 Mar 
5]. p. 1243–60. Available from: https://​doi.​org/​10.​3748/​
wjg.​v29.​i8.​1243

Ni H, Qin H, Sun C, Liu Y, Ruan G, Guo Q, et  al. MiR-375 
reduces the stemness of gastric cancer cells through 
triggering ferroptosis [Internet]. Stem Cell Res Ther. 
Springer Science and Business Media LLC; 2021 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1186/​
s13287-​021-​02394-7

Orso F, Virga F, Dettori D, Dalmasso A, Paradzik M, Savino A, 
et al. Stroma-derived miR-214 coordinates tumor dissemi-
nation [Internet]. J Exp Clin Cancer Res. Springer Science 
and Business Media LLC; 2023 [cited 2025 Mar 5]. Avail-
able from: https://​doi.​org/​10.​1186/​s13046-​022-​02553-5

Peng C, Ouyang Y, Lu N, Li N. The NF-κB Signaling Path-
way, the Microbiota, and Gastrointestinal Tumorigenesis: 
Recent Advances [Internet]. Front. Immunol. Frontiers 
Media SA; 2020 [cited 2025 Mar 5]. Available from: 
https://​doi.​org/​10.​3389/​fimmu.​2020.​01387

https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1038/s41388-020-1183-x
https://doi.org/10.1038/s41388-020-1183-x
https://doi.org/10.1186/s13287-021-02290-0
https://doi.org/10.1007/s12035-022-02942-z
https://doi.org/10.1007/s12035-022-02942-z
https://doi.org/10.7150/thno.60540
https://doi.org/10.7150/thno.60540
https://doi.org/10.3892/ijo.2017.4004
https://doi.org/10.3389/fgene.2022.955424
https://doi.org/10.3389/fgene.2022.955424
https://doi.org/10.7150/thno.49819
https://doi.org/10.7150/thno.49819
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.18632/aging.101573
https://doi.org/10.1038/s41419-021-03545-7
https://doi.org/10.3389/fimmu.2022.955390
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s41467-022-34395-2
https://doi.org/10.1038/s41467-022-34395-2
https://doi.org/10.18632/aging.202660
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.3748/wjg.v29.i8.1243
https://doi.org/10.3748/wjg.v29.i8.1243
https://doi.org/10.1186/s13287-021-02394-7
https://doi.org/10.1186/s13287-021-02394-7
https://doi.org/10.1186/s13046-022-02553-5
https://doi.org/10.3389/fimmu.2020.01387


	 Cell Biol Toxicol           (2025) 41:67    67   Page 28 of 30

Vol:. (1234567890)

Peng R, Lin H, Zhu H, Zhang Y, Bao T, Li W, et al. Involve-
ment of IGF1 in endoplasmic reticulum stress contributes 
to cataract formation through regulating Nrf2/NF-κB sign-
aling [Internet]. Funct Integr Genomics. Springer Science 
and Business Media LLC; 2023 [cited 2025 Mar 5]. Avail-
able from: https://​doi.​org/​10.​1007/​s10142-​023-​01152-7

Salah RA, Nasr MA, El-Derby AM, Abd Elkodous M, 
Mohamed RH, El-Ekiaby N, et al. Hepatocellular carci-
noma cell line-microenvironment induced cancer-asso-
ciated phenotype, genotype and functionality in mesen-
chymal stem cells [Internet]. Life Sciences. Elsevier BV; 
2022 [cited 2025 Mar 5]. p. 120168. Available from: 
https://​doi.​org/​10.​1016/j.​lfs.​2021.​120168

Shi L, Chen H, Qin Y-Y, Gan T-Q, Wei K-L. Clinical and 
biologic roles of PDGFRA in papillary thyroid cancer: 
a study based on immunohistochemical and in  vitro 
analyses. Int J Clin Exp Pathol. United States; 2020 May 
1;13(5):1094–107.

Song J, Shawky JH, Kim Y, Hazar M, LeDuc PR, Sitti M, 
et  al. Controlled surface topography regulates collec-
tive 3D migration by epithelial–mesenchymal composite 
embryonic tissues [Internet]. Biomaterials. Elsevier BV; 
2015 [cited 2025 Mar 5]. p. 1–9. Available from: https://​
doi.​org/​10.​1016/j.​bioma​teria​ls.​2015.​04.​021

Sun B, Lei X, Cao M, Li Y, Yang L-Y. Hepatocellular car-
cinoma cells remodel the pro-metastatic tumour micro-
environment through recruitment and activation of 
fibroblasts via paracrine Egfl7 signaling [Internet]. Cell 
Commun Signal. Springer Science and Business Media 
LLC; 2023 [cited 2025 Mar 5]. Available from: https://​
doi.​org/​10.​1186/​s12964-​023-​01200-6

Tang Q, Ma Z, Tang X, Liu Y, Wu H, Peng Y, et al. Copti-
sine inhibits Helicobacter pylori and reduces the expres-
sion of CagA to alleviate host inflammation in vitro and 
in vivo [Internet]. Journal of Ethnopharmacology. Else-
vier BV; 2023 [cited 2025 Mar 5]. p. 116618. Available 
from: https://​doi.​org/​10.​1016/j.​jep.​2023.​116618

Taniue K, Kurimoto A, Takeda Y, Nagashima T, Okada-
Hatakeyama M, Katou Y, et al. ASBEL –TCF3 complex 
is required for the tumorigenicity of colorectal cancer 
cells [Internet]. Proc. Natl. Acad. Sci. U.S.A. Proceed-
ings of the National Academy of Sciences; 2016 [cited 
2025 Mar 5]. p. 12739–44. Available from: https://​doi.​
org/​10.​1073/​pnas.​16059​38113

Topno R, Singh I, Kumar M, Agarwal P. Integrated bio-
informatic analysis identifies UBE2Q1 as a potential 
prognostic marker for high grade serous ovarian cancer 
[Internet]. BMC Cancer. Springer Science and Business 
Media LLC; 2021 [cited 2025 Mar 5]. Available from: 
https://​doi.​org/​10.​1186/​s12885-​021-​07928-z

Vaka R, Parent S, Risha Y, Khan S, Courtman D, Stewart 
DJ, et  al. Extracellular vesicle microRNA and protein 
cargo profiling in three clinical-grade stem cell products 
reveals key functional pathways [Internet]. Molecular 
Therapy - Nucleic Acids. Elsevier BV; 2023 [cited 2025 
Mar 5]. p. 80–93. Available from: https://​doi.​org/​10.​
1016/j.​omtn.​2023.​03.​001

de Visser KE, Joyce JA. The evolving tumor microenviron-
ment: From cancer initiation to metastatic outgrowth 
[Internet]. Cancer Cell. Elsevier BV; 2023 [cited 2025 

Mar 5]. p. 374–403. Available from: https://​doi.​org/​10.​
1016/j.​ccell.​2023.​02.​016

Vogel A, Meyer T, Sapisochin G, Salem R, Saborowski A. 
Hepatocellular carcinoma [Internet]. The Lancet. Else-
vier BV; 2022 [cited 2025 Mar 5]. p. 1345–62. Available 
from: https://​doi.​org/​10.​1016/​s0140-​6736(22)​01200-4

Vucur M, Ghallab A, Schneider AT, Adili A, Cheng M, Cas-
toldi M, et  al. Sublethal necroptosis signaling promotes 
inflammation and liver cancer [Internet]. Immunity. Else-
vier BV; 2023 [cited 2025 Mar 5]. p. 1578–1595.e8. Avail-
able from: https://​doi.​org/​10.​1016/j.​immuni.​2023.​05.​017

Wan W, Wang L, Liu Y, Hu Y. Improving the detection of Heli-
cobacter pylori in biopsies of chronic gastritis: a compara-
tive analysis of H&E, methylene blue, Warthin-Starry, 
immunohistochemistry, and quantum dots immunohisto-
chemistry [Internet]. Front. Oncol. Frontiers Media SA; 
2023 [cited 2025 Mar 5]. Available from: https://​doi.​org/​
10.​3389/​fonc.​2023.​12298​71

Wang Y, Zhou Z, Liu Y, Wang Z, Kang Y. Inhibition of Smad3 
promotes the healing of rotator cuff injury in a rat model 
[Internet]. Journal Orthopaedic Research. Wiley; 2020 
[cited 2025 Mar 5]. p. 204–18. Available from: https://​doi.​
org/​10.​1002/​jor.​24768

Wang W, Peng X, Zhao L, Zhao H, Gu Q. Extracellular Vesi-
cles From Bone Marrow Mesenchymal Stem Cells Inhibi-
tApoptosis and Autophagy of Ischemia-hypoxia Cardio-
myocyte Line invitro by Carrying miR-144–3p to Inhibit 
ROCK1 [Internet]. CSCR. Bentham Science Publishers 
Ltd.; 2023 [cited 2025 Mar 5]. p. 247–59. Available from: 
https://​doi.​org/​10.​2174/​15748​88x17​66622​05031​92941

Wei H, Naruse C, Takakura D, Sugihara K, Pan X, Ikeda A, 
et  al. Beta-1,4-galactosyltransferase-3 deficiency sup-
presses the growth of immunogenic tumors in mice [Inter-
net]. Front. Immunol. Frontiers Media SA; 2023 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​3389/​
fimmu.​2023.​12725​37

Xiong W-P, Yao W-Q, Wang B, Liu K. BMSCs-exosomes con-
taining GDF-15 alleviated SH-SY5Y cell injury model of 
Alzheimer’s disease via AKT/GSK-3β/β-catenin [Inter-
net]. Brain Research Bulletin. Elsevier BV; 2021 [cited 
2025 Mar 5]. p. 92–102. Available from: https://​doi.​org/​
10.​1016/j.​brain​resbu​ll.​2021.​09.​008

Xiong H, Ye J, Xie K, Hu W, Xu N, Yang H. Exosomal IL-8 
derived from Lung Cancer and Colon Cancer cells 
induced adipocyte atrophy via NF-κB signaling pathway 
[Internet]. Lipids Health Dis. Springer Science and Busi-
ness Media LLC; 2022 [cited 2025 Mar 5]. Available 
from: https://​doi.​org/​10.​1186/​s12944-​022-​01755-2

Xu X, Lei Y, Chen L, Zhou H, Liu H, Jiang J, et al. Phospho-
rylation of NF-κBp65 drives inflammation-mediated 
hepatocellular carcinogenesis and is a novel therapeutic 
target [Internet]. J Exp Clin Cancer Res. Springer Science 
and Business Media LLC; 2021 [cited 2025 Mar 5]. Avail-
able from: https://​doi.​org/​10.​1186/​s13046-​021-​02062-x

Xu H, Zhao J, Li J, Zhu Z, Cui Z, Liu R, et al. Cancer asso-
ciated fibroblast–derived CCL5 promotes hepatocellular 
carcinoma metastasis through activating HIF1α/ZEB1 
axis [Internet]. Cell Death Dis. Springer Science and 
Business Media LLC; 2022 [cited 2025 Mar 5]. Available 
from: https://​doi.​org/​10.​1038/​s41419-​022-​04935-1

https://doi.org/10.1007/s10142-023-01152-7
https://doi.org/10.1016/j.lfs.2021.120168
https://doi.org/10.1016/j.biomaterials.2015.04.021
https://doi.org/10.1016/j.biomaterials.2015.04.021
https://doi.org/10.1186/s12964-023-01200-6
https://doi.org/10.1186/s12964-023-01200-6
https://doi.org/10.1016/j.jep.2023.116618
https://doi.org/10.1073/pnas.1605938113
https://doi.org/10.1073/pnas.1605938113
https://doi.org/10.1186/s12885-021-07928-z
https://doi.org/10.1016/j.omtn.2023.03.001
https://doi.org/10.1016/j.omtn.2023.03.001
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/s0140-6736(22)01200-4
https://doi.org/10.1016/j.immuni.2023.05.017
https://doi.org/10.3389/fonc.2023.1229871
https://doi.org/10.3389/fonc.2023.1229871
https://doi.org/10.1002/jor.24768
https://doi.org/10.1002/jor.24768
https://doi.org/10.2174/1574888x17666220503192941
https://doi.org/10.3389/fimmu.2023.1272537
https://doi.org/10.3389/fimmu.2023.1272537
https://doi.org/10.1016/j.brainresbull.2021.09.008
https://doi.org/10.1016/j.brainresbull.2021.09.008
https://doi.org/10.1186/s12944-022-01755-2
https://doi.org/10.1186/s13046-021-02062-x
https://doi.org/10.1038/s41419-022-04935-1


Cell Biol Toxicol           (2025) 41:67 	 Page 29 of 30     67 

Vol.: (0123456789)

Yang E, Wang X, Gong Z, Yu M, Wu H, Zhang D. Exosome-
mediated metabolic reprogramming: the emerging role in 
tumor microenvironment remodeling and its influence on 
cancer progression [Internet]. Sig Transduct Target Ther. 
Springer Science and Business Media LLC; 2020 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1038/​
s41392-​020-​00359-5

Yang M, Li J, Gu P, Fan X. The application of nanoparticles 
in cancer immunotherapy: Targeting tumor microenviron-
ment [Internet]. Bioactive Materials. Elsevier BV; 2021 
[cited 2025 Mar 5]. p. 1973–87. Available from: https://​
doi.​org/​10.​1016/j.​bioac​tmat.​2020.​12.​010

Yang C, Guan Z, Pang X, Tan Z, Yang X, Li X, et al. Desia-
lylated Mesenchymal Stem Cells-Derived Extracellular 
Vesicles Loaded with Doxorubicin for Targeted Inhibition 
of Hepatocellular Carcinoma [Internet]. Cells. MDPI AG; 
2022 [cited 2025 Mar 5]. p. 2642. Available from: https://​
doi.​org/​10.​3390/​cells​11172​642

Yin Z, Dong C, Jiang K, Xu Z, Li R, Guo K, et  al. Hetero-
geneity of cancer-associated fibroblasts and roles in the 
progression, prognosis, and therapy of hepatocellular car-
cinoma [Internet]. J Hematol Oncol. Springer Science and 
Business Media LLC; 2019 [cited 2025 Mar 5]. Available 
from: https://​doi.​org/​10.​1186/​s13045-​019-​0782-x

Yu H, Lin L, Zhang Z, Zhang H, Hu H. Targeting NF-κB 
pathway for the therapy of diseases: mechanism and 
clinical study [Internet]. Sig Transduct Target Ther. 
Springer Science and Business Media LLC; 2020 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1038/​
s41392-​020-​00312-6

Yue B, Song C, Yang L, Cui R, Cheng X, Zhang Z, et  al. 
METTL3-mediated N6-methyladenosine modifica-
tion is critical for epithelial-mesenchymal transition 
and metastasis of gastric cancer [Internet]. Mol Cancer. 
Springer Science and Business Media LLC; 2019 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1186/​
s12943-​019-​1065-4

Zhang Z, Wang J, Chen Y, Suo L, Chen H, Zhu L, et  al. 
Activin a promotes myofibroblast differentiation of endo-
metrial mesenchymal stem cells via STAT3-dependent 
Smad/CTGF pathway [Internet]. Cell Commun Signal. 
Springer Science and Business Media LLC; 2019 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1186/​
s12964-​019-​0361-3

Zhang W, Zhang B, Chen X. Adjuvant treatment strategy after 
curative resection for hepatocellular carcinoma [Internet]. 
Front. Med. Springer Science and Business Media LLC; 
2021a [cited 2025 Mar 5]. p. 155–69. Available from: 
https://​doi.​org/​10.​1007/​s11684-​021-​0848-3

Zhang W, Zhangyuan G, Wang F, Jin K, Shen H, Zhang L, 
et al. The zinc finger protein Miz1 suppresses liver tumo-
rigenesis by restricting hepatocyte-driven macrophage 
activation and inflammation [Internet]. Immunity. Elsevier 
BV; 2021b [cited 2025 Mar 5]. p. 1168–1185.e8. Avail-
able from: https://​doi.​org/​10.​1016/j.​immuni.​2021.​04.​027

Zhang X, Li N, Zhu Y, Wen W. The role of mesenchymal stem 
cells in the occurrence, development, and therapy of hepa-
tocellular carcinoma [Internet]. Cancer Medicine. Wiley; 

2022 [cited 2025 Mar 5]. p. 931–43. Available from: 
https://​doi.​org/​10.​1002/​cam4.​4521

Zhang L. The Role of Mesenchymal Stem Cells in Modulating 
the Breast Cancer Microenvironment [Internet]. Cell Trans-
plant. SAGE Publications; 2023 [cited 2025 Mar 5]. Avail-
able from: https://​doi.​org/​10.​1177/​09636​89723​12200​73

Zhao H, Wu L, Yan G, Chen Y, Zhou M, Wu Y, et al. Inflam-
mation and tumor progression: signaling pathways and 
targeted intervention [Internet]. Sig Transduct Target 
Ther. Springer Science and Business Media LLC; 2021 
[cited 2025 Mar 5]. Available from: https://​doi.​org/​10.​
1038/​s41392-​021-​00658-5

Zhao J, Li R, Li J, Chen Z, Lin Z, Zhang B, et al. CAFs-derived 
SCUBE1 promotes malignancy and stemness through the 
Shh/Gli1 pathway in hepatocellular carcinoma [Internet]. 
J Transl Med. Springer Science and Business Media LLC; 
2022 [cited 2025 Mar 5]. Available from: https://​doi.​org/​
10.​1186/​s12967-​022-​03689-w

Zheng W, Yang Y, Sequeira RC, Bishop CE, Atala A, Gu Z, 
et al. Effects of Extracellular Vesicles Derived from Mes-
enchymal Stem/Stromal Cells on Liver Diseases [Inter-
net]. CSCR. Bentham Science Publishers Ltd.; 2019 
[cited 2025 Mar 5]. p. 442–52. Available from: https://​doi.​
org/​10.​2174/​15748​88x14​66619​03081​23714

Zhou X, Chu X, Yuan H, Qiu J, Zhao C, Xin D, et al. Mesenchy-
mal stem cell derived EVs mediate neuroprotection after 
spinal cord injury in rats via the microRNA-21–5p/FasL 
gene axis [Internet]. Biomedicine & Pharmacotherapy. 
Elsevier BV; 2019 [cited 2025 Mar 5]. p. 108818. Available 
from: https://​doi.​org/​10.​1016/j.​biopha.​2019.​108818

Zhou C, Zhang B, Yang Y, Jiang Q, Li T, Gong J, et al. Stem 
cell-derived exosomes: emerging therapeutic opportu-
nities for wound healing [Internet]. Stem Cell Res Ther. 
Springer Science and Business Media LLC; 2023 [cited 
2025 Mar 5]. Available from: https://​doi.​org/​10.​1186/​
s13287-​023-​03345-0

Zhu L, Yang X, Feng J, Mao J, Zhang Q, He M, et al. CYP2E1 
plays a suppressive role in hepatocellular carcinoma by 
regulating Wnt/Dvl2/β-catenin signaling [Internet]. J 
Transl Med. Springer Science and Business Media LLC; 
2022 [cited 2025 Mar 5]. Available from: https://​doi.​org/​
10.​1186/​s12967-​022-​03396-6

Zhu G-Q, Tang Z, Huang R, Qu W-F, Fang Y, Yang R, et al. 
CD36+ cancer-associated fibroblasts provide immunosup-
pressive microenvironment for hepatocellular carcinoma 
via secretion of macrophage migration inhibitory factor 
[Internet]. Cell Discov. Springer Science and Business 
Media LLC; 2023 [cited 2025 Mar 5]. Available from: 
https://​doi.​org/​10.​1038/​s41421-​023-​00529-z

Zohora FT, Aliyu M, Saboor-Yaraghi AA. Secretome-based 
acellular therapy of bone marrow-derived mesenchymal 
stem cells in degenerative and immunological disorders: 
A narrative review [Internet]. Heliyon. Elsevier BV; 2023 
[cited 2025 Mar 5]. p. e18120. Available from: https://​doi.​
org/​10.​1016/j.​heliy​on.​2023.​e18120

Zou S, Wang C, Cui Z, Guo P, Meng Q, Shi X, et al. β-Elemene 
induces apoptosis of human rheumatoid arthritis fibroblast-
like synoviocytes via reactive oxygen species-dependent 

https://doi.org/10.1038/s41392-020-00359-5
https://doi.org/10.1038/s41392-020-00359-5
https://doi.org/10.1016/j.bioactmat.2020.12.010
https://doi.org/10.1016/j.bioactmat.2020.12.010
https://doi.org/10.3390/cells11172642
https://doi.org/10.3390/cells11172642
https://doi.org/10.1186/s13045-019-0782-x
https://doi.org/10.1038/s41392-020-00312-6
https://doi.org/10.1038/s41392-020-00312-6
https://doi.org/10.1186/s12943-019-1065-4
https://doi.org/10.1186/s12943-019-1065-4
https://doi.org/10.1186/s12964-019-0361-3
https://doi.org/10.1186/s12964-019-0361-3
https://doi.org/10.1007/s11684-021-0848-3
https://doi.org/10.1016/j.immuni.2021.04.027
https://doi.org/10.1002/cam4.4521
https://doi.org/10.1177/09636897231220073
https://doi.org/10.1038/s41392-021-00658-5
https://doi.org/10.1038/s41392-021-00658-5
https://doi.org/10.1186/s12967-022-03689-w
https://doi.org/10.1186/s12967-022-03689-w
https://doi.org/10.2174/1574888x14666190308123714
https://doi.org/10.2174/1574888x14666190308123714
https://doi.org/10.1016/j.biopha.2019.108818
https://doi.org/10.1186/s13287-023-03345-0
https://doi.org/10.1186/s13287-023-03345-0
https://doi.org/10.1186/s12967-022-03396-6
https://doi.org/10.1186/s12967-022-03396-6
https://doi.org/10.1038/s41421-023-00529-z
https://doi.org/10.1016/j.heliyon.2023.e18120
https://doi.org/10.1016/j.heliyon.2023.e18120


	 Cell Biol Toxicol           (2025) 41:67    67   Page 30 of 30

Vol:. (1234567890)

activation of p38 mitogen-activated protein kinase [Inter-
net]. Pharmacological Reports. Springer Science and Busi-
ness Media LLC; 2016 [cited 2025 Mar 5]. p. 7–11. Avail-
able from: https://​doi.​org/​10.​1016/j.​pharep.​2015.​06.​004

Zuo X, Chen Z, Gao W, Zhang Y, Wang J, Wang J, et al. M6A-
mediated upregulation of LINC00958 increases lipogen-
esis and acts as a nanotherapeutic target in hepatocellular 
carcinoma [Internet]. J Hematol Oncol. Springer Science 
and Business Media LLC; 2020 [cited 2025 Mar 5]. Avail-
able from: https://​doi.​org/​10.​1186/​s13045-​019-​0839-x

Zuo W, Yang H, Li N, Ouyang Y, Xu X, Hong J. Helicobacter 
pylori infection activates Wnt/β-catenin pathway to pro-
mote the occurrence of gastritis by upregulating ASCL1 
and AQP5 [Internet]. Cell Death Discov. Springer Science 
and Business Media LLC; 2022 [cited 2025 Mar 5]. Avail-
able from: https://​doi.​org/​10.​1038/​s41420-​022-​01026-0

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

https://doi.org/10.1016/j.pharep.2015.06.004
https://doi.org/10.1186/s13045-019-0839-x
https://doi.org/10.1038/s41420-022-01026-0

	Targeting B4GALT3 in BMSCs-EVs for Therapeutic Control of HCC via NF-κB pathway inhibition
	Abstract 
	Introduction
	Materials and methods
	Isolation of BMSCs
	Isolation and recognition of BMSCs-EVs
	Grouping of BMSCs-EVs Co-culture with CAFs cells
	Observation of the uptake of EVs by CAFs using fluorescence microscopy
	Grouping of CAFs and HCC Cell Co-culture experiments
	Construction and grouping of HCC mouse models
	Histological examination
	TUNEL staining
	Immunohistochemistry (IHC) experiment
	HCC Mice liver tissue transcriptomic investigation
	Bioinformatics Analysis
	Immunofluorescent (IF) staining
	Dual luciferase reporter gene experiment
	Mutant vectors of dual-luciferase reporter gene constructs
	Scratching experiment
	Transwell experiment
	Detection of cell apoptosis by flow cytometry
	RT-qPCR
	WB
	Statistical analysis in research

	Results
	BMSCs-EVs deliver B4GALT3 to inhibit CAFs’ activity
	BMSCs-EVs-B4GALT3 Inhibit HCC tumor growth and metastasis by halting NF-κB signaling activation

	Discussion
	Acknowledgements 
	References


