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Single-cell transcriptome analysis has provided detailed insights into the ecosystem of liver cancer. However, the
changes of the cellular and molecular components of liver tumors in comparison with normal livers have not
been described at single-cell level. Here, we performed an integrative single-cell analysis of both normal livers
and liver cancers. Principal component analysis was firstly performed to delineate the cell lineages in liver tissues.
Differential gene expression within major cell types were then analyzed between tumor and normal samples, thus
resolved the cell type-specific molecular alterations in liver cancer development. Moreover, a comparison between
liver cancer derived versus normal liver derived cell components revealed that two subpopulations of fibroblasts
were exclusively expanded in liver cancer tissues. By further defining subpopulation-specific gene signatures,
characterizing their spatial distribution in tumor tissues and investigating their clinical significance, we found
that the SPARCLI positive fibroblasts, representing a group of tumor vessel associated fibroblasts, were related
to reduced vascular invasion and prolonged survival of liver cancer patients. Through establishing an in-vitro
endothelial-to-mesenchymal transition model, we verified the conversion of the fetal liver sinusoidal endothelial
cells into the fibroblast-like cells, demonstrating a possible endothelial cell origination of the SPARCL1 positive
fibroblasts. Our study provides new insights into the cell atlas alteration, especially the expanded fibroblasts in
liver cancers.

Introduction prognosis [4]. The landscape of liver infiltrating T cells was also uncov-

ered by scRNA-seq [5], and then the global immune cells [6], which

Liver cancer, consisting mainly of hepatocellular carcinoma and in-
trahepatic cholangiocarcinoma, is the second most common cause of
cancer death worldwide [1]. The therapeutic failure, drug resistance
and high mortality of liver cancer have been proved to be highly re-
lated to the heterogeneity of malignant cells [2] and the intricate tumor
microenvironment (TME) [3]. Thus, resolving the comprehensive cell
atlas and molecular component of liver cancer is critical to understand-
ing the tumor biology and developing new therapeutic strategies.

Through previous intensive single-cell studies, detailed insights into
the ecosystem of liver cancer have been developed. The single-cell RNA
sequencing (scRNA-seq) analysis of liver tumor tissues have identified
that the biodiversity of malignant cells and the corresponding TME re-
programming were related to immune therapy responses and patient
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comprehensively delineated the composition, functional states, devel-
opmental trajectory and cellular interactions of immune cells in liver
cancer. These studies have demonstrated that the interplays between
malignant cells and their microenvironment played key roles in liver
cancer development. However, the changes of liver resident cell com-
ponents and their conditions, especially the stromal cells, during tumor
development have not been described.

Here, with the availability of the scRNA-seq data from both normal
liver tissues [7] and liver cancer tissues [4], we performed an integrative
analysis and systematically compared the transcriptome within major
cell types and cell components between tumor and normal liver sam-
ples. We identified two subpopulations of fibroblasts that exclusively
expanded in liver cancers and described their transcriptomic differences.
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Through liver tumor tissue staining, we characterized their spatial dis-
tributions. The clinical significance of these cancer-distinct fibroblasts
was further revealed by using their specific gene signatures. These re-
sults provided insights into the changes of stromal cells between tumor
and normal liver tissues at single cell resolution.

Materials and methods
scRNA-seq data collection and processing

Our study investigated a total of 8439 cells from normal liver tis-
sues (n=>5) and 9946 cells form liver cancer tissues (SET1: 5115 cells
from 12 primary liver cancer patients; SET2: 4831 cells from 7 pri-
mary liver cancer patients). The raw digital gene expression matrix (UMI
counts per gene per cell) data were downloaded from the Gene Expres-
sion Omnibus (GEO) public database at NCBI (GEO: GSE115469 and
GSE125449) [4,7]. Samples of the two datasets were both prepared as
outlined by the 10x Genomics Single Cell 3’ v2 Reagent Kit user guide
and the sequencing reads have been previously processed using Cell-
Ranger (10x Genomics) analysis pipeline. In order to identify shared
cell states that present across different datasets, we firstly normalized
the different datasets by using SCTransform [8] which was designed to
remove the influence of technical effects between datasets and cells. Af-
ter normalization, we performed the integration method introduced by
Seurat v3 [9] to obtain a new integrated matrix.

We then used the new integrated matrix for the downstream analy-
sis. Principal component analysis (PCA) was used to reduce the number
of dimensions representing each cell. The first 40 components were ap-
plied for shared nearest neighbor (SNN) clustering according to the el-
bow of the scree plot. Clusters were then visualized using Uniform Man-
ifold Approximation and Projection (UMAP) as implemented in Seurat
[10]. Differential gene expression between clusters was calculated us-
ing a likelihood-ratio test for single-cell gene expression implemented
in Seurat at a family-wise error rate of 5%. Gene Set Enrichment Anal-
ysis (GSEA) was performed using clusterProfiler [11] package in R. To
generate cellular trajectories (pseudotemporal dynamics), we used the
Monocle 3 R package v0.2.2 [12]. All the rest analyses were performed
using the Seurat package (version 3.1.2) in R (version 3.6.1).

Identification of parenchymal and non-parenchymal cell lineages

We annotated cell clusters based on the known cell lineage-specific
marker genes: T cells (CD3E, CD8B, CD4, IL7R, TRDC), natural killer
(NK) cells (NKG7, GNLY, CD7, KLRD1, KLRF1), monocytes (CD14, LYZ,
MS4A7, FCER1A, FCGR3A), B/plasma cells (MS4A1, CD79A, FCRLS5,
IGHA1, IGHG1), fibroblasts (ACTA2, PDGFRA, PDGFRB, ASPN, DCN),
endothelial cells (PECAM1, VWF, ENG, CDH5, RAMP3), and hepato-
cytes/malignant cells (ALB, EPCAM, KRT19, ALDH1A1, CD24).

Analysis of the cancer genome atlas (TCGA) liver tumor data

Gene expression and clinical data of TCGA liver hepatocel-
lular carcinoma (LIHC, n=368) and adjacent normal (n=>50)
samples were downloaded from Genomic Data Commons (GDC,
https://portal.gdc.cancer.gov/) [13]. Paired Wilcoxon rank-sum test
was used to compare the differences of gene expression between paired
tumor and adjacent normal samples. Student’s t-test was used to com-
pare the differences in gene expression between vascular invasion
groups (None, Micro and Macro). P-values were further adjusted with
Benjamini and Hochberg (BH) method. Survival analyses were visual-
ized using Kaplan-Meier curves and the statistical significance was es-
timated using Log-rank test. All the statistical tests and figures were
implemented using R.
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Immunohistochemistry (IHC) staining and immunofluorescent (IF) staining

Liver tumor tissue sections derived from 14 liver cancer patients
were provided by Beijing Tongren Hospital of China in accordance with
the ethical standards of the institutional research committee (project
identification code TRECKY2019-077) and with the 1964 Helsinki Dec-
laration and its later amendments or comparable ethical standards. In-
formed consent was obtained from the subjects. The tissue staining was
performed following standard protocols from Servicebio Inc. (Wuhan
Servicebio Technology Co., Ltd., Wuhan, Hubei, China). Briefly, the
4 um paraffin sections were deparaffinized, antigen retrieved, blocked
and then incubated with primary antibodies [anti-SPARCL1 (Abcam,
cat. no. ab255597, 1:1000 for IHC, 1:100 for IF), anti-CD31 (Abcam, cat.
no. ab28364, 1:100 for IF), anti-a-SMA (Sigma, cat. no. A5228, 1:100
for IF)]. IHC was detected with the HRP/DAB kit (Servicebio, cat. no.
G1215); For Immunofluorescent staining, primary antibodies were fol-
lowed by FITC, CY5 or CY3 labeled secondary antibodies (Servicebio)
and mounted with mounting medium with DAPI counterstain (Service-
bio). Bright field images were captured by TissueFAXS (TissueGnostics),
fluorescent images were captured by Pannoramic digital slide scanner
(3DHISTECH).

Cell culture

Primary human fetal liver sinusoidal endothelial cells were pur-
chased from Pricells and cultured in EGM-2 medium (Lonza) at 37 °C
with 5% CO2. Transforming growth factor 1 (TGF-$1) and interleukin-
1p (IL-1p) were purchased from Peprotech and reconstituted following
the manufacturer’s protocol.

Quantitative RT-PCR (qRT-PCR)

RNA isolation, reverse transcription and qRT-PCR were performed
as previously described [14]. All the real-time data were analyzed using
the AACt approach with GAPDH as an endogenous control. The primers
used are listed below: VECAD F/R: (5-ACCGTGACGGAATCCTTCTCT-
39 (5’-GCTGGACTCCACTTTGCAC-3%); PECAM1 F/R: (5%-
ACCGTGACGGAATCCTTCTCT-3") (5”-GCTGGACTCCACTTTGCAC-
39; ACTA2 F/R: (5-CAGGGCTGTTTTCCCATCCAT-3")
(5-GCCATGTTCTATCGGGTACTTC-3"); MCAM F/R: (5%
GGTCGCTACCTGTGTAGGGA-3") (5’-TGGACCCGGTTCTTCTCCT-
39; SNAIL F/R: (5"-TCGGAAGCCTAACTACAGCGA-3)
(5’-AGATGAGCATTGGCAGCGAG-3"); GAPDH F/R: (5-
GAGTCAACGGATTTGGTCGT-3") (5-TTGATTTTGGAGGGATCTCG-3").

Results

Integration of single cells derived from normal liver tissues and liver cancer
tissues

To investigate the difference in the landscape of cells between liver
tumors and normal liver tissues, we first need to “anchor” normal
and cancerous liver derived datasets together to enable the integrative
single-cell measurements. By performing the Seurat alignment work-
flow, we assembled distinct scRNA-seq datasets into an integrated ref-
erence including 8439 cells from normal liver tissues (n=>5) and 9946
cells from liver tumor tissues (SET1: 5115 cells from 12 primary liver
cancer patients; SET2: 4831 cells from 7 primary liver cancer patients).
The UMAP analysis on the first 40 principle components of each cell
in the integrated dataset revealed a total of 8 cell lineages (Fig. 1a),
which were well annotated as T cells, B cells, plasma cells, monocytes,
endothelial cells, fibroblasts, hepatocytes and malignant cells, accord-
ing to the known cell lineage-specific marker genes (Fig. S1). To better
delineate subpopulations of each cell type, all the cells were further
clustered (Fig. 1b) and characterized by the top-ranking cluster-specific
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Fig. 1. Overview of the single cells derived from normal liver tissues and liver cancer tissues. (a) UMAP plot of all the 18,385 cells from 5 normal liver tissues and
19 liver cancer tissues. Cells are colored by sample sources, normal (red), tumor setl (green), tumor set2 (blue). (b) UMAP plot of all the single cells colored based

on the 30 clusters defined by SNN clustering. (c) Heat map of the top-ranking cluster specific genes. Columns denote cells; rows denote genes. (d) Bar plot showing
the number of cells in each cluster.
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Fig. 2. Comparative analysis of single cells derived from liver cancers and normal livers. (a) Distribution of cells derived from normal or tumor tissues across
parenchymal cell clusters. (b) GSEA analysis for genes differentially expressed between cancer and normal liver-derived hepatocytes within each cluster. Normalized
enrichment score (NES) was used to indicate the enrichment of the related pathways. (c) Distribution of cells derived from normal or tumor tissues across non-
parenchymal cell clusters. (d) GSEA analysis for genes differentially expressed between cancer and normal liver-derived T cells within each cluster. Normalized
enrichment score (NES) was used to indicate the enrichment of the related pathways. (e, f) The expression of CTLA4 (e) and HACVRZ (f) in liver cancer or normal
liver derived single cells within cluster 2 were shown. The Wilcoxon rank sum test were used for statistical analysis. *** p<0.001. (g-i) Boxplot showing the expression
of marker genes of y5-T cells (g), NK cells (h) and fibroblast cells (i), between paired tumor and adjacent normal samples in TCGA LIHC cohort. Paired Wilcoxon
rank-sum test was used to compare the differences of gene expression between the two groups.

genes (Fig. 1c, Supplementary table). A total of 30 subclusters were re-
vealed. Through mapping the cell sources to each cluster, we found that
most of the clusters contained cells derived from both normal and can-
cerous liver tissues (Fig. 1d), thus allowing for our following compara-
tive analysis to identify differentially expressed genes within certain cell
type and cell component alterations during liver cancer development.

Comparative analysis of cell components and transcriptome changes in each
cell cluster

To delineate the cellular landscape alteration in the development
of liver cancer, we analyzed the fraction of cells derived from differ-
ent tissues in each cluster. In parenchymal cell lineages, the malignant
cell clusters (cluster 1, 12, 26) were almost exclusively derived from tu-
mor tissues; While some of the tumor-derived cells were clustered in the
normal hepatocytes clusters (cluster 6, 9, 16, 17), suggesting that a por-
tion of normal hepatocytes were reserved in the development of liver
cancer (Fig. 2a). However, the transcriptome differences in cluster 6,
9, 16 and 17 between cells derived from tumor or normal tissues were
still identified. The corresponding GSEA analysis on the differentially

expressed genes between tumor and normal tissues suggested that tu-
mor tissue derived hepatocytes are characterized by elevated fatty acid
metabolism and bile acid metabolism, but show heterogeneity in prolif-
erative potentials (pathways involving E2F targets, mitotic spindle and
G2M checkpoint) (Fig. 2b).

In non-parenchymal cell lineages, T cell clusters (cluster 0, 2, 13, 23),
B cell clusters (cluster 5, 14, 21) and endothelial cell clusters (cluster 8,
11, 18) are all consist of cells derived from both tumor and normal tis-
sues (Fig. 2c). In the T-cell lineage, the most prevalent non-parenchymal
cell type in liver, we found that almost all of the highly expressed gene in
tumor-derived T-cell sub-clusters were enriched in hypoxia, G2M check-
point, allograft rejection and interferon-a (IFN-a)/ IFN-y response path-
ways, indicating that T cells were activated under the influence of tu-
mors (Fig. 2d). In consistent with previous findings that activated T cells
in tumors express high level of immune checkpoint molecules, we also
observed higher expression of CTLA4 (Fig. 2e) and HACVRZ2 (Fig. 2f)
in tumor infiltrating CD8* T cells (cluster 2). In addition to T cells, we
also investigated the pathway alteration in B cell lineage. The enriched
pathways (upregulated G2M checkpoint and E2F targets) in liver cancer-
derived B cells within cluster 21 revealed the tumor-associated prolifer-
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Fig. 3. Subpopulations of cancer-distinct fibroblasts. (a) UMAP plot showing the expression of fibroblast cell marker, ACTA2, across all the cell lineages. (b) Volcano
plot of differential expressed genes between the two clusters of cancer-distinct fibroblasts (Cluster 15 and Cluster 19). (c) Violin plots of the top-ranking differential
expressed genes between the two clusters of cancer-distinct fibroblasts (Cluster 15 and Cluster 19). (d) Gene ontology analysis of genes highly expressed in Cluster
19. (e) Violin plots showing the expression of marker genes across the fibroblast cell clusters (C15, C19) and endothelial cell clusters (C8, C11, C18).

ation of B cells, while the differentially expressed genes within cluster
5 or 14 suggested inhibited cell proliferation and accumulated hypoxia
pathways in tumoral plasma B cells (Fig. S2a). As to the endothelial cells
(cluster 8, 11 and 18), we found the general upregulation of TGF-p sig-
naling, G2M checkpoint and fatty acid metabolism in cancer-associated
endothelial cells. While the cells in cluster 18, a cluster of ACKR positive
cells responsible for fibrotic niche formation in cirrhotic livers [15], also
showed distinct expression profile in liver cancers involving upregulated
heme metabolism and inhibited bile acid metabolism (Fig. S2b).

Apart from the above clusters with mixtured cell originations, the
top two clusters consisting mostly of normal liver-derived cells were
annotated as NK cells (cluster 20) and y§-T cells (cluster 13); In con-
trast, the top two clusters (cluster 15, 19) consisting mostly of cells from
liver tumor tissues were both annotated as fibroblast cells. These re-
sults implied a possible decrease in the infiltration of y§-T cells and NK
cells and an accumulation of fibroblasts in liver tumors. Consistent with
these observations, we also observed the downregulation of y5-T cell
markers (TRDC and TRGC1, Fig. 2g) and NK cell markers (NKG7 and
KLRD1, Fig. 2h), and the upregulation of fibroblasts markers (ACTA2
and PDGFRB, Fig. 2i) in TCGA LIHC tumor samples compared with the
paired adjacent normal samples.

Identifying sub-populations of the liver cancer-distinct fibroblasts

Fibroblasts are the major stromal cell type in the microenvironment
of liver diseases, including liver cirrhosis and liver cancers. They have
been reported to play important roles in the development of liver dis-
eases and therefore the potential therapeutic targets [16]. Inspired by
the observed accumulation of fibroblasts in liver tumors, we further in-
vestigated the heterogeneity of these expanded cancer-distinct fibrob-
lasts and aimed to unravel their biological functions. Since the classical
fibroblast marker ACTA2 did not discriminate between cluster 15 and
cluster 19 (Fig. 3a), to fully annotate the two clusters of cancer-distinct
fibroblasts, we analyzed differentially expressed genes between them.

We found that fibrogenic genes (e.g., COL1IA1, COL1A2, COL3A1) and
proteoglycan encoding genes (e.g., LUM, BGN) were overexpressed in
cluster 19 (Fig. 3b, c¢). Gene Ontology (GO) enrichment analysis further
revealed that the upregulated genes in cluster 19 were significantly asso-
ciated with biological processes including extracellular matrix organiza-
tion and collagen fibril organization (Fig. 3d), indicating that cluster 19
could be functionally annotated as the fibrotic scar-associated fibroblast
cells.

Compared with cluster 19, cluster 15 showed a quite different gene
expression pattern (Fig. 3b, c). Although the upregulated genes in clus-
ter 15 were not enriched in any GO terms, we found that many of which
were simultaneously highly expressed in one subpopulation of the en-
dothelial cells (cluster 11), especially the top-ranking genes, SPARCL1
and GJA4 (Fig. 3e). SPARCL1 has been reported to be expressed in con-
fluent endothelial cells [17] and was one of the signature genes for tu-
mor angiogenesis [18]. GJA4 was also demonstrated to play important
roles in endothelial cells, including the formation of gap junctions [19],
cell cycle regulation [20] and the production of nitric oxide [19,21].
Thus, different from the fibrotic scar-associated fibroblast cells (cluster
19), the cells in cluster 15 displayed a hybrid gene signature, with both
features of fibroblast cells and endothelial cells, suggesting that they
might be functionally associated with endothelial cells.

Spatial distribution of the cancer-distinct fibroblasts in liver tumor tissues

In order to further characterize the two clusters of cancer-distinct fi-
broblasts, we performed tissue stainings to investigate their spatial dis-
tributions in liver tumor tissues.

Firstly, the expression of SPARCL1, the top-ranking marker for clus-
ter 15, was analysed by IHC staining. The staining result revealed that
the specific SPARCL1 signals were located in the large blood vessels in
the stromal niche of liver tumor, while the core area of the tumor tissues
showed negative signals (Fig. 4a). To further confirm the fibroblast traits
of these SPARCLI1 positive cells, we co-stained the fibroblast cell specific
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Stromal

Fig. 4. Spatial distribution of the cancer-distinct fibroblasts in liver tumor tissues. (a) IHC staining for SPARCL1 expression in samples from liver cancer patients.
Scale bar: 100 um (left panel) and 50 um (right panel). (b) Colocalization of SPARCL1, a-SMA and CD31 was determined by IF staining (SPARCL1: red; a-SMA: pink;
CD31: green). Tissues were counterstained using DAPI (blue). Scale bar: 25 pm; (¢) IHC staining for SPARCL1 and IF staining for a-SMA was performed on consecutive

sections. Scale bar: 100 um (left panel) and 50 um (right panel).

marker a-SMA (ACTA2 gene) and endothelial cell specific marker CD31
(PECAM]1 gene) (Fig. 4b). The SPARCL1 positive cells also expressed a-
SMA but were lack of CD31 expression, which was consistent with the
gene expression feature of cells in cluster 15. This observation suggested
that cells in cluster 15 topographically localized in the stromal niche of
liver tumor, representing a group of vessel associated fibroblasts.

Meanwhile, the tumor stromal areas were also filled with the a-
SMA*SPARCL1fibroblasts, i.e. cells belonging to cluster 19 (Fig. 4c).
Previous study on fibrotic livers has demonstrated that the scar-
associated mesenchymal (SAMes) cells, which expanded in cirrhotic liv-
ers, were mapped to the fibrotic niche [15]. The cells in cluster 19
showed great similarities with these SAMes cells, in both gene signa-
tures and spatial distributions, suggesting that cluster 19 might primar-
ily participate in the development of liver cirrhosis, and then the liver
cancer.

Cluster 15 is related to favorable prognosis of liver cancer patients

The abnormal expansion of fibroblasts in the liver tumor microenvi-
ronment prompted us to examine their association with patients’ clini-
cal features. We firstly identified the cluster-specific signature genes to
fully define the different clusters (Fig. 5a). Cluster 19 was well defined
by the specific gene set G19 (COL1A, CFH, LUM and PDGFRA). Cluster
15 could be distinguished from cluster 19 by gene set G15 (SPARCLI,
GJA4, ADAMTS4 and GPR4), however, G15 was also expressed in clus-
ter 11. In order to further distinguish cluster 15 from cluster 11, we
also identified cluster 11 specific gene set G11, including VEGFC, GJAS,
SEMA3G and HEY1. Thus, the level of cluster 15 could be evaluated by
G15 minus G11 (G15-G11). Then, the associations of each gene set with
the survival time of patients were analyzed in the TCGA LIHC cohort
(Fig. 5b). We found that the higher expression of gene set G15 in tumor
tissues were correlated with prolonged survival time of patients, while

G19 and G11 showed no correlations. Not only that, to exclude the im-
pact of cluster 11 on the expression of G15, G15-G11 was also evaluated
and showed a more significant correlation with good survival than G15.

In addition, as Cluster 15 representing a group of vessel associated
fibroblasts and tumor vascular invasion has been recognized as a crucial
prognostic factor for liver cancer patients [22,23], we further analyzed
the relationship between G15 expression and tumor vascular invasion.
As shown in Fig. 5c, patients with higher G15 expression were more
likely to be absent of vascular invasion, or only develop microvascu-
lar invasions; Lower G15 expression was related to macrovascular inva-
sion, which involves main portal veins and predicts worse survival [23].
The similar trend was also observed in G15-G11, but not in G19 and
G11, suggesting that the SPARCL1*GJA4tADAMTS4"GPR4 fibroblasts
might play positive roles in protecting blood vessels from tumor cell
invasions, which contribute to the favorable prognosis of liver cancer
patients.

Investigating the possible origin of cells in cluster 15

Given that the SPARCL1 positive fibroblasts (cluster 15) shared simi-
lar gene signatures with one of the endothelial cell subpopulations (clus-
ter 11), along with the vessel associated phenotype of cluster 15, there
is a possibility that cells in cluster 15 originated from the endothelial
cells in cluster 11. We thus performed a pseudotemporal analysis to in-
vestigate our hypothesis. The transcriptional profile of cells in cluster
11 and cluster 15 was mapped along a pseudotemporal trajectory, sug-
gesting the possible transitions of cluster 11 towards cluster 15 (Fig.
S3).

Then, we returned to the tissue staining to better define the iden-
tity of cluster 11. We found that the SPARCL1 and CD31 double stained
cells were sporadically located in the sinusoidal structure in some of the
liver tumors (Fig. 6a), suggesting that cluster 11 might be the liver sinu-
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Fig. 5. Favorable clinical outcome of LIHC patients with high expression of C15 signature genes. (a) Violin plots showing the expression of cluster-specific genes
across the two fibroblast cell clusters (C15, C19) and three endothelial cell clusters (C8, C11, C18). Genes in each row were grouped into the cluster-specific gene
set, i.e. G19, G15 and G11. (b) Kaplan-Meier curves showing the association between the cluster-specific gene set scores and patient survival time in TCGA LIHC
cohorts. The score was defined by the sum expression of the signature genes in each gene set. The high or low groups were determined by the median of each score.
Statistical significance comparing different groups was evaluated using the Log-rank test. (c) Boxplots showing G19, G11, G15 and G15-G11 scores across vascular
invasion groups in TCGA LIHC cohort (None, Micro and Macro). Student’s t-test was used to compare the differences in gene expression between vascular invasion
groups (None, Micro and Macro). P-values were further adjusted with Benjamini and Hochberg method. *adjusted p<0.05, ***adjusted p<0.001.

soidal endothelial cells (LSECs). With a process known as endothelial-
to-mesenchymal transition (EndMT) [24], we cultured the human fe-
tal LSECs (FLSECs) in vitro and treated FLSECs with TGF-#1 and IL-
18, a combination of potent EndMT inducers [25], to establish an in-
vitro model of EndMT. After TGF-$1/IL-1p treatment for 4 days (FLSECs
were treated in FBS-reduced medium to avoid overgrowth), the FLSECs
changed to the more spindle-like shape (Fig. 6b). A significant increase
of mesenchymal markers, ACTA2, MCAM and SNAIL1, along with the
downregulation of endothelial markers VECAD and PECAM1 further
pointed to the gain of fibroblastic properties in the treated endothelial
cells (Fig. 6¢). The specific expression profile of TGFBR2 (TGFBR1 and
IL1R1 were not detectable in the datasets) in three clusters of endothe-
lial cells also supported for the molecular basis of EndMT (Fig. S4).

Based on the above evidences, we deduced that there might be a pos-
sibility of the transition of the sinusoidal endothelial cells to fibroblasts
in liver cancer.

Discussion

Solid tumor tissue consists of complicated and heterogeneous groups
of tumor cells, tumor associated stromal cells and reserved normal cells.
Here, we conducted a novel integrative analysis of the single cells de-
rived from both normal and cancerous livers, and found that in liver
cancers, except for the malignant cells, the most significant alteration in
cell atlas was the expansion of a population of ACTA2* fibroblasts. The
cancer associated fibroblasts, which were mainly studied through tissue
staining or in vitro experiments, have been demonstrated to play tumor-
promoting roles in liver cancer through multiple mechanisms, including
direct interactions with tumor cells [26,27], or indirect effects on tu-
mor cells by cross talking with endothelial cells [28] and immune cells
[29,30]. However, in contrary to the previous conclusions, our single-
cell analysis here revealed the SPARCLI positive fibroblasts (cluster 15)
were associated with favorable prognosis of liver cancer patients.
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Fig. 6. TGF-p1 induces EndMT in FLSECs in vitro. (a) Spatial distribution of cells belonging to cluster 11 in liver tumor tissues. SPARCL1 expression was detected
by IHC staining. Colocalization of CD31 (green) was determined by immunofluorescence staining on consecutive sections. Tissues were counterstained using DAPI
(blue). Scale bar: 100 um (left panel) and 50 um (right panel). (b) Representative pictures of FLSECs maintained in EGM-2 medium with reduced fetal bovine serum
(CON, day 4, picture in the left), or FBS reduced EGM-2 medium containing 10 ng/mL of TGF-$1 and 1ng/mL of IL-1p5 (TGF-#1+IL-1p, treated for 4 days, in the
right). Scale bar: 200 um. (c) Comparison of the relative expression levels of mesenchymal markers and endothelial markers in TGF-$1/IL-1p treated FLSECs (4 days),
with non-treated FLSECs as control. FLSECs were cultured and treated in the FBS reduced EGM-2 medium.

Functionally, SPARCL1 is a member of secreted protein, and has been
identified as a tumor suppressor in prostate cancer [31], colorectal can-
cer [32] and gastric cancer [33], etc. In addition, a study in colorec-
tal carcinoma demonstrated that the SPARCL1 expression was induced
in endothelial cells by the pro-survival tumor microenvironment, the
secreted SPARCL1 further maintained the vessel homeostasis and then
contributed to the favorable prognosis of patients [17]. This is highly
consistent with our observations on the positive roles of SPARCL1* fi-
broblasts. Thus, here we speculate that the expanded SPARCL1" fibrob-
lasts in liver tumors may protect vessels from tumor cell invasions either
through stabilizing the vessels or reducing the invasive ability of tumor
cells.

Here, we also explored the possible origination of this group of pro-
tective fibroblasts by establishing an in-vitro EndMT model, which clar-
ified the phenotypic conversion of the FLSECs into the fibroblast-like
cells, as well as the induction of the fibroblast-specific marker. However,
one limitation of this model is that the fetal liver derived sinusoidal en-
dothelial cells might be different from adult livers. Besides, whether this
phenomenon is also true in vivo and whether other possible origins of
the expanded fibroblasts exist still ask for more intensive studies in the
future.

In summary, with the availability of the scRNA-seq data from both
normal liver tissues and liver cancer tissues, we performed an inte-
grative analysis and systematically compared the cell components and
transcriptome changes between tumor and normal liver samples. We
identified two subpopulations of fibroblasts that exclusively expanded
in liver cancers and further described their gene signature, spatial dis-
tribution and clinical significance. We demonstrated for the first time
that SPARCL1 positive fibroblasts, representing a group of tumor ves-
sel associated fibroblasts, were related to reduced vascular invasion and
prolonged survival of liver cancer patients. Our study provides new in-
sights into the fibroblasts that expanded in liver cancers at single cell
resolution.
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