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SUMMARY

Human umbilical cord mesenchymal stem cells (UC-MSCs)-derived hepatocyte-like cells (HLCs) have
shown great promise in the treatment of liver diseases. However, most current induction protocols yield
hepatocyte-like cells with limited function as compared with primary hepatocytes. Schisandrin B (Sch B) is
one of the main components of Schisandra chinensis, which can prevent fibrosis progression and promote
liver cell regeneration. Herein, we investigated the effects of Sch B on hepatic differentiation of UC-MSCs.
We found that treatment with 10 1M Sch B from the second stage of the differentiation process increased
hepatic marker levels and hepatic function. Additionally, RNA-seq analysis revealed that Sch B promoted
hepatic differentiation via activating the JAK2/STAT3 pathway. When transplanted HLCs into mice with
CCL-induced liver fibrosis, Sch B-treated HLCs exhibited significant therapeutic effects. This study pro-
vides an optimized hepatic differentiation protocol for UC-MSCs based on Sch B, yielding functioning cells
for liver disease treatment.

INTRODUCTION

Liver is one of the most important organs in the human body, with complex functions. Liver disease can be caused by a variety of factors (viral,
drug and alcohol abuse, metabolic, genetic, cancer, or immune), and liver damage from these causes can progress to severe liver failure.
Liver transplantation remains the most effective treatment for end-stage liver disease. However, liver transplantation is limited because of
the severe shortage of liver donors, immune reaction and high mortality.” An artificial liver support system, the cell-based bioartificial liver,
has been used as an alternative or transitional treatment before transplantation. The cell-based bioartificial liver can not only remove meta-
bolic wastes and toxins but also provide important liver functions including metabolite synthesis and biotransformation, which is an ideal ther-
apeutic model for artificial liver.® In addition, hepatocyte transplantation has been considered a feasible alternative therapy. In fact, achieving
the ideal therapeutic goal of a bioartificial liver or hepatocyte transplantation relies on large-scale functional hepatocytes. However, the use of
primary hepatocytes is limited because of the inconvenience of extraction, challenges in expansion, and short cell life span in vitro.* How to
obtain a large number of functional hepatocytes remains a key issue. With the development of stem cell technology, researchers have focused
more on stem cells, characterized by their self-renewable ability, high proliferative potential, multipotent competences and abundant source.
Stem cells can differentiate into a variety of cells, including hepatocytes, thus bringing new hope for treating liver diseases.”

Various stem cells are able to differentiate into hepatocyte-like cells (HLCs). As compared with embryonic stem cells and induced plurip-
otent stem cells, mesenchymal stem cells (MSCs) have the advantages of abundant source, low immunogenicity, and fewer ethical issues.’
Currently, MSCs are being widely used for the treatment of various diseases such as cardiovascular diseases, metabolic disorders, neurode-
generative and neurodevelopmental disorders, wound healing, eyesight diseases, bone regeneration, periodontal regeneration, and various
autoimmune diseases.””® The therapeutic potential of MSCs is based on two main aspects: their ability to differentiate into different cell lines
to replace damaged tissue, and their ability to regulate the immune response through paracrine effects.” The primary sources of MSCs used
for disease treatment are the umbilical cord and bone marrow. Compared to bone marrow mesenchymal stem cells (BM-MSCs), umbilical
cord mesenchymal stem cells (UC-MSCs) have higher proliferation and hepatic differentiation ability, and lower immunogenicity.'® Therefore,
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UC-MSCs are considered an ideal source of hepatocytes for transplantation. MSCs-derived HLCs can replace injured hepatocytes in vivo and
restore liver functions. There are many methods of inducing UC-MSCs into HLCs in vitro.'' However, most current induction protocols yield
HLCs that are not sufficiently functional to achieve the desired therapeutic effect.'*'* Therefore, we need to improve the efficiency of hepatic
differentiation of stem cells in the application of stem cells.

Traditional Chinese medicine plays an important role in the treatment of diseases. In recent years, extracts or compounds from some tradi-
tional Chinese medicine, such as salvianolic acid B, fuzheng huayu, and salidroside, have been shown to enhance the differentiation of stem
cells into hepatocytes.'"™'® S. chinensis is a widely used hepato-protective herb in the clinic; it can reduce oxidative stress, improve liver func-
tion, and facilitate hepatocyte proliferation and liver regeneration.'’'? Schisandrin B (Sch B) is a monomer extracted from S. chinensis. Sch B
possesses a wide range of biological properties and plays an essential role in liver protection, anti-oxidation, anti-inflammation, anti-tumor,
neuroprotection, and cardioprotection.”’ Studies have reported that Sch B can effectively prevent cell apoptosis, slow down fibrosis progres-
sion, induce cytochrome P450 (CYP) enzyme activity, and promote liver regeneration.”’ ~? In addition, several studies have demonstrated that
Sch B can inhibit the growth of various types of cancers, including lung cancer, cholangiocarcinoma, gastric cancer, melanoma, and glioma, by
inducing cell-cycle arrest or apoptosis.” Sch B alleviates myocardial ischemia-reperfusion injury,”* drug-induced hepatotoxicity”® and neph-
rotoxicity” by reducing oxidative stress and apoptosis. A study has shown that it enhances neural stem cell proliferation and promotes nerve
formation as well as neural differentiation.”’ However, whether it can enhance the hepatic differentiation of stem cells is unclear. S. chinensis is
one of the components of the traditional Chinese medicine compound fuzheng huayu, which has been found to promote the hepatic differ-
entiation of stem cells as described above. Therefore, we hypothesized that Sch B treatment might help enhance the hepatic differentiation of
UC-MSCs.

In this study, we investigated the effect of Sch B on the hepatic differentiation of UC-MSCs and found that Sch B enhanced their hepatic
differentiation. Furthermore, RNA-seq was used to identify the potential mechanism of Sch B on UC-MSCs differentiation. Sch B promoted
hepatic differentiation via activating the JAK2/STAT3 pathway. And the effectiveness of HLCs in treating chronic liver disease was evaluated
in vivo by using a CClLy-induced liver fibrosis mouse mode. This protocol offers an optimized hepatic differentiation protocol for UC-MSCs,
providing an alternative source of hepatocytes for liver disease treatment.

RESULTS

Isolation and identification of UC-MSCs

UC-MSCs were isolated as in our previous study by using a tissue explant procedure. Cells migrating from the tissue displayed a fibroblastoid
morphology 7 days after seeding in growth medium (Figure 1A); Cells approached 80% confluence at 14 days (Figure 1B). These cells were
harvested and proliferated for further use.

Immunophenotyping of cells by flow cytometry revealed a positive expression of CD105 (98.94%), CD73 (99.77%), and CD%0 (99.83%)
markers on their surface, with lower expression of CD34, CD14, and HLA-DR markers (<2%) (Figure 1C). On Qil red O staining, adipo-
genic-induced UC-MSCs showed lipid vesicle accumulation (Figure 1D). Osteogenic-induced UC-MSCs exhibited calcium deposition and
stained positive with alizarin red (Figure 1D). The neurogenically differentiated UC-MSCs showed extensive accumulation of Nissl bodies
stained dark black-violet (Figure 1D). Undifferentiated cells showed negative staining. These results met the minimum standards of the Inter-
national Society for Cell Therapy.”®

Determining the optimal concentration and treatment time of Sch B

Sch B had dose-dependent toxic effects on UC-MSCs (Figure 2A). Treatment with 0-25 uM Sch B resulted in high cell viability (mean > 89.82 +
3.53%), but at > 25 pM, cell viability decreased significantly. With 50 pM Sch B, the mean cell viability was only 8.72 £+ 0.72%. Therefore, 0-
25 uM was safe for UC-MSCs. Furthermore, the 50% inhibitory concentration of Sch B was calculated as 32.91 uM. Two safe concentrations
(5 uM and 10 uM) were employed for the subsequent experiments.

To investigate the optimal treatment time, 5uM and 10 puM Sch B was added at different stages of induction. The addition of Sch B resulted
in higher mRNA levels of ALB, CYP3A4, CYP1A2, CYP2E1, and CYP2C9 compared to the control group (Figure 2C). This suggests that Sch B
has the potential to enhance the differentiation of UC-MSCs into HLCs. Furthermore, a comparison of the two concentrations of Sch B re-
vealed that the mRNA levels were higher with 10 uM treatment compared to 5 pM. Notably, the highest mRNA level was observed when
Sch B treatment was initiated from the second stage. This preliminary experiment suggested that 10 uM Sch B applied at the second stage
of UC-MSCs hepatic differentiation was optimal.

During the differentiation process, the cell morphology underwent a gradual transition from spindle-shaped to polygonal-shaped, align-
ing with the typical characteristics of HLCs. These morphological changes were first observed at the second stage of the induction process.
Additionally, there were similar morphology changes between the two groups (Figure 2D). The optimized differentiation protocol with Sch B
is illustrated in Figure 2B.

Enhancement of hepatocyte differentiation and maturation by Sch B

After determining the optimal concentration and treatment time of Sch B, we further explored the effect of Sch B on the hepatic differentiation
of UC-MSCs. The mRNA expression of several stemness markers such as OCT-4, Nanog and Sox2 was decreased after induction (Figure 3A),
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Figure 1. Isolation and identification of umbilical cord mesenchymal stem cells (UC-MSCs)

(A) Microscopy images of primary UC-MSCs migrating from umbilical cord tissue at 7 days. Scale bar = 100 pm.
(B) UC-MSCs at 80% confluence. Scale bar = 100 um.

(C) Flow cytometry of the expression of surface markers on UC-MSCs.

(D) Multiple differentiation potential of UC-MSCs. Scale bar = 100 pm.

so treatment with Sch B decreased the stemness characteristic in the HLCs. The expression of AFP (a marker of fetal hepatocytes) did not differ
between groups with or without Sch B.

Metabolic function is one of the most important actions of hepatocytes, with the phase | metabolizing enzyme CYP playing a key role. The
expression of phase | metabolizing enzyme genes CYP3A4, CYP1A2, CYP2E1, and CYP2Dé increased after Sch B treatment (Figure 3A). The
expression of mature hepatocyte marker ALB increased by 2.5-fold and that of CYP3A4 by 6.5-fold. As compared with HLCs without Sch B
treatment, Sch B-treated cells showed significantly increased expression of hepatocyte mature markers and liver function-related genes (Fig-
ure 3A). In addition, we observed that Sch B-treated cells displayed higher levels of hepatic markers compared to the two reported traditional
Chinese medicine monomers (Salvianolic acid B and Salidroside) (Figure S1).

On immunofluorescence analysis, both groups of HLCs induced with and without Sch B exhibited elevated labeling for hepatic markers
such as ALB, CK18, and CYP3A4 in comparison to undifferentiated UC-MSCs (Figure 3B). Further quantification of fluorescence displayed that
the expression of ALB, CK18, and CYP3A4 in HLCs treated with Sch B was 2.3, 1.5, and 3.2 times higher than that in HLCs without Sch B treat-
ment (Figure 3C). However, there was no significant difference in AFP expression between the groups with and without Sch B treatment.
(Figures 3B and 3C).

In addition to hepatic markers, liver function was assessed by measuring glycogen storage, albumin secretion, and urea synthesis. Albumin
secretion was increased after induction and Sch B-treated HLCs showed higher secretion of albumin as compared with untreated cells (Fig-
ure 3D). Similarly, in HLCs, urea production was higher with than without Sch B treatment at the endpoint of the differentiation process
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Figure 2. Determining the optimal concentration and treatment time of Sch B

(A) UC-MSCs were treated with 0-200 pM Sch B for 72 h. Cell viability was assessed by CCK-8 assay.

(B) Schematic diagram of UC-MSCs differentiated into hepatocytes.

(C) The mRNA levels of hepatic markers (ALB, CYP3A4, CYP1A2, CYP2E1 and CYP2C9) were determined by qPCR analysis in UC-MSCs and cells with Sch B(—)
(without Sch B treatment), Sch B1(+) (Sch B treatment only at first stage), Sch B2(+) (Sch B treatment only at second stage), Sch B3(+) (Sch B treatment only at third
stage), Sch B1.2(+) (Sch B treatment at first and second stage), Sch B2.3(+) (Sch B treatment at second and third stage), Sch B1.2.3(+) (Sch B treatment at first,
second and third stage).

(D) Morphological changes of UC-MSCs differentiated into hepatocytes with or without Sch B treatment. Scale bar = 100 um. Graph data were presented as
mean t+ SD. One-way ANOVA was used for multiple variables comparison. *p < 0.05, **p < 0.01, ***p < 0.001 versus the Sch B(—) group. EGF: epidermal
growth factor; FGF-4: fibroblast growth factor 4; HGF: hepatocyte growth factor; ITS: insulin-transferrin-selenium; DMSO: dimethyl sulfoxide.

(Figure 3E). Periodic acid-Schiff (PAS) staining was negative in undifferentiated UC-MSCs; however, Sch B-treated cells showed more
glycogen deposition than untreated cells (Figure 3F).

Furthermore, to verify the long-term stability of HLCs, cells were continuously cultured using the third-stage medium after induction.
Following an additional 28 days of cultivation (passaged every 7 days), the cell viability and functionality were assessed. Notably, the cells
maintained their morphology and exhibited high cell viability. And the Sch B-treated HLCs continued to express hepatic markers, maintain
albumin secretion and glycogen storage function (Figure S2). Therefore, these results strongly demonstrated that Sch B could improve the
strategy for differentiation of UC-MSCs into HLCs.

Transcriptome sequencing analysis
To obtain a global view of transcriptome changes during the hepatic differentiation of UC-MSCs, we used transcriptome sequencing of un-
differentiated UC-MSCs with Sch B(—) and Sch B(+) treatment. On average, more 40 million raw reads were obtained from each sample. After
quality control, about 92% of reads were clean reads. More than 93% of reads could be mapped to the reference genome.

Comparisons between each treatment group revealed differentially expressed genes (DEGs). We found 314 DEGs between Sch B(—) and Sch
B(+) treatment (Figure 4A). A Venn diagram shows the number of DEGs between comparison groups and the overlap (Figure 4B). Several genes
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Figure 3. Enhancement of hepatocyte differentiation and maturation by Sch B

(A) The mRNA levels of stemness markers and hepatic markers determined by gPCR analysis.

(B and C) Immunofluorescence analysis of ALB, AFP, CK18, and CYP3A4 in UC-MSCs differentiated into hepatocytes with or without Sch B. Scale bar = 50 um.
(D) ELISA of secretion of ALB in differentiated UC-MSCs with or without Sch B.

(E) ELISA of urea production in differentiated UC-MSCs with or without Sch B.

(F) Glycogen storage characterized by PAS staining in differentiated UC-MSCs with or without Sch B. Scale bar = 100 um. Graph data were presented as mean +
SD. One-way ANOVA was used for multiple variables comparison. *p < 0.05, **p < 0.01, ***p < 0.001 versus the UC-MSCs group, #p < 0.05, ##p < 0.01,
##H#p < 0.001 versus the Sch B(—) group. n.s., no significance in comparison with control group. PAS: periodic acid-Schiff.

such as IL6ST, PRLR, PIK3R3, SOCS3, APC, CXCL12, ATM, RIF1, IGFBP3, CD14, FASN and CCN4 played important roles in stem cell differen-
tiation. Cluster analysis was used to determine the expression patterns of DEGs under different processing conditions. Because similar expres-
sion patterns of genes usually have a correlation function, hierarchical clustering analysis was performed and the results are shown in Figure 4C.

To reveal the biological process pathways of Sch B acting on the hepatic differentiation of UC-MSCs, we analyzed DEGs by GO and KEGG
pathway analyses. GO results were classified according to molecular function (MF), biological process (BP) and cellular component (CC), and
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Figure 4. Transcriptome analysis of differentiated UC-MSCs
(A) Number of differentially expressed genes (DEGs) in differentiated UC-MSCs with or without Sch B treatment.

(B) Venn diagram of the number of separate and overlapping DEGs between UC-MSCs and HLCs.

(C) Cluster analysis (heatmap) of DEGs among UC-MSCs and HLCs.

(D) GO analysis of UC-MSCs and HLCs.

(E) KEGG analysis of the most significantly enriched pathways for DEGs among UC-MSCs and HLCs.

the top 10 GO terms with most significant enrichment from each GO category are shown in Figure 4D. As compared with undifferentiated UC-
MSCs, both HLC treatment groups showed similar main biological functions of the DEGs. After Sch B treatment, CC was mostly related to
nuclear speck, nuclear body, chromosomal region, and organelle. In terms of MF, the most enriched terms were interleukin-1 receptor activity,
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1-phosphatidylinositol-3-kinase activity, poly(U) RNA binding, phosphatidylinositol 3-kinase activity, insulin-like growth factor binding, and
small GTPase binding. In addition, BP items enriched after Sch B treatment included cholesterol biosynthetic and metabolic process, second-
ary alcohol biosynthetic and metabolic process, macromolecule metabolic process and chondrocyte differentiation.

Next, KEGG pathway enrichment analysis was performed to identify the most significantly enriched pathways for DEGs (Figure 4E). As
compared with undifferentiated UC-MSCs, the most enriched pathways with differentiation included the TGF-B, NF-kB, PI3K-Akt and
MAPK signaling pathways. In addition, the JAK-STAT signaling pathway, regulation of action cytoskeleton, signaling pathways regulating plu-
ripotency of stem cells, oxytocin signaling pathway, platelet activation, and steroid biosynthesis were enriched in DEGs between Sch B(—) and
Sch B(+) groups.

Validation of sequencing results and signaling pathways affected by Sch B

To validate the reliability of the DEG results, gPCR was used to examine the expression of several upregulated genes (PRLR, JAK2, STAT3,
RORA, ALB) and downregulated genes (BGN, ILR7, THY1, SPRED3, NR5A2). Primers used in this study are in Table S1. As expected, the gPCR
results matched the RNA-seq results (Figure S3).

We found that genes involved in the JAK-STAT signaling pathway were upregulated in Sch B-treated cells. We evaluated STAT3 down-
stream targets such as c-Myc, cyclinD1 and HIF-1a, and both ¢-Myc and HIF-1a were upregulated, and cyclinD1 was downregulated (Fig-
ure 5A). Furthermore, phosphorylation of JAK2 and STAT3 was increased in Sch B-treated cells (Figure 5B). Both c-Myc and HIF-1a protein
levels were increased and cyclinD1 decreased in Sch B treated cells (Figures 5C and 5D). Next, the JAK2/STAT3 signaling pathway was
blocked using Stattic and AG490, resulting in decreased expression of hepatic markers (ALB, CK18, HNF4a) in both Stattic-treated and
AGA490-treated groups (Figures 5SE-5G). These results indicate that Sch B enhances the JAK2/STAT3 signaling pathway during the hepatic
differentiation procession (Figure 6).

Transplantation of Sch B treated HLCs significantly alleviate CCL;-induced mice liver fibrosis

Gelatin methacryloyl (GelMA) hydrogel is commonly utilized as a cell culture scaffold due to its biocompatibility and ultraviolet (UV) light
crosslinking properties. To enable cell transplantation, UC-MSCs and HLCs were co-cultured with GelMA hydrogel to form HLCs-GelMA hy-
drogel complex. The biocompatibility of the GelMA hydrogel was assessed by monitoring cell activity on days 1, 3, and 7. Live/dead staining
revealed sustained high levels of cellular activity in the HLCs (Figure 7B).

We next evaluated the therapeutic potential of HLCs transplantation in CCLs-induced chronic liver fibrosis. UC-MSCs-GelMA hydrogel or
HLCs-GelMA hydrogel were transplanted onto the surface of liver. The liver and serum were harvested after 7 and 14 days of transplantation
(Figure 7C). The liver of CCL4 group showed a nodular surface and firm texture as compared to the control (oil) group. In contrast, the liver of
UC-MSCs and HLCs transplanted groups displayed a smooth surface and soft texture. Additionally, GelMA hydrogels were observed
attached to the surface of the liver in the transplantation group (Figure 7D). Hematoxylin and eosin (HE) staining revealed significant hepa-
tocyte degeneration, necrosis and inflammatory cell infiltration in the liver tissue of CCL4 group. However, these pathological changes were
significantly improved after cell transplantation (Figure 7E).

Serum AST and ALT levels were measured to assess the extent of hepatic dysfunction. After 7 days of treatment, the transplantation groups
exhibited a significant decrease in ALT and AST levels compared to the CCL, group. Notably, the Sch B treated HLCs demonstrated superior
therapeutic efficacy compared to the other two transplantation groups. After 14 days of treatment, AST and ALT levels were decreased in all
groups, but the HLCs transplantation group treated with Sch B exhibited the most significant decrease (Figures 7F and 7G).

Consistently, Masson staining and Sirius red showed that the collagen contents significant increase in CCLy-treated mice liver. However,
transplantation of UC-MSCs and HLCs significantly reduced the progression of liver fibrosis (Figures 8A and 8B). Furthermore, we quantified
the collagen area and found that it was the lowest in the group treated with Sch B (Figures 8C and 8D). To evaluated the functionality of en-
grafted cells, human ALB in the liver of transplanted mice was quantified by ELISA. The levels of human ALB in the group treated with Sch B
were significantly higher than in the other groups (Figure 8E). In addition, HE staining showed that the graft was tightly attached to the liver
surface without extensive inflammatory cell infiltration, and angiogenesis was observed at both the 7-day and 14-day time points after trans-
plantation (Figure S4). Angiogenesis was further confirmed by immunohistochemistry (Figure S4). These results indicate that the graft had
good biocompatibility. Taken together, Sch B treated HLCs exhibit higher therapeutic potential against liver fibrosis when compared to
HLCs without Sch B treatment and undifferentiated UC-MSCs.

DISCUSSION

In this study, we investigated the effect of Sch B on the hepatic differentiation of UC-MSCs. Treatment with 10 pM Sch B from the second stage
of the differentiation process increased hepatic marker levels and hepatic function, including albumin and urea secretion and glycogen stor-
age. Thus, Sch B could enhance the hepatic differentiation and maturation of UC-MSCs. And Sch B enhancing the hepatic differentiation of
UC-MSCs may involve the JAK2/STAT3 signaling pathway. In addition, Sch B treated HLCs showed significant therapeutic effects on mice with
chronic liver fibrosis. This study provides an optimized hepatic differentiation protocol for UC-MSCs based on Sch B, generating better func-
tioning cells for the treatment of liver disease.

The sources of MSCs are abundant. MSCs can be isolated from various somatic tissues such as adipose tissue, bone marrow, amniotic fluid,
placenta, and menstrual blood.?” Karyotype analysis showed that UC-MSCs originating from the fetus showed high proliferative ability among
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A) QPCR analysis of genes involved in JAK2/STAT3 signaling pathways.
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(B) Western blot analysis of the expression of JAK2, phospho-JAK2, STAT3, and phospho-STAT3 in differentiated cells with or without Sch B treatment.
(C) Western blot analysis of the expression of c-Myc, HIF-1a, and cyclinD1 in differentiated cells with or without Sch B treatment.
(
(

D) Quantitative analysis of the protein expression in B and C.

E and F) Immunofluorescence analysis of ALB, CK18, and HNF4a in UC-MSCs differentiated into hepatocytes with JAK2/STAT3 inhibitor treatment (Stattic and

AG490). Scale bar = 50 um.

(G) mRNA levels of hepatic markers determined by gPCR analysis in UC-MSCs after differentiation into hepatocytes using JAK2/STAT3 inhibitors (Stattic and
AG490). Graph data were presented as mean + SD. Unpaired Student’s t tests were used for comparing two variables. One-way ANOVA was used for
multiple variables comparison. *p < 0.05, **p < 0.01, ***p < 0.001 versus the Sch B(-) group.
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several placenta-derived MSCs.* In a study comparing the hepatic differentiation ability between UC-MSCs and BM-MSCs, UC-MSC-derived
HLCs showed higher expression of ALB, CYP3A4, TAT, and G-6P, so UC-MSCs have higher hepatocyte differentiation potential.31 In addition,
due to fewer ethical concerns, low immunogenicity, and abundant sources, UC-MSCs are an ideal source of cell-based therapies for liver diseases.

The hepatic differentiation of stem cells is basically carried out by mimicking the development of hepatocytes in vivo. However, the effi-
ciency of induction varies among laboratories, as do the biological characteristics among different stem cells. In this study, we compared
several induction protocols reported in the literature and made some modifications. We finally obtained a serum-free induction protocol ac-
cording to the characteristics of UC-MSCs. We hope to further optimize the induction protocol to obtain mature HLCs.

In recent years, researchers have focused more on the promotion of small molecule compounds in the targeted differentiation of stem
cells, and many effective small molecule compounds have been successfully screened.®” In contrast, there are few reports of the application
of traditional Chinese medicine in stem cell differentiation. Actually, some traditional Chinese medicine has the hepato-protective effect and
also promotes the hepatic differentiation of stem cells. Chen et al.’*'® reported that the Chinese medicine fuzheng huayu and salvianolic acid
B could enhance the hepatic differentiation of stem cells via WNT and Notch signaling pathways. S. chinensis is a commonly used liver pro-
tective drug in clinical practice. Its main component, Sch B, can prevent fibrosis progression, induce CYP enzyme activity and promote liver
regeneration.”” Fuzheng huayu is a combinatorial compound of different Chinese herbs. Most compound preparations pose certain draw-
backs, such as instability of active ingredient content, difficulty in quality control due to the variety of ingredients, and challenges in studying
disease treatment mechanisms. Additionally, multiple components’ metabolism in vivo may lead to unpredictable interactions. In contrast,
Sch B is a monomer with clear composition, better controllability, and higher safety in applications. However, there has been no previous
investigation into the effect of Sch B on the hepatogenic differentiation of stem cells. In this study, we investigated whether Sch B could pro-
mote hepatogenic differentiation of stem cells and elucidate the underlying mechanisms involved in this process.

First, we successfully isolated and characterized UC-MSCs. Then CCK-8 assay was used to examine the cytotoxicity of Sch B. Next, various
concentrations of Sch B were administered at different stages to assess its impact on the hepatic differentiation of UC-MSCs. The mRNA
expression of ALB and several phase | metabolizing enzymes, including CYP3A4, CYP2E1, CYP1A2, and CYP2C9, exhibited an increase,
with the highest expression observed when Sch B was initiated from the second stage. These results preliminarily proved that 10 uM Sch
B has potential to promote the hepatic differentiation of UC-MSCs.

We further verified the effect of the new Sch B differentiation strategy on the differentiation and maturation of UC-MSCs. The mRNA
expression of stemness markers OCT-4, Nanog and Sox2 was decreased in Sch B-treated cells, indicating a gradual loss of multipotent ca-
pacity in the stem cells.* The expression of ALB and CYP3A4, markers of mature hepatocytes, was increased in Sch B-treated cells, and the
same trend was observed on immunofluorescence analysis. We then determined the function of HLCs by analyzing glycogen staining and
albumin and urea content in supernatant assay. Sch B could enhance the ability of albumin secretion, urea synthesis and glycogen storage
of HLCs. With the induction protocol based on Sch B, we successfully obtained more mature and more functional HLCs. At the same time, we
observed that Sch B showed a better induction effect compared to the two reported traditional Chinese medicine monomers (Salvianolic acid
B and Salidroside).'*"® Importantly, the HLCs demonstrated the capability of being passaged in vitro while maintaining a high level of activity
and hepatic function even after 28 days of continued culture. However, scalable production protocols still need to be developed to enhance
the differentiated yield and functionality of HLCs derived from UC-MSCs to facilitate clinical application.
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Figure 7. Sch B treated HLCs transplantation attenuated the CCL;-induced chronic liver injury

(A) Photograph of the HLCs co-cultured with GelMA hydrogel in vitro.

(B) Live/Dead staining of HLCs co-culture with GelMA hydrogel at day 1, day 3, and day 7 (Living cells were green and dead cells were red). Scale bar = 100 pm.
(C) Schematic diagram of liver fibrosis induction and therapeutic transplantation of HLCs.

(D) Representative images of liver gross appearance after 7 and 14 days’ cell transplantation treatment.

(E) HE staining of the liver after 7 and 14 days cell transplantation treatment. Scale bar = 100 um.

(Fand G) Serum levels of ALT and AST after 7 and 14 days' cell transplantation treatment (n = 5). Graph data were presented as mean + SD. One-way ANOVA was
used for multiple variables comparison. *p < 0.05, **p < 0.01, ***p < 0.001 versus the CCL4 group, #p < 0.05, ##p < 0.01, ###p < 0.001 versus the Sch B(—) group.

Oil: Olive oil group; CCLy: CCLg-induced liver fibrosis group; UC-MSCs: UC-MSCs transplantation group; Sch B(—): Sch B untreated HLCs transplantation group;
Sch B(+): Sch B treated HLCs transplantation group.
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Figure 8. Sch B treated HLCs transplantation attenuated the CCL,-induced mice liver fibrosis

(A) Representative histological images of liver sections stained with Masson staining. Scale bar = 200 pm.

(B) Representative histological images of liver sections stained with Sirius red. Scale bar = 200 pm.

(C and D) The Sirius red-positive and Masson staining-positive area was quantified by using ImageJ software. CCL, were controls.

(E) At 7 and 14 days after transplantation, human ALB levels of the recipient liver tissues were measured. UC-MSCs were controls. Graph data were presented as
mean £ SD. One-way ANOVA was used for multiple variables comparison. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group, #p < 0.05, ##p < 0.01,
#it#p < 0.001 versus the Sch B(—) group, n = 5.
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Furthermore, RNA-seq revealed the DEGs among those HLCs with Sch B treatment. In the DEGs, we identified several genes most likely to be
involved in hepatic differentiation, such as IL46ST, PRLR, PIK3R3, SOCS3, APC, CXCL12, and IGFBP3, which have been reported to be involved in
stem cell differentiation.”*’ In vivo, liver development involves a variety of complex pathway mechanisms. Hence, the mechanism of hepatic
differentiation of MSCs is also complex. The differentiation of stem cells into hepatocytes is generally divided into three stages, including initi-
ation, differentiation and maturation, and each stage involves different signaling pathways. In general, the signaling pathways involve Wnt/B-cat-
enin, TGF-B, Notch, PI3K/AKT, MAPK, and JAK/STAT3 pathways.38 42 Our KEGG analysis revealed enrichment of PI3K/AKT, TGF-B, and MAPK
pathways in differentiated versus undifferentiated UC-MSCs. Therefore, our basal induction strategy was effective. Especially, when Sch B was
added to the induction process, JAK/STAT3 pathway expression was changed. The JAK/STAT3 pathway is an important signal transduction
pathway widely involved in cell proliferation, differentiation, apoptosis, immune regulation, and inflammation.** Upon engagement by ligands,
receptor-associated JAKs are recruited and activated. Activated JAKs then phosphorylate specific residues on the intracellular domain of the
cytokine receptor, which serves as a docking site for associated STAT proteins. JAK-mediated phosphorylation activates STATs, which in turn
translocate to the cell nucleus and regulate gene expression.** JAK proteins can associate with distinct cytokine receptors, including interferon,
interleukin or growth hormone. IL-6R is one of the most common cytokine receptors that bind to JAK proteins. Lam et al.*" indicated that IL-6—
mediated activation of JAK/STAT signaling played a key role in the differentiation of MSCs into hepatocytes. Oncostatin M (OSM), an
interleukin-6 family cytokine, is commonly used in the maturation stage of hepatic differentiation.”> OSM can activate the JAK/STAT3 pathway
to induce liver-specific gene expression, mediate hepatocyte differentiation and maturation, and establish cell-cell interactions by regulating
HNF-4 expression.*** In addition, Matsui et al.”® demonstrated that OSM downregulated the expression of cyclin D by activating the STAT3
pathway in primary cultures of fetal hepatocytes induced to hepatic differentiation. Hypoxia is known to play an important role in stem cell dif-
ferentiation and hepatocyte maturation, and hypoxia is also one of the commonly used induction methods in recent years.*” Vollmer et al. found
that activation of the JAK/STAT3 pathway mediated HIF1a upregulation, which in turn promoted downstream signal transduction events in OSM,
thus demonstrating an interaction between cytokines and hypoxia signal transduction during liver development and regeneration.”

Our KEGG pathway analysis revealed enriched JAK/STAT pathway signaling. As expected, key genes involved in the JAK/STAT signaling
pathway, JAK2 and STAT3, were upregulated, and the expression of target genes, cyclinD1, c-Myc, and HIF1a, which facilitate cell prolifer-
ation and differentiation, were altered. In this study, total protein levels of JAK2 and STAT3 were not increased with their mRNA upregulation,
but phosphorylated protein levels were increased, which suggests that Sch B may play a role in post-translational modification. Also, blocking
JAK2/STAT3 signaling with two commonly used inhibitors (Stattic and AG490) downregulated the expression of hepatic markers. These re-
sults suggest that Sch B may activate the JAK2/STAT3 signaling pathway to regulate differentiation and maturation of HLCs.

Next, we evaluated the therapeutic effect of HLCs on mice with chronic liver fibrosis. GelMA hydrogel is widely used in tissue engineering
due to its good biocompatibility and excellent mechanical properties.” In vitro, we observed that HLCs maintained high viability after being
cultured in GelMA hydrogel for 7 days. In vivo, the cell-GelMA solution rapidly crosslinks within seconds upon UV irradiation, forming a hydro-
gel patch. Angiogenesis was observed in the patch and no significant infiltration of inflammatory cells was detected, indicating good biocom-
patibility of the hydrogel patch. Human albumin expression was detected in the liver tissues, indicating that the transplanted cells still main-
tained hepatic function in vivo. The hydrogel not only provides a cellular scaffold, avoiding cell loss, but also acts as a physical barrier against
the recipient’s immune system.”” Therefore, we offered a safe and effective transplant treatment strategy. Importantly, after the patch graft-
ing, the levels of ALT and AST significantly decreased. Although undifferentiated UC-MSCs also showed a certain therapeutic effect, it was not
as good as observed in the HLCs group. The deposition of liver collagen was significantly reduced in the Sch B group, indicating that HLCs
treated with Sch B have the potential to alleviate liver fibrosis and are suitable for treating chronic liver diseases.

Overall, our results suggest that Sch B is able to promote hepatic differentiation from UC-MSCs via activating the JAK2/STAT3 signaling
pathway. And we observed that Sch B-treated HLCs significantly decreased collagen deposition and improved liver function in mice with liver
fibrosis. Our study provides an optimized hepatic differentiation strategy for UC-MSCs, which will be helpful for generating functional HLCs
for future clinical application.

Limitations of the study

In this study, we first verified that Sch B could promote the differentiation and maturation of UC-MSCs into hepatocytes. Then we confirmed
that JAK2/STAT3 pathway activation was involved in this effect of Sch B. Finally, we conducted in vivo experiment to assess the potential ther-
apeutic effect of the Sch B treated HLCs on liver fibrosis. Further clinical trials are needed to determine the safety, efficacy, and therapeutic
potential of UC-MSCs-derived HLCs in patients with liver disease. However, this study has two limitations. First, we did not compare the func-
tion of HLCs induced by our method with that of primary hepatocytes. Second, the mechanism of HLCs alleviating liver fibrosis has not been
further investigated.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE Mouse anti-Human CD105 BD Sciences Cat#560839; RRID: AB_2033932
PE Mouse Anti-Human CD90 BD Sciences Cat#561970; RRID: AB_395970
APC Mouse anti-Human CD73 BD Sciences Cat#560847; RRID: AB_10612019
APC Mouse Anti-Human CD14 BD Sciences Cat#561708; RRID: AB_3985%96

PE Mouse Anti-Human CD34 BD Sciences Cat#560941; RRID: AB_396151

PE Mouse Anti-Human HLA-DR BD Sciences Cat#560943; RRID: AB_396146
Rabbit monoclonal anti-AFP Abcam Cat#ab169552; RRID: AB_2756827
Mouse monoclonal anti-CK18 Abcam Cat#ab668; RRID: AB_305647
Mouse monoclonal anti-CYP3A4 GeneTex Cat#GTX60577; RRID: AB_2887981
Rabbit monoclonal anti-ALB Abcam Cat#ab207327; RRID: AB_2755031
Rabbit monoclonal anti-HNF4o Abcam Cat#ab92378; RRID: AB_10562973

Rabbit monoclonal anti-JAK2

Rabbit monoclonal anti-phospho-JAK2 (Y1007 + Y1008)
Rabbit monoclonal anti-STAT3

Rabbit monoclonal anti-phospho-STAT3 (Y705)

Mouse monoclonal anti-HIF-1a

Mouse monoclonal anti-Cyclin D1

Rabbit monoclonal anti-c-Myc

Rabbit polyclonal anti-beta actin

Rabbit polyclonal anti-GAPDH

Mouse monoclonal anti-CD31

Cell Signaling Technology
Abcam

Cell Signaling Technology
Abcam

Santa Cruz Biotechnology
Proteintech

Abmart

Affinity

Affinity

Cell Signaling Technology

Cat#3230; RRID: AB_2128522
Cat#ab32101; RRID: AB_775808
Cat#4904; RRID: AB_331269
Cat#ab76315; RRID: AB_1658549
Cati#sc-13515; RRID: AB_627723
Cat#60186-1-Ig; RRID: AB_10793718
Cat#T55150; RRID: AB_2934184
Cat#AF7018; RRID: AB_2839420
Cat#AF7021; RRID: AB_2839421
Cat#3528; RRID: AB_2160882

Biological samples

Human umbilical cord samples

Zhujiang Hospital of

Southern Medical University

N/A

Chemicals, peptides, and recombinant proteins

Recombinant human EGF
Recombinant Human/Mouse/Rat Activin A
Recombinant Human FGF-4
Recombinant human HGF
Nicotinamide

Dimethyl sulfoxide
Insulin-transferrin-selenium
Oncostatin M
Dexamethasone
Schisandrin B

Salidroside

Salvianolic acid B

Peprotech
Novoprotein
Peprotech
Peprotech

Sigma

MP Biomedicals
Gibco

Peprotech

Sigma
MedChemExpress
MedChemExpress
MedChemExpress

Cat#AF-100-15
Cat#Cé687
Cat#AF-100-31
Cat#100-39
Cat#N0636
Cat#196055
Cat#41400045
Cat#300-10
Cat#D4902
Cat#HY-N0089
Cat#HY-NO109
Cat#HY-N1362

Critical commercial assays

MesenCult™ Adipogenic Differentiation Kit (Human)
MesenCult™ Osteogenic Differentiation Kit (Human)

Mesenchymal Stem Cell Neurogenic Differentiation Medium
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Stem cell Technologies
Stem cell Technologies

Promocell

Cat#05412
Cat#05465

Cat#C-28015

(Continued on next page)



iScience

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Cell Counting Kit-8 ApexBio Technology Cat#K1018
M-MLYV reverse transcriptase Accurate Biology Cat#AG11711
SYBR Green Premix Pro Tagq HS qPCR Kit Accurate Biology Cat#AG11701
Human albumin ELISA kit Mibio Cat#ml059979
Human urea ELISA kit Mlbio Cat#ml643105
Periodic acid-Schiff (PAS) Solarbio Cat#G1280
Sirius Red Stain kit Solarbio Cat#G1472
Masson trichrome staining kit ZSGB-BIO Cat#BSBA-4079B
DAB kit ZSGB-BIO Cat#ZLI-9018

Live/Dead Assay Kit

KeyGEN BioTECH

Cat#KGAF001

Deposited data

Raw data of RNA-seq

This paper

SRA: PRINA1050632

Experimental models: Organisms/strains

Mouse: C57BL/6J male mice (6-8 weeks) Guangdong Slack Jingda N/A
Experimental Animal Co., Ltd.

Oligonucleotides
Primers see Table S1 This paper N/A
Software and algorithms
GraphPad Prism GraphPad https://www.graphpad.com/

scientificsoftware/prism/
Image J NIH https://imagej.nih.gov/ij/
Other
AM-V Serum Free Medium TBDscience Cat#sc-82013-G
Penicillin and streptomycin Gibco Cat#10378016

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shugin Zhou

(zhoushugin@smu.edu.cn).

Materials availability

All materials used in this study are either commercially available or through collaboration, as indicated.

Data and code availability

e RNA-seq data are publically available at SRA database (key resources table, SRA: PRINA1050632). All data reported in this paper will

be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

UC-MSCs were isolated from umbilical cord tissues obtained from the Zhujiang Hospital of Southern Medical University. Written informed
consent was obtained from the donors. All the participants were Han Chinese, aged below 35 years, absence of infectious diseases, gesta-
tional age over 35 weeks, regular prenatal examinations, and no conditions that impede placental health. The experiments of human umbilical
cord mesenchymal stem cells were conducted according to the ethical and regulatory guidelines approved by the ethical committee of the
Zhujiang Hospital of Southern Medical University (No. 2019-KY-015-02). UC-MSCs were isolated by using a tissue explant method and were
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maintained in serum-free medium (AM-V Serum Free Medium, tbdscience, sc-82013-G) supplemented with 1% penicillin and streptomycin

(Gibco).

Animal experiments

Male C57BL/6J mice aged 6-8 weeks were purchased from Guangdong Slack Jingda Experimental Animal Co., Ltd. All animal experiments
were approved by the ethical committee of the Zhujiang Hospital of Southern Medical University (No. LAEC-2023-136).

METHOD DETAILS
Isolation and identification of UC-MSCs

UC-MSCs were isolated by using a tissue explant method and expanded and cryopreserved as we previously described.” Briefly, arteries and
veins were separated, and umbilical cord tissue was cut into small pieces of about 1-2 mm, then placed in a 25-cm? flask and cultured in serum-
free medium (AM-V Serum Free Medium, tbdscience, sc-82013-G) supplemented with 1% penicillin and streptomycin (Gibco). The flask was
put in a humidified atmosphere at 37°C with 5% CO,, and when cells migrated from the tissue, the medium was changed every 3 days. At 80—
90% confluence, cells were harvested with 0.25% trypsin digestion and passaged at a ratio of 1:3.

To characterize the surface markers of UC-MSCs, Passage 3 UC-MSCs were harvested and diluted in 1 x10° cells/ml, then incubated with
the following antibodies: PE Mouse anti-Human CD105, PE Mouse Anti-Human CD90, APC Mouse anti-Human CD73, APC Mouse Anti-
Human CD14, PE Mouse Anti-Human CD34, and PE Mouse Anti-Human HLA-DR. All antibodies were from BD Sciences. Cells were analyzed
by using the CytoFLEX flow cytometer (Beckman).

According to the manufacturer’s instructions, the adipogenic, osteogenic and neurogenic differentiation of UC-MSCs was performed by
using the adipogenic differentiation kit (Stem cell Technologies), osteogenic differentiation kit (Stem cell Technologies) and neurogenic dif-
ferentiation kit (Promocell), respectively. Cells were incubated in a humidified atmosphere at 37°C with 5% CO,. For adipogenic and osteo-
genic differentiation, the medium was changed every 3 days. After 21 days, the lipid vesicles were revealed by Oil-red O staining, and calcium
deposition was evaluated by alizarin red staining. For neurogenic differentiation, the medium was changed every 2 days. After 5 days, Niss|
bodies were evaluated by Nissl staining.

30

Hepatocyte differentiation from UC-MSCs

Hepatocytes were differentiated as described,>® with some modifications. The differentiation process was divided into three stages: pretreat-
ment step, differentiation step and maturation step. Passage 2-Passage 8 UC-MSCs were seeded at 4x10° cells/cm? in six-well plates in
serum-free medium. Culture medium was switched 24 h later to pretreatment medium based on the serum-free medium supplemented
with 20 ng/ml epidermal growth factor (Peprotech), 100 ng/ml activin A (Novoprotein) and 10 ng/mL fibroblast growth factor 4 (Peprotech)
for 3 days. Thereafter, differentiation was induced by treating UC-MSCs with serum-free medium containing 20 ng/ml hepatocyte growth fac-
tor (Peprotech), 10 ng/mL fibroblast growth factor 4, 0.61 g/L nicotinamide (Sigma), 1% dimethyl sulfoxide (MP Biomedicals), and 1% insulin-
transferrin-selenium (Gibco) for 10 days. Then cells were incubated with maturation medium containing 20 ng/mL oncostatin M (Peprotech),
1 umol/L dexamethasone (Sigma), 1% dimethyl sulfoxide and 1% insulin-transferrin-selenium for 15 days. Medium was changed every 3 days.

Treatment of differentiated cells with Sch B
Sch B (CAS #61281-37-6) was purchased from MedChemExpress, with purity 99.86%, molecular weight 400.46, and molecular formula
C23H2804. To examine the cytotoxicity of Sch B, 1x1 0% cells were seeded in 96-well culture plates in culture medium for 24 h, then the culture
medium was switched to medium containing 0, 1, 10, 25, 50, 100, 200 uM Sch B, and cells were cultured in a humidified atmosphere at 37°C
with 5% CO, for 72 h. The effects of Sch B on cell viability were qualified by using the Cell Counting Kit-8 (CCK-8; ApexBio Technology LLC).
Cytotoxicity test results allowed for determining the appropriate concentration of Sch B. To investigate the optimal treatment concentra-
tion and duration of Sch B, different concentrations were added at different stages of the induction process. QPCR was used to assess the
expression of hepatic marker genes to evaluate the effect of Sch B.

Quantitative real-time PCR analysis

Total RNA was extracted from cells by the Trizol method. cDNA synthesis was performed with 1 ng RNA with M-MLV reverse transcriptase
(Accurate Biology) according to the manufacturer’s instructions. Quantitative RT-PCR analysis was performed with the SYBR Green Premix Pro
Tag HS gPCRKit (Accurate Biology) and the Bio-Rad CFX Connect PCR detection system (Bio-Rad). The thermocycling parameters were 95°C
for 30 sec, followed by 40 cycles at 95°C for 5 sec and 60°C for 30 sec. Primers used in this study are in Table S1. The relative expression levels
were analyzed by using the 222t method. The mRNA expression levels were normalized with GAPDH.

Immunofluorescence staining

Immunofluorescence staining was used to visualize hepatocyte-specific markers. Briefly, differentiated cells were fixed with 4% paraformal-
dehyde for 30 min, followed by permeabilization with 0.2% Triton X-100 for 30 min, then blocked with 3% bovine serum albumin for 1 h atroom
temperature. Subsequently, cells were incubated at 4°C overnight with Anti-alpha 1 Fetoprotein (AFP) (1:250; Abcam), Anti-Cytokeratin 18
(CK18) (1:400; Abcam), CYP3A4 antibody (1:500; GeneTex), Anti-Albumin (ALB) (1:500; Abcam), and hepatocyte nuclear factor-4o. (HNF4o)
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(1:250; Abcam) antibodies. Then next day, cells were incubated for 2 h at room temperature with respective Alexa Fluor conjugated secondary
antibodies. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) for 10 min and observed under a fluorescence microscope (Zeiss).

Albumin assay

At the endpoint of the differentiation process, cells were washed with PBS and incubated for 24 h with serum-free medium. The supernatant
was collected to measure ALB secretion by using a human albumin ELISA kit (Mlbio) according to the manufacturer’s protocol. The amount of
albumin released was normalized to the total number of cells determined from each sample.

Urea production

At the endpoint of the differentiation process, cells were washed with PBS and incubated for 24 h with serum-free medium supplemented with
3 mM NH,Cl. The supernatants were collected to analyzed urea secretion with the human urea ELISA kit (Mlbio) according to the manufac-
turer’s instructions. The amount of urea released was normalized to the total number of cells determined from each sample.

Periodic acid-Schiff staining

Characterization for the glycogen storage potential was by the periodic acid-Schiff (PAS) staining system (Solarbio). Briefly, after 28 days of
differentiation, cells were fixed with 4% paraformaldehyde for 30 min, then incubated with periodic acid solution for 5 min, washed three times
with PBS and incubated in Schiff reagent for 15 min. Finally, cells were counterstained in hematoxylin solution for 1 min and observed under a
microscope.

Transcriptome sequencing

After 28 days of differentiation, total RNA was extracted from cells by using the RNeasy Plus Mini Kit (Qiagen). The sequencing data was pro-
vided by Shanghai Genechem Co. RNA quantity and integrity were verified by using the Agilent 2100 Bioanalyzer. The RNA-seq library was
prepared with the NEBNext Ultra RNA Library Prep Kit for lllumina according to the protocol provided by the manufacturer. The library was
assessed by using the Agilent 2100 Bioanalyzer. Finally, sequencing was performed on an lllumina HiSeq sequencer with a 150-bp paired-end
sequencing reaction. Primary sequencing data from lllumina HiSeq sequencing were referred for raw read quality control. The clean reads
obtained were used for downstream bioinformatics analysis. Then the clean reads were aligned to the reference sequences by using
HISAT2 software. The expression levels of genes were determined according to the value of fragments per kilo bases per million fragments
(FPKM). We then used DESeq R package to filter differentially expressed genes (DEGs). After statistical analysis, we screened DEGs as follows:
[log2foldchange|>1, with p < 0.05.

Gene ontology (GO) and KEGG enrichment analysis

The Gene Ontology (GO) database (http://www.geneontology.org/) was used to determine GO terms for DEGs. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (http://www.kegg.jp/) was used for pathway enrichment analysis of DEGs. Then, Fisher's exact test
was used to identify significantly enriched GO terms and significant enrichment pathways of DEGs. The false discovery rate was used to cor-
rect p values, with p < 0.05 considered statistically significant.

Western blot analysis

Differentiated cells were harvested and lysed in RIPA buffer supplemented with proteinase inhibitor cocktail (MedChemExpress). Proteins
were separated on 10% SDS-PAGE gel and electro-transferred to PVDF membranes (Millipore). The membranes were blocked in blocking
solution (5% skim milk in PBS) for 1 h at room temperature, and incubated overnight at 4°C with primary antibodies against JAK2 (1:1000,
Cell Signaling Technology), p-JAK2 (Tyr1007/1008, 1:1000, Abcam), STAT3 (1:2000, Cell Signaling Technology), p-STAT3 (Tyr705, 1:2000, Ab-
cam), HIF-1a (1:500, Santa Cruz Biotechnology), cyclin D1 (1:5000, proteintech), c-Myc (1:1000, Abmart), GAPDH (1:2000, Affinity) and B-actin
(1:3000, Affinity). Thereafter, the membranes were incubated at room temperature for 1 h with horseradish peroxidase-linked secondary an-
tibodies (1:2000, Wanleibio). The protein bands were detected by using an enhanced chemiluminescence kit (Wanleibio).

Preparation of GelMA hydrogel and biocompatibility assay
Photoinitiator lithium phenyl-2, 4, 6-trimethylbenzoyl phosphinate (LAP) (Engineering for Life) standard solution with a concentration of 0.25%
was prepared according to the manufacturer’s instructions. GelMA (Engineering for Life) was reconstituted at 10% (w/v) in the LAP standard
solution and incubated in a 65°C water bath until completely dissolved. The GelMA solution was subsequently sterilized using a 0.22 um filter.
To evaluate the biocompatibility of the GelMA hydrogel, cells were fully mixed with the GelMA solution and added to a 24-well plate. The
GelMA-cell suspensions were cross-linked into hydrogels by the UV light (405 nm) in 15 seconds and growth medium was added. The Live/
Dead staining was performed to assess cell viability according to the manufacturer’s instructions (Live/Dead Assay Kit, KeyGEN BioTECH) at
days 1,3, and 7.
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Establishment and treatment of chronic liver fibrosis model

To induce liver fibrosis, we administered 1 ml/kg of CCL, or vehicle olive oil intraperitoneally twice a week for 6 weeks to C57BL/6J mice aged
6-8 weeks. The mice were divided into five groups: Control group (n = 5); CCL, group (n = 10); UC-MSCs group (n = 10) which received trans-
plantation of undifferentiated UC-MSCs; Sch B(—) group (n = 10) which received transplantation without Sch B-induced HLCs; Sch B(+) group
(n = 10) which received transplantation with Sch B-induced HLCs.

The mice were positioned in a supine position and prepared under anesthesia. Following sterilization, a midline abdominal incision was
performed to expose the liver. 100 ul GelMA hydrogel containing 5% 10° cells was injected onto the liver surface and immediately irradiated
with UV light (405 nm) for 15 seconds to solidify and attach to the liver surface. Then the surgical wound was closed in layers with a routine
method.

Biochemical assay and histological analysis

After 7 and 14 days after transplantation, the mice were sacrificed to collect liver tissues and serum. Serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were assessed by automatic biochemical analyzer (FUJIFILM). Human albumin in mice liver tissues was de-
tected and quantified using the human albumin ELISA kit (Neobioscience) according to the manufacturer’s instructions. Liver tissues were
fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned at 4 um. The sections were dewaxed and rehydrated, and stained
with HE. The fibrotic area was stained with a Masson trichrome staining kit (ZSGB-BIO) and a Sirius Red Stain Kit (Solarbio) following the man-
ufacturer’s instructions. Image J software was employed to quantify the area of collagen positivity. For immunohistochemistry staning, sec-
tions were incubated overnight with primary antibody against CD31 (1:500, Cell Signaling Technology) at 4°C. Thereafter, the sections were
incubated with horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:200, Wanleibio) followed by visualization with 3,3-
diaminobenzidine tetrahydrochloride (DAB, ZSGB-BIO). Finally, the sections were stained with hematoxylin. Slides were scanned using Pan-
noramic scanner (3D Histech Ltd.) and analyzed using SlideViewer software (3D Histech Ltd.)

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8.0 or SPSS 20.0. Group comparisons were performed using an unpaired Student's t
test and one-way ANOVA. The date were presented as mean + standard deviation (SD) from at least three independent experiments.
p < 0.05 was considered statistically significant.
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