
Hepatocytes demarcated by EphB2 contribute to the 
progression of non-alcoholic steatohepatitis

Xiao Yang1,2, Kirill Batmanov1,2, Wenxiang Hu1,2,3, Kun Zhu1,2, Alexander Y. Tom1,2, 
Dongyin Guan1,2,4, Chunjie Jiang1,2,4, Lan Cheng1,2, Sam J. McCright6,7,9, Eric C. Yang1, 
Matthew R. Lanza5, Yifan Liu1,2, David A. Hill1,7,8,9, Mitchell A. Lazar1,2,10,*

1Institute for Diabetes, Obesity, and Metabolism, Perelman School of Medicine at the University of 
Pennsylvania, Philadelphia, PA 19104, USA

2Division of Endocrinology, Diabetes, and Metabolism, Department of Medicine, University of 
Pennsylvania Perelman School of Medicine, Philadelphia, PA 19104, USA

3Department of Basic Research, Guangzhou Laboratory, Guangdong 510005, China

4Department of Medicine, Division of Diabetes, Endocrinology and Metabolism, Baylor College of 
Medicine, Houston, TX 77030, USA

5University of Pennsylvania School of Veterinary Medicine, Philadelphia, PA 19104, USA

6Medical Scientist Training Program, University of Pennsylvania Perelman School of Medicine, 
Philadelphia, Pennsylvania, PA19104, USA

7Division of Allergy and Immunology, Children’s Hospital of Philadelphia, Philadelphia, PA 19104, 
USA

8Department of Pediatrics, Perelman School of Medicine at the University of Pennsylvania, 
Philadelphia, PA 19104, USA

9Institute for Immunology, Perelman School of Medicine at the University of Pennsylvania, 
Philadelphia, PA19104, USA

10Lead Contact

*Correspondence: lazar@pennmedicine.upenn.edu (M.A.L.).
Author contributions:
Y.X. and M.A.L. conceptualized the study, interpreted data and wrote the manuscript, which was revised and approved by all 
authors. Y.X. performed snRNA-seq, snATAC-seq, bulkRNA-seq, bioinformatics analysis, virus production, imaging, in vitro 
and in vivo studies. K.B. and C.J. performed bioinformatics analysis. W.X. performed iPSC differentiation experiment. K.Z. 
assisted with luciferase assays and AAV production, D.G. assisted with snRNA-seq, K.Z. and E.Y assisted with AAV production. 
E.Y.,A.T.,Y.L. performed q-PCR analysis and tissue harvest. A.T. performed image quantification and assisted with animal husbandry. 
L.C. performed histology and staining. S.M. and D.H. performed and interpreted flow cytometry. M.R.L. performed blinded 
histopathologic evaluation.

Competing interests:
M.A.L. is an advisory board member and has received research support from Pfizer Inc. He is also a scientific co-founder and advisory 
board member of Flare Therapeutics, and consultant to Madrigal Pharmaceuticals. The remaining authors declare that they have no 
competing interests.

List of Supplementary Materials
Materials and Methods 
Figs. S1 to S10
Tables S1–2
Data files S1 to S6
MDAR Reproducibility Checklist 

HHS Public Access
Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2023 August 08.

Published in final edited form as:
Sci Transl Med. 2023 February 08; 15(682): eadc9653. doi:10.1126/scitranslmed.adc9653.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abstract

Current therapeutic strategies for treating non-alcoholic steatohepatitis (NASH) have failed to 

alleviate liver fibrosis, which is a devastating feature leading to hepatic dysfunction. Here, we 

integrated single-nucleus transcriptomics and epigenomics to characterize all major liver cell types 

during NASH development in mice and humans. The bifurcation of hepatocyte trajectory with 

NASH progression was conserved between mouse and human. At the non-alcoholic fatty liver 

(NAFL) stage, hepatocytes exhibited metabolic adaptation, whereas at the NASH stage, a subset 

of hepatocytes was enriched for the signatures of cell adhesion and migration, which was mainly 

demarcated by receptor tyrosine kinase EphB2. EphB2, acting as a downstream effector of Notch 

signaling in hepatocytes, was sufficient to induce cell-autonomously inflammation. Knockdown 

of Ephb2 in hepatocytes ameliorated inflammation and fibrosis in mouse models of NASH. Thus, 

EphB2 expressing hepatocytes contribute to NASH progression and may serve as a potential 

therapeutic target.

One Sentence Summary:

Single-nucleus multi-omics profiling of mouse and human NASH reveals Ephb2-expressing 

hepatocytes contribute to NASH progression.

INTRODUCTION

With obesity and diabetes becoming more prevalent across the globe, nonalcoholic fatty 

liver disease (NAFLD) is now recognized as an increasingly common form of chronic liver 

disease (1). NAFLD represents a spectrum of diseases that range from non-alcoholic fatty 

liver (NAFL) with simple lipid accumulation to advanced stage non-alcoholic steatohepatitis 

(NASH) characterized by progressive inflammation and fibrosis. Current pharmacological 

targeting strategies in clinical trials for treating NASH often improved metabolic profiles 

but failed to ameliorate fibrosis (2, 3). Liver fibrosis poses the greatest risk of liver-related 

morbidity and mortality in patients with NASH (4), but approved therapy for treating 

fibrosis in NASH is still lacking.

NASH pathophysiology is complicated by the involvement of multiple cell types within 

the liver, but recent studies that have attempted to take the cellular diversity of the liver 

into account using single-cell RNA-seq (scRNA-seq) (5–7) have been challenged by limited 

recovery of hepatocytes, the major tissue-specific cell type of the liver. Moreover, the 

characterization of NASH livers in these studies has largely been either restricted to the end 

stage or over a relatively short time window. Thus, the underlying mechanisms of NASH 

progression are not fully understood.

Here we use single-nucleus RNA-seq (snRNA-seq) and snATAC-seq to efficiently capture 

the information regarding hepatocytes as well as other liver cell types in the same 

livers of mice and humans during NASH progression. This approach provided single-

cell resolution of the transcriptomes as well as insights into key transcription factors 

contributing to the transition. We identified one subset of murine hepatocytes unexpectedly 

expressing receptor tyrosine kinase EphB2 at the NASH stage, which was corroborated in 

human NASH livers. The activation of EphB2 in hepatocytes was sufficient to generate 
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cell-autonomous inflammation in hepatocytes. Further, inactivating EphB2 in hepatocytes 

mitigated fibrosis in NASH models. Thus, the hepatocytes demarcated by EphB2 contribute 

to the development of NASH.

RESULTS

Characterization of mouse models of NASH progression

We evaluated the Gubra Amylin NASH (GAN) diet (8) and the modified American 

Lifestyle-Induced Obesity Syndrome (ALIOS) diet (9) in C57BL/6J male mice, beginning 

at 4 weeks of age, both of which led to hepatomegaly after 3 months (mo) of feeding 

(fig. S1A). The ALIOS diet model resulted in a more rapid increase in inflammatory and 

fibrogenic gene expression (fig. S1B and data file S1), and we therefore focused on the 

ALIOS model in our study. The mice fed the ALIOS diet gained weight (fig. S1C and data 

file S1) and developed modest glucose intolerance (fig. S1D and data file S1), as often 

seen in human patients with NASH. To understand NASH progression, we extended the 

feeding period to 9 mo and observed more pronounced up-regulation of inflammatory and 

fibrogenic gene expression (fig. S1E and data file S1). Liver histopathologic evaluation, 

which is the gold standard for diagnosis of NASH, demonstrated increased fibrosis (fig. 

S1F), and blinded analysis revealed increased fibrosis stage (fig. S1G and data file S1) and 

NAFLD activity score (NAS) (fig. S1H and data file S1) from 3 to 9 mo on the ALIOS diet. 

Based on the NAS, 6 out of 7 mice were still in the NAFL stage with only 1 diagnosed 

with NASH at 3 mo, whereas when the feeding time was extended to 9 mo, all the mice fed 

the ALIOS diet were diagnosed with NASH (fig. S1I). Of note, no malignantly transformed 

cells were observed in any of the animals. Thus, characterization of livers from mice fed the 

ALIOS diet for 3 and 9 mo allowed us to capture the natural disease progression from NAFL 

to NASH over time.

Global transcriptomic feature shifts across all major mouse liver cell types during NASH 
progression

To profile the transcriptional changes of major liver cell types, we performed snRNA-seq 

on livers from mice that were given the ALIOS diet for 3 months or 9 months (referred 

to as 3moALIOS and 9moALIOS). To exclude an effect of aging, age-matched mice on 

normal chow (referred to as 3moNC and 9moNC) were used as controls (Fig. 1A). A 

total of 28,308 nuclei from the 4 conditions were analyzed by snRNAseq, leading to 

the identification of clusters of hepatocytes and non-parenchymal cells (NPCs) including 

macrophages, endothelial cells, stellate cells, and cholangiocytes (Fig. 1B and data file S1). 

In agreement with previous scRNA-seq studies on mouse or human NASH livers (5−7, 

10), extensive transcriptomic remodeling was observed in ALIOS groups compared to NC 

groups (fig. S2A left, fig. S2B and data file S1). The samples from the 4 different conditions 

showed comparable recovery of the number of genes per nucleus, as well as quality as 

assessed by mitochondrial fraction, both overall (fig. S2C and data file S1) and at the level 

of cell clusters (fig. S2D and data file S1).

Among NPCs, the macrophage cluster mNASH-Mac2, abundantly expressing pro-

inflammatory genes such as Ccr2, was comprised of cells predominantly from 9moALIOS 
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(fig. S2A) (7). The endothelial cell cluster with cells mostly derived from NC group (EC) 

was enriched with liver sinusoid endothelial markers Stab2 whereas mNASH-EC, mainly 

consisting of cells from ALIOS, exhibited increased abundance of the endothelial cell 

adhesion molecule PECAM1 (fig. S2A), consistent with the notion that sinusoid endothelial 

cells lose their fenestration during NASH progression (11). Stellate cell subgroup mNASH-

Stellate, predominantly derived from 9moALIOS, showed abundant expression of genes 

known to contribute to fibrosis and extracellular matrix assembly such as Col1a1 (fig. 

S2A) (6, 12). Moreover, the pronounced increase of 9moALIOS origin in cholangiocyte 

cluster mNASH-Cholangiocytes (fig. S2A) reflected a common pathological feature ductular 

reaction in NASH (13). Thus, the consistencies between our findings using snRNA-seq and 

previous studies largely on NPCs using scRNA-seq demonstrated the validity of our mouse 

model and single-nucleus approach in resembling human NASH progression.

The transcriptomic signature of hepatocytes switches from macronutrient processing to 
cell migration during NASH progression in mice

snRNA-seq has a major advantage over scRNA-seq in the evaluation of NAFLD/NASH 

livers because snRNA-seq more faithfully reports on larger cells and is thus preferable for 

studying hepatocytes, especially in fatty liver (14). The unsupervised clustering identified 

14,484 hepatocyte nuclei that represented about 60% of all recovered nuclei. Cell clustering 

visualized by UMAP plot revealed 5 hepatocyte clusters (Fig. 1B and fig.S2A).

We next examined the hepatocytes in greater detail. Three subclusters of the mouse 

hepatocytes were assigned as the pericentral zone hepatocyte cluster (mPC-Hep), 

intermediate zone hepatocyte cluster (mInt-Hep), and periportal zone hepatocyte cluster 

(mPP-Hep) (Fig. 1B), as they showed distinct expression patterns of liver zonation markers 

(15, 16) including Glul, Aldh3a2, and Gls2, respectively (fig. S2A). There were more shared 

changes across all 3 zones at the NAFL stage (fig. S2E), while the NASH stage was 

characterized by a greater degree of zone-specific changes (fig. S2F).

At the NAFL stage, the shared up-regulated genes were involved in metabolic processes and 

PPAR signaling (fig. S2G), whereas at the NASH stage elevated genes were associated with 

the electron transport chain and cell-cell adhesion (fig. S2H). Regarding the zone-specific 

changes, mPC-Hep showed enrichment of bile acid synthesis at the NAFL stage (fig. S2I) 

and mPP-Hep exhibited an increase of Wnt signaling regulation at the NASH stage (fig. 

S2J). Among these 3 zonated-hepatocyte clusters, PP-Hep and Int-Hep, but not PC-Hep, 

showed a reduced percentage of cells from 9moALIOS, suggesting the periportal and 

intermediate zones were impacted more severely than the pericentral zone during NASH 

progression (fig. S2A).

In addition to the 3 zonated-hepatocyte groups, another 2 hepatocyte clusters (hereafter 

referred to as mNASH-Hep1 and mNASH-Hep2) were identified as highly NASH-specific 

because the majority of cells in these 2 clusters were derived from 9moALIOS (Fig. 1B and 

fig. S2A). mNASH-Hep1/2 exhibited distinct gene signatures from mPC-Hep, mInt-Hep and 

mPP-Hep (Fig. 1C). These genes included the hepatokine fibrinogen-like protein 1 (Fgl1), 

phospholipid-binding protein Annexin A2 protein (Anxa2), as well as the senescence marker 

Cdkn1a (P21), all of which have been reported to correlate with NAFLD/NASH in mice and 
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are also dysregulated in human NASH (17–19). In addition, multiple we uncovered markers 

including zinc finger protein Glis3, plasma membrane sodium/calcium exchanger Slc24a3, 

and Eph-Ephrin family member Ephb2 with as yet unclear roles in NAFLD/NASH (Fig. 

1C and data file S1). Gene ontology (GO) analysis revealed enriched biological processes 

associated with cell junction organization, cell migration, and cell-matrix adhesion besides 

the fatty acid metabolic process that reflects the classic function of hepatocytes (Fig. 1D).

To gain more insight into the molecular mechanisms of hepatocyte transition during NASH 

progression, we performed pseudotime analysis using Monocle2 (20). We found that the 

hepatocyte trajectory bifurcated at a node (labelled as “X” in Fig. 1E and data file S1). 

The root to the left of the node contained cells mainly from 3moNC and 9moNC and was 

defined as the starting point of pseudotime (Monocle2 pseudotime 0 in Fig. 1F) and the 

basal state of hepatocyte trajectory, which divided into two branches after node X. The upper 

branch representing the cells mostly from 3moALIOS was defined as the mNAFL branch, 

whereas the lower branch was considered as the trajectory to NASH and consisted largely 

of 9moALIOS hepatocytes (Fig. 1E and data file S1). Analysis of the genes that were most 

affected after the hepatocyte trajectory bifurcation revealed 6 modules, largely consisting of 

genes up-regulated in NAFL as well as both up- and down-regulated genes in the NASH 

branch (Fig. 1G and data file S1).

Genes up-regulated in the NAFL branch (Modules 3 and 4) were largely involved in lipid 

metabolism (Fig. 1H and data file S1) including Elovl5 and Insig2 (Fig. 1K), supporting 

an adaptive enhancement of both de novo lipogenesis and fatty acid oxidation to process 

excessive nutrients in NAFL (21). Genes down-regulated as hepatocytes progressed from 

NAFL to NASH (Modules 5 and 6) were largely associated with macronutrient processing 

(Fig. 1I and data file S1) such as Acly and Cyp1a2 (fig. S2K). By contrast, genes induced 

in the mNASH branch of hepatocytes (Modules 1 and 2) play roles in cell migration and 

cytoskeleton organization (Fig. 1J and data file S1) such as Actb, Ephb2 and Grip1 (Fig. 1K 

and fig. S2K), suggesting that hepatocytes lost their canonical metabolic function and gained 

a new identity during NASH progression.

Transcriptomic signatures of hepatocytes in human NASH resemble those of mouse

We next characterized the transcriptome of human NASH livers at the single-nucleus level, 

using “healthy” livers from patients without liver diseases as controls (Fig.2A and data 

file S2). The samples showed comparable recovery of the number of genes per nucleus, 

as well as quality as assessed by mitochondrial fraction, both overall (fig. S3A) and at 

the level of cell clusters (fig. S3B). After removing doublets, a total of 54,847 nuclei was 

recovered from 3 “healthy” and 3 NASH livers. All major liver cell types were identified by 

snRNA-seq including hepatocytes, endothelial cells, stellate cells, cholangiocytes, vascular 

smooth muscle cells, and monocytes/macrophages (Fig. 2A, fig. S3C–D and data file S2). 

Reflecting their diseases status, relative to the “healthy” samples the NASH livers were 

characterized by fewer hepatocytes and increased NPCs including stellate cells (hNASH-

Stellate1/2), vascular smooth muscle cells (hNASH-VSMC), and cholangiocytes (hNASH-

Cholangiocytes1/2) (fig. S3E), consistent with the fibrosis and ductular reactions in the 

NASH livers.
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We focused on human hepatocytes, as we identified a group of NASH-specific hepatocytes 

in mouse NASH models. Among the 4 subclusters of hepatocytes recovered by snRNA-seq 

on human livers, the identities of pericentral zone hepatocytes (hPC-Hep), intermediate zone 

hepatocytes(hInt-Hep), and periportal zone hepatocytes (hPP-Hep) were assigned based 

on the zonation landmarks GLUL, SLCO1B3, and HSD17B13 (Fig. 2B upper panels). 

The cellular composition of hepatocytes revealed that periportal hepatocytes were impaired 

most severely in human NASH compared with other zones (fig. S3F), in line with our 

observation in mice. We identified a fourth cluster of hepatocytes that scarcely expressed 

specific zonation genes (Fig. 2B upper panels) nor canonical metabolic and lineage markers 

of hepatocytes (Fig. 2B lower panels and fig. S3D). Because this cluster of hepatocytes was 

present in higher proportion in NASH livers (fig. S3F), we refer to it as hNASH-Hep.

To capture the molecular changes of hepatocytes with NASH progression, we performed 

Monocle2 pseudotime analysis. Consistent with the findings in mice, hepatocyte trajectories 

divided into two branches (Fig. 2C, Node Z and data file S2) during the progression 

from “healthy” to NASH. The upper branch “hNASH branch1” was mostly derived from 

hPC-Hep and hPP-Hep, whereas the lower branch “hNASH branch2” was predominantly 

comprised of hNASH-Hep, suggesting a unique feature of this branch (Fig. 2D and data file 

S2). Therefore, we further analyzed Node Z on the pseudotime trajectory and identified gene 

modules that determined the bifurcation. Analysis of the genes that were most affected after 

the hepatocyte trajectory bifurcation revealed 4 modules (Fig. 2E and data file S2).

Gene modules 1 and 2, containing 173 genes elevated in the hNASH branch1 (Fig. 2F), 

were enriched for liver metabolic processes such as the master regulator of gluconeogenesis 

FOXO1 and glucose transporter SLC2A2 (GLUT2), suggesting that hNASH branch1 

hepatocytes underwent metabolic adaption. Gene module 3, with 204 genes that were 

down-regulated in both NASH branches, was involved in coagulation process and steroid 

metabolic process (Fig. 2G). Gene module 4, with 388 genes determining the hNASH 

branch2, displayed augmentation in cytoskeleton organization and cell migration (Fig. 

2H). The identification of gene signatures associated with cell adhesion and migration 

in the human as well as the mouse hepatocyte trajectories suggested common molecular 

mechanisms in the pathogenesis of NASH.

EphB2 demarcates a subset of NASH hepatocytes engaged in intercellular crosstalk and 
trajectory bifurcation

To explore intercellular crosstalk in the development of NASH, we used CellChat (22) 

to compute all putative ligand-receptor interactions of each mouse cluster and rank their 

interaction strength. mNASH-Stellate demonstrated the most intercellular communication 

based on the sum of outgoing and the incoming signals (fig. S4A and data file S3). 

Macrophages are well-known to activate stellate cells (23), and indeed this analysis 

uncovered the incoming signaling from macrophages (mNASH-Mac1/2) including TGFb 

and PDGF signaling which have been reported to activate stellate cells (23) (fig. S4B–C 

and data file S3). The mNASH-Hep1/2 cluster communicated with mNASH-Stellate to a 

greater degree than with macrophages (fig. S4B). Thus, we focused on the interactions 

between mNASH-Hep and mNASH-Stellate (Fig. 3A). We identified signals such as HGF 
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and PDGF, whose roles in liver fibrosis have been previously identified (24, 25). We also 

identified Eph-Ephrin signaling pathway as one of the top ranked pathways (Fig. 3A and 

data file S3). This pathway is well-known to regulate cell adhesion and migration, consistent 

with the common transcriptomic signatures of the mNASH branches in mouse and human 

hepatocytes. The Eph-Ephrin signaling pathway consists of 14 transmembrane receptors 

and 8 membrane-tethered ligands, and signaling can be bidirectionally transduced into such 

that changes occur in both receptor-expressing cells as well as ligand-expressing cells (26). 

However, the role of Eph-Ephrin signaling in hepatocytes is unknown.

Eph ligands and Ephrin receptors were detected across several different cell types. The 

detectable Ephrin ligands, except Efnb2 was specifically expressed in mNASH-EC, Efna1 
and Efna5 were present in hepatocytes or stellate cells regardless of NASH condition. In 

contrast, the Eph receptors Epha1, Epha2, and Ephb2 displayed restricted expression in 

mNASH-Hep1/2 (fig. S4D). However, Ephb2 from mNASH-Hep was predicted to interact 

with the ligand Efna5 secreted from mNASH-Stellate with the highest communication 

probability (fig. S4E). Furthermore, we overlapped the genes determining the bifurcations 

of NASH hepatocyte trajectories in both human and mouse and indeed, EPHB2 was among 

the common genes (Fig. 3B). Although EphB2 has mostly been studied in the nervous 

system (26), it has been shown to be expressed in a mouse liver fibrosis model induced 

by chronic carbon tetrachloride (CCl4); in that model EphB2 expression was reported to be 

increased in activated stellate cells but not in other cell types (27). We therefore focused on 

the unexpected expression of EphB2 in NASH hepatocytes.

In mouse hepatocytes, Ephb2 was sparsely expressed in NAFL, but prominently elevated 

in NASH (Fig. 3C). Of note, activation of Ephb2 was also found in the NASH stellate 

cells (mNASH-Stellate), as was reported in other liver fibrosis models (27, 28). To validate 

the RNA and protein abundance of EphB2 in hepatocytes, we performed RNA in situ 
hybridization using RNAscope probe and immunofluorescence (IF) staining on the mouse 

liver tissue sections. Indeed, Ephb2 RNA was expressed in a subset of hepatocytes labelled 

with Hnf4a RNAscope probe in 9moALISO livers but barely detected in 9moNC group 

(arrows in Fig. 3D, dotted line circled regions in fig. S4F). The EphB2 positive cells 

co-stained with hepatocyte marker HNF4α by IF, confirming that the increased protein 

abundance was in hepatocytes of 9moALIOS liver (fig. S4G, white arrows). Furthermore, 

EphB2 was increased in another diet-induced NASH model, the choline-deficient L-amino 

acid-defined high fat diet (CDAHFD) administered for 2 months (2moCDAHFD) (fig. 

S4H). We found that Grip1, which encodes glutamate receptor interacting protein and is 

absent in normal hepatocytes, was elevated in 9moALIOS hepatocytes in the snRNA-seq 

data (Fig. 3E) and validated by RNA scope (fig. S4I). GRIP1 has been shown to control 

dendrite morphogenesis by promoting the translocation of EphB2 to the cell surface (29, 

30), suggesting a concordant function acquired in mNASH-Hep.

We further characterized the EphB2 positive cell population by clustering 9moALIOS 

hepatocytes based on Ephb2 mRNA abundance. The clusters with and without detectable 

Ephb2 were defined as EphB2-positive (EphB2 Pos) and EphB2-negative (EphB2 Neg), 

respectively (Fig. 3F,left panel). Ephb2-positive cells abundantly expressed pericentral 

marker Aldh3a2 but lacked periportal marker Gls2 (Fig. 3F, right panel). RNAscope 
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validated that Ephb2-positive hepatocytes mainly localized in the pericentral zone stained 

by Aldh3a2 but rarely in the periportal zone labelled by Gls2 (Fig. 3G).

In humans, hNASH-Hep expressed the greatest amount of EPHB2 compared to hPC-Hep, 

hPP-Hep and hInt-Hep (Fig. 3H, left panel). Within hNASH-Hep, cells from NASH groups 

also showed higher expression of EPHB2 as well as GRIP1 (Fig. 3H, right 2 panels). 

We further examined liver tissue sections from 5 “healthy” donors and 12 patients with 

NASH. Co-staining EPHB2 with hepatocyte marker HNF4A using RNAscope demonstrated 

increased EPHB2-positive hepatocytes in human NASH livers (Fig. 3I and data file S3). 

Of note, unlike in mice where EphB2-positive hepatocytes localized at the pericentral zone, 

human NASH-Hep enriched for EPHB2 expression were not zone-specific.

Notch induces EphB2 expression in hepatocytes

To determine the epigenomic landscape of liver cell types and define the factors contributing 

to the transcriptomic alterations in NASH, we performed snATAC-seq on mouse livers with 

the same diet-feeding paradigm as described for snRNA-seq (Fig. 4A). All samples were 

recovered with comparable quality (fig. S5A and data file S4). We next integrated snATAC-

seq with snRNA-seq and transferred cell clustering labels from snRNA-seq to snATAC-seq. 

The clustering of snATAC-seq exhibited a similar cluster identity with snRNA-seq (Fig. 

4A and data file S4). Each cluster exhibited cluster-specific open chromatin regions (fig. 

S5B). Among NPCs, macrophage subcluster mNASH-Mac1/2, endothelial cell subcluster 

mNASH-EC, stellate cell subcluster mNASH-Stellate, and mNASH-Cholangiocyte were 

proportionally more prevalent in 9moALIOS liver (fig. S5C and data file S4).

We next focused on the hepatocyte clusters. In agreement with snRNA-seq, mInt-Hep and 

mPP-Hep had less cells from 9moALIOS whereas mPC-Hep contained similar a proportion 

from each condition, suggesting that periportal hepatocytes were more profoundly disrupted 

by NASH compared to pericentral hepatocytes (fig. S5C). Consistent with the transcriptomic 

bifurcation, enriched transcription factor (TF) motifs also displayed distinct trajectories 

between NAFL and NASH, both in the density of the cell distribution (Fig. 4B and data file 

S4) and at the single-cell level (fig. S5D and data file S4), demonstrating clear stage-specific 

epigenomic signatures. The intersection between TFs that positively contributed to the 

bifurcation with a published dataset that provided their transcriptional abundances in bulk 

(GSE162876) suggested that TFs such as CUX2 and PPARg contributed to NAFL (fig. 

S5E–F and data file S4). By contrast, the top TFs in the branch leading to NASH consisted 

of three major groups: GLIS2/3, the FOS/JUN family, and the TEAD family (fig. S5G–H). 

Indeed, the function of GLIS2 in NASH progression was highlighted in a recent study where 

knockdown of Glis2 in hepatocytes attenuated inflammation and fibrosis in mouse NASH 

liver (31).

In accordance with the elevated transcriptional expression in mNASH-Hep1/2, the gene 

activity of EphB2, reflected by ATAC signals on the gene body, was also enhanced 

compared with other hepatocyte clusters (Fig. 4C). To interrogate upstream signals that 

drive EphB2 expression in NASH hepatocytes, predicted functioning regulatory regions 

were assessed based on the correlation between peak accessibility (snATAC-seq) and gene 

expression (transferred snRNA-seq information). Compared with other hepatocyte clusters, 
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two mNASH-Hep-specific peaks were found at the Ephb2 locus (Fig. 4D, highlighted in 

yellow; Peak1 shown in higher resolution in fig. S6A) that exhibited correlation with Ephb2 
RNA abundance (Fig. 4D, Peak to Gene links track). The binding motifs of 7 TFs, including 

HES5, HEY1, and MYCN, were found in both peaks, and another 62 TFs, including 

TCF7L1, MYC, and RBPJ, were detected in 1 of the identified peaks (fig. S6B and data file 

S4). To prioritize these 69 TFs, we performed enrichment analysis of signaling transduction 

pathways that revealed enrichment for Notch signaling, Hippo signaling, and Wnt signaling 

(fig. S6C), which are major pathways driving NASH progression and transition to HCC (32, 

33).

We focused on the Notch pathway, which has been previously implicated in NAFLD/NASH 

(32, 34), as well as MYC, a critical node at which multiple signaling pathways converge 

including Hippo and Wnt signaling (35, 36). The Notch pathway and Myc were induced by 

transducing hepatocytes with constitutively activated Notch1 intracellular domain (NICD1) 

or Myc for 1 week in mice fed NC diet (Fig. 4E, top and bottom left). NICD1 was sufficient 

to drive Ephb2 transcription to a degree comparable to Notch canonical downstream targets 

Hes1 and Hey1 whereas Myc repressed Ephb2 expression (Fig. 4E, bottom right and 

data file S4). To exclude the possibility that Notch activated Ephb2 expression in NPCs, 

especially stellate cells, we performed IF staining. Enhanced Ephb2 was detected in the 

hepatocytes with forced expression of Flag epitope-tagged NICD across different zones 

of livers (fig. S6D), supporting the conclusion that NICD induced Ephb2 transcription in 

a cell-autonomous manner. The enhancer activities of the 2 identified ATAC-seq peaks 

at the Ephb2 locus were tested by cloning them upstream of the SV40 promoter in 

luciferase reporter vectors (Fig. 4F, left). Both sites conferred NICD-responsiveness in 

AML12 hepatocyte cells (Fig. 4F, right and data file S4), suggesting that Notch signaling 

activates Ephb2 transcription in hepatocytes through these 2 identified regulatory regions 

during NASH progression.

EphB2 is sufficient to induce cell-autonomous inflammation in mouse and human 
hepatocytes

To test the function of EphB2-expressing hepatocytes, we first performed a gain-of-function 

study. Analysis of published bulk mouse NASH liver RNA-seq data (GSE119340) revealed 

the most abundant EphB2 isoform (ENSMUST00000059287.13) (fig. S7A and data file S5). 

This EphB2 isoform was tagged at its C-terminus with the Flag epitope and expressed in the 

hepatocytes of 8-week-old male C57/B6J mice (Hep-EphB2) using the hepatocyte-specific 

AAV8-TBG expression system (37) that were studied one week later to capture the direct 

effects of EphB2 (Fig. 5A). Mice injected with AAV-TBG-GFP were used as controls 

(Hep-GFP) (Fig. 5A). Hepatic expression of EphB2 was confirmed by immunoblotting (fig. 

S7B). IF staining using the anti-Flag antibody confirmed that the EphB2 expression was 

restricted to hepatocytes and not found in stellate cells (fig. S7C–D). Moreover, ALT and 

AST concentrations were normal (fig. S7E and data file S5) without evidence of steatosis 

(fig. S7F and data file S5) or fibrosis (fig. S7G).

RNA-seq of whole livers identified 116 up-regulated genes and 37 down-regulated genes 

(Fig. 5B and data file S5). The up-regulated genes in Hep-EphB2 livers were associated with 
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interferon (IFN) pathways and inflammatory responses, including Ifit1/2/3, Irf7, Cxcl9/10, 
and Ccl2, as well as oxidative stress and metabolic genes such as Gsta1/2, Gstm1/2/3/4/6, 

Cyp2a4, and Cyp2b9 in Hep-EphB2 livers (Fig. 5B), and indeed these pathways were 

enriched in GO analysis (Fig. 5C). Many of these genes have been shown to be elevated 

in mouse and human NASH livers, including IFN-induced Ifit1/2/3 and Irf7 (38) and 

inflammatory genes Ccl2 and Cxcl9/10 (38–40). Moreover, the down-regulated genes in 

Hep-EphB2 were enriched for retinol metabolism (fig. S7H), which is disrupted in patients 

with NAFLD (41). Of note, forced expression of EphB2 in hepatocytes did not cause 

apparent cell apoptosis (fig. S7I).

To determine which cell type was responsible for the enhanced inflammatory response, we 

performed IF and RNA in situ hybridization on liver tissue sections. Consistent with the 

gene expression data, Flag-positive cells, representing hepatocytes with forced expression 

of EphB2, displayed marked up-regulation of the selected inflammatory markers including 

IFIT3, Ly6d, and Cxcl9 (Fig. 5D). Increased expression of IFIT3, Ly6d, and Cxcl9 was 

also observed in the hepatocytes from 9moALIOS livers compared to 9moNC (Fig. 5E). 

Moreover, snRNA-seq showed a positive correlation between hepatocyte expression of these 

inflammatory genes and Ephb2 (Fig. 5F and data file S5). These data suggested that the 

expression of EphB2 in hepatocytes induced a cell-autonomous inflammatory response that 

resembled the changes that occur in NASH.

Because hepatic expression of EphB2 induced chemokines CXCL9/CXCL10 and CCL2, we 

performed flow cytometry to examine immune cells with CXCR3 and CCR2 expression 

which receptors mediate the inflammatory effect of these chemokines. Although the 

percentage of CCR2+ cells among all immune cells (CCR2+/CD45+) was not different 

between Hep-Ephb2 and controls (fig. S8A), a higher percentage of CXCR3 (CXCR3+/

CD45+) was found in Hep-EphB2 livers (Fig. 5G and data file S5), which were further 

confirmed by IF (fig. S8B). This change was mainly ascribed to the increased infiltration 

of CXCR3+ B cells (Fig. 5H and data file S5). Increased abundance of CXCR3 and 

accumulation of B cells are characteristic of both mouse and human NASH (42, 43).

To determine whether EphB2 functions similarly in human hepatocytes, we derived 

hepatocyte-like cells (HLCs) from the human induced pluripotent stem cells (hiPSC) (44). 

After 21 days of differentiation, HLCs stained positive for hepatocyte markers E-Cadherin 

and HNF4α, confirming their hepatocyte-like identity (fig. S8C). To express EPHB2 in 

HLCs, we analyzed a bulk RNA-seq dataset from human NASH livers and identified 

ENST00000400191.7 as the most abundant transcript that also most strongly correlated 

with fibrosis stage (fig. S8D and data file S5). We then used an adenoviral delivery system 

to express this EPHB2 isoform (Ad-EPHB2) in HLCs, and the cells were treated with the 

putative EPHB2 ligand EphrinA5-Fc or IgG-Fc control. The expression of EPHB2 was 

efficiently induced in HLCs (fig. S8E and data file S5), and none of the treatments affected 

cell morphology after 24hr (fig. S8F). Of note, and consistent with the findings in mouse 

hepatocytes, Ad-EPHB2 robustly activated inflammatory response genes IFIT1/2/3, CCL2, 
and CXCL10 in the human HLCs (Fig. 5I). The addition of putative EPHB2 ligand had 

minimal effect in this in vitro HLC system (Fig. 5I), suggesting that the ligand is already 

present endogenously or that EPHB2 acts ligand-independently in these cells.
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Disease-activated EphB2 in hepatocytes contributes to NASH progression

We next performed a loss of function study using an AAV-based CasRx-mediated RNA 

targeting system (45) to interrogate the role of EphB2 in hepatocytes during NASH 

progression. Mice were fed CDAHFD which causes NASH more rapidly than the ALIOS 

diet (46) and, as noted above, is a potent inducer of EphB2 in hepatocytes (fig. S4H). 

After two months on the diet, blood was drawn for ALT measurement, and mice were 

randomly assigned to injection of tandem guide RNA targeting Ephb2 (sgEphB2) or 

control guide RNA(sgNC), then fed CDAHFD for an additional month while continuing 

on CDAHFD (Fig. 6A). The analysis focused on mice with comparable CDAHFD-induced 

liver injury reflected by ALT concentrations (500–600 U/L) at 2 months. At the end of 

the experiment, a modest reduction in hepatic Ephb2 expression was noted in the livers of 

mice treated with sgEphB2 (fig. S9A and data file S6). Histology of the sgEphB2 livers 

showed reduced Sirius Red staining area (Fig. 6B and data file S6), as well as advanced 

liver fibrosis stage as blindly judged by a pathologist not otherwise involved in the study 

(Fig. 6C and data file S6). Expression of inflammatory infiltration marker CD11b was 

also reduced in the sgEphB2 livers (Fig. 6D and data file S6). These data suggest that 

EphB2-expressing hepatocytes contribute to NASH progression. However, steatosis reflected 

by hepatic triglycerides (fig. S9B and data file S6) and general liver injury assessed by 

ALT concentrations (Fig. S9C) were not significantly changed by knocking down EphB2, 

potentially indicative of a selective effect of Ephb2 on inflammation and fibrosis.

DISCUSSION

Our comprehensive characterization of transcriptomic and epigenomic changes in all major 

liver cell types during NASH progression revealed two distinct hepatocyte trajectory 

branches and the implication of TFs potentially responsible for the development of NAFL 

as well as the transition to NASH in mouse models and human patients. At the NASH 

stage, a subset of hepatocytes was demarcated by EphB2, whose expression was activated 

by Notch signaling. EphB2 sufficiently induced a cell-autonomous inflammatory response 

in hepatocytes and possibly engaged in intercellular communication with NPC including 

immune cells and stellate cells to contribute to NASH progression (fig. S10A).

Several single-cell transcriptomic studies of NASH development have been reported, but 

mainly focused on the NPC fraction due to limited information recovered from hepatocytes 

(5, 7, 38). Here, utilizing single-nucleus transcriptomics and epigenomics, we captured 

abundant information about hepatocytes as well as NPCs from the same livers of mouse 

and human, which provided a comprehensive molecular picture of all major liver cell types 

during NASH progression. During NAFL transits to NASH in mice, the transcriptomic 

signatures switched from macronutrient processing to cell adhesion and migration. The 

dichotomous features of hepatocytes were also found in human NASH livers, highlighting 

the bifurcation is conserved between mouse and human. Importantly, EphB2 is one of 

the shared genes between mouse and human that determines the branch enriched for cell 

migration signature in NASH.

In line with the transcriptomic changes in mice and human, the TFs responsible for 

maintaining hepatocyte lineage and metabolic adaptation were dwindled and replaced with 
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stress-induced TFs during the transition. The distinct signatures of hepatocytes during 

NASH development provide transcriptomic and epigenomic evidence for the concept that 

NAFLD does not progress in a linear course (47).

Our findings corroborate the role of stellate cells as a signaling hub in NASH liver (6), 

but additionally demonstrate that hepatocytes also participate in inter-cellular crosstalk to a 

great degree. The prominent signaling feature of hepatocytes at the NASH stage, relative 

to NAFL, prioritizes hepatocytes as a major cell type that might be targeted by NASH 

treatments. One recent study revealed that Eph-Ephrin signaling positively correlates with 

the fibrosis stage but not the NASH activity score in the livers of patients with NASH (48), 

indicating a possible function of Eph-Ephrin in promoting fibrosis. Compared with other 

Eph-Ephrin family members, EphB2 exhibited a unique NASH-specific expression pattern 

in hepatocytes. A prior study of primary hepatocytes from Ephb2 −/− mice showed defective 

inflammatory potential when challenged with red blood cells from malaria parasite-infected 

mice (28), but the implications for NASH have not been previously explored. Our work 

provides direct evidence that EphB2 expression, which is absent in normal hepatocytes, 

is acquired in the degenerating hepatocytes at the NASH stage. However, how Ephb2-

expressing hepatocytes communicate with stellate cells or other NPC requires further 

investigation.

Of note, it is well known that Notch signaling is activated in hepatocytes in response to 

chronic liver injury and is required for hepatocyte transdifferentiation into biliary epithelial 

cells (49). Notch signaling is both necessary and sufficient for NASH progression (32, 

33). However, the downstream targets of Notch signaling are not completely understood 

in this context. By integrating snRNA-seq and snATAC-seq of mouse livers, we identified 

EphB2 as one of downstream effectors of Notch in hepatocytes to relay the effect of 

Notch signaling activation by demarcating degenerating hepatocytes and mediating their 

inter-cellular communication.

Interferon (IFN) signaling is best known for modulating immune responses to viral 

infections (50). Previous work suggested that the type-I IFN pathway is activated in 

metabolic diseases associated with chronic inflammation (38, 51). The induction of the 

type-I IFN response in NAFLD livers has been attributed to excessive lipid species (52) or 

stimulation of STING which senses aberrant double stranded DNA in the cytosol (53), but 

whether the induction of type-I IFN plays a deleterious or beneficial role during NAFLD 

progression is controversial (52, 54, 55). Our studies demonstrate that the expression 

of EphB2 in hepatocytes cell-autonomously elicited prominent type-I and type-III IFN 

responses both in mice fed normal chow as well as in human iPSC-derived hepatocytes, 

adding another key player in hepatic IFN activation.

Multiple clinical trials for NASH have targeted nuclear receptors (NRs), for example using 

agonists of FXR and PPARs, but no approved drug has emerged (3). Our study did reveal 

signatures of NRs such as PPARα, PPARγ, and FXR at open chromatin in the NAFL state, 

which is consistent with NAFL being largely a reversible metabolic process and the role 

of these NRs to sense nutrients and regulate energy balance (49, 50). However, our results 

show that as NAFL transitions to NASH, NRs are no longer the main contributors to open 
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chromatin in hepatocytes. By contrast, EphB2 is uniquely expressed in hepatocytes at the 

NASH stage and contributes to the severity of fibrosis and inflammation. Because EphB2 

is a transmembrane receptor, it is accessible to therapeutic antibodies and small molecules 

and may be a more promising target for NASH therapeutics. EphB2 is rarely expressed in 

liver cells at non-diseased state but abundantly expressed in the nervous system. Therefore, 

liver-specific targeting would be preferred to reduce the adverse effect of inhibiting EphbB2 

activity.

There are limitations to this study. Although our study focused on the cell-autonomous 

role of EphB2 in hepatocytes after single-nucleus transcriptomic and epigenomic 

characterization, the communication between EphB2-expressing hepatocytes and other 

hepatocytes or NPCs during NASH progression remains to be investigated. Furthermore, 

although we demonstrated that Notch signaling activated the transcription of Ephb2 

in hepatocytes, the identification of specific TFs that directly induce EphB2-expressing 

hepatocytes would be instrumental for targeting the NASH-specific hepatocyte subset. Last, 

EphB2-specific targeting strategies, including neutralizing antibodies (56) and antagonist 

peptides (57, 58), have been used to combat other diseases and should be explored in 

addition to metabolic targets for an effective treatment of NASH.

MATERIALS AND METHODS

Study design

This study aimed to use unbiased methods to identify cellular and molecular contributions 

to NASH progression that can be used for potential therapeutic targeting. In vivo and in 

vitro studies were applied to interrogate the role of EphB2-expressing hepatocytes which 

was a NASH-specific hepatocyte population revealed by single-nucleus transcriptomic 

and epigenomic characterization of mouse and human NAFL/NASH livers. In general, 

for in vivo and in vitro studies, at least two independent experiments were conducted 

or at least two complementary experimental methods were applied to draw conclusions. 

For each experiment, the sample size was indicated in figures or figure legends or 

corresponding method section. Liver pathologies were evaluated blindly. All animal studies 

were approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Pennsylvania. All studies using human samples were approved or exempted by 

the University of Pennsylvania Institutional Review Board.

Mice

C57BL/6J male mice were obtained from the Jackson laboratory (Cat#000664) and used 

in all animal experiments in this study. Mice were housed in the animal facility with 12h 

dark/light cycle (7:00am to 7:00pm) and ad libitum access to food and water. Two types of 

NASH-promoting diet, GAN diet (Research diet, D09100310) (8) and modified ALIOS diet 

(Envigo, TD.170428) (9), were evaluated for long-term NASH development. For snRNA-seq 

and snATAC-seq, 2–3 mice fed either standard mouse chow diet or modified ALIOS diet at 

4-week-old of age for 3 months or 9 months were used. In the forced expression of MYC, 

NICD1 and EphB2 studies, 8-week-old mice were tail-vein injected with AAV-TBG-GFP 

as control and AAV-TBG-EphB2 or AAV-TBG-MYC or AAV-TBG-NICD1 as experimental 
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groups for 1 week under standard mouse chow diet. In the EphB2 loss of function study, 

mice at 8-week-old fed L-amino-defined high (60 kcal %) fat diet with 0.1% methionine 

and no added choline (CDAHFD, Research Diet A06071302) for 8 weeks were injected with 

AAV-TBG-CasRX-U6-sgNC as controls or AAV-TBG-CasRX-U6-sgEphb2 as experimental 

groups through tail-vein. To match CDAHFD-induced liver injury severity, mice with similar 

ALT concentrations (400–500U/L; normal range: 28–132U/L) after 2-month CDAHFD and 

before AAV injection were selected for NASH severity evaluation.

Human liver samples

Normal human livers and NASH human livers used for snRNA-seq were obtained through 

the Liver Tissue Cell Distribution System, Minneapolis, Minnesota, which was funded by 

NIH Contract #HSN276201200017C. Paraffin tissues sections of human livers used for 

RNA in situ hybridization were acquired from SEKISUI XENOTECH (Tissue Microarray – 

Non-alcohol steatohepatitis, Lot#2110289).

Quantification and statistical analysis

Contrast and image size of IF images were adjusted with Adobe photoshop. Graphs 

were produced in R, Python, and GraphPad Prism. All figures were made in Adobe 

Illustrator. Sample size was indicated on the corresponding graph or figure legend, otherwise 

n=3, which represents the number of biological replicates that were analyzed in each 

experimental group. Error bars represent the SEM or SD as indicated in the figure legends. 

For assays with n<30, non-parametric Mann-Whitney U tests were used. For assays with 

n>30, non-parametric Mann-Whitney U test was used when data were not normally 

distributed and Student’s t-test was used when data were normally distributed. For cell 

origin composition of clusters, Chi-squared test was applied. P values were indicated in the 

corresponding figures or figure legends. All statistical analyses were performed using SPSS 

21.0 or R 3.5.1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. snRNA-seq reveals hepatocyte-switching from macronutrient processing to cell adhesion 
and migration during murine NASH.
(A) Experimental scheme of snRNA-seq in profiling transcriptomic changes in all major 

liver cells during NASH progression in mice.

(B) UMAP plot visualization of the unsupervised cell clusters containing 28,308 nuclei 

from livers of mice with four feeding paradigms including 3moNC,3moALIOS,9moNC, 

and 9moALIOS. Hep: hepatocytes; Mac: macrophages; EC: endothelial cells; Meso.cells: 

mesothelial cells.

(C-D) Heatmap (C) and GO analysis (D) of top enriched genes in mNASH-Hep1/2 (Odds 

ratio indicated after each term).

(E) Pseudotime analysis by Monocle2 revealed hepatocyte trajectory bifurcation during 

NASH progression, color coded by condition groups (left) and composition of the condition 

groups of mNAFL and mNASH branches (right).
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(F) Pseudotime analysis by Monocle2 revealed hepatocyte trajectory bifurcation during 

NASH progression color coded by Monocle2 pseudotime value.

(G) Heatmap of the 1981 genes (q value < 1e-20) that determined hepatocyte trajectory 

bifurcation using branched expression analysis modeling (BEAM) in Monocle2. These 

genes are clustered into 6 different modules based on their gene expression pattern across 

Monocle2 pseudotime. Left: gene expression patterns from basal state to NAFL state (upper 

branch in Fig. 1E); Right: gene expression patterns from basal state to NASH state (lower 

branch in Fig. 1E). (H-J) GO analysis of gene modules that determined hepatocyte trajectory 

bifurcation (Odds ratio indicated after each term).

(K) Example genes of gene module 1/2 and 3/4 (the gene module color is consistent with 

Fig. 1H,J and the Monocle2 pseudotime color is consistent with Fig. 1F).
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Fig. 2. snRNA-seq uncovers bifurcation of hepatocyte trajectory in human patients with NASH.
(A) UMAP plot visualization of the unsupervised cell clusters containing 54,847 nuclei 

from livers of “healthy” and NASH human livers. Hep: hepatocytes; Mono/Mac: monocytes/

macrophages; EC: endothelial cells; VSMC: vascular smooth muscle cells.

(B) Violin plot shown differential gene expression across 4 hepatocyte clusters.

(C) Pseudotime analysis by Monocle2 reveals hepatocyte trajectory bifurcation during 

NASH progression. From left to right, the color code indicates the condition groups and 

hepatocyte clusters.

(D) The composition of hepatocyte clusters in hNASH branch1 and hNASH branch2.

(E) Heatmap of the 765 genes (q value < 1e-20) that determined hepatocyte trajectory 

bifurcation at NodeZ in Fig. 2C using branched expression analysis modeling (BEAM) in 

Monocle2. These genes are clustered into 4 different modules based on their gene expression 

pattern across Monocle2 pseudotime.
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(F-H) GO analysis of gene modules which determined hNASH branch1 and 2 (Odds ratio 

indicated after each term).
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Fig. 3. A subset of hepatocytes from mouse and human NASH livers exhibit enhanced EphB2 
activity.
(A) Top signaling pathways mediated intercellular communication between mNASH-Hep1 

and mNASH-Stellate.

(B) 119 common genes including EPHB2 between mouse and human were identified as 

contributing to mNASH branch/hNASH branch2.

(C) UMAP plot of snRNA-seq showing mNASH-Hep1/2 Ephb2 RNA expression.

(D) Elevated transcript abundance of Ephb2 in hepatocytes from 9moALIOS liver was 

validated by RNAscope (white arrows pointing to the hepatocyte nuclei labelled by Hnf4a, 

scale bar=20μm, n=3 in each group).

(E) UMAP plot of snRNA-seq shown Grip1 was prominently elevated in mNASH-Hep1/2.

(F) Subclustering of hepatocytes from 9moALIOS liver based on Ephb2 transcript 

abundance and expression pattern of zonation landmarks Aldh3a2 and Gls2 in EphB2-

positive and EphB2-negative clusters.
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(G) Co-staining Ephb2 with zonation landmarks using RNAscope validated that Ephb2-
expressing hepatocytes mostly localized in pericentral zone (scale bar=25μm, n=3 in each 

group). (H) EPHB2 expression across different hepatocyte clusters in human snRNA-seq 

and differential expression of EPHB2 and GRIP1 between “healthy” and NASH conditions 

within the hNASH-Hep cluster.

(I) RNA in situ hybridization using RNAscope showed increased EPHB2 expression (green, 

white arrows) in hepatocyte nuclei stained with HNF4A (red) in livers from human patients 

with NASH (n=12) compared with “healthy” donor livers (n=5) (*p<0.05, Mann-Whitney U 

test, scale bar=25μm).
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Fig. 4. Notch induces EphB2 expression in hepatocytes.
(A) Left: UMAP plot of snATAC-seq of mouse livers colored by sample identity. Right: 

UMAP plot of snATAC-seq colored by clusters (Hep: hepatocytes; EC: endothelial cells; 

MAC: macrophages).

(B) Using ChromVAR motif-cell z-score matrix as input, STREAM pesudotime density plot 

uncovered a bifurcation of hepatocyte TF motif trajectory during NASH progression. NAFL 

branch and NASH branch were assigned based on the experimental group composition in the 

corresponding branch.

(C) UMAP plot of snATAC-seq demonstrated that mNASH Hep1/2 acquired elevated gene 

activity of EphB2 (orange circle).

(D) snATAC-seq peak tracks across different hepatocyte clusters at Ephb2 locus. Peak to 

gene links were calculated based on the correlations between peak accessibility in snATAC-
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seq and gene expression in snRNA-seq. Two cis-elements (regions highlighted in yellow as 

Peak1 and Peak2) were predicted to positively control Ephb2 expression in hepatocytes.

(E) Top: experimental scheme of forced activation of NICD and Myc in hepatocytes. 

Bottom: NICD but not Myc in hepatocytes up-regulated Ephb2 expression. Data are 

expressed as mean ± SEM, *p<0.05, Mann-Whitney U test.

(F) NICD promoted luciferase activity through the two cis-regulatory elements at Ephb2 
locus identified by the integration of snRNA-seq and snATAC-seq. Data are expressed as 

mean ± SD, n=3 in each group, * p<0.05 Mann-Whitney U test.
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Fig. 5. Hepatocyte-specific EphB2 activation in mice fed NC diet induces cell-autonomous 
inflammation
(A) Experimental scheme of RNA-seq of whole livers from the mice with forced expression 

of EphB2 (Hep-EphB2, n=3) or GFP (Hep-GFP, n=3).

(B) Volcano plot of the differentially expressed genes (shown as red dots with cutoff 

padj<0.1 and abs(log2FC) > 0.5) between Hep-EphB2 and Hep-GFP (Ephb2 is not shown 

on this plot).

(C) GO analysis demonstrated enrichment of metabolic processes, interferon response 

pathways, oxidative stress pathways, and Keap1-Nrf2 in up-regulated genes (Odds ratio 

indicated after each term).

(D) IF staining (IFIT3) and RNA-scope (Ly6d and Cxcl9) showing induced inflammatory 

response in hepatocytes with ectopic expression of EphB2 (white arrows). GFP and Flag 

antibodies stained the transduced hepatocytes from AAV-GFP and AAV-EphB2-Flag tail-
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vein injected mouse livers respectively. Data are expressed as mean ± SD, n=3 in each 

group, *p<0.05, Mann-Whitney U test, scale bar=25μm.

(E) IF staining (IFIT3) and RNA-scope (Ly6d and Cxcl9) in hepatocytes from mice treated 

with ALIOS diet for 9 months (white arrows). Antibody against Hnf4α or RNAscope probe 

detecting Hnf4a was used to label hepatocytes. Ifit3 and Cxcl9 were also detected in the 

non-hepatocytes in 9moALIOS livers (yellow arrows, scale bar=25μm).

(F) Correlation analysis of snRNA-seq demonstrated Ifit2, Ly6d, Cxcl9, and Ccl2 positively 

correlated with Ephb2 expression in hepatocytes.

(G-H) Flow cytometry showing an increased percentage of CXCR3 and CXCR3+ B cells in 

Hep-Ephb2 livers. Data are expressed as mean ± SEM, n=4/5 in each group, *p<0.05.

(I) Activation of EPHB2 in hiPSC-HLC induced inflammatory response and the effect was 

largely EphrinA5-independent. Data are expressed as mean ± SD, n=3 in each group, * 

p<0.05, Mann–Whitney U test.
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Fig. 6. Hepatocyte-specific EphB2 knockdown ameliorates NASH progression.
(A) Experimental scheme of inactivating EphB2 in hepatocytes in mice fed CDAHFD.

(B) Representative images and quantification of Sirius red stained area in sgEphB2 and 

sgNC livers. Data are expressed as mean ± SEM, *p<0.05, Mann–Whitney U test, scale 

bar=100μm.

(C) NASH fibrosis stage in sgEphB2 mice and sgNC control mice by blinded pathology 

evaluation (number labelled on the bar graph represented animal numbers in each category, 

*p<0.05, Mann–Whitney U test).

(D) Reduced CD11b inflammatory cell infiltration in sgEphB2 visualized by IF. Yellow 

arrows pointed to CD11b+ CD45+ cells and white arrows pointed to Cd45+ cells. Data are 

expressed as mean ± SEM, *p<0.05, Mann–Whitney U test, scale bar=25μm.
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