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Affic{e history: Introduction: The heterogeneity of hepatocellular carcinoma (HCC) is linked to tumor malignancy and
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lular phenotype (CCA) within HCC remain unclear. Emerging studies support that the cross-talk among
the host cells within tumor microenvironment (TME) sustains the cancer cell plasticity.

Objectives: This study sought to identify the specific cell types involved in the formation of CCA and to
elucidate their functional roles in the progression of HCC.

Methods: Single-cell RNA sequencing was employed to identify the specific cell types involved in the for-
mation of CCA. Both in vitro and vivo analyses were used to identify the tumor-associated senescent ECs
and investigate the function in TME. The diethylnitrosamine-induced model was utilized to investigate

Keywords:

Single-cell RNA sequencing

Tumor associated senescent endothelial
cells

* Corresponding authors at: Changhai Clinical Research Unit, Changhai Hospital of Naval Medical University, 168 Changhai Road, Shanghai 200433, China (L. Zhang).
Department of Oncology, Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, 725 Wanping north road, Shanghai 200032 China (Zhi-peng
Han). Tumor Immunology and Metabolism Therapy Center, National Center for Liver Cancer, Naval Medical University, 366 Qianju Road, Shanghai 201805, China (Xue Yang).

E-mail addresses: yangxue19900307@126.com (X. Yang), hanzhipeng0311@126.com (Z.-p. Han), lizhangpaper@163.com (L. Zhang).

! These authors contributed equally to the work: Xin-yu Zhu, Wen-ting Liu, Xiao-juan Hou and Chen Zong.

https://doi.org/10.1016/j.jare.2024.12.008
2090-1232/© 2024 Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2024.12.008&domain=pdf
https://doi.org/10.1016/j.jare.2024.12.008
http://creativecommons.org/licenses/by/4.0/
mailto:yangxue19900307@126.com
mailto:hanzhipeng0311@126.com
mailto:lizhangpaper@163.com
https://doi.org/10.1016/j.jare.2024.12.008
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare

Xin-yu Zhu, Wen-ting Liu, Xiao-juan Hou et al.

Cholangiocellular phenotype
Mesenchymal stem cells

Journal of Advanced Research 76 (2025) 511-528

the interaction between senescent ECs and MSCs, aiming to elucidate their synergistic contributions to
the progression of CCA.

Results: Using single-cell RNA sequencing, we identified a distinct senescent-associated subset of
endothelial cells (ECs), namely CD34*CLDN5" ECs, which mainly enriched in tumor tissue. Further, the
senescent ECs were observed to secrete IGF2, which recruited mesenchymal stem cells (MSCs) into the
TME through IGF2R/MAPK signaling. In primary liver cancer model, MSCs exhibited a strong tumor-
promoting effect, increasing the CCA and tumor malignancy after HCC formation. Interestingly, knock-
down of IGF2R expression in MSCs inhibited the increase of CCA caused by MSCs in HCC. Meanwhile,
it was revealed that MSCs released multiple inflammatory and trophic-related cytokines to enhance
the cancer stem cell-like characteristics in HCC cells. Finally, we demonstrated that CEBPB up-
regulated IGF2 expression in tumor senescent ECs by combining with Igf2-promtor-sequence.
Conclusions: Together, our findings illustrated that tumor associated senescent ECs in HCC recruited the
MSCs into TME, enhancing cancer stem cell (CSC)-like features of HCC cells and contributing to the CCA
formation.

© 2024 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Globally, liver cancer is the sixth most common cancer and the
third leading cause of death in cancer|1,2].The prognosis for liver
cancer is relatively poor, with the five-year relative survival rate
for primary liver cancer ranging from only 5 % to 30 %|3]. Clinically,
numerous factors, primarily associated with the stage at diagnosis,
treatment methods, and tumor heterogeneity, influence the prog-
nosis of liver cancer. In terms of therapeutic methods, surgical
resection, liver transplantation, and local ablation therapies offer
the possibility of cure, especially for early-stage liver cancer
patients. Transarterial chemoembolization, stereotactic body
radiotherapy, endovascular therapy and systemic treatments (such
as targeted therapies and immunotherapies) provide opportunities
for extending survival and improving the quality of life for patients
with advanced liver cancer[4,5]. Regarding the heterogeneity of
liver cancer, hepatocellular carcinoma (HCC) is the most common
type with a relatively better prognosis, accounting for approxi-
mately 80 % of all liver cancer cases; combined hepatocellular
carcinoma-cholangiocarcinoma (cHCC-CCA) and other rare types
of liver cancer have a prognosis that is the next best, accounting
for about 5 % of all cases; intrahepatic cholangiocarcinoma (iCCA)
has the worst prognosis, accounting for about 15 % of all cases
[6]. The cholangiocellular phenotype (CCA) in liver cancer denotes
a distinct subtype of HCC that presents with traits of cholangio-
cytes. This implies that HCC, in certain cases, can express markers
that are traditionally linked to cholangiocytes, including CK19 and
EPCAM. When HCC presents with these cholangiocyte features, it is
often referred to as cholangiocarcinoma-like hepatocellular carci-
noma|7]. Recent studies evidenced that the dual-phenotype hepa-
tocellular carcinoma and CK7-CK19 positive cHCC-CCA were much
more aggressive than the HCC. Moreover, the formation of CCA
within HCC prompts a poorer prognosis in patients [8,9]. However,
the specific mechanism by which the CCA within HCC arises
remains unclear.

Recent research supports the idea that CCA formation was clo-
sely related to the cross-talk between parenchymal cells (such as
hepatocytes and cholangiocytes) and non-parenchymal cells (in-
cluding fibroblasts, stellate cells, Kupffer cells, and endothelial
cells) in tumor microenvironment (TME)[10]. These discrete cell
types release a series of signals that translate into a pathological
entity, thereby maintaining the cancer cell plasticity, invasiveness,
and migration abilities[11]. Most past studies have focused on the
interaction between immune cells and cancer cells. In fact, the
cross-talk between the interstitial cells also plays an significant
role in contribution to the HCC heterogeneity.
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Notably, endothelial cells (ECs) as a member in TME participate
in angiogenesis, regulating the proteins, oxygen, cytokines, nutri-
tion, and cells into the tumor site. Emerging evidences have indi-
cated that the ECs in liver secreted adhesion molecules (such as
ICAM1) and immunosuppressive factors (such as PDL1) to recruit
immune cells (such as macrophage) or tumorigenic cells into
TME, inhibiting and limiting the host cellular anti-tumor activity
[12-14]. Generally, ECs in HCC tissues and normal tissues exhibit
heterogeneity and have both molecular and functional differ-
ences|[15]. An scRNA-seq study focusing on EC in human HCC iden-
tified 11 different EC clusters, and it was predicted that three of
these ECs (IGFBP3"ECs, PLVAP'ECs and PLPP3*ECs) participated in
constructing the TME[16]. However, due to the lack of specific
markers to monitor and distinguish tumor-associated ECs, research
on the physiological roles of ECs in TME is progressing slowly. Sim-
ilarly, the underlying mechanism of the tumor-promoting effect of
ECs is uncompleted known.

In summary, the aim of this paper is to identify the specific cell
types involved in the formation of tumor heterogeneity and to elu-
cidate their functional roles in liver cancer. Here, we employed sin-
gle cell RNA sequencing (sc-RNA seq) technology to analyze
heterogeneity of ECs during HCC through the diethylnitrosamine
(DEN)-induced model. We identified a distinct subset of tumor
associated senescent ECs, which were present in tumor tissue
and promoted the development of CCA within HCC. In addition,
our findings uncovered a significant crosstalk between tumor asso-
ciated senescent ECs and mesenchymal stem cells (MSCs), result-
ing in increase of CCA within HCC. Furthermore, we performed
proteomic analysis and gene editing technology, as well in vitro
and vivo experiments, to uncover the molecular mechanisms
behind the promotion of tumor progression by tumor-associated
senescent ECs. Our results illustrate the distinct role of senescent
ECs in HCC and highlight the interaction among cancer cells, MSCs,
and ECs. The discoveries will facilitate a better understanding of
the increased heterogeneity and malignancy in HCC and provide
new ideas and theoretical foundations for clinical prognosis judg-
ments in liver cancer.

Material and methods
Ethics statement
All experiments were conducted complied with the ethical poli-

cies approved by Naval Medical University Animal Care Committee
(Number: 20175001123) and the Ethics Committee of the Third
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University (Number:

Animals models

Healthy male Sprague-Dawley rats (2- to 3- month-old, weigh-
ing 200-300 g) were obtained from Jihui Laboratory Animal Care
Co., Ltd. (Certificate 20220009008147). The animals were kept in
the SPF animal room. After a one-week acclimation period in the
SPF facility, the rats were blindly randomly divided into 3-4
groups, with 3-6 rats in each group. 0.1 % DEN (Sigma-Aldrich,
St. Louis, MO, USA) in drinking water was used to establish the pri-
mary liver cancer rat model. After 12 weeks, CD34"CLDN5" ECs
(10% cells/200 pl saline solution), CD34 CLDN5~ ECs (10°
cells/200 pl saline solution), the MSCs (10° cells/200 pl saline solu-
tion), the silent IGF2R MSCs suspensions (10° cells/200 ul saline
solution) and PBS were injected via spleen or tail vein into the
DEN-treated rats. Liver tissues and blood samples were collected
at indicated time for biological analysis. Meanwhile, the serum
was separated from the blood to determine the levels of ALT and
AST. All animal experiments and protocols were carried out in
strict accordance with the relevant regulations of experimental
animals, and approved by Naval Medical University Animal Care
Committee.

Patients and tissue samples

Specimens of liver tissue were obtained from 68 patients with
primary liver cancer who underwent hepatic resection at the Third
Affiliated Hospital of Naval Medical University, including 48 men
and 20 women. The median age of the patients was 56.38 (Age
range: 20-76 years). Details of the patients were shown in
Table S1. The 66 patients’ specimens were subjected to IHC analy-
sis. Flow cytometry was performed on tumor tissue and peri-tumor
tissue from 2 patients. Prior informed consent was obtained. Then,
the study protocol was approved by the Ethics Committee of the
Third Affiliated Hospital of Naval Medical University.

Library construction and sequencing

To create a single-cell library, the liver tissues, cancerous tissues
and peri-cancerous tissues as samples from D4, D8, D12 and D16
DEN-pretreated rats were used to perform single-cell RNA
sequencing technology according to the Chromium Single Cell 3’
Reagent Kits v3 (10 x Genomics) manufacturer’s instructions.
Briefly, the liver tissues were mechanically minced and enzymati-
cally digested using an enzymatic cocktail containing 60 ml dis-
pase (5 U/ml, Stemcell Technologies), 900 pl liberase (1 g/l,
Sigma Aldrich), 0.03 g DNase (Sigma Aldrich) at 37 °C, 45 min.
GEM generation, barcoding, and cDNA library preparation were
completed by the CCHMC Gene Expression Core using the Chro-
mium Single Cell 3’ Reagent Kit (10 x Genomics version 2.0).
Sequencing was performed on NovaSeq 6000 at a depth of 300-
450 million reads. Read alignment and gene-expression quantifica-
tion of data were performed using the CellRanger pipeline
(10 x Genomics version 2.1.1). Rat scRNA-seq data was aligned
to rat genome (ensemble v93). Cells with at least 500 expressed
genes (UMI > 0) and less than 25 % of UMIs mapping to mitochon-
drial genes were included for downstream analysis. Datasets were
integrated using harmony, and downstream analyses were per-
formed in R (version 3.6.1) using Seurat (v 2.3.4). Significant genes
(FDR < 1e — 3) were selected for principal component analysis
(PCA).We selected unsupervised cell clusters of the same major cell
type for t-distributed stochastic neighbor embedding and uniform
manifold approximation and projection (UMAP) analysis. Clusters
were computed using the FindClusters function (resolution = 0.6).
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Cell types were defined according to marker genes. Genes with p
value < 0.05 and effect size > 2 expressed in > 20 % of the cells in
each cluster were considered significant. We used the R package
SCENIC (1.3.1), RcisTarget (1.12.0), and AUCell (1.14.0) to analyze
the enrichment of transcriptome factors in cell subsets.

Isolation of primary MSCs

The tibia and femur bone marrow aspirates from wild-type
male rats (2- to 3- month-old, weighing 200-250 g) were used to
obtain the MSCs. The bone marrow aspirates were cultured in com-
plete DMEM medium supplemented with 10 % FBS, 1 % penicillin-
streptomycin, 1 % GlutaMAX™-I (Gibco, Grand Island, NY, USA),
10 ng/ml rat basic fibroblast growth factor (PeproTech,Cranbury,
NJ,US) in tissue culture flasks. After 72 h, the non-adherent cells
were removed with fresh DMEM medium, and replaced the med-
ium every 3 days. Cells were characterized according to our previ-
ous study[17].

Isolation of primary CD34*CLDN5* ECs

The liver tissues from 16 weeks DEN-pretreated rat were used
to obtain the ECs. The cells were isolated and cultivated by follow-
ing the protocol[18]. 0.05 % Collagenase Type IV was utilized to
digest the liver. After differential centrifugation, the cellular sus-
pension was layered on top of a two-step Percoll gradient (20 ml
25 % Percoll on the top and 15 ml 50 % Percoll on the bottom, GE
HealthCare, Chicago, IL, US) and centrifuged at 900 g for 20 min.
15- to 20- ml fluid from the tube was enriched in ECs. Then, ECs
suspension was collected and markered by combination of CD34
(Novus) and CLDN5 (Bioss) antibodies for fluorescence-activated
cell sorting (FACS). The Cell Sorter (Beckman Counlter, MoFlo
Astrios®QUS) was used to sort ECs. The CD34"CLDN5* ECs and
CD34~CLDN5~ ECs that were sorted out were cultured in complete
RPMI 1640 medium supplemented with 20 % FBS and 1 % peni-
cillin-streptomycin (Gibco, Grand Island, NY, USA) in cellular cul-
ture flasks. After 48 h, the non-adherent cells were removed by
fresh medium and replaced the medium every 2 days. After 5- to
6- days, the ECs were used for experiment. CD34 antibody (Service-
bio, Wuhan, CN) was utilized to characterize the cells by immuno-
cytofluorimetric assay.

Flow cytometry

Briefly, tumor tissue and peri-tumor tissue from HCC patients
were digested at 37 °C for 30 min with 1 mg/mL Collagenase Type
IV (Gibco, Grand Island, NY, USA). Digestion was stopped by adding
RPMI 1640 medium (Gibco, Grand Island, NY, USA) and the cells
were filtrated through 100 pm cell strainers. The cell suspension
was centrifuged at 100 g for 5 min to remove most of the
parenchymal cells. Then, the supernatant, enriched in ECs, was
centrifuged for 7 min at 650 g. The cells were resuspended and
stained with following antibodies on ice for 30 min: anti-human
CD45 (BD Pharmingen), anti-human CD34 (Biolegend), anti-
human/rat CLDN5 (Bioss). For intracellular staining, cells were
resuspended in fix/perm buffer (Biolegend,San Diego, CA, US) on
ice for 30 min, and then washed twice with Intracellular Staining
Perm Wash Buffer (Biolegend,San Diego, CA, US). Antibodies
against human/rat P16 (SantaCruz) and P21 (SantaCruz) were
added and incubated for 30 min on ice. The cytokine producing
cells were determined by flow cytometry. The flow cytometry data
were collected on Fortessa (BD) and analyzed using Flow]o (Tree
Star). Similarly, the primary hepatic ECs from D16 rat tumor tissue
were stained by anti-rat CD45 (BD Pharmingen), anti-rat CD34
(Novus), anti-human/rat CLDN5 (Bioss), anti-human/rat P16 and
anti-human/rat P21(SantaCruz) for detection by flow cytometry.
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Multiplex immunohistochemistry (mIHC) and immunofluorescence

Rats were sacrificed and transcardially perfused with phosphate
buffered saline and 4 % paraformaldehyde. Liver tissues were har-
vested for pathological assessment. Paraffin-embedded livers were
sectioned into 5 pm sections and stained with hematoxylin-eosin
according to the manufacturer’s protocol. For immunohisochem-
istry, primary antibodies including anti-CD146 (1:250, Abcam),
anti-CD90 (1:250, Abcam), anti-CD73 (1:200, Abcam), anti-CK7
(1:1000, Abcam), anti-CK19 (1:400, Abcam), anti-CD34 (1:500, Ser-
vicebio), anti-CLDN5 (1:200, Affinit), anti-CD44 (1:500, Abcam)
and anti-EPCAM.(1:100, Abcam) were used. For immunofluroes-
cence (IF), primary antibodies including anti-CD34 (1:500, Service-
bio), anti-CLDN5 (1:250, Affinit), anti-CD146 (1:250, Abcam),
anti-PDGFRpB (1:500, Abcam), anti-IGF2BP1 (1:1500, Servicebio),
anti-IGF2R (1:200, Proteintech), anti-CK7 (1:1000, Abcam), anti-
CK19 (1:400, Abcam), anti-p21 Cip1l (1:250, Affinit),
anti-p16INK4a (1:50, Abgent), anti-yH2AX (1:250, Abcam), anti-
CEBPB (1:100, Invitrogen) were used. Then, the iF546-Tyramide,
iF594-Tyramide, iF488-Tyramide and iF555-Tyramide (Servicebio,
Wuhan, CN) were used as secondary antibodies. Nuclei were coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI, Servicebio,
Wuhan, CN). The details of method followed according to our pre-
vious study[19].

Gene silencing mediated by siRNA

The three or two siRNA candidates for each target (Cebpb and
Igf2r) sequence were designed and listed in Table S2 and
Table S3. Scrambled siRNA was used as the negative control.
CY3-siRNA was utilized to determine the transfection efficacy. All
reagents were obtained from Hanbio Co., Ltd (Shanghai, China)
and followed the manufacturer’s protocol. Briefly, the 20 ptM siRNA
was diluted to 100 nM with the medium. Then, the RNA transfec-
tion mixture was added to form the transfection complexes and
incubated 15 min. The MSCs and ECs medium was replaced with
fresh medium containing the siRNA to perform the transfection..
After 48 h, whether the targets gene pull-down was determined
by the Real-time PCR (RT-PCR) and Western Blot (WB).

Cell co-culture

About 10% per well RH35 tumor cells were seeded into the
lower compartment of transwell plates. About 5 x 10% CD34"-
CLDN5" ECs or CD34~CLDN5~ ECs per well were seeded into upper
chamber of transwell plates (CORNING, Kennebunk, ME, USA).
After 6 days, the RH-35 was used to perform colony and sphere for-
mation assays. About 10°> MSCs seeded into the lower compart-
ment of transwell plates and 5 x 10% CD34*CLDN5* ECs or
CD34 CLDN5~ ECs per well were seeded into upper chamber of
transwell plates. After 48 h, the MSCs were used to perform wound
healing assays.

Colony and sphere formation assays

MSC CM was obtained from the cell culture flasks. Before collec-
tion the MSCs were starved in DMEN medium without FBS and PS
for 16 h. The supernatant was collected and centrifuged at
1000 x g, 5 min. About 10>- per well RH35 were seeded into a
six-well plate and low attachment surface six-well plate (CORNING
Kennebunk ME USA). Half of wells were replaced with the MSC-CM
containing 10 % FBS and 40 % normal DMEM and while the others
were replaced with DMEM containing 10 % FBS. For colony forma-
tion assay the cells were incubated at 37°C.

5% CO, for 5 days. 0.1 % crystal violet solution was used to stain.
Recorded the number of the colony (>50 cells). For sphere forma-
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tion assays the cells were incubated at 37 C 5 % CO, for 5 days
which the number of colonies (greater than 50 cells) was recorded
under a confocal microscope (Leica TCS SP2 Germany).

Wound healing and transwell assays

About 10° MSCs were seeded into the 24-well plates. 5 x 10*- to
1 x 10* per well MSCs were seeded into transwell plates (CORN-
ING, Kennebunk, ME, USA). For wound healing assays, the cells
were incubated for 24 h and disrupted by scratching with a 10 pl
microsterile pipette tips. 500 pl condition mediums were replaced
in each well. The cells photographed at 0 h, 24 h and 48 h by phase-
contrast microscope. For transwell assays, the condition medium
with 5 x 10% CD34*'CLDN5" ECs/5 x 10% CD34 CLDN5~ ECs/
IGF2 was added into the lower compartment and the MSCs with
DMEM medium were added into the upper chamber. After 48 h,
the MSCs that had migrated to the lower surface of the membrane
were fixed with 4 % paraformaldehyde and stained with a 0.1 %
crystal violet solution. Photographed using the phase-contrast
microscope. Image-Pro Plus software (Version 6.2, Media Cyber-
netics, Bethesda, MD, USA) was utilized to calculate the area of
wounding and the number of the MSCs.

Cleavage under targets and tagmentation (CUT&Tag)

First of all, the JASPAR 2022 database[20] was used to predict
sequence of the CEBPB transcription factor binding sites within
Igf2 promoter. The three candidates sequence were listed in
Table S4 and were obtained from Generay Biotech Co., Ltd (Shang-
hai, China). The CUT&Tag technology was used to verify that the
CEBPB bound the promoter of the IGF2 in ECs. Most of the reagents
were obtained from NovoNGS®CUT&Tag 3.0 High-Sensitivity kit
(Novoprotein, Shanghai, CN). The procedure followed the manufac-
turer’s instructions. Briefly, the CD34"CLDN5" ECs were incubated
with the ConA Beads for 1 h. The primary antibodies including
CEBPB (1:50, Invitrogen) and normal rat IgG (1:50, Santa Cruz
Biotechnology) was combined with the samples for 2 h at room
temperature. Then the goat-anti-rabbit secondary antibody
(1:5000, Bioworld) and goat-anti-rat secondary antibody (1:5000,
Bioworld) were incubated with the samples for 1.5 h. The samples
were bound with the ChiTag transposon and fragmented using
Tragmentation Buffer in PCR instrument. The Tagment DNA extract
beads were utilized to extract the DNA from the samples and per-
formed the PCR amplification (PCR condition were used: 72 °C for
3 min, 98 °C for 30 s, followed by 25 cycles of 98 °C for 15 s, 60
C for 10 s, 72 °C for 8 s). After PCR productions purification, the
Real-time PCR was performed in a total reaction volume of 20 pl
(10 pl SYBR green, 1 pl forward and reverse specific primers,
respectively, 1 pl complementary DNA and 8 pl ddH,0), PCR con-
ditions: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 60
°C for 30 s, and 72 °C for 30 s.

Western blot and gel electrophoresis

For western blot assays, the samples were lysed by the Radio
Immunoprecipitation Assay Lysis Buffer. Then, 10-25 pg protein
samples were electrophoresed by SDS-PAGE (Bio-Rad, Hercules,
CA, USA) with 4-20 % Bis-Tris SurePAGE gel (GenScript, Nanjing,
CN). Polyvinyl difluorid membranes (Merck Millipore, Darmstadt,
Germany) were used to transfer the proteins. Next, the membranes
were incubated with the primary antibodies including anti-SOX2
(1:500, Affinit), anti-NANOG (1:500, Affinit), anti-OCT3 (1:1500,
Afinit), anti-AKT (1:1000, CST), anti-p-AKT (1:1000, CST), anti-
IGF2R (1:1000, Proteintech), anti-p-p38 MAPK (1:1000, CST),
anti-p38 MAPK (1:1000, Affinit), anti-GAPDH (1:5000, Bioworld)
at 4 °C for overnight, which followed by incubation with secondary
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antibody for 1.5 h. The membranes were visualized using enhanced
chemiluminescence detection reagents (GE HealthCare, Chicago, IL,
US). For gel electrophoresis, 1-5 g of DNA samples were loaded to
a 2 % agarose gel, followed electrophoresis at 160 V for 30 min in
TBE buffer. The gel was stained with ethidium bromide staining
and visualized by gel imaging system (SYNGENE, Frederick, MD,
UK).

Real-time PCR

Total RNA was extracted using Trizol Reagent, which was
obtained from Nanjing Vazyme BioTech Co., Ltd. The operation
was followed by the manufacturer’s instruction. Bestar™ qPCR RT
Kit (DBI, Germany) was utilized to produce the complementary
DNA. The LightCycler® 96 Real-time PCR (Roche, USA) was used
to perform the PCR in a total reaction volume of 20 pl (10 pl SYBR
Green, 1 pl each of forward and reverse specific primers, 1 pl com-
plementary DNA, and 8 pl ddH,0). PCR conditions: 95 C for
10 min, followed by 40 cycles of 95 °C for 15 s, 60 C for 30 s,
and 72 C for 30 s. The primer information for Sox2, Nanog, Oct3,
Igf2r, Igflr, Insr and Gapdh were shown in Table S5.

Olink proximity extension assay

The Olink Proximity Extension Assay (Olink Proteomics AB,
Uppsala, Sweden) was used to perform proteome analysis between
MSCs-CM and normal medium. The MSCs-CM and normal medium
cargo were analysed using the Olink Inflammatory and oncology
panels. Olink platform is a multiplex DNA-coupled
immunoassay-based targeted proteomic approach in which each
target protein is detected by a pair of unique oligonucleotide-
labeled antibodies. When the antibody probes bind to their target
protein, form a target sequence that is later quantified by RT-PCR.
Counts of known sequences are thereafter translated into normal-
ized protein expression (NPX, which is an arbitrary unit on a
log2-scale where a high value corresponds to a higher protein
expression) units through a quality control and normalization
process developed and provided by Olink. Data were quality con-
trolled and normalized using an internal extension control and
an inter-plate control, to adjust for intra- and inter-run variation.

Electrophoretic mobility shift assays (EMSA)

The coding sequences of Cebpb were amplified and cloned into
PET30a vector (digested with BamH I and Kpn I). His-CEBPB fusion
protein were expressed in E.coli strain Rosetta (DE3). The fusion
protein was induced by 0.2 mM IPTG and purified by Nickel Agar-
ose Magnetic Beads (Ni-NTA Agarose, QIAGEN, Cat No0.30230, Ger-
many). Complete the EMSA experiment according to the
Chemiluminescent EMSA Kit instructions (Thermo Scientific, Uni-
ted States).

Statistical analysis

All experiments were performed at least three times. Analysis of
variance was performed using GraphPad Prism 9.0 (GraphPad Soft-
ware). Quantitative data were expressed as mean * SD, for each
experiment. Significance between groups was performed using
Student’s ¢ test. Clinical data analysis was performed using SPSS
20.0 for Windows (SPSS Inc., Chicago, IL, USA); Pearson’s correla-
tion coefficient was used to determine correlations between con-
tinuous normally distributed variables. Kaplan-Meier analysis
was used to determine the survival duration. Log-rank test was
used to compare patients’ survival duration time between each
group. Statistical significances are indicated by *p < 0.05,
*p < 0.01, **p < 0.001, ***p < 0.0001.
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Results

SCRNA-seq analysis revealed a senescence — associated heterogeneous
population of endothelial cells in HCC

The DEN-induced rat model is a well-established primary liver
cancer model. The process of liver cancer development in the
DEN model closely resembles that of human liver cancer. Addition-
ally, consistent with previous reports[19,21], we observed that the
DEN-induced rat model exhibited CCA in HCC tumor tissue
(Fig. STA). Consequently, the DEN-induced rat model serves as a
suitable tool for the research of the CCA formation. Our previous
studies have already evaluated the liver injury status of 4 weeks
(D4), 8 weeks (D8), 12 weeks (D12), 16 weeks (D16) DEN-
pretreated rats. DEN-induced rats develop HCC at D12 to D16. By
the end of D16, most of the rats in the study exhibited visible
tumors (>1mm) in livers[22]. To obtain a single-cell atlas during
the HCC, the primary liver cancer was induced in rats using 0.1 %
DEN. Then, the D4, D8 and D12 rats’ liver tissues, D16 rats’ liver
peri-tumor tissues (D16P) and D16 rats’ liver tumor tissues
(D16T) were harvested to perform single cell RNA-sequencing
(10 x genomics) to compared with normal rats (Fig. 1A). After
digestion and filtering (Fig. S1B and Fig. S1C), total of 37,930 cells
were retained for sequencing, following gene expression normal-
ization. Then, we performed dimensionality reduction and cluster-
ing using principal component analysis and a UMAP, respectively
(Fig. 1C). According to expression of marker genes, 12 major dis-
tinct cell types were identified including chalongiocytes, hepatic
progenitor cells (HPCs), natural killer cells, T cells, B cells, plasma
cells, dendritic cells (DCs), neutrophils, MSCs, ECs, monocytes and
hepatocytes (Fig. 1B-D). The proportion and average number of
the distinct cell types in different liver samples were shown in
Fig. S1D. Meanwhile, recent study has revealed a mass of the ECs
(marked by CD31) are located in the tumor tissue in DEN-
induced primary liver cancer model, which closely related with
progression of HCC[23]. Therefore, we hypothesize that the ECs
play a special role during HCC.

The ECs from 6 samples were clustered into 16 subgroups
according to distinct ECs’ transcriptomic signatures (Fig. 1E). Then,
calculated the ratio of observed to expected cell numbers (Ro/e)
using data of liver samples to quantify relative tissue enrichment
of major cell clusters (Fig. 1F). The findings revealed that a distinct
subgroup of ECs, denoted as cluster 11, was significantly enriched
at D16T. In addition, Cluster 11 ECs showed high level of Vim, Plvap,
S$100a11, S100a10, Cldn5 and Cdkn2a, which closely associated with
cellular senescence (Fig. STE). UMAP plots showed the Cluster 11
ECs exhibited a unique characteristic of high level of Cd34, Cldn5,
Ckdn2a and Tp53 (Fig. S1F). After functional enrichment analysis,
the Cluster 11 ECs (CD34"CLDN5" ECs) were found to be enriched
many ontology terms which relevant to Cellular Senescence
(Fig. 1G). As a type of cellular surface antigen, the hematopoietic
progenitor cell antigen CD34, encoded by the Cd34 gene, is
expressed in endothelial progenitor cells[24]|. Cldn5 encodes
claudin-5 in ECs and regulates the medium transportation in the
membrane[25]. Cdkn2a (p16) encodes cyclin-dependent kinase
inhibitor 2A which is one of the most prominent markers of cellu-
lar senescence (the others including CDKN1A) and plays a crucial
role in cell cycle[26,27]. Tp53 encodes TP53-binding protein which
is a master transcription and participates a great diversity of cellu-
lar responses. However, mutant Tp53, as a tumor-associated driver
gene, is considered to trigger the release of senescence-associated
secretory phenotype (SASP) factors[28,29]. To verify the existence
and characterize CD34"CLDN5" cells, liver tissues from D16 rats
were collected and multiplex immunohistochemistry (mIHC) was
performed. The results showed the presence of CD34*CLDN5*
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ECs subcluster. Highlighting the Cluster 11. (G) Bar graphs showing the top 12 ontology terms of CD34*CLDN5" ECs which identified by KEGG and GO enrichment analysis. (H)
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20 pm. (K) D16 rats’ tumor tissue: CD34"CLDN5" cells proportion in non-parenchymal cells, and the P16"P21*cells proportion in CD34*CLDN5" cells were measured by flow
cytometry. (L) Quantified data of senescent cell proportion in different non-parenchymal cells of D16 rats’ tumor tissue. n = 3. Data are represented as mean. ***p < 0.001,
****p < 0.0001. (M) Liver cancer patients’ tumor tissue: CD34*CLDN5" cells proportion in non-parenchymal cells and the P16*P21*cells proportion in CD34*CLDN5" cells were
measured by flow cytometry. (N) Quantified data of senescent cell proportion in different non-parenchymal cells of HCC patients’ tumor tissue. n = 2. Data are represented as

mean.
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positive cells in tumor tissue, while these cells were scarcely
observed in peri-tumor tissue (Fig. 1H). In addition, P16, CDKN1A
(P21) and YH2AX were added as markers of cellular senescence
and colocalized by mIHC. The results found only CD34*CLDN5*
cells were observed to be P16"P21" and YH2AX" positive, which
prompted that the CD34"CLDN5" ECs were senescent phenotype
in tumor tissue (Fig. 11-]). These results were also validated in flow
cytometry (anti panel: CD45, CD34, CLDN5, P16 and P21) of D16T
(Fig. 1K-L and Fig. S1G). Flow cytometry analysis showed that the
CD34*CLDN5" cells (2.51 %) existed in D16T, with more than half
of these cells exhibiting senescence (P16"P21*cells, 54.7 %), which
was greater than the other groups of non-parenchymal cells. Sim-
ilarly, the CD34"CLDN5" cells (7.66 %) also existed in tumor tissue
of HCC patients, and were hardly detected in the peri-tumor tissue
of HCC patients. In tumor, more than half of CD34*CLDN5" cells
were senescent cell (55.0 %) (Fig. 1M-N and Fig. STH-I). Further-
more, primary CD34"CLDN5* ECs were isolated from D16T by
fluorescence-activated cell sorting (FACS) for culture. After charac-
terizing the cells (Fig. S2A), most of CD34"CLDN5"ECs were P16 or
P21 positive through cellular immunofluorescence staining assays
(Fig. S2B). Together, these results identified that the CD34*CLDN5*
cells (cluster 11) as a subtype of ECs during the progression of HCC,
which significantly existed in tumor tissue and closely related with
senescence.

Tumor associated senescent endothelial cells increased cholan-
giocellular phenotype in HCC and recruited mesenchymal stem
cells into the tumor microenvironment.

In order to compare the correlation of CD34"CLDN5" ECs with
HCC, we used the single-sample gene set enrichment analysis
approach to deconvolve the relative abundance of each cell type
based on expression profiling data retrieved from the The Cancer
Genome Atlas (TCGA) database. The scores are based on analysis
of transcriptomic markers-that is, transcriptomic features that
are strongly, specifically and stably expressed in a unique cell pop-
ulation (Fig. 2A). The result predicted that the CD34"CLDN5" ECs
closely correlated with HCC. Similarly, the higher level of CD34"-
CLDN5" ECs in HCC patients was correlated with poorer survival
duration according to the TCGA-LIHC database (Fig. 2B). In order
to investigate the function of CD34*CLDN5* ECs in TME, the FACS
was performed to sort the CD34*CLDN5" ECs from D16T. Then,
the CD34"CLDN5"* ECs/CD34 CLDN5~ ECs/PBS were administrated
by splenic injection to the D12 rats. Compared with the PBS and
CD34 CLDN5™~ ECs, CD34"CLDN5" ECs developed a higher burden
of liver tumors around 4 weeks after injection (Fig. 2C and Fig. S2-
G-H). Subsequent histological examination (H&E) and mIHC of
tumor lesions revealed that CD34*CLDN5* ECs significantly con-
tributed to the development of CCA within HCC (Fig. 2D-E). Emerg-
ing researches have uncovered that the cancer stem-like cells
(CSCs) were a major factor contributing to formation of CCA,
increase in malignancy[30-32]. To investigate the underlying
mechanisms by which senescent endothelial cells promote the
CCA in primary liver cancer, RH-35 rat hepatocellular carcinoma
cells were used to co-culture with the CD34*CLDN5" ECs for 6 days.
According to the results in vitro, the senescent ECs did not induce
stem-like transformation or enhance proliferative capacity of RH-
35 (Fig. 2F and Fig. S2C-F). Therefore, CD34"CLDN5" ECs may indi-
rectly promote the CCA through interactions with other cells in
TME. Based on analysis of the ligand-receptor (L-R) pairs, the
cell-to-cell interaction network in TME is shown in Fig. 2G. Inter-
estingly, we noticed more L-R pairs were enriched in MSCs and
ECs, indicating a strong intercellular communication between
them. Meanwhile, mIHC showed that the presence of MSCs, iden-
tified by the markers CD146, CD90, CD73, and PDGFRB, within
TME and in proximity to the CD34"CLDN5" ECs (Fig. 2H and
Fig. S2I). Therefore, we hypothesize that the CD34*CLDN5" ECs
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may recruit the MSCs into the TME. Next, the primary MSCs in rats
were used to co-culture with the senescent ECs for 2 days. The co-
culture assays indicated that CD34'CLDN5* ECs significantly
recruited the MSCs and enhanced their migratory ability (Fig. 2I
and Fig. S2J-L). Additionally, a set of IGF2-IGF2R related L-R pairs
was significantly enriched in the MSCs and CD34*CLDN5* ECs
(Fig. 2]). UMAP plots showed that the CD34*CLDN5" ECs exhibited
the high level of Igf2 (Fig. 2K). Correlation analyses provided a pos-
itive correlation between Igf2 and Cdkn2a in CD34"CLDN5" ECs
(Fig. 2L). As a member of SASP, insulin-like growth factor 2
(IGF2) and its binding protein, mainly produced by the liver for
regulating organ development, growth and regeneration. It was
reported that IGF2 enhanced the migration and growth potential
of tumor-derived cells in vitro and in vivo. After the resection of
primary tumors, the cancer cells which expressed the IGF2 binding
protein 1 (IGF2BP1) were observed metastasize. In addition, the
deletion of IGF2BP1 in HCC-derived HepG2 cells inhibited the
tumor growth during the Xenograft studies[33-35]. To explore
the potential mechanisms underlying the recruitment of MSCs by
senescent ECs, we performed mIHC in tumor. The results demon-
strated that the IGF2 mainly expressed at CD34"CLDN5"* double
positive cells in tumor tissue (Fig. 2M). Therefore, the collective
data suggest CD34"CLDN5* ECs promoted the development of
CCA and recruited MSCs into TME, with these ECs exhibiting ele-
vated expression of IGF2 within the tumor.

Mesenchymal stem cells presented a tumor-promoting effect in
HCC through promoting the cholangiocellular phenotype
formation

According to the TCGA-LIHC database, a positive correlation
between MSCs and CSCs was obtained (Fig. 3A). In order to explore
the effect of MSCs on HCC, the MSCs and PBS were administrated
by tail vein to the D12 rats once a week. Compared with the PBS,
injection of MSCs significantly increased the tumor burden, exacer-
bated the progression of HCC and abbreviated the survival time of
the rats (Fig. 3B-E). H&E of tumor lesions revealed that CCA was
more severe in DEN + MSCs group compared to the PBS (Fig. 3F).
In the mIHC, the CCA, marked by CK19, EPCAM and CD44 was
observed, further indicating an increase in the CCA and heightened
tumor malignancy in DEN + MSCs group (Fig. 3G). The similar
results were shown in patients. The positive correlations were also
obtained among the CK7, CK19 and CD146 expression levels
according to IHC from 66 primary liver cancer patients, which sug-
gested that the MSCs were increasing along with the increase of
CCA within HCC (Fig. 3H). All data demonstrated that the MSCs
increased the CCA to exacerbate the progression of HCC.

Mesenchymal stem cells enhanced the stemness features of HCC cells
by secretome

Recent studies noticed MSCs promote cancer cell proliferation
and induce breast cancer cells to become CSCs through cytokine
networks, leading to cancer progression[36,37]. Thus, we hypothe-
size that MSCs may induce stem-like transformation in tumor cells,
resulting in an increased CCA. In order to gain insights into the
potential regulatory relationships between the CSCs and MSCs,
the MSCs were focused and then were clustered into 3 subgroups
with distinct sets of marker genes (Fig. 4A and Fig. S3A), named
as MSCs-C1, MSCs-C2 and MSCs-C3. After functional enrichment
analysis, MSCs were observed to have high relevant ontology terms
about Epithelial to mesenchymal transition, Angiogenesis, Protein
secretion, WNT-beta-catenin signaling and TNF-alpha signaling
(Fig. S3B). The proportion and the number of the different subtypes
in different liver samples were shown in Fig. 4B and Fig. S3C. The
heat map of L-R pairs enrichment analysis was shown in Fig. 4C,
implying that the CSCs interacted closely with the MSCs. Moreover,
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Fig. 2. CD34"CLDN5" endothelial cells increased the cholangiocellular phenotype within HCC and were instrumental in the recruitment of mesenchymal stem cells into the
tumor microenvironment. (A) Hierarchical clustering of cell abundance predicted per sample from TCGA of HCC cohort by ssGSEA. Shown are row z-score. (B) The Kaplan-
Meier overall survival curves of patients in TCGA_LIHC by the gene signature expression of CD34*CLDN5" cells. p value was determined by Kaplan-Meier survival curves and
log-rank test. (C) Schematic diagram for administration of CD34"CLDN5 ECs to DEN-induced HCC rats and the gross appearance of livers exposed to DEN for 16 weeks. PBS or
CD34"CLDN5*ECs/CD34 CLDN5~ECs was administered by splenic injection. CD34*CLDN5*ECs, the rats were administered CD34*CLDN5*ECs; CD34 CLDN5ECs, the rats were
administered CD34~CLDN5"ECs. n = 6, respectively. (D) H&E of the different tumor from the rats liver. Scale bars, 50 pm. (E) mIHC of CK19, CD44, EPCAM in different tumors.
Scale bars, 100 pm. (F) Schematic diagram illustrating the co-culture setup of RH-35 cells with the ECs and Quantified data of colony and sphere formation assay of the
different RH35. Data are represented as mean #* SD. ns, not significant. FACS, fluorescence-activated cell sorting. (G) Chord diagrams showing cell-cell interactions among ECs
and various cell clusters in TME according to L-R pairs analysis. Circling the interaction between ECs and MSCs (H) mIHC of CD34, CLDN5, CD146 in tumor from the D16T.
Scale bars, 10 pm. (I) Schematic diagram illustrating the transwell migration assay between MSCs with the ECs for 48 h. Scale bars, 100 um. (J) Bubble chart showing the L-R
pairs enrichment analysis between the MSCs and different ECs. (K) The UMAP plot showing expression levels of Igf2 in ECs subtypes, with the lowest expression levels
represented as gray dots and the highest expression levels as red dots. (L) The correlation (Pearson) between Igf2 and Cdkn2a in CD34*CLDN5"* ECs. (M) mIHC of CD34, CLDN5
and IGF2 in tumor from the D16T. Scale bars, 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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multiple L-R pairs related to TNF, WNT and FGF-related signaling
pathways were found to be enriched in MSC subtypes and CSCs.
These pairs were closely associated with the CSCs activation, main-
tenance of stemness, and proliferation. Additionally, UMAP plots
revealed that ligands of Hgf, Bmp2, Wnt4, Tnf, Fgf and Wnt5a were
highly expressed in MSCs, which corresponded with the high
expression of receptors Cd44, Fgfr2, and Fgfr4 in CSCs (Fig. 4E-F).
Thus, we hypothesise that the MSCs secrete the inflammtory and
proliferative associated factors to maintain the CSCs features. To
investigate the mechanism underlying the cross-talk between
MSCs and CSCs, the MSCs conditional medium (MSC-CM) was col-
lected and performed to Olink Proximity Extension Assay. The heat
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map of differences in the protein cargo between the MSCs-CM and
complete medium was shown in Fig. 4H, highlighting the presence
of inflammatory and trophic-related proteins, which were enriched
in MSCs-CM. Volcano plots indicated that CCL2, CCL5, TNF, TGF-B,
and GM-CSF were up-regulated in MSC-CM (Fig. 4G). Then, the
MSC-CM was used to culture the hepatoma carcinoma cell line.
According to the in vitro results, the MSC-CM significantly induced
stem-like transformation and enhanced proliferative capacity in
RH-35 (Fig. 4I-L). All the results illustrated the MSCs had robust
communication with CSCs, secreting a spectrum of inflammatory
and trophic factors that contribute to the induction of stem-like
transformation in HCC cells.
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Fig. 4. Mesenchymal stem cells enhanced the cancer stem cell-like features of HCC cells via secreting the inflammatory and trophic Factors. (A) UMAP plot showing the MSCs
clustering results. The different time points and MSCs subtypes are indicated by different colors. (B) The proportion of the different MSCs subtypes in different liver samples.
(C) Heatmap of L-R enrichment analysis between CSCs and different MSCs subtypes, with the fewest L-R pairs number represented as blue boxes and the most L-R pairs
number as red boxes. (D) Bubble chart showing the L-R pairs enrichment analysis between the CSCs and different MSCs subtypes. (E) The UMAP plot showing expression
levels of Hgf, Bmp2, Wnt4 and Wnt5a. (F) Violin plots showing the expression levels of selected genes in cancer stem cells’ receptors. (G) Volcano plots showing the significant
differences in protein cargo between the normal DMEM medium and MSCs conditional medium. Highlighting the inflammatory and trophic associated protein. (H) The heat
map of differences in the protein cargo between the normal DMEM medium and MSCs conditional medium. (I) Clonogenic ability of RH-35 cells upon the different medium
exposure was examined using colony formation assay. A representative photograph is provided in the left panel, and quantified data are shown in the right panel. RH-35, RH-
35 exposed in normal DMEM medium; MSCs_CM, RH-35 exposed in MSCs conditional medium. Data are represented as mean + SD. *p < 0.05. (J) Sphere ability of RH-35 cells
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MSC_CM for 0 h, 24 h and 48 h. Data are represented as mean * SD. **p < 0.01, ***p < 0.001, ****p < 0.0001. L Expression of stemness-related protein was examined by WB in
RH-35 treated with MSC_CM for 0 h, 24 h and 48 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Mesenchymal stem cells were recruited to the TME through IGF2/
IGF2R signaling

The locally generated IGF2 at tumor sites contributes to postna-
tal vasculogenesis by augmenting the recruitment of bone
marrow-derived endothelial progenitor cells via IGF2-IGF2R sys-
tem[38]. To determine whether the MSCs were recruited to the
TME via the similar mechanism, the primary MSCs were isolated
from rat to perform the RT-PCR. The relative mRNA level of Igf2r
was significantly higher than that of other IGF2 binding receptors
including Igf1r and Insr (Fig. 5A). Similarly, the results of mIHC of
D16T sample demonstrated the co-localization of CD146 and
IGF2R, as presented in Fig. 5B, indicating the high expression of
IGF2R in MSCs. The effects of IGF2 on MSCs’ migratory capacity
were evaluated using both wound healing and transwell assays.
Our observations indicated that the medium supplemented with
IGF2 at concentrations ranging from 0 to 10 ng/ml, particularly
at a concentration of 10 ng/ml, significantly enhanced the recruit-
ment of MSCs and markedly improved their migration capacity
(Fig. 5C-D). In order to substantiate our observations regarding
the contribution of IGF2-IGF2R system to recruiting MSCs, the
expression of Igf2r mRNA and IGF2R in MSCs was silenced by siRNA
(Fig. S3D-E). According to the results in vitro, silencing of the IGF2R
significantly inhibited the migratory capacity of MSCs (Fig. 5E-F). It
is known that IGF2 activates downstream PI3K and MAPK path-
ways, which regulate cell proliferation, invasion, migration, and
angiogenesis[39-41]. To determine which downstream signaling
pathways were responsible for enhancing the MSCs’ migration
capacity, the expressions of phosphorylated(p)-p38 MAPK/p-38
MAPK and p-AKT/AKT were detected in MSCs which were cultured
by 10 ng/ml IGF2 medium or non-IGF2 medium. Although the
results indicated no significant differences in AKT, p-AKT, and
p38 MAPK expression between the IGF2-treated group and the
control group, the expression of p-p38 MAPK in the IGF2 group
was noticeably higher than in the control group (Fig. 5G). We sur-
mised that IGF2-IGF2R may activate the MAPK signaling in MSCs.
To test this hypothesis, the p-p38 MAPK inhibitor was utilized to
inhibit the MAPK signaling. The results demonstrated that MSCs
treated with a combination of IGF2 and p-p38 MAPK inhibitor
exhibited decreased levels of both p-p38 MAPK and AKT compared
to other treatment groups. However, an increase in p-AKT was
observed, suggesting that the MAPK signaling pathway was
blocked by the p-p38 MAPK inhibitor (Fig. 5H). Moreover, after
suppressing the MAPK pathway, the migration ability of MSCs sig-
nificantly decreased and few of MSCs crossed the micropore into
the IGF2 medium (Fig. 5I-]).

Based on the potential effect of IGF2/IGF2R axis, we asked
whether the MSCs were recruited to the TME by the IGF2 (secreted
by CD34"CLDN5" cells) and contributed to increase the CCA within
HCC. In the D12 rats, MSCs with silenced IGF2R, MSCs, and PBS
were administered once a weeks till the age of D16 (Fig. 5K).
Although the rats in the silenced IGF2R-MSCs group showed an
aggravated the progression of HCC which compared to PBS group,
they exhibited alleviation in the liver injury, tumor burden and the
number of dysplastic nodules compared to the MSCs group
(Fig. 5L-N). H&E showed that the silent IGF2R-MSCs group exhib-
ited decreased foramtion of CCA in comparison to the MSCs group
(Fig. 50). In the IHC staining of tumor tissue, the CCA-positive area,
marked by CK19, CK7, EPCAM, and CD44, in silent IGF2R-MSCs
groups were lower than those in the MSCs group (Fig. 50). Addi-
tionally, compared to the MSCs group, a few MSCs were detected
near the CD34°CLDN5" cells in the HCC tissues of silent IGF2R-
MSCs group rats. Conversely, the gene knockdown MSCs were pre-
dominantly localized in the peritumoral tissue. (Fig. 50 and
Fig. S3F). All the data revealed that the CD34"CLDN5" cells secreted
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the IGF2 to recruit the MSCs into the TME via IGF2/IGF2R/MAPK
signaling, leading to CCA formation.

IGF2 expression in tumor associated senescent endothelial cells was
regulated by transcription factor CEBPS

The expression of SASP depends on the regulation of transcrip-
tional factors. In order to investigate which transcriptional factors
control the Igf2 gene expression, we performed an enrichment
analysis of transcriptional factors (TFs) using our scRNA-seq data
(Fig. 6A). The results suggested that CEBPB TFs were mainly
enriched at D16T, and presented high level in CD34"CLDN5" ECs
subtype (Fig. 6B). UMAP plots showed that the targets of Cebpb
exhibited high expression, particularly in CD34"CLDN5"* cells
(Fig. 6C). CCAAT/enhancer-binding protein beta (CEBPB), an inflam-
matory transcription factor, which directly binds to DNA and
enhances/activates the expression of SASP genes such as IL1A,
IL6, and IL8[42-44]. Based on the potential contribution of CEBPB
to the senescence-associated cells, we hypothesized that CEBPB
binds to the Igf2-promoter sequence and enhanced the expression
of IGF2. The JASPAR website predicted that the CEBPB motif can
bind to three binding sites in the Igf2 promoter (Fig. 6D). The cor-
responding primers were designed accordingly. Then, the CUT&Tag
technique was performed to construct the DNA library of CD34"-
CLDN5" ECs from the D16T samples. The CUT&Tag-qPCR and ESMA
assays revealed that CEBPB binds to one high-affinity E-box (Bind-
ing site: CTGGCAAAAT) in the Igf2 promoter (Fig. 6E and Fig. S3G).
To confirm whether the CEBP was expressed in CD34"CLDN5" ECs,
mIHC of rat liver tissues was performed and observed that the
CEBPB mainly expressed at CD34"CLDN5" double positive cells in
tumor tissue of D16 rat (Fig. 6F). Similarly, the primary CD34"-
CLDN5" ECs from D16T sample showed the expression of CEBPB
(Fig. 6G). Furthermore, siRNA was utilized to silence the expression
of CEBPp in D16T CD34"CLDN5" ECs (Fig. S3H), resulting in a dis-
tinct reduction of fluorescence intensity in IGF2 positive cells
(Fig. 6H-I). All together, we concluded that the CEBPB combined
with the DNA sequence of Igf2-promoter in CD34"CLDN5" ECs to
enhance the IGF2 expression.

Tumor associated senescent endothelial cells commonly existed
in intrahepatic cholangiocarcinoma and combined hepatocellular
carcinoma-cholangiocarcinoma, correlating with short survival
duration of liver cancer patients.

To survey the expression of the tumor associated senescent ECs
in different types of primary liver cancer, we consulted scRNA seq
data of 21 clinic samples, including 2 from healthy livers, 9 with
HCC and 10 with iCCA (Fig. 7A, Data from GSE125449 and
GSE136103). A total of 14 cell clusters were identified among
35,952 cells obtained. Similar with our finding, the CSCs enriched
in the iCCA (Fig. 7B and Fig. S4). Then, the ECs were further ana-
lyzed and clustered into 4 subgroups according to the CD34 and
CLDNS5 expression. In comparison to HCC, CD34*CLDN5" ECs exhib-
ited a higher relative abundance within iCCA (Fig. 7C). The level of
IGF2, CEBPB, TP53, and CDKN1A was also high in CD34*CLDN5" ECs
(Fig. 7D). Subsequently, we asked the potential association of
CD34*CLDN5* ECs, MSCs and IGF2 in patients according to TCGA
database. The positive correlations between CD34"CLDN5" ECs
and IGF2, MSCs and IGF2, CD34'CLDN5" ECs and MSCs were
obtained (Fig. 7E), implying that the IGF2 was a medium for com-
munication between MSCs and CD34°CLDN5" ECs. In order to
enhance our results confidence, the scRNA-seq analysis of 160
samples from 124 treatment-naive patients, including 79 with
HCC, 25 with iCCA and 7 with cHCC-CCA (Data from https://
meta-cancer.cn:3838/scPLC) were consulted[45]. We noticed that
in patients with CCA (iCCA and cHCC-CCA), the proportion of
CD34"CLDN5" ECs to the total ECs is close to half (Fig. 7F).
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Furthermore, to investigate the correlation of CD34*CLDN5" ECs
with overall survival duration in primary liver cancer patients,
mIHC were performed on tissue microarrays containing 66 pri-
mary liver cancer specimens with long-term clinical follow-up
data. Similarly, the CD34*CLDN5" cells were existed in tumor sam-
ples of patient. The patients were divided into eight groups:
CD34"ehCLDN5MEM (30 of 66, 45.6 %), CD34"“CLDN5"Y (36 of
66, 54.5 %), CD34Mighp16HiEN (27 of 64, 42.2 %, 2 patient specimens

The relatived mRNA expression of Insr/Igf1r/igfer

Control
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with suboptimal staining were excluded), CD34"°"“p16°% (37 of
64, 57.8 %, 2 patient specimens with suboptimal staining were
excluded), CD34"e"CEBPBHiE" (33 of 66, 50.0 %), CD34-°WCEBPBW
(33 of 66, 50.0 %), CLDN5MiEhCEBPgHish (33 of 66, 50.0 %),
CLDN5""CEBPB"" (33 of 66, 50.0 %) according to the colocalizated
area, respectively. Moreover, the patients in CD34Mighp1gHish
(Mean survival time: 143.81 days vs. 230.81 days, Log rank test,
p = 0.0002), CD34"iehCLDN5ME" (Mean survival time: 164.27 days
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vs. 212.29 days, Log rank test, p = 0.0022), CD34"e"CEBppHieh
(Mean survival time: 163.54 days vs. 225.76 days, Log rank test,
p = 0.0347), CLDN5M8"CEBPpMie" (Mean survival time: 170.70 days
vs. 219.63 days, Log rank test, p = 0.0324) groups had a lower over-
all survival duration than the other groups (Fig. 7G-I).

Discussion

In primary liver cancer, the formation of CCA in HCC is closely
associated with the poor prognosis and high tumor malignancy.
However, the underlying mechanism of the CCA formation is not
completely understood. With in-depth knowledge of HCC, the
researchers have gradually noticed the significance of senescent
cell for the cancer. Emerging research suggests that senescent cells
secrete the SASP factors to promote tumor development and
malignant phenotypes by enhancing the cancer cellular prolifera-
tion and invasiveness in TME. Heikenwalder et al. found that senes-
cent cells expressed high levels of IL-6, activating the hepatic
progenitor cells and causing the cHCC-CCA tumors|[31]. Eggert
et al. revealed that senescent hepatocytes secreted the CCL2 to
recruit the immunosuppressive myeloid cells and promoted
growth of HCC[46]. Nonetheless, the specific mechanism by which
the senescent host cells that contribute to the construction of the
TME remains unclear. Within our project, sc-RNA seq analysis
was employed to explore the heterogeneity of ECs throughout
the initiation and progression of primary liver cancer, and identi-
fied a unique subset of tumor associated senescent CD34"CLDN5*-
ECs, which were mainly present in the tumor tissue. In addition,
the tumor associated senescent ECs promoted the CCA in our
DEN model and were closely related with the survival duration
of 66 liver cancer patients. Generally, ECs in the TME, especially
liver sinusoidal endothelial cells, participate in angiogenesis to
bring ample nourishing factors for the shared onco-sphere. In addi-
tion, the ECs express multiple cytokines to recruit other tissue
derived tumorigenic cells towards the liver. Similarly, when cells
undergo senescence, enhancer regions of hundreds of SASP factors
are made accessible and transcribed by NF-«xB, CEBPB, and other
factors to intensify the secretion of inflammatory cytokines and
chemokines, which deliver the damage signaling for surrounding
cell[29]. Therefore, we suggested that the senescent ECs in TME
released the SASP to recruit the tumor-associated cell, so as to
increase CCA.

According to our scRNA-seq data, we noticed a strong interac-
tion relationship between ECs and MSCs. Meanwhile, we found
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that the tumor associated senescent ECs recruited MSCs into
TME. As a type of stromal cells in TME, MSCs have multilineage
potential differentiation ability and secrete cytokines to induce tis-
sue repair. Interestingly, many documents support that MSCs exhi-
bit strong immunomodulatory capacity and migrate into the TME
through inflammation. Then, the endogenous and exogenous MSCs
unite the tumor associated cells to trigger cross-talks with cancer
cell to create a dynamic environment that supports the tumor pro-
gression[47,48]. In addition, MSCs facilitate the cancer cell prolifer-
ation and induce cancer cell to CSCs via cytokines networks,
resulting in the cancer deterioration|[36,37]. Ling et al. found that
stromal derived factor-1/CXCR4 axis regulated MSCs migration to
the injured Liver. Our previous study also noticed that a number
of MSCs existed in liver tumor tissue and participated in the con-
struction of the inflammatory-related TME[49,50]. In addition,
MSCs in TME promoted HCC progression by secreting various
cytokines such as IL-10, TGF[51,52]. However, lack of the specific
manner to determine which type of the cell in TME that recruit
the MSCs and the mechanism of the cancer promoting is not com-
pletely understood. Here, scRNA-seq data provided a suggestive
conclusion of a closely interaction between MSCs and CSCs.
According to Olink Proximity Extension assay and evidences
in vivo and vitro, we revealed that the MSCs secreted multiple
cytokines, including CCL2, CCL25, CXCL1, TGF-B and GM-CSF to
enhance the CSC-like characteristics in HCC cell, and accelerated
the formation of the tumor malignancy via increase the CCA.
Although we mainly observed that senescent ECs increased the
CCA by recruiting MSCs in our study, some results suggest that
senescent endothelial cells and MSCs may also be involved in con-
structing the tumor immune microenvironment. Fig. 2G indicated
that both MSCs and ECs have significant intercellular interactions
with macrophages. Our previous research has already identified
that MSCs and macrophages participated in the formation of the
TME[22]. The results from Fig. 4H and Fig. S3B suggested that MSCs
may play an immunomodulatory role in the microenvironment.
Additionally, The involvement of senescent endothelial cells in
the construction of the tumor immune microenvironment should
not be overlooked, as there were literature reporting that senes-
cent cells can recruit immunosuppressive macrophages, exacerbat-
ing the immunosuppressive tumor microenvironment by
increasing the infiltration of regulatory T cells and impairing anti-
tumor T cell immunity[53]. Whether senescent endothelial cells
have similar physiological functions in the TME is a question that
warrants particular consideration in future.

<

Fig. 5. The endothelial cells recruited the mesenchymal stem cells into the tumor microenvironment via IGF2/IGF2R signaling. (A) Expression of Igf2r, Insr and Igf1r
which folded over Gapdh was examined by RT-PCR in primary MSCs. Data are represented as mean * SD. ***p < 0.001, ****p < 0.0001. (B) mIHC of CD146 and IGF2R in tumor
from the D16T. Scale bars, 15 pm. (C) Transwell migration assay for rat primary MSCs treated with IGF2 (0 ng/ml, 1 ng/ml and 10 ng/ml) for 48 h. Wound healing assay for rat
primary MSCs treated with the same way for 0 h, 24 h and 48 h. The black main strings show the wound area. Scale bars, 200 um. (D) Quantified data of transwell migration
assay and wound healing assay of primary MSCs treated with IGF2. Data are represented as mean * SD. **p < 0.01; ns, not significant. (E) Transwell migration assay for rat
primary MSCs treated with Igf2r-siRNA (100 nM) or scramble siRNA (as negative control) or not (as Control) for 48 h. Wound healing assay for rat primary MSCs treated with
the same way for O h, 24 h and 48 h. SiRNA-1, Igf2r-siRNA candidate 1; SiRAN-2, Igf2r-siRNA candidate 2; SiRAN-NC, negative control. Scale bars, 100 pm. (F) Quantified data
of transwell migration assay and wound healing assay of MSCs treated with Igf2r-siRNA. Data are represented as mean * SD. *p < 0.05. (G) Expression of MAPK and PI3K
signaling pathway related protein was examined by WB assay in rat primary MSCs treated with 10 ng/ml IGF2 or not for 48 h. (H) Expression of MAPK and PI3K signaling
pathway related protein was examined by WB in rat primary MSCs treated with 10 ng/ml IGF2 and/or p38 MAPK signaling inhibitor (as SB) or not for 48 h. (I) Transwell
migration assay for rat primary MSCs treated with 10 ng/ml IGF2 and/or p38 MAPK signaling inhibitor (SB) or not for 48 h. Wound healing assay for rat primary MSCs treated
with the same way for 0 h, 24 h and 48 h. (J) Quantified data of transwell migration assay and wound healing assay of MSCs treated with IGF2 and/or SB. Data are represented
as mean * SD. (K) Schematic diagram for administration of MSCs to DEN-induced HCC rats. PBS or MSCs/MSCs-S1/MSCs-S2 (n = 3, respectively) was administered by
intravenous injection. MSCs-S1, IGF2R silent MSCs by Igf2r-siRNA candidate 1; MSCs-S2, IGF2R silent MSCs by Igf2r-siRNA candidate 2. (L) The gross appearance of livers of
rats exposed to DEN for 16 weeks. The yellow arrows show tumor nodules. PBS, the rats were administrated by PBS; MSCs, the rats were administrated by MSCs; MSCs-S1, the
rats were administrated by MSCs which treated with Igf2r-siRNA candidate 1; MSCs-S2, the rats were administrated by MSCs which treated with Igf2r-siRNA candidate 2. (M)
The number of tumor nodules per liver in different D16 rats. Data are represented as mean + SD. (N) Serum levels of AST and ALT were determined to indicate the extent of
liver damage. Data are represented as mean * SD. (0) Left three panels: H&E of liver specimens from the different D16T. Scale bars, 100 um. Dotted portion shows the CCA
area. Right fifteen panels: IHC with antibodies CK19, CK7, CD146, EPCAM and CD44 for the different liver specimens from the D16T and D16P. Scale bars, 100 pm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The characteristic of cellular senescence is enhanced transcrip-
tion and protein synthesis, which leads to the release of SASP[29].
In order to illustrate the mechanism by which the senescent ECs
recruit MSCs into TME, we further analyzed our sc-RNA seq data
and noticed that the CD34*CLDN5*ECs may recruit the MSCs into
the tumor tissue by IGF system. Recent studies suggest that IGF
proteins are highly expressed by senescent cell and played a signif-
icant role in marrow-derived cellular recruitment. Yang et al.
focused on IGF-binding proteins-rP1 from senescent fibroblasts,
which regulated prostate tumor progression and angiogenesis in
animal models[54]. Maeng et al. demonstrated that locally
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generated IGF2 at tumor sites recruited the marrow-derived
endothelial progenitor cell into the microenvironment via IGF2/
IGF2R axis[38]. Here, we illustrated that the potential effect of
IGF2/IGF2R axis between the MSCs and CD34"CLDN5ECs con-
tributed to formation of CCA. In vitro, we noticed that the IGF2
enhanced the migratory ability of MSCs and was recruited by
IGF2. However, when the expression of IGF2R in MSCs was
silenced, the facilitated effect of IGF2 in MSCs was inhibited. More-
over, IGF system can activate the MSCs by activation of MAPK sig-
naling and PI3K signaling[55,56]. In our project, it was revealed
that IGF2 activated the MAPK signaling in MSCs to enhance the
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Fig. 6. CEBPp bound with Igf2-promoter-sequence in hepatic senescent endothelial cells to up regulate the IGF2 expression. (A) Heatmap of the AUC scores of
expression regulation by transcription factors, as estimated using SCENIC, for each of the ECs from 16 clusters. Shown are the transcription factors having the highest
difference in expression regulation estimates among different times ECs from livers of rats exposed to DEN. (B) Shown the Top 30 transcription factors having the significant
difference in expression regulation in CD34"CLDN5" ECs. (C) The UMAP plot showing expression levels of Cebpb targets in ECs subtypes. (D) The Schematic diagram of
canonical CEBP-binding motif (from JASPAR Database) and three potential CEBPB responsive elements (Primer A, Primer B, and Primer C) in the IGF2 promoter region. (E)
Enrichment of the fragments containing the CEBPB binding sites within the IGF2 promoter in CD34*CLDN5ECs by CUT&Tag-qPCR. Comparing to the background DNA
fragment pulled down by IgG immunoprecipitation. Data are presented as mean + SD. ***p < 0.001. (F) mIHC of CD34, CLDN5 and CEBPB in tumor from the D16T. Scale bars,
20 pm. (G) Immunofluorescence staining of CEBPB in CD34 + CLDN5 + ECs from D16 rats and normal 6 month-old normal rat livers. Scale bars, 100 um. (H)
Immunofluorescence staining of IGF2 for CD34"CLDN5" ECs from D16T treated with Cebpb-siRNA (100 nM) or scramble siRNA (as negative control) or not for 48 h. S1-CEBPB-
ECs, CD34*CLDN5" ECs which treated with Cebpb-siRNA candidate 1; S2-CEBPB-ECs, CD34"CLDN5* ECs which treated with Cebpb-siRNA candidate 2; NC-ECs, negative control.
Scale bars, 100 pm. (I) Quantified data of immunofluorescence staining of IGF2 in CD34*CLDN5" ECs. Data are presented as mean * SD. ns, no significant, ***p < 0.001.
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Fig. 7. Tumor associated senescent endothelial cells are frequently observed in both intrahepatic cholangiocarcinoma and combined hepatocellular carcinoma-
cholangiocarcinoma, and their presence is significantly correlated with a short survival duration in patients with liver cancer. (A-B) Schematic of processing of liver tissue for
single-cell RNA sequencing, UMAP plot showing the clustering results, single cells from different liver tissue and relative abundance of the different cell types in different liver
samples: Chalongiocytes, HPCs/CSCs, NK cells (Nature kill cells), T cells, B cells, Plasma cells, DCs, Neutrophils, Endothelial cells, Macro and Mono (Macrophages and
Monocytes), Mast cells, Fibrolasts and Hepatocytes. The different samples and cell types are indicated by different colors. Highlight the CSCs in iCCA. Healthy, the liver tissue
from the patients without HCC. HCC, the tumor from the patients with HCC. iCCA, the tumor from the patients with iCCA. (C) UMAP plot showing the ECs clustering results
and relative abundance of the different ECs subtypes in HCC and iCCA. The different samples and ECs subtypes are indicated by different colors. Highlight the CD34*CLDN5*
ECs in iCCA. (D) The UMAP plot showing expression levels of CEBPB, CD34, CLDN5, IGF2, CDKN1A and TP53 in CD34"CLDN5*ECs. (E) The correlation analysis between IGF2 and
CD34"CLDN5*ECs, IGF2 and MSCs, CD34*CLDN5*ECs and MSCs according to TCGA_LIHC. (F) The pie chart illustrating the proportion of CD34*CLDN5*ECs relative to the total
ECs across various liver cancer. (G-]) Left four panels: the Kaplan-Meier overall survival curves of tumor tissues from 66 patients with liver cancer by co-expression of CD34,
CLDNS5, P16 and CEBPp in mIHC. p value was determined by Kaplan-Meier survival curves and log-rank test. Right eight panels: CD34, CLDN5, p16 and CEBPB co-expression
was detected in tumor tissues from 66 patients with HCC by mIHC. Scale bars, 50 pm.

migratory capacity rather than PI3K signaling. In vivo, the silent mainly enriched in paracancerous tissue and located far away from
IGF2R MSCs were utilized to treat the D12 rats, found that this the CD34"CLDN5" cells in cancerous tissue. In addition, we found
inhibited the increase of CCA, alleviated the tumor burden and that IGF2, as a member of SASP, was regulated by CEBPB in senes-
injury of liver, which caused by MSCs. Meanwhile, MSCs were cent ECs, which specifically combined with Igf2-DNA-promoter
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sequence. Currently, there is a growing awareness of the role of the
IGF signaling pathway in the TME. It has been found that IGF2 is
overexpressed in various types of cancer, including breast, pros-
tate, and colorectal cancers, and is associated with chemotherapy
resistance and poor prognosis. Many researchers are actively
developing small molecule drugs that inhibit the binding of IGF2
to its receptor, thereby blocking the signaling pathways that pro-
mote tumor growth and survival[57]. Our research described the
regulatory role of IGF2 in the TME from a new perspective, target-
ing the IGF2/IGF2R/MAPK axis to potentially suppress the CCA in
primary liver cancer. In the future, further methods to intervene
in the IGF signaling pathway can be explored, offering possibilities
for treatment of primary liver cancer.

Our schematic model of the mechanism is shown in Fig. 8. In
summary, we identified a novel subset of CD34"CLDN5"ECs, with
distinct senescent cellular features and high expression of IGF2,
which was regulated by CEBPB, primarily existed in the HCC tumor
tissue. Specifically, the ECs recruited MSCs into the TME through
the IGF2/IGF2R/MAPK signaling pathway. Once within the TME,
these MSCs secreted a profile of cytokines (including: CCL2, CCL5,
HGF, TGF-B and GM-CSF). The release of these cytokines was
instrumental in driving the evolution of HCC cells towards CSC-
like characteristics, increasing malignancy and promoting CCA.
Our findings also correlated with clinical samples. The CD34"-
CLDN5" cells with senescent features not only predominantly
exited in iCCA and cHCC-CCA patients, but also were related with

Journal of Advanced Research 76 (2025) 511-528

the patients’ survival duration of liver cancer. Clinically, a signifi-
cant reason for the poor prognosis of iCCA and cHCC-CCA is the dif-
ficulty in early diagnosis and screening. Most patients are already
in advanced stages when they are diagnosed, and the diagnosis
often relies heavily on the extensive experience of clinical physi-
cians or histopathological examinations[58]. Therefore, the CD34"-
CLDN5" cells may serve as a potential clinical prognostic marker
for HCC. These discoveries introduced the concept of senescent
ECs in TME for the first time, allowing us to better understand
the recruitment capacity of senescent cell and the mechanism
underlying of promoting liver cancer.

Currently, the first-line treatment options for most advanced
HCC patients include anti-angiogenic targeted drugs such as sora-
fenib and lenvatinib. However, the response rate of the advanced
patients to these drugs is not ideal. Whether to use indiscrimi-
nately anti-angiogenic drugs to suppress tumors is a question
worth considering. Recent studies support the idea that senolytics
can reshape the TME, and the ability of senolytics (Quercetin) to
specifically kill senescent endothelial cells, have caught our atten-
tion[59,60]. The era is ripe for senolytics to be progressively
advanced into clinical settings, and our research also provides a
theoretical basis for the involvement of senescent cells in the con-
struction of the TME. Whether the combination of senolytics and
immune checkpoint inhibitors can become a new strategy for the
treatment of primary liver cancer is a question that warrants fur-
ther exploration[61].

Liver tumour microenviornment

& IR

MSC Tumorcell CSC

CSC
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2/
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IGF2
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Fig. 8. Tumor associated senescent endothelial cells recruited the mesenchymal stem cells into the TME, promoting the formation of cholangiocellular phenotype in HCC A
schematic model of the mechanism by which CD34*CLDN5" ECs, with distinct senescent cellular features and high expression of IGF2, which was regulated by CEBPB,
recruited the MSCs into TME via IGF2R/MAPK. Then, MSCs in TME released the cytokines to induced evolution of the HCC cell into CSC-like characteristic tumor cell, promoted

the increasing of cholangiocellular phenotype and malignant transformation of HCC.
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