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Background: Cancer-associated fibroblasts (CAFs) play a pivotal role in shaping the microenvironment of hepatocellular carcinoma 
(HCC). However, the mechanisms through which CAFs influence the progression of HCC remain incompletely understood.
Methods: Single-cell RNA sequencing datasets (GSE158723 and GSE112271) were retrieved from the Gene Expression Omnibus 
(GEO) database at the National Center for Biotechnology Information (NCBI) and analyzed using R software. Our analysis suggested 
that CAFs may promote liver cancer cell development, possibly through the interaction of pleiotrophin (PTN) and syndecan-2 (SDC2). 
Clinical samples from HCC patients were collected and processed into frozen sections and single-cell suspensions for Masson staining, 
immunofluorescence staining, and flow cytometry. Additionally, Huh7 liver cancer cells and LO2 normal liver cells were cultured and 
subjected to immunofluorescence assays using cell slides.
Results: The proportion of CAFs in cancerous tissues was higher than in adjacent non-cancerous tissues, and pleiotrophin (PTN) 
expression was elevated in cancer tissues compared to adjacent tissues. These findings aligned with the results of the single-cell RNA 
sequencing (scRNA-seq) analysis. Furthermore, SDC2 expression was significantly upregulated in Huh7 liver cancer cells compared 
to LO2 normal liver cells.
Discussion: This study suggests that CAFs may contribute to HCC progression via the PTN/SDC2 signaling pathway. Our findings 
provide deeper insights into the interactions between CAFs and HCC cells within the tumor microenvironment (TME).
Keywords: CAFs, HCC, PTN, scRNA-seq, TME

Introduction
Liver cancer poses a significant challenge. Since 2018, 841,000 new liver cancer cases have been reported worldwide, 
making it the fourth leading cause of cancer-related deaths.1 It is projected that by 2025, over one million people will be 
diagnosed with liver cancer each year.2,3 China has a high incidence of liver cancer, with its mortality rate rising from 
third place in 2018 to second place in 2020,4,5 which undoubtedly imposes a heavy economic burden on society. 
Currently, treatment options for liver cancer include surgical resection, chemotherapy, immunotherapy, targeted therapy, 
and interventional therapy.2,6,7 However, the five-year recurrence rate remains as high as 70% even after surgical 
resection.2,8–10 Immune escape, targeted resistance, and relapse are primary causes of treatment failure in liver cancer 
patients.11
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The TME plays a crucial role in the development of cancers, including tumor cells, immune cells, blood vessels, and 
extracellular matrix (ECM). CAFs and tumor-associated macrophages(TAMs) are the two major components of the TME 
and play essential roles in tumor initiation and progression.12,13 Studies on CAFs have revealed their role in promoting 
tumor progression. However, the mechanisms by which CAFs regulate liver cancer are not fully understood. Lin et al 
found in an scRNA-seq analysis that pleiotrophin (PTN) secreted by hepatocellular carcinoma-associated fibroblasts (H- 
CAFs) mediates the progression from chronic viral hepatitis B and cirrhosis to HCC.14 In our study, we used R (Version 
4.4.1) to analyze the scRNA-seq datasets of healthy human liver tissue (GSE158723) and liver cancer tissue 
(GSE112271) obtained from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus 
(GEO, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi) database. In addition, CAFs may influence HCC progression 
through PTN/SDC2 signaling. Furthermore, CAFs derived pleiotrophin may enhance the interaction between CAFs and 
HCC cells by binding to the syndecan-2 (SDC2) receptor; suggesting that PTN may serve as a new biomarker for the 
early diagnosis of HCC and may provide new therapeutic strategies.

Methods and Materials
Analysis of scRNA-seq Datasets
Download scRNA-seq datasets (GSE158723 and GSE112271) from NCBI GEO. The dataset GSE158723 included two 
liver samples. The first liver sample has two samples from the parenchymal fraction and two samples from the non- 
parenchymal fraction; the second liver sample has one sample from the parenchymal fraction, two samples from the non- 
parenchymal fraction, and one sample from the whole fraction. Dataset GSE112271 consisted of three and four tumor 
samples from two different individuals. We filtered cells from the GSE158723 dataset, retaining those with unique 
feature counts between 200 and 4,500 and mitochondrial counts exceeding 25%; For the GSE112271 dataset, the filtering 
criteria were unique feature counts between 200 and 6,000 and mitochondrial counts exceeding 30%; Genes detected in 
fewer than 3 cells were labelled as undetected.

Clinical Liver Cancer Tissue Collections and Assays
Liver cancer tissues and paired adjacent tissues from patients with HCC who underwent surgical resection and did not 
receive any anti-tumor therapy before in The Department of Hepatobiliary Surgery, Affiliated Hospital of Youjiang 
Medical University for Nationalities were collected for frozen section preparation (6μm, 8μm, and 20μm) and single-cell 
suspension preparation (Figure 1A). The single-cell suspension was stained with the following antibodies: Vimentin- 
PerCP-y5.5 (Santa Cruz Biotechnology, #sc-6260), PTN-AF488 (Santa Cruz Biotechnology, #SC-74443), AFP-PE 
(SinoBiological, #12177-MM35-P), and SDC2-A647 (Santa Cruz Biotechnology, #sc-365624), and analyzed by flow 
cytometer (Life Technologies Holdings pte, #Attune NxT). FlowJo software (version 10.6.2) was used to analyze the 
data. The 8μm frozen sections were stained with Masson (Shanghai Biyuntian Biotechnology Co., Ltd., 
#L20J12G138259). The 6μm and 20μm frozen sections were underwent to immunofluorescence staining using the 
following antibodies: PTN-AF488 (Santa, #SC-74443), vimentin (Invitrogen, #MA5-16409), AFP (Invitrogen, #14- 
9760-82), SDC2 (Invitrogen, #36-6200), and DAPI (Invitrogen, #62248). Images were captured using a binocular stereo 
microscope (Leica Microsystems Shanghai Trade Co., LTD., #EZ4W) and laser scanning confocal microscope (ZEISS, 
#LSM 980), respectively. ImageJ software was used to process and analyze the images, and GraphPad Prism 9.5.1 
software was used for statistical analysis.

Single Cell Preparation
The clinically collected liver cancer tissue samples were chopped in a culture dish, and then moved to a 15mL centrifuge 
tube with Hank’s Balanced Salt Solution to 6mL, then added to collagenase IV 6ul, and then placed in a water bath at 37° 
C for 10 min, and then taken out to observe the cell degradation, repeat for 3 to 4 times.Finally, the digestion was 
terminated in the water bath with the same amount of PBS/0.5%BSA/2MMEDTA for 10 minutes, and then the single-cell 
suspension was filtered out with a 100-pore filter into a 50mL centrifuge tube for subsequent flow analysis.
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Immunofluorescence Staining
The collected clinical liver cancer samples were made into frozen sections (6um, 8um and 20um), dried at room 
temperature for 15 min, fixed with anhydrous methanol at −20°C for 10 minutes, washed 3 times with 1X PBS for 5 
min/ time, and then circle the samples with LIQUID BLOCKER pen after completely drying. With an Anti-Rh Fc 
Receptor Binding(Invitrogen): PBS/1%BSA=100:1 closed for 40 minutes, added the diluted primary antibody to the 
sample overnight at 4°C and incubated away from light according to manufacturer’s instructions, washed 3 times with 1X 
PBS for 5 min/ time, added the diluted secondary antibody to the sample at room temperature and incubated away from 
light for 1 hour according to the manufacturer’s instructions, washed 3 times with 1X PBS for 5 min/ time. According to 
the manufacturer’s instructions, the diluted DAPI was added to the sample and incubated at room temperature in the dark 
for 5 minutes, washed 3 times with 1X PBS for 5 min/ time, sealed with anti-fluorescein quencher and covered with 
cover glass.

Figure 1 Continued.
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Cell Culture and Assays
Lo2 (Aorisai Biotechnology (Shanghai) Co., LTD, product number: ORC0427) and Huh-7 (Aorisai Biotechnology 
(Shanghai) Co., LTD, product number: ORC0100) cell lines were cultured (The cell density and growth status of the 
received cells were observed under the microscope. When the cell density reached about 90%, the medium was 
discarded, and 1mL 0.25% pancreatic enzyme was added after washing with PBS twice for digestion at 37°C for 
about 3 minutes. After the cells became round under the microscope, 2mL DMEM medium containing 10% fetal bovine 
serum and 1% penicillin-streptomycin was added to terminate the digestion. After gently dispersing the cells, the cells 
were transferred into a 15mL centrifuge tube, centrifuged at 1000 RPM for 3 minutes, and after the medium was 
discarded, 10mL DMEM medium containing 10% fetal bovine serum and 1% penicillin-streptomycin was added to re- 
suspend the cells, and the cells were passed into a T25 culture bottle at 1:2 and cultured in a 5%CO2 incubator at 37°C) 
and made into cell slides, and immunofluorescence staining was performed using antibodies SDC2 (Invitrogen, #36- 
6200), DAPI (Invitrogen, #62248).

Figure 1 Proportion of CAFs in HCC and Healthy Groups. (A) Flowchart of clinical sample experiments. (B) Cell types annotated in healthy and HCC groups, with an increase 
in some cell types in HCC. (C) Markers for all annotated cell types. (D) Comparison of fibroblasts (CAFs) interactions with other cells via PTN signaling pathway. (E) Fibroblasts 
(CAFs), hepatocytes and malignant cells were extracted for visualization and comparison. (F) Markers for various cell types, indicating changes in cell populations between 
healthy and HCC groups. (G) The proportion of fibroblasts, hepatocytes and malignant cells in healthy and HCC group was visualized as a stacked bar graph.
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Statistical Analysis
All statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). For 
normally distributed data, continuous variables are expressed as mean ± standard deviation (SD). For non-normally 
distributed data, the Shapiro–Wilk test is used to evaluate the normality of the data. For comparison between the two 
groups, unpaired Student’s T-tests were used for the normally distributed data. All statistical tests were two-tailed, and a 
p-value of less than 0.05 was considered statistically significant. The confidence interval (CI) was set at 95%, P<0.05 was 
considered to indicate a statistically significant difference.

Results
The Single Cell Atlas of Human Healthy Liver and Hepatocellular Carcinoma
Using R language analysis software, we performed quality control and removed mitochondrial genes from the datasets 
(GSE158723 and GSE112271) using the PercentageFeatureSet R package. This ensured that each of the 27,205 cells in 
the GSE158723 dataset expressed between 200 and 4,500 genes, with less than 25% being mitochondrial genes.15 

Similarly, for the GSE112271 dataset, each of the 38,017 cells expressed between 200 and 6,000 genes, with less than 
30% being mitochondrial genes16 (Supplementary Figure 1A and B). We then merged the two datasets and normalized 
them using the logarithmic method. Dimensionality reduction and clustering were performed using Seurat R package at a 
resolution of 0.5 with the Seurat R package. The AnnotationHub R package was used to annotate the cell populations 
after clustering, in combination with published literature and cell marker databases (CellMarker 2.0, CellMarker (xbio. 
top)), and to visualize the results with a Uniform Manifold Approximation and Projection (UMAP) diagram (Figure 1B). 
Hepatocytes were marked by ALB, TTR, CYP3A4, GPC3, TAT, TF, and ACSL4; macrophages (Kupffer cells) were 
marked by CD163, CD68, C1QC, and C1QA; endothelial cells (ECs) were marked by EFNB2, GNG11, VWF, CD34, 
LDB2, and CDH5; cholangiocytes were marked by KRT7, EPCAM, FXYD, and SOX9; fibroblasts and CAFs were 
marked by ACTA2, DCN, COL3A1, COL1A1, COL1A2, RGS5, VIM, NOTCH3, PDGFRB, TPM2, and MYL; T cells 
were marked by CD3D, CD2, CCL5, GNLY, and NKG7; malignant cells were marked by AFP, ACSL4, and SERPINA1; 
sinusoidal endothelial cells (SECs) were marked by FCGR2B, LYVE1, FCN2, and CLEC4M; and B cells were marked 
by CD79A, CD38, CD27, MZB1, and IGLL1.15,17–19 Notably, a group of clusters expressed BIRC5, CENPF, TOP2A, 
DHFR, ASPM, NUSAP1, KPNA2, MAD2L1, and UBE2C (Figure 1C). Using the CellChat R package to analyze and 
visualize the communication network weights and signaling pathways between the two scRNA-seq datasets, we found 
that fibroblasts (CAFs), ECs, T cells, macrophages, and unknown populations were increased in HCC, whereas CAFs 
showed a significant increase and hepatocytes showed a significant decrease compared to those in the healthy group 
(Figure 1B). Protein-protein interaction (PPI) and ligand-receptor pair analysis using CellChat R package indicated that 
CAFs and HCC cells may regulate the occurrence and development of liver cancer via PTN signaling pathway; in PTN 
signaling pathway, CAFs had the strongest interactions with cholangiocytes, SECs, hepatocytes, malignant cells, and 
unknown cell populations (Figure 1D). Based on literature and relevant materials, these clusters could not be identified at 
this time and were annotated as “Unknown”. Upon comparison, it was found that the proportion of this cluster in the 
HCC group was significantly higher than that in the healthy group (Figure 1B), although the unknown cell population has 
not been identified, the results from the CellChat R package analysis suggested it may play an important role in normal 
liver function and in the progression of liver cancer, it may be the basic cell population to maintain liver function.

The Proportion of CAFs in Human Hepatocellular Carcinoma
To further explore the important role of CAFs in the occurrence and development of HCC, fibroblasts (CAFs), hepatocytes, 
and malignant cells were extracted separately and visualized as UMAP (Figure 1E). ACTA2, COL1A1, DCN, and RGS5 were 
used to mark fibroblasts (CAFs). Currently, no single gene is used to mark fibroblasts (CAFs) and researchers commonly use a 
combination of markers such as ACTA2, COL1A1, and Vimentin.14,20 The hepatocytes were marked by ALB, TAT, and TTR, 
whereas the malignant cells were marked by ACSL4 and AFP (Figure 1F). Analysis of the scRNA-seq datasets (GSE158723 
and GSE112271) demonstrated that the proportion of fibroblasts (CAFs) was higher in HCC tissues than that in healthy livers. 
A comparison of extracted fibroblasts (CAFs) and hepatocytes in a stacked bar chart showed a significant increase in the HCC 
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group compared to that in the healthy group (Figure 1G). As a key component of the TME, CAFs may significantly influence 
HCC progression.12,21,22 We then performed flow cytometry and immunofluorescence staining for clinical liver cancer and 
adjacent tissues (Figure 1A). Flow cytometry analysis showed that AFP expression is higher in HCC tissues than in the 
adjacent tissues (Figure 2A). As the most commonly used clinical diagnostic marker of HCC, higher levels of AFP are 
associated with worse clinical prognoses23,24 Many patients with HCC are diagnosed at an advanced stage with a high level of 
AFP in their peripheral blood,25 so it is necessary to find a novel biomarker for early HCC diagnosis. Multiple immuno-
fluorescent staining and confocal laser microscopy images showed that CAFs constituted a greater proportion in tumor tissues 
compared to adjacent tissues, which most CAFs in tumor tissues distributed in cords surrounding tumor cells; CAFs were 
mainly distributed in vascular areas, showing a scattered distribution outside these areas in adjacent tissue; the proportion 
difference of CAFs between cancer and adjacent groups was statistically significant (p < 0.05) (Figure 2B). Flow cytometry 
analysis revealed that the proportion of CAFs in cancer tissues was significantly higher than in adjacent tissues, with a 
statistically significant difference (p < 0.05) (Figure 2C), consistent with the scRNA-seq data analysis. Masson’s staining 
corroborated these findings, indicating a higher degree of fibrosis in tumor tissues than in adjacent tissues. In adjacent tissues, 
fibrosis was primarily located in vascular regions composed mainly of fibrocytes, whereas other areas exhibited sporadic 
punctate fibrosis. In tumor tissues, fibrosis was primarily distributed in the cords surrounding tumor cells (Figure 2D). Gene 

Figure 2 Continued.
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enrichment analysis (GEA) of fibroblasts (CAFs) indicated that they mainly play roles in intracellular ion and chemical 
homeostasis, responding to chemical stimuli, synthesizing hemoglobin, and inhibiting non-transmembrane protein tyrosine 
kinase activity (Figure 2E). This may explain the significant role of CAFs in liver tissues and their mechanism of resisting to 
tyrosine kinase inhibitors (TKIs).

The Mechanism of PTN Signaling Pathway in Human Hepatocellular Carcinoma
Given that scRNA-seq data analysis indicated a significant increase in CAFs in HCC compared to the healthy group, we 
validated their expression through clinical liver cancer tissue and adjacent tissue assays. However, the specific mechan-
ism through which CAFs promote HCC progression remains unclear. A scRNA-seq analysis by Lin et al found that PTN 
derived from CAFs may bind to receptors (such as NCL, SDC1, and SDC2) on hepatocytes or malignant cells, mediating 
the progression from chronic viral hepatitis B to cirrhosis to HCC.14 Analyzing the scRNA-seq datasets (GSE158723 and 
GSE112271), we found that CAFs mediate interactions with hepatocytes, hepatoma cells, and cholangiocytes through the 
PTN signaling pathway; ligand-receptor pair analysis using the CellChat R package showed that signals sent by CAFs are 
primarily received by hepatocytes, cholangiocytes, unknown, and malignant cells, indicating strong interactions between 
CAFs and these cells (Figure 2F and G). The analysis revealed that PTN secreted by fibroblasts in healthy tissues mainly 
binds to SDC1, SDC2, SDC3, SDC4, NCL, and ALK receptors on hepatocytes and cholangiocytes, with the PTN-SDC4 

Figure 2 Proportion of CAFs in Liver Cancer Tissues. (A) Flow cytometry analysis showing higher AFP expression in cancer tissues. (B) Immunofluorescence experiments 
revealing higher CAFs proportions in cancer tissues and distribution around cancer cells. (C) Flow cytometry analysis showing higher CAFs proportions in cancer tissues. 
(D) Masson staining indicating increased fibrosis in cancer tissues, as indicated by the green arrow. (E) Gene enrichment analysis highlighting CAF roles. (F) PPI and ligand- 
receptor analysis indicating CAFs’ regulatory role in liver cancer. (G) Heat map analysis of PTN signaling pathway interactions. ***: P<0.001, **: P<0.01, P<0.05: the 
difference was statistically significant. Green arrow: the green arrow indicates the site of fibrosis.
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ligand-receptor pair contributing the most; PTN primarily binds to SDC1, SDC2, SDC4, and NCL receptors on 
hepatocytes, cholangiocytes, and malignant cells, with the PTN-SDC2 ligand-receptor pair being the most significant 
contributor in the HCC group, and we sketched out the general mechanism (Figure 3A and B), similar to the findings by 
Lin et al14,26 Through scRNA-seq data analysis, we found that PTN is mainly derived from fibroblasts (CAFs) in both 
normal liver and HCC tissues, with its signals primarily received by the corresponding receptors on hepatocytes, 
cholangiocytes, and cancer cells (Figure 3C–E).

We further calculated the interaction strength of the PTN-SDC2 ligand-receptor pair and compared the differences 
between the healthy and HCC groups. In the healthy group, the PTN-SDC2 ligand-receptor pair mainly facilitated 
interactions between fibroblasts and hepatocytes and the unknown cell group, with weaker interactions with cholangio-
cytes, whereas in the HCC group, the PTN-SDC2 ligand-receptor pair exhibited stronger interactions between fibroblasts 
and hepatocytes, cancer cells, cholangiocytes, and the unknown cell group, indicating stronger interactions compared to 
the healthy group (Figure 3F and G).

Comparative analysis of the scRNA-seq datasets (GSE158723 and GES112271) revealed that PTN expression is 
higher in the HCC group than in the healthy group (Figure 3H). The information flow of the PTN signaling pathway was 
visualized in a stacked bar chart, indicating a stronger information flow of PTN signals in the HCC group than in the 
healthy group (Figure 4A). Thus, we speculate that PTN is upregulated in HCC and may promote HCC progression. 
Multiple immunofluorescence staining of clinical HCC samples showed increased PTN expression in cancer tissues 
compared to adjacent tissues, with a statistically significant difference (p < 0.05) (Figure 4B). Confocal laser microscopy 
imaging indicated that fibroblast-derived PTN are primarily distributed among tumor cells and may migrate to tumor 
cells after secretion, bind to receptors on tumor cells, and regulate their activity (Figure 4B). Additionally, single-cell 
suspensions of clinical HCC samples were analyzed using flow cytometry. PTN expression was significantly higher in 
cancer tissues than that in adjacent tissues (p < 0.05), with a statistically significant difference (Figure 4C and D).

Figure 3 Continud.
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The Expression of SDC2 in HCC Samples and Cell Lines
According to scRNA-seq analysis, CAFs derived PTN enhances the interaction between CAFs and HCC cells by binding 
to SDC2 receptor on HCC cells; but the mechanism of which CAFs modulate HCC cells is unclearly, then we 
hypothesize that CAFs may regulated HCC via PTN/SDC2 signaling. We performed immunofluorescent staining on 
Lo2 and Huh-7 cell lines, found that the SDC2 expression in Huh-7 cell line is higher than in Lo2 cell line, the difference 
was statistically significant with p<0.05 (Figure 4E and F). Flow cytometry analysis of clinical HCC samples showed the 
same results; the SDC2 expression in cancer tissues was significantly higher than that in adjacent tissues (p<0.05) 
(Figure 4G and H).

Discussion
The pathological types of primary liver cancer include hepatocellular carcinoma, intrahepatic cholangiocarcinoma 
(iCCA), and mixed-cell carcinoma.27 Most patients with liver cancer are chronic hepatitis B virus carriers,28 and 
HCC often evolves along the chronic hepatitis B virus-cirrhosis-HCC axis.29 scRNA-seq analysis of datasets 
(GSE158723 and GSE112271) shown a decreasing trend of hepatocytes in HCC, and flow cytometry analysis of 
clinical HCC samples showed that adjacent tissues also secrete a small amount of AFP because of the complexity 
and heterogeneity of cancers, and adjacent tissues may possess certain tumor characteristics and phenotypes 

Figure 3 Mechanism of PTN Signaling Pathway in HCC. (A) Molecular mechanism diagram of the PTN pathway. (B) Ligand-receptor pair analysis showing different 
contributions in healthy vs HCC groups. (C–E) Pleiotrophin secretion by CAFs and its receptors. (F and G) Interaction patterns of PTN-SDC2 in healthy vs HCC groups. 
(H) Higher PTN expression in HCC vs healthy groups.
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during tumor progression. We performed scRNA-seq analysis, which suggested that CAFs accounted for an 
increased proportion of HCC cases, and flow cytometry and immunofluorescence staining of clinical HCC samples 
validated these results. CAFs are among the most abundant stromal cells in HCC, producing substantial amounts 
of collagen, leading to fibrosis and promoting HCC development.14,22,30 We speculated that fibroblasts in adjacent 
tissues are also abnormal and may possess tumor-promoting properties, potentially defining them as pre-CAFs. 
CAFs contribute to HCC progression via various pathways. Jia et al showed that CAFs in HCC induce epithelial- 
mesenchymal transformation (EMT) via the IL6/IL6R/STAT3 axis and confirmed that the interactions between 
CAFs and HCC cells promote a favorable TME.22 CAFs derived Secreted Phosphoprotein-1 (SPP1) enhances TKI 
resistance in HCC through gene signaling bypass activation of EMT, with increased SPP1 expression closely 
related to tumor evolution and microenvironment reprogramming.31,32 Functional enrichment analysis of CAFs 
showed similar results. Liu et al found that fibroblast-derived C-X-C motif chemokine ligand 11 (CXCL11) 
enhanced HCC progression and metastasis by activating chemotaxis and T-cells in tumor cells.21 Our scRNA-seq 
analysis indicated that CAFs have the strongest interactions with hepatocytes, HCC cells, and cholangiocytes, 
suggesting that CAFs may play a crucial role in HCC development. These findings suggest that targeting the TME 
may be a novel strategy for HCC treatment.33 PTN play vital roles in growth, survival, differentiation, and 
tumorigenesis.34 It has been implicated in the occurrence and development of several tumors, including glioblas-
toma, prostate cancer, and epithelial ovarian cancer.35–38 PTN mediates its tumor-promoting effects through 
various signaling pathways, including IRE-1, AKT, ERK, STAT3, and WNT.39 Sehi et al provided experimental 
evidence that PTN and its signaling components are significant in the pathogenesis of epithelial ovarian cancer, 

Figure 4 Continued.
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providing a theoretical basis for the clinical evaluation of MAPK inhibitors in ovarian tumors expressing PTN 
and/or PTPRZ1.35 However, the role of PTN in HCC remains unclear. Our study suggests that PTN expression is 
higher in HCC, and that PTN is secreted by CAFs. After secretion, it combines with the receptors (SDC2, SDC1, 
NCL, and SDC4) to promote tumor progression. In our experiments, SDC2 exhibited higher expression in HCC 
and may play an important role in HCC progression. PTN levels are higher in HCC tissues than in adjacent and 
normal liver tissues, and a meta-analysis identified PTN as a promising biomarker, suggesting that targeting PTN 
may represent a novel clinical treatment strategy.40–42

Conclusion
In our study, using scRNA-seq dataset analysis, we uncovered the principal constituents of the TME in liver cancer and 
delineated their contribution to HCC progression. Experimental validation confirmed that CAFs are more abundant in 
tumor tissues than in adjacent tissues. Notably, the expression levels of PTN and SDC2 are significantly elevated in HCC. 
Through cell interaction and PPI network analysis, we discovered significant crosstalk between CAFs and HCC cells, 
mediated by PTN/SDC2 signaling, suggesting that therapeutic targeting of CAFs could offer a novel and promising 
therapeutic approach for HCC. Furthermore, PTN’s enhanced expression profile of PTN is a potential novel biomarker 
for HCC diagnosis, warranting further investigation of its clinical utility.

Data Sharing Statement
Data and materials are provided along with the manuscript.

Figure 4 PTN Expression in HCC and SDC2 Expression of Cell Lines. (A) Visualization of PTN signaling information flow. (B) Confirmation of higher PTN expression in 
cancer tissues through immunofluorescence and imaging. (C and D) Flow cytometry analysis confirming PTN expression differences between cancer and adjacent tissues. (E 
and F) The expression of SDC2 in Huh-7 cell line vs Lo2 cell line. (G and H) Flow cytometry analysis confirming SDC2 expression differences between cancer and adjacent 
tissues. ***: P<0.001, **: P<0.01, *: P<0.05, P<0.05: the difference was statistically significant.
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