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SUMMARY

c-Kit–positive liver sinusoidal endothelial cells promote
hepatocyte proliferation and attenuate toxin-induced liver
injuries. Notch mutation reshapes c-kitþ sinusoidal endo-
thelial cell spatial distribution, affecting liver zonation.
Endothelial Notch activation impedes liver regeneration by
abrogating c-kitþ sinusoidal endothelial cell–derived wing-
less-type MMTV integration site family, member2
angiocrine.

BACKGROUND & AIMS: Liver sinusoidal endothelial cells
(SECs) promote the proliferation of hepatocytes during liver
regeneration. However, the specific subset of SECs and its
mechanisms during the process remain unclear. In this study,
we investigated the potential role of c-kitþ SECs, a newly
identified subset of SECs in liver regeneration.

METHODS: Partial hepatectomy mice models were established to
induce liver regeneration. Hepatic c-kit expression was detected
by quantitative reverse-transcription polymerase chain reaction,
immunofluorescent staining, and fluorescence-activated cell
sorting. VE-cadherin-cyclization recombinase-estrogen receptor
(Cdh5-Cre-ERT) Notch intracellular domain and Cdh5-Cre
recombination signal binding protein Jkfloxp mice were
introduced to mutate Notch signaling. c-Kitþ SECs were isolated
by magnetic beads. Single-cell RNA sequencing was performed on
isolated SECs. Liver injuries were induced by CCl4 or quantitative
polymerase chain reaction injection.

RESULTS: Hepatic c-kit is expressed predominantly in SECs. Liver
resident SECs contribute to the increase of c-kit during partial
hepatectomy–induced liver regeneration. Isolated c-kitþ SECs
promote hepatocyte proliferation in vivo and in vitro by facilitating
angiocrine. The distribution of c-kit shows distinct spatial differ-
ences that are highly coincident with the liver zonation marker
wingless-type MMTV integration site family, member2 (Wnt2).
Notch mutation reshapes the c-kit distribution and liver zonation,
resulting in altered hepatocyte proliferation. c-Kitþ SECs were
shown to regulate hepatocyte regeneration through angiocrine in a
Wnt2-dependent manner. Activation of the Notch signaling
pathway weakens liver regeneration by inhibiting positive regula-
tory effects of c-kitþ SECs on hepatocytes. Furthermore, c-kitþ SEC
infusion attenuates toxin-induced liver injuries in mice.

CONCLUSIONS: Our results suggest that c-kitþ SECs contrib-
utes to liver zonation and regeneration through Wnt2 and is
regulated by Notch signaling, providing opportunities for novel
therapeutic approaches to liver injury in the future. Transcript
profiling: GEO (accession number: GSE134037). (Cell Mol Gas-
troenterol Hepatol 2022;13:1741–1756; https://doi.org/
10.1016/j.jcmgh.2022.01.019)

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jcmgh.2022.01.019
https://doi.org/10.1016/j.jcmgh.2022.01.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2022.01.019&domain=pdf


1742 Duan et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 6
Keywords: Liver Sinusoidal Endothelial Cells; c-Kit; Wnt2; Liver
Regeneration; Zonation; Notch.
fter injury, the liver has a strong ability to regen-
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Aerate by stimulating the proliferation and hyper-
trophy of the remaining hepatocytes, completely restoring
the volume and functions of the damaged liver.1 The process
of liver regeneration involves complex signaling pathways
and a variety of cells.2,3 Among them, liver sinusoidal
endothelial cells (SECs) have been recognized to play pivotal
roles in liver regeneration and adaptation to pathologic
conditions.4 SECs form a discontinuous fenestrated endo-
thelial cell layer called sinusoidal vasculature, which enables
free exchanges of fluid, ions, nutrients, small and large sol-
utes, as well as metabolites with parenchymal liver cells
(hepatocytes) and nonparenchymal cells (NPCs), such as
hepatic stellate cells. Emerging evidence has shown that
SECs show unique morphologic features and are function-
ally highly specialized.

Along the liver sinusoids, SECs are specialized according
to liver zonation and categorized into pericentral, midlobular,
and periportal subtypes. During liver regeneration, it is
speculated that SECs from different zonations display diverse
functions.5–7 The intense, pericentral SECs adjacent to the
central vein are the main source of the Wnt ligands Wnt2 and
Wnt9, which play an essential role in hepatocyte prolifera-
tion.8 In contrast, adjacent to the portal vein, CD157þ SECs
undergo proliferative expansion after acute liver damage9

and begin to proliferate and differentiate, which further re-
constructs specific hepatic sinusoids. Notably, during this
regenerative process, hepatic sinusoids not only provide the
oxygen and nutrients to support the metabolic requirement
of the liver, but also structure a fertile microenvironment-like
niche, where SEC-derived angiocrine signals, such as Wnt2,
hepatocyte growth factor (HGF), vascular endothelia growth
factor receptor (VEGFR)1, atypical chemokine receptor 3
(CXCR7), Anpt2, and Gata4 contribute to the proliferation and
differentiation of hepatocytes, as well as to liver function in
both health and disease.10–14

c-Kit, also known as CD117, is a type III receptor tyro-
sine kinase15 and a stem cell marker, whose significant role
in c-kitþ cells across different organs has been widely dis-
cussed.16 In the liver, hepatic resident stem cells and bone
marrow–derived stem cells, both of which express c-kit, can
differentiate into various cells according to specific in-
juries.15 Furthermore, c-kit can be detected in several
normal cells, including oval cells, bile epithelial cells, and
part of hepatocytes.17 C-kitþ cells play a key role in biliary
disease–associated fibrogenesis.15,18 The depletion of c-kitþ

mast cells delay liver steatosis and fibrosis processes.19

Moreover, the stem cell growth factor (SCF), which is a
ligand of c-kit, was reported at increased levels during
partial hepatectomy (PHx)-induced liver regeneration.20,21

However, the complex role of c-kitþ cells remains largely
unaddressed in studies, especially regarding c-kitþ SECs in
liver regeneration.

In this study, we found that c-kit is expressed pre-
dominantly in SECs in the liver. PHx-induced regeneration
repopulates liver resident c-kitþ cells, which enhances
hepatocyte proliferation more efficiently via angiocrine
pathways. Moreover, according to paired-cell sequencing,
c-kit and Wnt2 show the same zonation-like spatial
expression in the sinusoidal area, and they are both
negatively regulated by endothelial Notch signaling.
Impaired liver regeneration by Notch activation was
rescued successfully by c-kitþ SEC infusion or exogenous
Wnt2 overexpression. Finally, the implantation of c-kitþ

SECs attenuates toxin-induced liver injuries. These find-
ings indicate the potential therapeutic role of c-kitþ SECs
in the treatment of liver injuries.

Results
Hepatic c-Kit Is Expressed Predominantly in
SECs

Liver c-kitþ cells have been detected in multiple cell
types, including some hepatocytes, Biliary epithelial cells,
oval cells, and circulating progenitor cells during liver
regeneration. Herein, we identify whether hepatic SECs
likewise express c-kit. Single-cell RNA sequencing (RNA-
seq) of the whole liver showed that SECs can be divided into
3 clusters, namely the portal vein (PV) SECs (zone 1),
midlobular SECs (zones 2 and 3), and central vein (CV) SECs
(Figure 1A). Interestingly, the c-kit cluster largely overlaps
with liver endothelia, and most of the clusters are distrib-
uted in the areas of midlobular and central venous SECs
(Figure 1B). To confirm these data, fluorescence-activated
cell sorting (FACS) was used to analyze the total liver cells
in terms of endothelial cell markers and c-kit. In CD146,
CD31, and VEGFR2-positive liver endothelial cells, the pro-
portions of c-kitþ cells were 71%, 78.9%, and 77.4%,
respectively (Figure 1C), suggesting that c-kit is highly
expressed in liver endothelial cells. We isolated the c-kitþ

liver NPCs and performed scanning electronic microscopy
and a lipid endocytosis assay.

SEC-specific fenestrae (Figure 1D) and endocytosis of 1,1-
dioctadecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate
Acetylated low-density lipoprotein (Figure 1E) were
observed in c-kitþ NPCs, indicating that these c-kitþ NPCs
showed SEC-specific features. Immunofluorescent staining
showed that c-kit colocalizes with SEC marker Lyve-1
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Figure 1. Hepatic c-kit is expressed predominantly in SECs. (A) Total liver cells were analyzed by single-cell RNA-seq. (B)
The distribution of liver endothelial cells is presented in the lower part, and the c-kitþ cluster is shown. (C) FACS sorting and
labeling of CD146þ, CD31þ, or VEGFR2þ liver endothelial cells labeled with c-kit. (D) c-Kitþ liver NPCs were sorted and
analyzed by scanning electron microscopy. Right: Magnified view of the left image. (E) c-Kitþ liver NPCs isolated and stained
with Dil-Ac-LDL (red) and Hoechst (blue) in vitro. Scale bar: 50 mm. (F) Immunofluorescent staining of c-kit (red) and Lyve-1
(green) in normal liver. Scale bar: 50 mm. (G) mRNA expression of c-kit determined in c-kitþ BM cells, hepatocytes (HCs),
hepatic stellate cells (HSCs), Kupffer cells, and SECs by qRT-PCR (n ¼ 3 per group). (H) c-Kitþ proportion in CD146þ SECs
quantified by FACS. (I) Expression of VEGFR2, CD146, CD31, and CD45 measured in c-kitþ SECs by FACS. Bars show means
± SD. ***P < .001. SSC, side scatter.
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(Figure 1F). We further detected the messenger RNA
(mRNA) levels of c-kit in hepatocytes, Kupffer cells, hepatic
stellate cells, and SECs after isolation, and found that the c-
kit expression in SECs was remarkably higher than in other
cells (Figure 1G). These findings confirmed that the hepatic
c-kit originated mainly from SECs. Furthermore, we tested
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VEGFR3, CD146, CD31, and CD45 in c-kitþ SECs. The posi-
tive proportions were 77%, 76.1%, 67.7%, and 95.7%,
respectively (Figure 1I). These findings indicate that SECs
are the principal source of hepatic c-kit expression. Next, we
sorted SECs by CD146 magnetic beads and quantified their
c-kit levels. A total of 69.4% of SECs were shown to be c-kit
positive (Figure 1H).
Hepatic c-Kit Increases During Liver
Regeneration

The expression of SEC c-kit then was investigated in PHx
models. We detected the mRNA expression of c-kit in iso-
lated SECs at different time points after PHx and found that
c-kit reached the peak at day 1 (Figure 2A). In situ hybrid-
ization and immunofluorescent staining also showed that
the expression of c-kit was significantly higher at 24 hours
compared with the sham group after PHx (Figure 2B and C).
Flow cytometry further confirmed that hepatic c-kitþ cells
increased on PHx day 1 (Figure 2D). The proliferation of
hepatocytes peaked at 36–48 hours after PHx, which was
confirmed in our study by anti-Ki67 staining (Figure 2E).
The initiation of liver regeneration or hepatocyte prolifera-
tion occurred roughly around day 1 after PHx. The possi-
bility that c-kitþ SECs might initiate PHx-induced liver
regeneration must be addressed in detail. To this end, we
measured several known SEC-derived angiocrine factors,
including CXCR7, HGF, VEGFR1, Wnt2, and Angpt2, at
different time points during liver regeneration, and found
that CXCR7, HGF, VEGFR1, and Wnt2 expression all were
up-regulated at its initiation (Figure 2F). In parallel, Angpt2,
which negatively control hepatocyte regeneration, showed
significantly lower expression levels after PHx (Figure 2F).
Therefore, we speculate that c-kitþ SECs are required at the
initiation of liver regeneration.
Liver Resident SECs Contribute to c-Kit Increase
After PHx

To investigate whether bone marrow–derived c-kitþ cells
are involved in liver regeneration after PHx, green fluorescent
protein (GFP) bone marrow transplant (BMT) chimeric mice
models were established. Two months after transplantation,
Figure 2. (See previous page). Liver resident c-kit increases
kit in isolated SECs on different days after PHx determination b
collected from the sham and PHx group (24 hours after PHx). T
immunofluorescent staining (green) (n ¼ 6 per group). Scale b
quantified in the sham and the PHx group (n ¼ 4 per group). (E)
and 6 after PHx, co-stained with Ki67 (red) and Hoechst (blue), a
(n ¼ 3 per group). (F) Expression of CXCR7, HGF, VEGFR1, Wnt2
by qRT-PCR (n ¼ 3–6 per group). (G) GFPþ BM cells transplan
blood of the recipients analyzed by FACS 2 months later. (H) G
were isolated and quantified on days 1, 2, 4, and 6 after PHx by F
after PHx (n ¼ 6 per group). (J and K) Expression of CD31, VEGF
kit, Wnt2, and CXCR7 compared between GFPþ and GFP- SEC
and GFP transgenic mouse cojoined by parabiosis surgery. (M)
days after parabiosis. (N) The untreated healthy mouse of the
collected from the GFP-parabiosis models were stained with c-k
were statistically quantified between the sham and PHx group (n
< .05, **P < .01, ***P < .001, and ****P < .0001. HPF, high-pow
the chimerism of BMT was investigated by FACS, showing that
85% of the recipients’ bone marrow cells were GFP positive
(Figure 2G). PHx was performed on GFP-BMT chimeric mice,
and SECs were isolated by magnetic beads, while GFPþ cells
were obtained by using flow cytometry sorting. After PHx, the
maximum proportion of GFPþ SECs (25.6%) was observed on
day 4 (Figure 2H), which is in sync with the peak of SEC
proliferation (Figure 2I). Next, we compared the mRNA
expression of endothelial markers and angiocrine factors be-
tween liver resident SECs and BM-derived SECs. The results
showed that the expression of CD31, VEGFR2, TEK receptor
tyrosine kinase (Tie 2), CD146, VEGFR3, Cdh5, Wnt2, and
CXCR7 were significantly higher in GFP- SECs (Figure 2J and
K). Importantly, c-kit was expressed predominantly in GFP-

SECs (Figure 2K). To further confirm that hepatic c-kit
expression originates from residential SECs, we established
GFP-parabiosis models, as shown in Figure 2L. Fourteen days
after the surgery, 24.7% of circulating cells were confirmed to
be GFP positive (Figure 2M). Immunofluorescent staining
showed significantly higher expression levels of hepatic c-kit
after PHx, however, the GFPþ c-kit levels indicated no differ-
ence between the 2 groups (Figure 2N), implying that circu-
lating GFPþ c-kit did not contribute to the increasing
expression of hepatic c-kit. These findings indicate that liver
resident SECs are the major source of higher hepatic c-kit
levels after PHx.

c-Kitþ SECs Promote Hepatocyte Proliferation
In Vivo and In Vitro

According to the earlier-described findings, c-kit is
related closely to hepatocyte regeneration. Thus, we
generated endothelial cell–specific c-kit knockout mice
(Cdh5-Cre Kitfloxp) to test this hypothesis. Unexpectedly, the
depletion of endothelial c-kit did not affect hepatocyte
proliferation and relative liver weight. Immunohistochem-
istry staining by Ki67 showed no difference between the Kit
knockout and control group before or after PHx (Figure 3A).
Isolated c-kitþ and c-kit- SECs were harvested by magnetic
beads and co-cultured with primary hepatocytes for 24 or
48 hours in vitro. Intriguingly, the amount of proliferating
hepatocytes stained by Ki67 increased dramatically in the c-
kitþ SEC-treated group at different time points (Figure 3B).
during PHx-induced liver regeneration. (A) Expression of c-
y qRT-PCR (n ¼ 3 per group). (B and C) Liver samples were
he expression levels of c-kit were analyzed by (B) ISH and (C)
ars: 100 mm. (D) Hepatic c-kitþ cells observed by FACS and
Liver samples of wild-type mice collected on days 0, 1, 2, 4,

nd quantified by counting Ki67þ nuclei (pink). Scale bar: 50 mm
, and Angpt2 on days 0, 1, 2, 4, and 6 after PHx determination
ted to irradiated recipient mice and GFPþ cells in peripheral
FP-BMT mice then were subjected to PHx, and GFPþ SECs
ACS. (I) Proliferation of SECs quantified on days 1, 2, 4, and 6
R2, TEK receptor tyrosine kinase, CD146, VEGFR3, Cdh5, c-
group by qRT-PCR on PHx day 4 (n ¼ 3 per group). (L) Normal
GFPþ cells in PB of the normal mice were tested by FACS 14
twin mice was subjected to PHx on day 14. Liver samples
it and Hoechst. The c-kitþ (red) and c-kitþGFPþ (yellow) stain
¼ 4 per group). Scale bar: 25 mm. Bars show means ± SD. *P
er field; SSC, side scatter.
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Moreover, tail vein infusion of c-kitþ SECs successfully
stimulated hepatocyte proliferation in vivo (Figure 3C). The
expressions of Wnt2, Wnt9b, HGF, cyclinD1, and VEGFR1
were determined by quantitative reverse-transcription po-
lymerase chain reaction (qRT-PCR). The results show that
all of these angiocrine factors are highly expressed in c-kitþ

SECs (Figure 3D). To confirm the earlier-described findings,
RNA-seq was performed on isolated SECs between c-kitþ

and c-kit- subpopulations. Consistently, the heatmap shows
that angiocrine factors are up-regulated in c-kitþ SECs
(Figure 3E). Moreover, the gene set enrichment analyses
unveiled that proliferation-related pathways including Early
2 factor targets, spermatogenesis, mitotic, and G2M were
activated in c-kitþ SECs, whereas inflammation-associated
signaling was enriched in c-kit- SECs (Figure 3F). These
data confirm our hypothesis that c-kitþ SECs are devoted to
supporting liver regeneration, probably in an angiocrine-
dependent manner.
Single-cell RNA-Seq Shows Zonation-Like
Distribution of Hepatic c-Kit

A recent study performed single-cell RNA-seq of murine
global endothelial cells,22 providing an atlas to observe
molecular changes of endothelia in different organs. Based
on this atlas, we found that c-kit was expressed only in the
liver and lung endothelia (Figure 4A). In addition, hepatic c-
kit could be detected only in liver endothelia, especially si-
nusoidal and central venous endothelial cells (Figure 4B and
C), which was consistent with the findings obtained with
single-cell RNA-seq (Figure 1A and B). The distribution of
endothelial markers and angiocrine factors including Cdh5,
Lyve1, CD146, VEGFR3, VEGFR2, VEGFR1, Wnt9b, HGF, and
Wnt2 in liver endothelial cells are shown in Figure 4C as
well. Interestingly, the spatial distribution of c-kit basically
coincided with the liver zonation marker Wnt2. To confirm
that the expression of Wnt2 is spatially highly correlated
with c-kit, we used the databank of paired-cell sequencing of
liver endothelial cells established by Halpern et al.23

The immunofluorescent staining shown in Figure 4D in-
dicates high expression of hepatic c-kit around CV and low
expression in PV areas. We delineate 8 continuous regions
from PV to CV (Figure 4D) and estimate the spatial expres-
sion of several molecules in different regions of the liver by
paired-cell sequencing (Figure 4E and F). We found that, from
PV to CV, the expression of c-kit gradually increased in liver
endothelial cells, which is consistent with the trend of Wnt2.
The spatial expression levels of CXCR7, Wnt9b, and Myc are
Figure 3. (See previous page). c-KitD SECs promote hepa
collected from control and Cdh5-Cre Kitfloxp mice on days 0 an
(IHC) (n ¼ 4 per group). Scale bar: 50 mm. (B) Wild-type primary h
SECs in vitro. Twenty-four or 48 hours later, hepatocytes were
stain. Ki67þ hepatocytes (pink) were compared between the c-k
Liver samples collected from normal mice 1 day after cell infusion
groups infused with c-kitþ or c-kit- SECs by anti-Ki67 IHC (n ¼ 6
HGF, cyclin D1, and VEGFR1 determined by qRT-PCR (n ¼ 3 p
RNA-seq. The heatmap shows the change of some angiocrine
between c-kitþ and c-kit- groups. The enrichment of proliferatio
Bars show means ± SD. *P < .05, **P < .01, and ***P < .001.
roughly the same, in contrast to the changes in HGF, VEGFR1,
and cyclin D1 (Figure 4E). Then, we measured the spatial
expression of molecules related to the Notch signaling
pathway and found that Notch1, Notch2, Notch4, Delta-like
canonical Notch ligand 4, hairy/enhancer-of-split related with
YRPW motif 1, and hes family bHLH transcription factor 1
showed spatial expression levels opposite to c-kit (Figure 4F).
Thus, we speculate that hepatic c-kit and Wnt2 are regulated
negatively by the Notch signaling pathway.
Notch Mutation Reshapes c-Kit Distribution and
Liver Zonation, Affecting Hepatocyte Proliferation

To investigate whether Notch signaling is involved in the
regulation of c-kitþ SECs, we constructed Cdh5-Cre-ERT
Notch intracellular domain (NICD) and Cdh5-Cre recombi-
nation signal binding protein Jk (RBPj)floxp mice, which were
able to activate or abrogate endothelial Notch signaling,
respectively. The heatmap of SEC RNA-seq shows that c-kit
and Wnt2 are down-regulated in NICD overexpression mice,
and up-regulated upon disruption of the endothelial Notch
signal (Figure 5A). This was confirmed further by qRT-PCR
(Figure 5B). In addition, immunofluorescent staining un-
covered the spatial distribution of c-kitþ SECs after the
Notch mutation. c-Kit–positive signals were quantified in
different regions marked zones 1–6 (Figure 5C and D).
Forced Notch activation by NICD overexpression resulted in
a large decrease of c-kitþ SECs in midlobular (zones 2–3 and
4–5) and especially CV areas (zones 3–4) (Figure 5E and G).
However, a sustainable increase of c-kitþ SECs was found in
all areas (zones 1–6) of the liver with Notch-RBPj deficiency
(Figure 5F and H). A sketch made a summary that c-kitþ

SECs normally reside in CV or midlobular sinusoids. The
spatial distribution of these c-kitþ cells probably shift after
Notch mutation (Figure 5I). Finally, immunohistochemistry
staining with anti-Ki67 shows that the proliferation of he-
patocytes decreases after Notch activation and increases
after Notch disruption (Figure 5J). In summary, we presume
that endothelial Notch signaling inhibits hepatocyte prolif-
eration by regulating c-kit þ SEC-derived Wnt2.
Endothelial Notch Activation Impedes Liver
Regeneration by Abrogating c-Kitþ SEC-Derived
Wnt2

On day 2 after PHx, hepatocyte proliferation was dis-
rupted by Notch activation (Figure 6A). alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)
tocyte proliferation in vivo and in vitro. (A) Liver samples
d 2 after PHx, analyzed with anti-Ki67 immunohistochemistry
epatocytes treated with the culture medium of c-kitþ or c-kit-

collected and observed by Ki67 (red) and Hoechst (blue) co-
itþ and c-kit- groups (n ¼ 3 per group). Scale bars: 50 mm. (C)
. The proliferation of hepatocytes was compared between the
per group). Scale bar: 100 mm. (D) Expression of Wnt2, Wnt9b,
er group). (E) c-Kitþ or c-kit- SECs isolated and analyzed by
factors. (F) Gene set enrichment analyses of isolated SECs
n and inflammation-associated pathways were investigated.
KO, knockout.



Figure 4. Spatial expression of hepatic c-kit, Wnt2, and Notch signaling. Single-cell RNA-seq showing (A) c-kit expression
in murine global endothelial cells, (B) the cluster of liver endothelial cells, and (C) the expression of c-kit, Wnt2, HGF, Wnt9b,
VEGFR1, VEFGR2, VEGFR3, CD146, Lyve1, and Cdh5 in liver endothelial cells. (D) Normal liver section stained with c-kit (red)
and factitiously divided into 8 continuous regions from the PV to CV. (E and F) Spatial expression of angiocrine factors and
Notch signaling genes presented by paired-cell sequencing.
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increased significantly, and the liver/body weight ratio
decreased 2 days after PHx (Figure 6B and C), suggesting
that NICD overexpression impaired liver regeneration and
deteriorated liver function. c-Kitþ SECs then were calcu-
lated by FACS. Compared with the control, Notch activa-
tion strikingly reduced the c-kitþ SEC population
(Figure 6D). To determine whether Notch impaired liver
regeneration occurs as a result of the loss of c-kitþ SECs,
we isolated normal c-kitþ SECs and infused them in PHx
models. Immunohistochemistry staining with anti-Ki67
showed that incapable hepatocyte proliferation caused
by Notch activation was recovered by c-kitþ SEC infusion
(Figure 6E and F). Although reduced liver weight was not
affected, impaired liver function by Notch activation was
restored after cell infusion (Figure 6G and H). Considering
that c-kitþ SECs were rich in Wnt2 expression, we exam-
ined the Wnt2 mRNA level after PHx and Notch activation.
qRT-PCR showed that Wnt2 was highly expressed in c-kitþ
SECs of the regenerating liver (Figure 6I). After Notch
activation, Wnt2 showed a significantly larger decrease in
the c-kitþ than in the c-kit- group (Figure 6J). To evaluate
the contribution of Wnt2 to regeneration, c-kitþ SECs with
different genotypes were isolated and cocultured with
primary hepatocytes of wild-type mice. The addition of
exogenous Wnt2 plasmid in vitro rescues the disrupted
hepatocyte proliferation caused by Notch activation
(Figure 6K). In summary, the Notch signal influences c-
kitþ SECs to regulate liver regeneration in a Wnt2-
dependent manner.
c-Kitþ SEC Infusion Ameliorates Liver Injury
Considering that c-kitþ SECs have the capacity to pro-

mote hepatocyte regeneration, we further identified their
therapeutic potential on liver injuries. Liver injury models
were established by CCl4 or qPCR (DMN). In both models,



Figure 5. Notch mutation reshaped c-kit distribution and altered hepatocyte proliferation. (A) Heat map showing the gene
profiles of SECs collected from the control, NICD overexpression, and RBPj knockout mice. The P value of each comparison is
indicated with colors. (B) qRT-PCR comparison of c-kit and Wnt2 expression levels between the control and NICD mice or the
control and RBPj KO mice (n ¼ 3 per group). (C and D) Liver sections collected from the control and Notch mutant mice stained
with c-kit (red) and then factitiously divided into 6 continuous regions. (E and F) Quantification of c-kit staining shown in panels
C and D (n ¼ 4 per group). (G and H) Relative distribution of c-kit in different regions (1–6) of liver estimated according to the c-
kit stain shown in panels C and D (n ¼ 4 per group). (I) Sketch imitating the spatial expression of hepatic c-kit among the
normal control, NICD, and RBPj KO groups. (J) Liver samples collected from the control, NICD overexpression, and RBPj KO
mice and analyzed by anti-Ki67 immunohistochemistry (n ¼ 5–6 per group). Scale bars: 100 mm. Bars show means ± SD. *P <
.05, **P < .01, and ***P < .001. HFP, high-power field.
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Figure 6. Endothelial Notch activation impairs liver regeneration by disrupting c-kitD SEC-derived Wnt2 angiocrine.
(A) Liver sections collected from the control and NICD overexpressed mice co-stained with Ki67 (red), c-kit (green), and
Hoechst (blue) on PHx day 2. Ki67þ nuclei of hepatocytes (pink) and c-kit expression were quantified (n ¼ 4 per group). Scale
bar: 50 mm. (B and C) Serum levels of ALT and AST and the liver/body weight ratio were compared between the control and
NICD mice on day 2 after PHx (n ¼ 4 per group). (D) c-Kitþ and VEGFR3þ liver cells measured and quantified by FACS in the
control and NICD-overexpressed mice (n ¼ 4 per group). (E) Mice with different genotypes were infused with phosphate-
buffered saline (PBS) or c-kitþ SECs twice on PHx days 0 and 1. Scale bars: 100 mm. (F) Proliferating hepatocytes were
labeled by anti-Ki67 immunohistochemistry and quantified (n ¼ 4 per group). (G and H) Relative liver weight, ALT, and AST
were compared among the control group with PBS infusion, NICD group with PBS infusion, and NICD group with c-kitþ SEC
infusion (n ¼ 4–5 per group). (I and J) Expression of Wnt2 was compared between c-kitþ and c-kit- SECs by qRT-PCR, after
PHx or endothelial Notch activation (n ¼ 3 per group). (K) Hepatocytes isolated from wild-type mice were treated with the
culture medium of c-kitþ SECs in control, NICD, or NICD with Wnt2 overexpression group. The proliferation of hepatocytes
was analyzed and quantified by Ki67 (red) stain (n ¼ 3–4 per group). Scale bar: 50 mm. Bars show means ± SD. *P < .05, **P <
.01, and ***P < .001. Ctrl, control; CT, control; HPF, high-power field.
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wild-type mice were implanted with c-kitþ or c-kit- SECs
through the spleen 12 hours after CCl4 or DMN adminis-
tration and were analyzed 36 hours after cell infusion. To
verify whether the implanted SECs successfully could home
to the liver, GFP-labeled c-kitþ SECs were detected by
immunofluorescent stain. As shown in Figure 7M, GFP-
positive stain could be notably observed in both groups.
In CCl4-induced models, the liver with c-kitþ SEC infusion
seemed normal; however, the control liver infused with c-
kit- SECs was reddish, indicating that CCl4 leads to liver
congestion (Figure 7A). Although the relative liver weight
and ALT level remained unchanged after cell infusion
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(Figure 7B and C), c-kitþ SECs alleviated liver injury by
decreasing the AST level (Figure 7C) and decreasing liver
necrotic areas shown by H&E staining (Figure 7D and E).
Furthermore, c-kitþ SEC infusion promoted periportal he-
patocyte proliferation after CCl4 injury (Figure 7F and G). In
DMN-induced models, c-kitþ SEC infusion largely amelio-
rated liver congestion in general (Figure 7H). Although the
liver weight, ALT, AST, and hepatocyte proliferation were
not affected significantly by cell infusion, H&E staining
showed that c-kitþ SECs improved liver necrosis after DMN
injection (Figure 7I–L). These findings indicate the potential
therapeutic role of c-kitþ SECs in toxin-induced liver
injuries.

Discussion
In this study, c-kitþ SECs first were identified as a

contributor to the liver regeneration process. c-Kit, also known
as CD117, has been referred to as the SCF receptor. Activation
of the SCF/c-kit signal transduction pathway usually is linked
to cell proliferation,migration, and survival, and thus regulates
crucial functions in hematopoiesis, pigmentation, and sper-
matogenesis. Interestingly, in this study, we found that c-kit
was largely expressed in SECs. Notably, we provide evidence
showing c-kitþ SECs are rich in terms of angiocrine factor
expression, which suggests that c-kitþ SECs produce pre-
dominant mitogens during liver regeneration. Liver c-kitþ

cells, including some hepatocytes, Biliary epithelial cells, and
oval cells, have been proposed to participate in liver regener-
ation by differentiating into different types of cells, depending
on the type of the injury.24–26 Some research groups showed
that bone marrow c-kitþ cells repopulated to the liver and
attenuated hepatocyte damage by differentiating into NPCs or
secreting protective cytokines.27,28 However, bone marrow
transplant and parabiosis models confirmed that circulating c-
kitþ cells contributed less to PHx-induced c-kit increase than
expected. Compared with the circulating c-kitþ cells, we pre-
sumed that the resident c-kitþ SECs provide a quick response
and become the main source of angiocrine factors during liver
regeneration. The cell biology and specific regulation of
circulating bonemarrow c-kitþ cells during liver injury will be
explored in subsequent work.

Hepatocytes with different characteristics and functions
are distributed unevenly along the radial axis of the lobule,
termed the zonation.5–7 Liver zonation, the spatial separa-
tion of different metabolic pathways along the liver sinu-
soids, is fundamental for proper functioning of this organ.
The Wnt signaling pathway is considered to be the main
regulator of liver zonation.8 Its activity is highest around the
central vein, and nuclear b-catenin directly regulates the
activation of genes involved in glutamine synthesis and drug
Figure 7. (See previous page). c-KitD SEC infusion recovers
kit- SECs through the spleen 12 hours after CCl4 or DMN admi
CCl4-or DMN-treated liver after c-kitþ or c-kit- SEC infusion. (B
infusion (n ¼ 8–9 per group). (C and J) Serum ALT and AST level
(D, F, and K) H&E staining and anti-Ki67 immunohistochemistry s
bars: 100 mm. (E, G, and L) Quantification of liver necrotic areas
per group). (M) Implanted GFP-labeled SECs that were co-stai
stain in the liver of PHx and control mice. Bars show means ±
metabolism. The genes expressed near central vein endo-
thelial cells are the key ligands of the Wnt signaling
pathway, including Wnt2, Wnt9b, and Rspo3.8 Recently,
Inverso et al29 and Su et al30 unveiled that the SEC-derived
c-kit contributed to liver zonation in the quiescent or
fibrotic liver. Consistently, by analyzing the single-cell
sequencing database,23 the spatial distribution of c-kitþ

SECs is zonation-like in the liver, which is consistent with
the Wnt2 expression, further implicating that c-kitþ SECs
may be responsible for hepatocyte proliferation by the
angiocrine pathway in liver regeneration.

According to RNA-seq and the immunofluorescent stain
of the Notch signal expression pattern in our study, Notch
signaling negatively regulates the spatial expression of he-
patic c-kit and Wnt2. We previously showed that endothelial
Notch activation results in SEC dedifferentiation and alters
the angiocrine profile of SECs to compromise hepatocyte
proliferation and liver regeneration.4 Herein, we elucidate
whether c-kitþ SECs also could be regulated by Notch
signaling. After forced activation of the Notch signaling
pathway, the number of c-kitþ SECs decreased, and Wnt2
was down-regulated in c-kitþ SECs. The influx of c-kitþ SECs
in vivo and exogenous overexpression of Wnt2 in vitro
confirmed that the Notch signaling pathway manipulated
hepatocyte proliferation by regulating c-kitþ SEC-derived
Wnt2. We also found that some other angiocrine factors,
such as CXCR7, Wnt9b, HGF, and cyclin D1 were highly
expressed in c-kitþ SECs. Whether these angiocrine factors
also are regulated strictly by Notch signaling pathways must
be addressed in future work. The endothelial NICD over-
expression shrank c-kitþ SECs. Whether Notch-Hes1
signaling directly impedes the c-kit transcription or dis-
rupts the c-kit in some other ways also must be explored in
a subsequent study.

In this study, we showed that c-kitþ SECs have potential
therapeutic effects on the treatment of liver injuries, prob-
ably by promoting hepatocyte regeneration. We assume that
exogenous c-kitþ SECs may act as Trojan horses that pro-
vide certain angiocrine factors, such as Wnt2, to fuel hepa-
tocyte proliferation. The RNA-seq analysis of isolated SECs
confirms that the proliferation-associated signaling path-
ways including Early 2 factor targets, spermatogenesis,
mitotic, and G2M, are activated extensively in c-kitþ instead
of c-kit- SECs, indicating c-kitþ SECs were the major source
of mitogens that stimulated hepatocyte proliferation and
recovered the injured liver. These findings imply that c-kitþ

SECs may become candidate cells for the treatment of liver
diseases in the future. However, the potential value of c-kitþ

SECs in the field of liver repair and disease treatment and its
therapeutic mechanism require further investigation.
injured liver. Wild-type mice were implanted with c-kitþ or c-
nistration and analyzed 36 hours after cell infusion. (A and H)
and I) Liver/body weight ratio of mice with liver injury and cell
s of mice with liver injury and cell infusion (n ¼ 7–8 per group).
taining of injured liver after c-kitþ or c-kit- SEC infusion. Scale
and Ki67þ hepatocytes shown in panels D, F, and K (n ¼ 6–8
ned with Lyve-1 (red), were evaluated by immunofluorescent
SD. *P < .05, **P < .01, and ***P < .001.



Figure 8. Graphic summary. Schematic showing regula-
tory effects of Notch signaling on c-kitD SECs.
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In summary, our data show that c-kitþ SECs, a newly
identified SEC subtype, contribute to liver regeneration via
angiocrine factors. The angiocrine property of c-kitþ SECs is
dysregulated by Notch signal activation and compromises
hepatocyte proliferation (Figure 8). The results provide
promise for elucidating the mechanism of c-kitþ SEC-
mediated hepatocyte proliferation in liver regeneration and
propose that targeting c-kitþ SEC may be an attractive
rationale for treating liver disease.
Materials and Methods
Mice

Mice were maintained in a specific pathogen-free facility
on the background of C57BL/6J. Gt(ROSA)26Sor Harbor
site-transcription stop signafloxed-Notch1 intracellular
Table 1.Antibodies Used in This Study

Name Supplie

c-kit R&D Systems （Minneapol

VEGFR2 Abcam (Cambridge, UK)

Lyve-1 Reliatech (Brunswick, Germ

CD146 Biolegend (San Diego, CA)

CD31 Biolegend (San Diego, CA)

VEGFR3 Abcam (Cambridge, UK)

CD45 Abcam (Cambridge, UK)

Ki67 Millipore (Burlington, MA)

Goat anti-rabbit FITC Jackson Immuno Research

Goat anti-rabbit Cy3 Jackson Immuno Research

Donkey anti-goat Alexa fluo594 LifeTechnologies (Carlsbad

FITC, fluorescein isothiocyanate; IF, immunofluorescence; IHC,
domain-mice (murine Notch1 NIC [1749-2293], followed by
the internal ribosome entry site-GFP in the ROSA26 locus;
Jackson Laboratory, Bar Harbor, ME) were crossed with
CDH5-Cre-ERT mice (kindly provided by R.H. Adams).31

Male mice (6 weeks old) were injected intraperitoneally
with tamoxifen (100 mg/kg; Sigma Aldrich, St. Louis, MO), 7
times in total.32 The RBP-J–floxed mouse strain was con-
structed as described.33 The Cdh5-Cre Kitfloxp mice were
constructed by GemPharmatech Co, Ltd (Nanjing, China).

PHx was performed as described.34 To induce liver
injury, mice were injected with CCl4 (15% in olive oil, 0.6
mL/g body weight, intraperitoneally) or DMN (dissolved in
olive oil, 14 mg/kg body weight, intraperitoneally). For cell
infusion, 2 � 106 c-kitþ SECs were collected by magnetic
sorting and injected via the tail vein or spleen.

All animal experiments were approved by the Animal
Experiment Administration Committee of the Fourth Mili-
tary Medical University (Xi’an, China) to ensure ethnical and
humane treatment of animals. The study was performed
according to the guidelines outlined in the National In-
stitutes of Health Guide for the Care and Use of Laboratory
Animals prepared by the National Academy of Science and
published by the National Institutes of Health (publication
86-23, revised 1985).

Bone Marrow Transplantation
C57BL/6 male mice at the age of 6–8 weeks were

maintained under specific-pathogen-free conditions. Mice
were subjected to total body irradiation, with g-radiation
from a 60Co irradiator at a dosage of 9 Gy. Then, mice were
injected with BM cells through the tail vein.35

Parabiosis Models
The mice to be joined in parabiosis were anesthetized by

inhaled isoflurane, 2.0%–3.0% vol/vol induction, 1.5–2.0%
vol/vol maintenance. The mice were placed in the supine
position, fur was removed from the surgical site, and excess
hair was wiped off with an alcohol swab. After further
disinfection, incisions were made starting at 0.5 cm above the
elbow all the way to 0.5 cm below the knee joint, attaching
r Clone number Purpose

is, MN） Polyclonal FACS/IF

Monoclonal FACS

any) 4D17 IF

ME-9F1 FACS

MEC13.3 FACS/IF

Monoclonal FACS

Monoclonal FACS

Polyclonal IF/IHC

(Pennsylvania, PA) IgG IF

(Pennsylvania, PA) IgG IF

, CA) IgG IF

immunohistochemistry.



Table 2.Primers Used for qPCR

qPCR Forward, 5’-3’ Reverse, 5’-3’

c-kit GCCACGTCTCAGCCATCTG GCCACGTCTCAGCCATCTG

CXCR7 TAAGACCACAGGCTACGACA TGAGGTGTGTGATCTTGCATG

HGF CCGACGAGACCGAATCAATAAC CGTCCCTTTATAGCTGCCTCC

CD31 AGTCAGAGTCTTCCTTGCCC TCTGTTTGGCCTTGGCTTTC

Wnt2 CTCGGTGGAATCTGGCTCTG CACATTGTCACACATCACCCT

Angpt2 AGAAGAGCAAACCACCTTCAG GTCACAGTAGGCCTTGATCTCC

VEGFR1 TGGCTCTACGACCTTAGACTG CAGGTTTGACTTGTCTGAGGTT

VEGFR2 TTTGGCAAATACAACCCTTCAG GCAGAAGATACTGTCACCACC

VEGFR3 CTGGCAAATGGTTACTCCATGA ACAACCCGTGTGTCTTCACTG

CD146 CCTGGAACGTCAACGGCAC GGGTGGTTAAATTGACCAGCTCC

Tie2 CATCACCATAGGAAGGGAC CACGGTCATAGTTAGAGTAGCA

Cdh5 ATTGGATTTGGAACCAGATGC ACGCTTGACTTGATCTTGC

Wnt9b CTGGTGCTCACCTGAAGCAG CCGTCTCCTTAAAGCCTCTCTG

CyclinD1 GCGTACCCTGACACCAATCTC CTCCTCTTCGCACTTCTGCTC

b-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATG
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the left olecranon/knee joint of one mouse to the right
olecranon/knee joint of the other. The olecranon and knee
joints were each attached tightly by a double surgical knot.
Then, the dorsal and ventral skins were connected with a
continuous 5-0 Vicryl (Shanghai, China) suture. The mice
were kept on a heated pad and continuously monitored until
complete recovery.36

Histologic Examination
Paraffin-embedded and snap-frozen liver sections were

prepared for immunohistochemistry and immunofluores-
cence according to standard protocols. Cultured SECs were
grown on cover slides in 24-well plates for the indicated
number of days and then processed for in vitro immuno-
fluorescence. Antibodies used for histology are listed in
Table 1. In situ hybridization was performed as described in
a previous study.37 Scanning electron microscopy was per-
formed as described in a previous study.4 Fluorescein
isothiocyanate/formaldehyde-treated serum albumin was
used to assay the endocytosis of SECs in vivo, as instructed
by published protocols.38

c-Kitþ/- SEC Isolation
Cells were isolated as described in a previous study.4

Briefly, mice were anesthetized and perfused with Hank’s
buffer containing 0.2 mg/mL of collagenase IV (Sigma-
Aldrich). Hepatocytes were removed by low-speed centri-
fugation at 50 � g for 3 minutes. Liver NPCs were resus-
pended in 4 mL of 17.6% iodixanol (Axis-Shield, Dundee,
Scotland) and 4 mL of 10% iodixanol. The cell suspension
then was centrifuged at 1400 � g for 20 minutes in a swing-
out rotor without brake. Cells were recovered from the
interface between the 10% and 17.6% iodixanol solutions,
and resuspended and incubated with anti-CD117 magnetic
beads (Miltenyi Biotec) for 15 minutes in the dark in the
refrigerator. By magnetic separation with MS Columns
(Bergisch Gladbach, Germany), c-kitþ cells were collected by
pushing the plunger into the MS column. The eluted fraction
can be enriched and incubated with anti-CD146 magnetic
beads, upon which magnetic separation obtains the c-kit-

cells.
Flow Cytometry
Single-cell suspensions were incubated with the indi-

cated antibodies (listed in Table 1) in the flow cytometry
staining buffer (eBioscience, San Diego, CA) for 30 minutes,
followed by staining with fluorescent secondary antibody
when necessary. Samples were analyzed with a FC500 flow
cytometer (Beckman, Brea, CA), and data were analyzed
using FlowJo 7.6 software. Unstained cells were used for
determining gates, and isotype antibodies were used for
negative control.
Single-Cell RNA-Seq
Single-cell RNA-seq was performed as previously

described,39 and was supported by the Genergy Biotech-
nology (Shanghai, China). Hepatic NPCs were collected and
loaded on a Chromium Single Cell Instrument (Pleasanton,
CA) (10� genomics) to generate single-cell barcoded
droplets (Gel Bead-In-EMulsions) according to the manu-
facturer’s protocol. Sequencing was performed on an Illu-
mina HiSeq3000 (San Diego, CA). Raw data files of single-
cell RNA-seq in this study are accessible through GEO
(accession number: GSE134037).
RT-PCR
Total RNA was extracted from cells or total liver tissue

using the TRIzol reagent (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. After reverse-
transcription using a PrimeScrip RT reagent kit (Takara,
Dalian, China), qPCR was performed with the SYBR Premix
EX Taq II kit (Takara) on an ABI 7500 real-time PCR system
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(Applied Biosystems, Foster City, CA), with b-actin as an
internal control. The primers used are listed in Table 2.
Biochemical Detection
Serum levels of ALT and AST were analyzed using kits

(BioSino Bio-Technology and Science, Inc, Beijing, China)
and an automatic biochemistry analyzer (Chemray240;
Rayto, Shenzhen, China). The hydroxyproline content was
quantified using a kit (Sigma-Aldrich) according to the
manufacturer’s instruction.
Statistical Analysis
The SPSS (version 12.0; SPSS, Inc, Chicago, IL) program

was used to perform statistical analysis. An unpaired t test
or analysis of variance were performed to compare the
difference between each group. Results are expressed as
means ± SD. P < .05 was considered statistically significant.
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