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Abstract

Background: Ductular reaction (DR), characterized by the expansion of
biliary epithelial cells in the portal area, is a typical hepatic pathology for
biliary atresia (BA). The cellular source and function of DR remain poorly
understood. Herein, we performed single-cell RNA sequencing (scRNA-seq)
in BA to resolve the complexity of DR in BA.

Methods: A total of 4 BA and 3 normal control livers underwent scRNA-seq.
The epithelial cells were extracted from all cells for further analysis. The cell
types, functions, and differentiational trajectory of epithelial cells were
determined. The biliary markers and transcription factors (TFs) were identi-
fied by combing public bulk and scRNA-seq data and validated by immu-
nohistochemistry.

Results: ScCRNA-seq identified the existence of biliary reprogramming in BA,
and the reprogrammed cells expressed both hepatocyte and cholangiocyte
markers. When compared with hepatocytes, genes of epithelial-mesenchy-
mal transition, fibrosis, inflammation, and RNA metabolism were enriched in
cholangiocytes and upregulated in BA. Pseudotime analysis depicted a
differentiation trajectory from hepatocytes across reprogrammed cells to
cholangiocytes in BA. Matrix metalloproteinase 7 (MMP7), VTCN1, and

Abbreviations: BA, biliary atresia; BEC, biliary epithelial cell; CS, cholestasis; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; DEG, differentially expressed gene;
DR, ductular reaction; EMT, epithelial-mesenchymal transition; IHC, immunohistochemistry; MMP7, matrix metalloproteinase 7; NC, normal control; scRNA-seq,
single-cell RNA sequencing; TF, transcription factor; TMA, tissue microarray.
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INTRODUCTION

Biliary atresia (BA), a dominant etiology of obstructive
jaundice in infants, is characterized by fibroinflammatory
cholangiopathy, which results in progressive liver fibrosis
and even cirrhosis.l' However, the pathogenesis of BA is
largely undefined. In BA, ductular reaction (DR) is
characterized by proliferative bile ductules in the portal
area. Experimental studies have demonstrated that
hepatic progenitor cells, hepatocytes, and cholangio-
cytes contribute to DR.?! The process whereby hepato-
cytes transdifferentiate into cholangiocytes is known as
“biliary reprogramming”.®l What is the resource of DR
and whether biliary reprogramming is involved in DR
remain largely undefined in BA.

The role of DR in BA is poorly understood. Given that
DR is an adaptive response to cholestasis (CS), it may
support the drainage of bile.¥! However, DR is located
at the portal area, where substantial collagen is
deposited, followed by the formation of hepatic scar.
In this way, DR may be linked to liver fibrosis.l®!
Previous studies have demonstrated that the nascent
biliary epithelial cells (BECs) in DR secrete inflamma-
tory cytokines (IL-8, osteopontin) and platelet-derived
growth factor-BB to create an inflammatory and
profibrogenic microenvironment, thereby inducing HSC
activation and liver fibrosis.6-81 Additionally, these
aberrant BECs in DR manifested epithelial-mesenchy-
mal transition (EMT) pathology,®'% which may also
contribute to biliary fibrosis. It is essential to understand
the biliary gene profile to figure out the role of DR in BA.
Up to now, matrix metalloproteinase 7 (MMP7), a
unique product of BECs, has been identified as a novel
biomarker to diagnose BA with high sensitivity and
specificity.['"="5] However, apart from MMP7, few biliary
markers were reported in BA. Therefore, it is urgent to
find more biliary biomarkers to help us understand the
pathogenesis of BA.

Single-cell RNA sequencing (scRNA-seq) is a tech-
nology to dissect cell features at single-cell resolution. In
this study, single-cell analysis demonstrated a

LAMC?2 were identified as the biliary markers, and KLF5 and HNF1B were
determined as the biliary TFs in BA. All the biliary markers and TFs were
upregulated in BA when compared with controls.

Conclusions: Dissecting the cellular source and function of cholangiocytes
is essential to understand the pathological role of DR in BA. The identified
specific biliary markers and TFs provide important insights into its potential
diagnosis and mechanism exploration for BA in the future.

Keywords: biliary atresia, biliary reprogramming, ductular reaction, single-
cell RNA sequencing

differentiation trajectory from hepatocytes, across
reprogrammed cells, to cholangiocytes in BA. In this
trajectory, the genes in the pathways, including EMT,
fibrosis, inflammation, and mRNA metabolism, were
upregulated. Bulk and single-cell analyses identified
MMP7, VTCN1, and LAMC2 as biliary markers, and
determined KLF5 and HNF1B as biliary transcription
factors (TFs) in BA. This study elucidates the cell source
and transcriptional profile of DR, which may provide
important insights into the pathological role of DR in BA.

METHODS
Patient samples

A total of 4 BA and 3 normal control livers (NC, normal
liver tissue adjacent to the excised hepatoblastoma)
were collected for scRNA-seq; the patients’ clinical
information is shown in Supplemental Table S1, http://
links.lww.com/HC9/B972. Hepatoblastoma was diag-
nosed by hepatic histopathology, and intraoperative
cholangiography and subsequent liver histological
examination were used for BA diagnosis.

The samples of liver tissue microarray (TMA)
harvested here were the same as those in our previous
study.l'8l |In this TMA, 30 NC (normal liver tissue
adjacent to the excised hepatoblastoma), 34 CS with
non-BA causes (disease control), and 93 patients with
BA were enrolled. Their clinical information is summa-
rized in Supplemental Table S2, http://links.lww.com/
HC9/B972. All the samples were subjected to immuno-
histochemistry (IHC) analysis.

Preparation of single-cell solution

The single-cell solution was prepared as described.['!
Briefly, the dissected liver tissues were digested with
the solution mixed with collagenase IV (Gibco, 17104-
19, 2 mg/mL) and DNase | (Sigma, DN25-100MG,
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0.1 mg/mL) for 30 minutes in the 37 °C shaker. The
suspension was filtered through the 70-um Nylon cell
strainer to remove the undigested tissue residue.
Subsequently, red blood cells and dead cells were
removed using the red blood cell lysis solution (Miltenyi
Biote, 130-094-183) and a magnetically activated cell
sorting kit (Miltenyi Biote, 130-090-101) according to the
manufacturer’s instructions, respectively. Finally, the
single-cell solution was acquired, and its cell number
and viability were determined by the Countess Il FL
(Invitrogen, AMQAF 1000).

Single-cell library construction and
sequencing

Shanghai Genergy Inc. performed the single-cell library
construction and sequencing. Qualified single-cell
suspensions, gel beads with 10x barcodes, and oil
were loaded on a Chromium Single Cell Instrument
(10x Genomics) to generate single-cell gel bead-in-
emulsions for sample and cell barcoding. Single-cell 3’
RNA-seq libraries were generated following the manu-
facturer’s instructions (10x Genomics Chromium Single
Cell 3' Reagent Kit User Guide v2 Chemistry).

The libraries were pooled and sequenced on lllumina
NovaSeq 6000 with a sequencing depth of ~400 M
reads per sample. After the sequencing, lllumina
bcl2fastqg (2.19.1) was used to convert the raw data
into a FASTQ file and align the data to the human
genome reference sequence (GRCH38). The Cell-
Ranger (10x Genomics, 2.1.1) analysis pipeline was
applied to perform sample demultiplexing and single-
cell 3' gene counting to generate a digital gene-cell
matrix by using the default parameters. The sequencing
information of each sample is shown in Supplemental
Table S3, http://links.lww.com/HC9/B972.

Seurat analysis

Seurat package (4.0.2) (https://satijalab.org/seurat/
articles/pbmc3k_tutorial.html) was used for scRNA-seq
data processing.['” Cells with the number of detected
genes per cell in the range of 500-6000, and <25% of
mitochondrial genes detected were retained for subse-
quent analyses, while genes detected (UMI count > 0)
in <3 cells were removed. After quality control, a total
of 70,538 cells were obtained. Then, the gene
expressions of individual cells underwent normalization,
identification of highly variable 2000 genes, linear
dimensional reduction, PCA reduction, determination
of dimensionality of the data set, and cell clustering with
resolution =0.6. UMAP was employed for the nonlinear
dimensional reduction of data set visualization. The
FindAlIMarkers function (Wilcox statistical test, min.
pct=0.25, logfc.threshold = 0.25) was applied to identify

the differentially expressed genes (DEGSs) in a given
cluster when compared with all the other clusters, and
the DEGs in each cluster were visualized using a
heatmap. According to the DEGs of each cluster, the
cell type was defined using the Renameldents function.
The number of each cell type in every sample is shown
in Supplemental Table S3, http://links.lww.com/HC9/
B972. VinPlot and Dotplot were used to visualize one
specific gene expression. The epithelial cells were
extracted using the subset function and reanalyzed as
described above. The doublets were removed using the
R package DoubletFinder according to the multiplet rate
provided by the 10x Genomics. The R package
Harmony (https://github.com/immunogenomics/har-
mony) was adopted to merge multiple data sets.['8!

Single-cell gene function enrichment
analysis

Single-cell gene function enrichment analysis was
performed using the R package clusterprofiler.l'¥] Gene
symbols in each cluster were converted into the
ENTREZID format in accordance with the human gene
annotation package (org.Hs.eg.db). Then, the enrichGO
function was used to perform GO enrichment analysis,
and the enrichKEGG function was used for KEGG
enrichment analysis. Finally, the results were visualized
using the dotplot function. Furthermore, gene set
variation analysis (GSVA)2 was employed to identify
the enriched pathways at the single-cell level; the gene
sets in GO biological processes (c5.go.bp.v7.5.1.
symbols.gmt) were set as the reference, and the results
were visualized by heatmaps. Based on the 1184 EMT
genes in dbEMT 2.0 (http://www.dbemt.bioinfo-min-
zhao.org/index.html), the EMT score of each cell type
was calculated by the AddModuleScore function in the
Seurat package.

Pseudotime trajectory analysis

To build single-cell trajectories in epithelial cells, the R
package Monocle 2 was used to perform pseudotime
analysis.?!l The highly variable features identified by
Seurat analysis were set as the reference to construct
single-cell trajectories. Dynamic gene expression pat-
terns in each state were determined in pseudotime.

RNA velocity analysis

The loom file of each sample that contained spliced and
unspliced reads was generated with CellRanger soft-
ware. The preprocessed data of each sample that
contained cell annotations were extracted from the
Seurat analysis. The above 2 data sets were merged to
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store the cell information of each sample, and the data of
all samples were further merged for the following RNA
velocity analysis under the pipeline of the Python scVelo
package (version 0.2.4, https://scvelo.readthedocs.io).l??
The RNA velocity values for each gene in each cell were
calculated and projected to the low-dimensional space in
the UMAP plot. On the basis of the velocity graph, a
velocity pseudotime was computed.

Transcription factor analysis

The python package for Single-Cell Regulatory Network
Inference and Clustering (SCENIC) pySCENIC (version
0.11.2)2%1 was adopted to analyze the differential TFs
among all the cell types with default parameters, and the
count matrix of cells from Seurat was set as input. The
regulon activity (AUC) scores of TFs were visualized
using Doftplot, Vinplot, or heatmap. To screen the
transcription activity of EMT-related TFs in BA epithelial
cells, the EMT TF databasel®* (http://www.medsysbio.
org/EMTRegulome, type 6) was applied as the reference.

Bioinformatic analysis of the public data

A total of 8 public data sets were included for analysis,
including 7 bulk RNA data sets (GSE46960,
GSE157661, GSE55552, GSE108315, GSE156894,
GSE218945, and GSE90047)1325-291 and 1 scRNA-seq
data set (GSE157698).5! In the bulk RNA data sets, the
genes encoding mPA readers, EMT, and fibrotic
markers, as well as the inflammatory genes, were
visualized via heatmaps. To calculate the cell correla-
tion between our scRNA-seq data and the public data
sets, the overlapping genes between the variable
features of our scRNA-seq data (2000 genes) and the
row names of the bulk gene matrix data were identified.
If the bulk data were from the mouse samples, the
mouse gene symbols were transformed into human
gene symbols by biomaRt package. Then, the single-
cell matrix was merged with the bulk matrix. Subse-
quently, the correlations of each cell in our scRNA-seq
and the cell types in bulk data were determined by the
Spearman analysis. Finally, the correlation was visual-
ized by a density plot or violin plot. All the scRNA-seq
data were processed under the analytical workflow of
the R package Seurat. Cells that expressed fewer than
200 genes, and genes expressed in <3 cells were
removed. In the data set of GSE157698, since sample
YFP_w3 had more than 70,000 cells, we randomly
selected 5000 cells to match the number of cells in the
other samples. After quality control, the number of cells
in each data set is shown in Supplemental Table S4,
http://links.lww.com/HC9/B972. UMAP was adopted to
visualize the nonlinear dimensional reduction, and each
cell type was identified by its differentially expressed

features (min.pct=0.25, logfc.threshold=0.25). To
observe the large cells’ gene dynamic expressions
from one state to another in GSE157698, Monocle 3
was employed to demonstrate the pseudotime trajec-
tory of the cells and plot the genes in pseudotime by
using the default parameter settings (https://cole-trap-
nell-lab.github.io/monocle3/).[3%

IHC and immunofluorescence staining

Paraffin-embedded liver sections in the microarray were
first dewaxed and hydrated, followed by antigen retrieval
and inactivation of endogenous peroxidases. After
antigen blocking with 5% BSA, the sections were
incubated overnight at 4 °C with the following primary
antibodies: CK19 (Abcam, ab52625, 1:600), HNF4A
(Abcam, ab201460, 1:2000), SOX9 (CST, 82630, 1:600),
CDH2 (CST, 13116, 1:200), Smad2/3 (CST, 8685,
1:400), FGFR2 (CST, 23328, 1:200), PDGFA (santa
cruz, sc-9974, 1:200), CXCL6 (CST, 73201, 1:100),
IGF2BP2 (Abcam, ab124930, 1:200), CFTR (Abcam,
ab270238, 1:500), MMP7 (Abcam, ab207299, 1:4000),
VTCN1 (Abcam, ab209242, 1:1000), LAMC2 (Abcam,
ab210959, 1:500), ANKRD1 (Proteintech, 11427-1-AP,
1:200), ELF3 (Sigma, HPA003479, 1:200), KLF5
(Abcam, ab273672, 1:500), and HNF1B (Abcam,
ab128912, 1:100). Subsequently, the sections were
incubated with secondary antibodies conjugated to
horseradish peroxidase (Gene tech, GK500710) for
30 minutes at room temperature. The signals were
detected using the DAB substrate and hematoxylin. The
detailed procedures for image acquisition and expression
calculations were described in our previous study.'8! Due
to tissue detachment in the TMA for FGFR2 IHC staining,
a total of 28 BA, 21 CS, and 25 NC samples were
included for its analysis. Multiple immunofluorescence
staining was performed using a tyramide signal amplifi-
cation kit (Panovue, 10079100020); the detailed meth-
ods can also be found in our previous study.!"®

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the
Children’s Hospital of Fudan University. The implemen-
tations were conducted in accordance with the Declara-
tion of Helsinki, and written informed consent was
obtained from the legal guardians of all subjects.

Availability of data and materials

The raw sequencing data of this study were deposited
to the Genome Sequence Archive for Human of
National Genomics Data Center under accession
number HRA000019, and the processed count matrix
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of scRNA-seq was deposited to OMIX of National
Genomics Data Center under accession number
OMIX008679.

Statistical analysis

Statistical analysis was performed using R (version
4.0.3). The results are presented as median and
quartiles. For the data that does not conform to
normality, the Kruskal-Wallis test was used to calcu-
late the differences in gene expression in the
immunostained liver TMA and the clinical indicators
among 3 groups, where the Dunn multiple compari-
sons test was employed to determine the difference
between every 2 groups for post hoc analysis. For the
normalized data in GSE46960, one-way ANOVA was
adopted to analyze the differences among 3 groups,
where Tukey multiple comparison test was applied to
compare every 2 groups for post hoc analysis. The
correlation between the cell types in our data and
those in the public data was analyzed using the
Spearman test. The Wilcoxon signed-rank test was
employed to compare the difference between the 2
groups in the scRNA-seq data. Differences were
considered significant when p <0.05.

RESULTS

Single-cell RNA sequencing identified the
existence of biliary reprogramming in BA

DR is a response to cholestatic liver injury, and the
number of CK19-positive bile ductules in BA and CS
was significantly higher than that in NC (Figures 1A, B,
BA and CS vs. NC: p<0.0001). To dissect the gene
profile of DR in BA, scRNA-seq was performed. A total
of 70,538 cells were acquired after quality control; their
UMAP plot, cell composition in each sample and group,
and top 3 marker genes are presented in Supplemental
Figures S1A-D, http://links.lww.com/HC9/B972. Among
all cells, 1282 epithelial cells were isolated for further
analysis after removing the contaminating PTPRC*/
CD3D*IMS4A1*/CD68* immune cells and PECAM1*
endothelial cells (Figure 1C, Supplemental Figures
S1E, F, http://links.lww.com/HC9/B972). Based on the
expressions of epithelial markers, these epithelial cells
were clustered into hepatocytes, cholangiocytes, and
reprogrammed cells (Figure 1D, Supplemental Table
S5, http://links.lww.com/HC9/B972). These reprog-
rammed cells expressed both hepatocyte and cholan-
giocyte markers (Figure 1E) and were only found in
patients with BA (Figure 1F). The heatmap of the top 10
genes also demonstrated that the programmed cells

shared common gene features of hepatocytes and
cholangiocytes (Figure 1G).

To validate the reprogrammed cell existence, we
compared the cell types in our data and those in
GSE157661,5! GSE157698,5] GSE156894,5]
GSE55552,1261 and GSE218945.1281 |n GSE157661,
human hepatocytes were transplanted into mouse
livers and then biliary reprogramming was induced by
3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) treat-
ment. The hepatocytes, cholangiocytes, and reprog-
rammed cells in our data were consistent with those in
GSE157661 (Supplemental Figure S1G, http:/links.
Iww.com/HC9/B972). In GSE157698, RosaYFP mice
were treated with DDC to induce hepatocyte-to-biliary
reprogramming, and the hepatocytes, cholangiocytes,
and reprogrammed cells were collected for scRNA-
seq. The reprogrammed cells in our data resembled
the intermediate state between hepatocytes and
cholangiocytes in GSE157698 (Supplemental Figure
S1H, http://links.lww.com/HC9/B972). In GSE156894,
wild-type hepatocytes, wild-type biliary cells, DDC-
treated hepatocytes, DDC-treated biliary cells, and
DDC-treated reprogrammed cells were isolated by
fluorescence-activated cell sorting and sequenced in
DDC-treated mice. The reprogrammed cells in our
data were kept consistent with DDC-treated reprog-
rammed cells and wild-type or DDC-treated biliary
cells in GSE156894 (Supplemental Figure S1l, http://
links.lww.com/HC9/B972). In GSE55552, hepato-
cytes, hepatocyte-derived oval cells (reprogrammed
cells), and cholangiocyte-derived oval cells (cholan-
giocytes) underwent RNA-seq in DDC-treated mice.
Reprogrammed cells in our data were also correlated
with reprogrammed cells and hepatocytes in
GSES55552 (Supplemental Figure S1J, http:/links.
Iww.com/HC9/B972). In GSE218945, varied stages
of reprogrammed cells and cholangiocytes were
collected for sequencing in DDC-treated mice. The
reprogrammed cells in our data also manifested an
intermediate state between early reprogrammed cells
and cholangiocytes (Supplemental Figure S1K, http://
links.lww.com/HC9/B972). To sum up, the reprog-
rammed cells in our data demonstrated a similar
transcriptome profile with those in the DDC-induced
CS, and all these results reinforced the accuracy of
our cell definition.

To further validate the findings in scRNA-seq, liver
TMA’s immunofluorescence staining was performed.
The percentage of cholangiocytes (SOX9*) and reprog-
rammed (HNF4A* SOX9*) cells had a remarkable
elevation in BA and CS when compared with NC
(Figures 1H-K, BA vs. NC: p<0.0001, CS vs. NC:
p<0.001). More specifically, the reprogrammed cells
were located at the intermediate zone between the
parenchyma and portal area (Figure 1H).
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SCRNA-SEQ REVEALS BILIARY REPROGRAMMING IN BA

FIGURE 1

Single-cell RNA sequencing identified the existence of biliary reprogramming in BA. (A) Representative immunohistochemistry of

CK19 in a tissue microarray (TMA). (B) Box plots showing the expression levels of CK19 in TMA, colored by different groups. ns, not significant;
**p<0.01, ***p < 0.0001. (C) Flowchart of obtaining the final 1282 epithelial cells from the whole-cell population and the whole study design.

(D) UMAP visualization of hep, rep, and cho. (E) Violin plots showing the expression levels of the marker genes of hep, rep cells, and chol, colored
by cell types. (F) Bar plots displaying the composition of each epithelial cell type in different groups. (G) Heatmap demonstrating the top 10 genes
highly expressed in hep, rep cells, and chol. (H) Immunofluorescence staining showing the expression of HNF4A and SOX9 in different groups.
(I-K). Box plots showing the percentage of HNF4A*, SOX9*, and HNF4A* SOX9* cells in different groups, respectively. *p < 0.05; **p < 0.01; ***,
p<0.001; ****p < 0.0001. Abbreviations: BA, biliary atresia; CHO, cholangiocytes; CS, cholestasis; HEP, hepatocytes; NC, normal control; REP,

reprogrammed cells.

Genes in the pathways of EMT, fibrosis,
inflammation, and RNA metabolism were
enriched in cholangiocytes and
upregulated in BA

To understand the function of epithelial cells in the BA
group, we extracted the BA epithelial cells from the
merged groups and defined the cell types based on their
classical markers (Figures 2A—-C, Supplemental Table
S5, http://llinks.lww.com/HC9/B972). As expected, the
reprogrammed cells in BA also demonstrated a similar
transcriptomic profile to those in the public data sets
(GSE157661, GSE157698, GSE156894, GSE55552,
and GSE218945) (Supplemental Figure S2A, http:/
links.lww.com/HC9/B972). GO analysis demonstrated
that metabolic processes were enriched in hepatocytes,
whereas reprogrammed cells were linked to immune
response, and RNA splicing and focal adhesion were
enriched in cholangiocytes (Supplemental Figures S2B,
http://links.lww.com/HC9/B972). KEGG supported the
results of GO analysis (Supplemental Figure S2C,
http://links.lww.com/HC9/B972). GSVA analysis indi-
cated the enrichment of EMT, fibrosis, inflammation,
and mRNA metabolism in cholangiocytes (Figure 2D). To
better understand the EMT states of these 3 cell types,
the EMT gene database was set as the reference gene
set to evaluate the EMT score of each cell type. The
results indicated that epithelial cells exhibited a graded
increase in EMT score across reprogrammed cells, with
low-scoring cells in hepatocytes and high-scoring cells in
cholangiocytes (Figure 2E). The SCENIC analysis further
revealed that 80 EMT-related TFs had elevated tran-
scription activity in cholangiocytes (Supplemental Figure
S2D, http://links.lww.com/HC9/B972). Average gene
expression level in each cell type demonstrated that
EMT and fibrotic markers, inflammatory genes, and meA
readers were upregulated in cholangiocytes and reprog-
rammed cells when compared with the levels in
hepatocytes (Figure 2F). Given the expanding number
of BECs in cholestatic diseases, the expression levels of
CDH2, Smad2/3, FGFR2, CXCL6, and IGF2BP2 were
elevated in BA and CS when compared with the control
levels (Figures 2G-l, S2E, http://links.lww.com/HC9/
B972). Whereas PDGFA had a higher expression in
endothelial cells than BECs and was excluded from the
calculation.

To validate the alternation of selected gene expres-
sions in BA, we reanalyzed the data set of
GSE157661.81 The expression levels of EMT and
fibrotic markers, inflammatory genes, and m®A readers
were also increased in the order of hepatocytes,
reprogrammed cells, and cholangiocytes (Supplemental
Figure S2F, http://links.lww.com/HC9/B972). Similarly,
the expression levels of these genes were validated in
another data set of DDC-induced CS (GSE55552)129]
(Supplemental Figures S2G, http://links.lww.com/HC9/
B972) and in a data set derived from a mouse model of
Alagille syndrome (GSE108315)127! (Supplemental Fig-
ure S2H, http://links.lww.com/HC9/B972).

Pseudotime analysis depicted a
differentiation trajectory from hepatocytes
across reprogrammed cells to
cholangiocytes in BA

To predict the underlying development trajectory in BA
epithelial cells, RNA velocity and Monocle 2 analyses
were performed. The results demonstrated a differen-
tiation trajectory in which hepatocytes can transform
into cholangiocytes through reprogrammed cells
(Figures 3A-D). In this trajectory, the hepatocyte
signals were gradually replaced by the biliary signals
(Figure 3E), and EMT and fibrotic markers, inflamma-
tory genes, and mSA readers were upregulated
(Figure 3F).

To better figure out the dynamic expression of the
above genes in biliary reprogramming, we used the
scRNA-seq data set in GSE157698.58! Their cell
composition and DEGs in each cell type are presented
in Figure 3G and Supplemental Figures S3A-D, http://
links.lww.com/HC9/B972. Monocle 3 demonstrated a
pseudotime manner from hepatocytes, across reprog-
rammed cells to cholangiocytes (Figure 3H). Co-
expressed gene module analysis indicated that the
reprogrammed cells were different from hepatocytes,
but shared more common features with the cholangio-
cytes (Figure 3l). These results proved the existence of
biliary reprogramming in DDC-induced CS. The expres-
sion levels of EMT and fibrotic markers, inflammatory
genes, and mPA readers were also increased in the
order of hepatocytes, reprogrammed cells, and
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SCRNA-SEQ REVEALS BILIARY REPROGRAMMING IN BA

FIGURE 2

Enriched pathways and genes in the cholangiocytes of BA. (A) Flowchart of isolating BA epithelial cells from the merged groups.

(B) t-SNE visualization of hep, rep, and cho in BA. (C) Violin plots showing the expression levels of the marker genes of hep, rep, and cho in BA.
(D) Heatmap displaying enriched pathways of cholangiocytes in BA by GSVA analysis. (E) Violin plots displayed the EMT score among the 3 types
of epithelial cells in BA. (F) Heatmap displaying the average expression level of EMT markers, fibrotic markers, inflammatory genes, and mfA
readers in BA hep, rep, and cho. (G) Representative immunohistochemistry sections of CDH2, smad2/3, FGFR2, PDGFA, CXCL6, and IGF2BP2
in a TMA. Dashed circles in PDGFA were recognized as cholangiocytes. H. Representative immunofluorescence staining of CDH2, Smad2/3,
FGFR2, PDGFA, CXCL6, and IGF2BP2 in TMA of BA group. |. Box plots showing the expression levels of the indicated genes in TMA, colored by
different groups. *p <0.05; **p <0.01; ***p < 0.001; ****p < 0.0001. Abbreviations: BA, biliary atresia; CHO, cholangiocytes; CS, cholestasis; EMT,
epithelial-mesenchymal transition; HEP, hepatocytes; NC, normal control; REP, reprogrammed cells; TMA, tissue microarray.

cholangiocytes (Figure 3J). Taken together, the gene
profile demonstrated a similar alternation in BA and CS-
induced biliary reprogramming.

Bulk and single-cell analyses identified
upregulated biliary genes in BA

Given the significance of DR in hepatic pathology, we
assumed that the genes that were uniquely expressed
in cholangiocytes may be the potential targets for the
diagnosis and therapy in BA. An RNA microarray data
(GSE46960) that consists of 64 BA, 14 CS, and 7 NC
samples was adopted for analysis. A total of 485 DEGs
were screened out between BA and NC, 30 DEGs were
filtered out between BA and CS, and 440 DEGs were
determined between CS and NC. Venn diagram
identified 16 overlapping genes between the DEGs of
BA versus NC and BA versus CS, but not the DEGs
between CS and NC (Figure 4A). Single-cell analysis
further demonstrated that MMP7, ANKRD1, VTCN1,
and LAMC2 were highly expressed in cholangiocytes
(Figures 4B, C). At the single-cell level, all the biliary
markers were upregulated in BA when compared with
NC (Supplemental Figure S4A, http://links.lww.com/
HC9/B972), which was supported by the bulk expres-
sions (Supplemental Figure S4B, http://links.lww.com/
HC9/B972). Furthermore, the IHC and immuno-
fluorescence analysis of liver TMA further validated
the higher expressions of the above biliary markers
except ANKRD1 in BA (Figures 4D-F, Supplemental
Figure S4C, http://links.lww.com/HC9/B972). ANKRD1
was mainly expressed in hepatocytes and was
excluded from the biliary markers, which may be
attributed to the nonspecificity of the present antibody.

Single-cell analysis determined the
upregulated biliary transcriptional factors
in BA

The SCENIC analysis identified 365 differential TFs in
epithelial cells; their relative transcriptional activity was
presented in Supplemental Figure S5A, http://links.lww.
com/HC9/B972. To screen out the biliary unique TFs in
the liver, 21 TFs with high activity in cholangiocytes

were primarily determined (Figure 5A), and then their
cellular expressions in the whole liver were shown in
Figure 5B. Among 21 TFs, ELF3 was expressed in
cholangiocytes and reprogrammed cells, and KLF5 and
HNF1B were expressed in cholangiocytes (Figure 5C).
The mRNA and protein levels of KLF5 and HNF1B were
significantly elevated in BA when compared with those
in NC (Figures 5D-F, Supplemental Figures S5B, C,
http://links.lww.com/HC9/B972; IHC expressions: KLF5,
BA versus NC: p<0.01; HNF1B, BA versus NC:
p<0.0001), whereas ELF3 expression level was
comparable in BA and NC (Figure 5F, Supplemental
Figure S5C, http://links.lww.com/HC9/B972). Taken
together, KLF5 and HNF1B were determined as the
biliary TFs in BA.

DISCUSSION

DR, characterized by the expansion of BECs in the
portal area, is a typical hepatic pathology for BA.
However, the source and function of these proliferative
BECs remain elusive in BA. DR can be identified in
various biliary injuries and is driven not only by
cholangiocyte self-proliferation but also by hepatocyte
transdifferentiation.263" Inversely, hepatocyte regener-
ation can also be driven by cholangiocyte transdiffer-
entiation in severe hepatocyte loss.3?1 Therefore, the
direction between hepatocytes and cholangiocytes
transdifferentiation may be based on the epithelial
damage types. Accumulating evidence suggests that
hepatocyte-derived biliary cells were the source of DR
in cholestatic diseases.[>26.27.33] |t is worth noting that
most of the studies were carried out in animal models;
whether this transdifferentiation occurs in human
diseases remains to be undefined. In this study, our
data indicated that hepatocytes can transdifferentiate
into cholangiocytes through biliary reprogramming in
BA. The unchangeable number of hepatocytes and
elevated number of reprogrammed cells and cholangio-
cytes also implied the hepatocyte-to-cholangiocyte
reprogramming in BA, which can be supported by our
recent finding that the number of SOX9-positive
progenitor-like cells was increased from periportal
par?n?hyma to the portal region with the progression of
BA.34
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FIGURE 3 Pseudotime analysis depicted a differentiation trajectory from hepatocytes across reprogrammed cells to cholangiocytes in BA.
(A) Inferred developmental trajectory of epithelial cells in BA by RNA velocity. (B) t-SNE visualization of BA epithelial cells colored by velocity
pseudotime. (C) The distribution of BA epithelial cells constructed by monocle 2 and colored by cell types. (D) Differentiation trajectory of BA
epithelial cells in pseudotime order constructed by Monocle 2. (E) Heatmap showing the dynamic changes of gene expressions along the
pseudotime in BA epithelial cells. (F) Plots showing the relative expression of indicated genes in pseudotime order in BA epithelial cells.

(G, H) UMAP visualization of epithelial cells colored by cell types (G) and pseudotime trajectory constructed by Monocle 3 (H) in GSE157698.
(I) Heatmap showing the expression of gene modules in different cell types in GSE157698. (J) Plots showing the relative expression of indicated
genes in pseudotime order in GSE157698. Abbreviations: BA, biliary atresia; CHO, cholangiocytes; HEP, hepatocytes; REP, reprogrammed cells;
TMA, tissue microarray.
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FIGURE 4 Upregulated biliary genes in BA. (A) Venn diagram showing 16 overlapping genes between the DEGs of BA versus NC and
BA versus CS, but not the DEGs in CS versus NC. (B) Dot plots displaying the expression of the 16 overlapping genes in different cell types of BA
and controls by single-cell RNA sequencing. (C) Violin plot showing the expressions of biliary genes in the epithelial cells of BA and controls.
(D) Representative immunohistochemistry sections of MMP7, LAMC2, VTCN1, and ANKRD1 in TMA. (E) Representative immunofluorescence
staining of MMP7, LAMC2, VTCN1, and ANKRD1 in TMA of the BA group. (F) Box plots showing the expression levels of the indicated genes in
TMA, colored by different groups. ns, not significant; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. Abbreviations: BA, biliary atresia;

CHO, cholangiocytes; CS, cholestasis; HEP, hepatocytes; DEG, differentially expressed gene; NC, normal control; REP, reprogrammed cells;
TMA, tissue microarray.
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FIGURE 5 Upregulated biliary TFs in BA. (A) Heatmap illustrating the 21 TFs with high transcription activity in cholangiocytes. (B) Dot plots

displaying the expression of 21 TFs in different cell types of BA and controls. (C) Violin plot demonstrated the expressions of biliary TFs in the

epithelial cells of BA and controls. (D) Representative immunohistochemi

stry sections of ELF3, KLF5, and HNF1B in TMA. (E) Representative

immunofluorescence staining of ELF3, KLF5, and HNF 1B in TMA of the BA group. (F) Box plots showing the expression level of the indicated TFs
in TMA, colored by different groups. *p < 0.05; **p<0.01; ****p <0.0001. Abbreviations: BA, biliary atresia; cDC, conventional dendritic cell;
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TMA, tissue microarray.

High-grade DR has been reported to be associated
with faster postoperative progression of fibrosis and
native liver survival in BA,[®53% indicating the detrimen-
tal role of DR in the pathogenesis of BA. Our study

dissected the functions of hepatocytes, reprogrammed
cells, and cholangiocytes. As expected, reprogrammed
cells and cholangiocytes demonstrated distinct func-
tions when compared with hepatocytes. During biliary
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reprogramming, the enrichment of EMT, fibrosis,
inflammation, and mRNA metabolism was gradually
enhanced and reached the highest levels in cholangio-
cytes. EMT pathology evidenced by higher mesenchy-
mal markers and EMT TFs may be linked to biliary
dysmorphogenesis and delayed epithelial development
in BA.I'037] As expected, our data suggested that DR
exerted the fibroinflammatory role in BA. The prolifer-
ating BECs in portal area can produce pro-inflammatory
factors, chemokines and osteopontin to promote HSC
activation in other cholestatic diseases.®”1 Apart from
the pathological role of CXCL8 in BA,? CXCL6
appeared to be a novel chemokine that was exclusively
secreted by cholangiocytes. CXCL6 can recruit neu-
trophils to the inflammation sites by interacting with its
receptors CXCR1 and CXCR2,8! and was associated
with liver fibrosis.®¥ Our data suggested that PDGFA
may be the profibrotic proteins that were excreted by
cholangiocytes and endothelial cells in BA. Our
recent study highlighted the significance of m°A
methylation in liver fibrosis in BA.I'8 In this study, the
higher expressions of m®A readers in cholangiocytes
may extend the role of mfA modification in BA
cholangiopathy.

Identification of DR markers may assist the diagnosis
and disease evaluation in BA. In most studies, CK7 was
the marker of DR, BA patients with the advanced stages
of liver fibrosis and non-native liver survival state had
higher levels of CK7 expressions when compared with
the corresponding controls.[®53¢! |n this study, CK7 was
upregulated in reprogrammed cells and cholangiocytes
and was the representative of all transdifferentiated
cells in DR. Our data demonstrated that MMP7 was the
alternative marker of DR. We and others reported that
MMP7 can specifically discriminate BA from other
causes of neonatal CS,['2-151 and was also correlated
with liver fibrosis and native liver survival in
BA.[11.14.15401 | AMC2 has be proposed be a specific
biomarker for BA by RNA measurement.?°! Herein, we
first demonstrated the protein expression of LAMC2 in
the liver and found that it was specifically produced by
cholangiocytes. The most striking finding is the novel
DR marker VTCN1. Our data has demonstrated that it
was upregulated in patients with BA#'! and biliatresone-
induced BA mouse model,*?l and may be related to the
inhibition of T-cell infiltration.X3!

Screening out the biliary TFs may be conducive to
figuring out the molecular mechanism of biliary pathol-
ogy in BA. HNF1B is known to participate in biliary
system organogenesis, and deletion of HNF1B leads to
severe jaundice and biliary hypoplasia in mice*¥ and
ciliary defects in human cholangiocytes.?! The higher
expression of HNF1B may contribute to the expansion
of bile ducts to relieve CS in BA. KLF5, a YAP
downstream gene,“8! plays a critical role in DR by
inducing BEC proliferation.*”! DR is a biliary tissue-
remodeling process for liver injury; the elevated levels of

KLF5 may maintain the biliary epithelial tissue expan-
sion to alleviate the liver injury in BA. ELF3 has been
linked with the biliary tract cancer or gallbladder
cancer.[#849 The role of ELF3 in DR remains unknown,
it may be involved in biliary inflammation according to a
scRNA-seq study.

In conclusion, to our knowledge, this is the first study
that comprehensively depicts the epithelial transcription
profile in BA from a single-cell perspective. We eluci-
dated the origin, function, gene markers, and TFs of
cholangiocytes in BA. All these findings may assist in the
understanding of the DR in the pathogenesis of BA, and
the screened gene markers and TFs may shed new light
on the diagnosis of BA and the exploitation of target
interventions to block BA-induced liver injury in the future.
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