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SUMMARY

In solid tissues, homeostasis and post-injury regeneration involve a complex interplay among various cell types. The mammalian liver
harbors numerous epithelial and non-epithelial cells, and the global signaling networks governing their interactions are unknown. To
unravel the hepatic cell network, we purified 10 different cell populations from normal and regenerative mouse livers. Analyzing their
transcriptomes unveiled ligand-receptor interactions and over 50,000 potential cell-cell interactions in both ground state and after partial
hepatectomy. Importantly, about half of these differed between the two states, indicating massive changes in the cell network during
regeneration. Our study provides the first comprehensive database of potential cell-cell interactions in liver cell homeostasis and regen-
eration. Leveraging this predictive model, we identified and validated two previously unknown signaling interactions involved in accel-
erating and delaying liver regeneration. Overall, we provide a novel platform for investigating autocrine/paracrine pathways in tissue

regeneration, with broader applications to other complex multicellular systems.

INTRODUCTION

Rodent liver can fully restore itself to its former mass even
after 70% partial hepatectomy (PHx), and this system rep-
resents a well-studied paradigm in regenerative medicine
(Azuma et al., 2007). Hepatocytes, the liver parenchymal
cells, quickly proliferate after PHx to replace the liver
mass. After PHx, hepatocyte DNA synthesis peaks at 24 h
in rats and 36 h in mice (Michalopoulos and DeFrances,
1997). Previous studies have examined the different cell
types participating in PHx-induced liver regeneration. For
example, liver sinusoidal endothelial cells (LSECs), one of
the main cells in the hepatic cell niche, regulate liver
regeneration and hepatocyte proliferation (Ding et al.,
2010). In addition to LSECs, hepatic stellate cells (HSCs)
are also involved in controlling hepatocyte proliferation
(Michalopoulos, 2007).

Simultaneously, dividing hepatocytes produce paracrine
signaling to activate other non-parenchymal cells (NPCs)
(Michalopoulos and DeFrances, 1997) including LSECs,
biliary epithelial cells (BECs), and Kupffer cells (KCs). KCs
contribute to hepatocyte regeneration via tumor necrosis
factor alpha signaling (Shinozuka et al., 1994). While the
contribution of individual liver cell types to liver regenera-
tion has been previously examined by looking at their pair-
wise interactions with hepatocytes (Ding et al., 2010; Huch
etal., 2013; Kordes etal., 2014; Lietal., 2017), a global view
of all cell-cell interactions (CCInxs) in the adult liver
ground state and their changes during regeneration has
not been available to date. Importantly, many other cell

types, including cholangiocytes and endothelial cells,
also have to divide after PHx to fully restore the tissue.
Very little is known about the signaling events that govern
the regeneration of non-hepatocytes.

Cells communicate with each other by ligand-receptor
interactions via paracrine and autocrine pathways to
initiate the responses to PHx. One well-studied example
is hepatocyte growth factor (HGF), a ligand secreted by
HSC and LSEC, which interacts with the receptor c-Met
on hepatocytes to induce hepatocyte proliferation. In
rats, plasma HGF increases dramatically 1 h after PHx
(Michalopoulos and DeFrances, 1997). HGF overexpres-
sion in vivo induces homeostatic hepatocytes to enter
the Go/S phase and mitosis (Michalopoulos, 2007).
Although several specific signaling pathways have been
analyzed in detail based on a candidate molecule
approach, an unbiased method for the identification of
all possible signaling events governing liver regeneration
has not been available. Given the thousands of potential
ligands and receptors in the liver, it is likely that many
functionally important signaling pathways remain to be
discovered.

Previous reports from the Zandstra lab described the
structure and dynamics of the hierarchically organized
blood system at the CCInx and intramolecular network
levels (Kirouac et al., 2009, 2010). More recently, a signifi-
cantly improved bioinformatics platform was developed
for constructing connectivity-based intercellular signaling
networks using the upregulated ligand and receptor genes
of different cell types in a tissue (Kirouac et al., 2010). In
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Table 1. Cell isolation strategy

Biological replicates

Biological replicates

Cell type Surface marker References. (Normal) (PHx 24 h)

BEC ST147CD26~MIC1-1C3*CD31CD45CD11b" Li et al., 2017, Stem Cell Reports 4 2

Blood cell CD45* Alaverdi, 2002, Current Protocols 2 2
in Immunology

cBEC ST147CD26~ MIC1-1C3*CD31CD45 CD11b” Li et al., 2017, Stem Cell Reports 4 2

EC Lyve1 CD347CD1447CD3097CD45~ Ding et al., 2010, Nature 2 3

HC 0C2-2F8*CD457CD31~ Huch et al., 2013, Nature 4 4

HSC (D1467CD45 (D31 Violate® Mederacke et al., 2015, Nature 2 3
Protocols

KC F4/807CD11b* Kumar et al., 2006, JCI 2 2

LSEC Lyvel*CD34~ Ding et al., 2010, Nature 3 5

CD144*CD3097CD45~
NPD (D26"MIC1-1C3*CD317CD45CD11b” Dorrell et al., 2011, Gene & Dev 2 2
Thy1 Thy1*CD45~ Hoppo et al., 2004, Hepatology 2 2

HC, hepatocyte.

particular, they explored the intercellular signaling from 11
human bone marrow hematopoietic populations (stem
cells, erythroid progenitors, myeloid progenitors, etc.). By
integrating high-throughput molecular profiling (tran-
scriptome and proteome), protein interaction and informa-
tion, and mechanistic modeling with cell culture
experiments, they showed that complex intercellular
communication networks by secreted factors mediated
intercellular communication networks and regulated blood
stem cell fate decisions. Several novel unknown ligand/re-
ceptor interactions were discovered and validated in HSC
expansion cultures in vitro. Here, we adapted this platform
to a liver regeneration system to define autocrine and para-
crine cell interactions and to predict novel regulators of tis-
sue behavior. We isolated 10 liver cell populations from ho-
meostatic adult mice after induction of liver regeneration
by PHx. We performed bulk RNA sequencing (RNA-seq)
independently on each population and constructed CCInx
(Ximerakis et al., 2019) by matching the ligand and recep-
tor pairs in the ligand-receptor database. A dense map of
potential intercellular interactions was identified, and
two previously unknown receptor-ligand interactions
important for liver regeneration were discovered and func-
tionally validated.

RESULTS

Isolation of liver cells with surface markers
To isolate liver cells, we performed a 2-step collagenase
perfusion of C57B/L6 wild-type male mice liver at 8 weeks
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in the normal state and 24 h after 70% PHx. Hepatocytes
and NPCs were collected and labeled with antibodies ac-
cording to published papers (Table 1) (Alaverdi, 2002;
Ding et al., 2010; Dorrell et al., 2011; Hoppo et al., 2004;
Huch et al., 2013; Kumar et al., 2006; Li et al., 2017;
Mederacke et al., 2015). Fluorescence-activated cell sorting
(FACS) was used to isolate 10 distinct populations of inter-
est: regular BECs (ST14-CD26 MIC1-1C3*CD317CD45~
CD11b", n = 4 in homeostasis [Li et al., 2017], n = 2 in
PHXx), blood cells (CD45™, Figure S1A, n = 2 in homeostasis,
n = 2 in PHx), Thyl+ (Thyl1*CD45", Figure S1A, n =2 in
homeostasis, n = 2 in PHx) cells, clonogenic BECs
(ST14*CD26 MIC1-1C3"CD31"CD45°CD11b~, n = 4 in
homeostasis [Liet al., 2017], n=2 in PHx) , endothelial cells
(Lyvel "CD34*CD144"CD3097CD45", Figure S1B, n =2 in
homeostasis, n = 3 in PHx), LSECs (Lyvel*CD34~
CD144"CD309"CD457, Figure S1B, n = 3 in homeostasis,
n = 5 in PHx), hepatocytes (OC2-2F8*CD45 CD31",
Figure S1C, n = 4 in homeostasis, n = 4 in PHx), HSCs
(CD146*CD45 CD31 Violet™, Figure S1D, n = 2 in homeo-
stasis, n = 3 in PHx), KCs (F4/80+CD11b+, Figure S1E, n=2
in homeostasis, n = 3 in PHx), and non-progenitor ducts
(NPDs) (CD26*MIC1-1C3*CD31-CD45 CD11b~, n=2in
homeostasis, n = 2 in PHx). At least 10,000 cells were
collected for each population to extract bulk RNA.

Transcriptome and cell-cell interaction analysis in
mouse liver cells

To compare these populations at the transcriptional level,
we extracted RNA from freshly FACS-sorted cells to perform
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39,630

23,640
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RNA-seq. The data were analyzed using a previously pub-
lished computer algorithm (Qiao et al., 2014) with a sub-
stantially expanded cell interaction database (Ximerakis
et al., 2019). In total, we detected 82,978 CCInxs among
the 10 isolated cell types. Among them, 39,630 common
cell interactions (including autocrine and paracrine path-
ways) were present in both normal and PHx livers
(Figure 1A; Tables S1 and S2). In addition, we identified
19,528 global interactions that were unique to the ground
state, whereas there were 23,640 global interactions pre-
sent only after PHx (Figure 1A; Tables S1 and S2). We
next narrowed our analysis to look at only those interac-
tions that involved hepatocytes. Hepatocytes participated
in 6,645 interactions, 8.0% of the total (Figure 1B;
Tables S1 and S2); 3,342 were present in both homeostasis
and the regenerative state. In addition, there were 1,632
unique ground-state interactions (8.4% of global interac-
tions) and 1,671 interactions present only after PHx
(7.1% of global interactions) (Figure 1B; Tables S1 and
S2). To get a sense of how the cell network changes during
regeneration, we looked at the top 10 ranked ligand-recep-
tor interactions (based on CCInx weights calculated using
our log2 fold change [FC] calculations for both ligand
and receptor) for each cell type in both the normal state

Hepatocytes
Normal

Top10 PHx

Figure 1. Cell-cell interactions in homeo-
static and regenerative liver

(A and B) Venn diagrams of the number of
paracrine and autocrine interactions in
normal liver and PHx among all 10 cell types
(A) and hepatocytes only (B). (A) There are
19,528 unique interactions in normal liver
and 23,640 in PHx. The normal and PHx states
had 39,630 shared common interactions. (B)
In hepatocytes, there were 1,632 unique in-
teractions in normal and 1,671 after PHx,
with 3,342 shared common interactions.

(C and D) Schematic top 10 CCInx-weighed
interactions in normal (C) and PHx (D) Livers
by Cytoscape network visualization. The in-
teractions are ranked by the edge weights
calculated by CCInx. PHx, 24 h after 70% PHx;
HC, hepatocyte; blood: blood lineage cells;
Thyl, Thyl+ cells. Arrows indicate either
autocrine (from one cell to itself) or paracrine
(from one cell to another) interactions. See
also Figures S1 and S2.

PHx

(Figure 1C; Table S3) and after PHx (Figure 1D; Table S4).
It is immediately apparent that the network changes be-
tween the two states and that input and outputs are
different for all cell types. Interestingly, the majority of pre-
dicted top interactions occurred between non-hepatocyte
populations (Figures 1C and 1D; Tables S3 and S4). Among
the top 73 interactions in normal livers, there was only 1
paracrine pathway coming from another cell type (NPD:
ligand C3) to hepatocytes (receptor: Cfi) but there were
22 outward paracrine pathways from hepatocytes to other
cell types (2 to BEC, 2 to clonal BEC [cBEC], 3 to NPD, 4 to
endothelial cells [ECs], 4 to LSEC, O to blood, 3 to Thy1, O to
KC, and 4 to HSC) (Figure 1C; Table S3). In PHx liver, the
numbers of signals from hepatocytes to others and others
to hepatocytes were 7 (1 to LSEC, 1 to Thyl, 1 to KC, and
4 to HSC) and 3 (HSC: ligand Ecm1, receptor Cfi; NPD:
ligand C3, receptor Cfi, Thyl: ligand C3, receptor Cfi),
respectively (Figure 1D; Table S4).

Validation of known ligands by CCInx

To determine whether our system could capture transcrip-
tionally regulated receptor-ligand pairs that are known to
be important in liver regeneration, we examined such
molecules using the previously reported CCInx database
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Figure 2. Fstl1 overexpression promotes hepatocyte proliferation

(A and B) Cytoscape network visualization of Fstl1 as a ligand in 10 different cell types from the normal (A) and PHx (B) livers. Arrows
indicate the paracrine and autocrine signaling pathways. Red arrow indicates that the paracrine signaling pathway appears in the PHx but
not in the normal Liver.

(Cand D) The CCInx database showed Fstl1 as a ligand in LSEC and its top 10 receptors in HC. Fstl1 is off (yellow circle) (C) in the normal
liver but upregulated and on (dark purple circle) after PHx (D).

(E) Normalized gene expression of Fstl1 (tag counts in FPKM) in 10 different cell types from normal liver and PHx. Tag counts in red color,
the Fstl1 gene is off; tag counts in green color, the Fstl1 gene is on.

(F) rAAV construct for overexpressing the Fstl1 gene. The FstlI gene was cloned into an AAV2 vector backbone with the human thyroid
hormone-binding globulin (TBG) as promoter. 2 x 10" vector genomes of AAV-Fstl1 virus were injected into C57BL/6 mice fed with BrdU
in the drinking water. The liver was harvested on day 7 after injection.

(legend continued on next page)
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(Ximerakis et al., 2019). It has been reported that Pdgfp and
Tgfa induce hepatocyte proliferation in vivo and in vitro,
respectively (Li et al., 2022; Mead and Fausto, 1989;
Vrochides et al., 1996). Our cell network platform verified
that Pdgfp paracrine and autocrine pathways were off in
homeostasis (Figure S2A), while they were on after PHx
(Figure S2B). We also investigated the Tgfa pathway in ho-
meostasis and PHx in our database (Figures S2C and S2D).
As expected, the Tgfa pathway was inactive in LSECs dur-
ing homeostasis (Figure S2C) but activated after PHx
(Figure S2D).

Apart from this validation, we compared our results
with previous publications that used a similar approach
to identify potential ligand-receptor interactions. Recently,
Chembazhi et al., 2021, determined ligand-receptor inter-
actions that occur between cell populations after PHx at
48 h using single-cell RNA sequencing (scRNA-seq) tech-
nology. Although the selected time points differed from
our analysis (24 h vs. 48 h), we identified representative sig-
nals shared in both studies, including some where the
ligand is expressed by hepatocytes, such as Vegf2 (receptors
Itga9, Itgbl, Kdr, Nrp1l, Nrp2, and FlItl), Cxcl2 (receptors
Ackr3 and Cd4), and C3 (receptors Lrpl, C3arl, C3ar2,
and CD46). Besides, we identified common signals where
the receptor was expressed in hepatocytes such as Met
(ligand: Hgf), 111r1, Il1rap (ligand: I11a), and Egfr (ligand:
Hbegf). However, there are substantial differences as some
of the ligands/receptors are not expressed by hepatocytes
in our system or the interactions do not occur. These results
suggest that some interactions are maintained during an
extended period of time during liver regeneration but
others are switched off/on as a consequence of the dynamic
changes that occur during this process.

Fstl1 as a novel ligand in accelerating liver
regeneration

In addition to known pathways, our analysis revealed
many previously unexplored receptor-ligand interactions
that changed during regeneration and were, therefore, can-
didates to play a functional role. To probe the predictive
value of our network, we performed functional tests on
two of these candidates. We mined the data to identify
novel candidate ligands that are only present and highly
expressed in either homeostasis or perturbation (regenera-
tive liver). A literature review helped us to determine that

these molecules had not been previously assessed in the
context of liver regeneration. Based on these criteria, we
chose the ligands follistatin-like 1 (Fstl1l) and secreted friz-
zled-related protein 1 (Sfrp1) for functional assays. FSTL1 is
a secreted glycoprotein that acts as a bone morphogenetic
protein 4 (BMP4) antagonist (Geng et al., 2011). Fstl1 inter-
actions from sinusoidal endothelial cells to hepatocytes
were off in homeostasis (Figures 2A, 2C, and 2E) but on
24 h after PHx (Figures 2B, 2D, and 2E). In addition, Fstl1
expression in homeostatic LSECs was inactivated but
strongly upregulated in PHx (Figure 2E). We then investi-
gated the expression levels of Fstl1 in all different cell types
(Figure 2E). Blood cells, hepatocytes, and KCs had low frag-
ments per kilobase per million (FPKM) (<10) before
(FPKM = 2.8, 0.17, and 2.3, respectively) and after PHx
(FPKM = 5.9, 0.21, and 2.9, respectively), suggesting the
gene was completely off in these cells. Bile duct lineage cells
(BECs, cBECs, NPD), HSC, and Thyl populations, had
higher levels of Fstll but no significant change before
and after PHx (Figure 2E). ECs) and LSECs were the only
two populations that showed elevated Fstl1 expression af-
ter PHx. The physical proximity of LSECs to hepatocytes
makes them of particular interest in terms of providing
important ligands. Notably, compared to ECs, LSECs had
a higher FC (8.16) from homeostasis (FPKM = 11.1) to
PHx (FPKM = 90.6), while ECs had a lower increase
(FC = 2.17) from homeostasis (FPKM = 40.1) to PHx
(FPKM = 87.2).

To test the role of Fstl1 by gain of function in vivo, we con-
structed self-complementary recombinant adeno-associ-
ated virus (AAV) (rAAV) carrying the mouse Fstl1 transgene
(Figure 2F) and overexpressed Fstl1 in the liver (Figure S3A).
Bromodeoxyuridine (BrdU) was added to the drinking wa-
ter, and its incorporation into nuclei was used to measure
liver cell division over that time period. Seven days after
treatment with rAAV-Fstll, the livers were harvested
(Figure 2F). Compared to control mice, in which rAAV car-
rying the tdTomato transgene was administered, neither
the liver size (Figure 2G) nor the liver/body weight ratio
changed macroscopically (AAV-Fstll: 5.1% = 0.6% vs.
AAV-tdTomato: 4.8% + 0.7%, Figure 2H).

However, immunohistochemistry showed that after
Fstll overexpression, >10% of hepatocytes were BrdU*
(14.1% = 9.2%, n = 10 mice, Figures 21 and 2J). In contrast,
the proportion of BrdU" hepatocytes in AAV-tdTomato

(G) Representative morphology of mouse liver after Fstl1 overexpression. A liver transduced with an AAVDJ-Tomato vector was used as

control.

(H) Liver-body weight ratio of independent mice treated with AAVDJ-Tomato (n = 9) and AAVDJ-Fstl1 (n = 15). Student’s t test. p > 0.05.
(I) Histology of anti-BrdU staining in the control (Tomato) and Fstl1 overexpression liver. Scale bar, 50 pm. BrdU-expressing nuclei

stained brown.

(J) Percentage of BrdU+ hepatocytes from Fstl1 overexpression (n = 10) and mock (Tomato) (n = 5) transduced mouse liver. Student’s

t test. *p = 0.007. HC: hepatocytes. See also Figure S3.
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Figure 3. Sfrp1 delays liver regeneration
(A and B) Sfrp1 pathway in 10 different cells in the normal liver (A) and 24 h after 70% PHx (B). Arrows indicate the paracrine and autocrine

signaling pathways.
(Cand D) Sfrp1 as a ligand in Thy1+ cells and its receptor Fzd6 in NPD.
(legend continued on next page)
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control was much lower (4.6% =+ 2.1%, n = 5 mice, *p =
0.007, Figure 2J). No hepatic injury was seen by histology.
However, when we added recombinant Fstl1 in the hepato-
cyte culture media, there was no significant hepatocyte
proliferation (Figures S3C and S3D). Together, these results
show that Fstll can powerfully induce hepatocyte replica-
tion in vivo but not in vitro.

Sfrp1 as a novel ligand for delaying liver regeneration

Using the same selection criteria, we identified another
gene, Sfrpl, which is an antagonist of the Wnt signal
pathway. Wnt/B-catenin signals drive PHx-induced liver
regeneration (Russell and Monga, 2018). We found that
Sfrpl interactions were active (14 interactions) during
mouse liver homeostasis (Figures 3A and 3C) but were quies-
cent (0 interactions) in the PHx liver (Figures 3B and 3D).

Among the 10 liver cell populations, Sfrpl was exclu-
sively expressed in Thy1 cells (FPKM >10, Figure 3E). We
observed that in the Thyl population, Sfrpl expression
was significantly downregulated (FC = 0.19) from normal
(FPKM = 60.4) to PHx (FPKM = 11.5).

Thus, to evaluate the effects of gain of Sfrpl function
in vivo, we constructed an rAAV carrying an Sfrp1 transgene
(Figures 3F and S3B). rAAV-Sfrp1 was administrated 7 days
before BrdU administration. One day after BrdU was added
to the drinking water, PHx was performed to trigger liver
regeneration (Figure 3F). We found that in the Sfrp1 over-
expression cohort, the hepatocytes were not marked by
BrdU until PHx 48 h, whereas in the control group with
rAAV-GFP only, hepatocytes incorporated BrdU as early as
36 h after PHx (Figure 3H). Quantitative analysis demon-
strated that after Sfrpl overexpression, the percentage of
BrdU* hepatocytes was significantly lower than that in
the AAV-GFP control at 36, 48 and 72 h after PHx
(Figure 3I). These results showed that Sfrpl is a negative
regulator of liver regeneration.

DISCUSSION

Our work described herein provides a first-generation
CCInx map based on transcriptome changes during liver

regeneration. It is very clear from published work that liver
regeneration represents a very complex reorganization of
the structure of the entire organ and involves all the
many cell types present. Past studies have been largely he-
patocyte centric, and much valuable knowledge has been
garnered from studying transcriptomic changes in whole
liver RNA during regeneration. About 80% of the total
RNA in the liver comes from hepatocytes (Li et al., 2017;
MacParland et al., 2018), and hence it is easy to detect
RNA expression changes in this cell type. However, it is
well known that non-hepatocyte liver cells are also very
important in initiating and orchestrating liver regeneration
(Ding et al., 2010; Huch et al., 2013; Kordes et al., 2014; Li
etal., 2017). Genomic studies targeted at specific other cell
populations have been published. An example is the well-
known effect of angiocrine factors produced by sinusoidal
endothelium (Ding et al., 2010). Based on the understand-
ing that all liver cells have to regenerate to restore liver mass
after PHx, we hypothesized that “all cells in the liver talk to
all other cells” during the regenerative process. We, there-
fore, decided to apply the cell interaction network method-
ology that was successfully applied to the hematopoietic
system to the liver. Our analysis provides a comprehensive
database of transcriptomic changes in 10 antigenically
defined liver cell types. A very rich and dense network of
potential interactions was revealed. Indeed, highly signifi-
cant gene expression changes were observed in all the 10
cell types analyzed, confirming that regeneration requires
adaptive changes in all liver-resident cells.

It is important to emphasize that all of the interactions
described here in our network represent only potential inter-
actions. Transcriptome data alone do not prove that the li-
gands and receptors present at the RNA level in different
cell types functionally interact. Our network serves to
generate hypotheses that need to be validated empirically.
Conversely, however, it is relatively safe to assume that inter-
actions involving genes encoding ligands or receptors that
are not expressed in a given cell type are, in fact, not active
in that cell. Together with information about the expression
level of the ligands and receptors as well as literature infor-
mation, these criteria can be used to prioritize the potential
interactions for experimental testing, as we did here.

(E) FPKM mapped reads in 10 different cell types from normal liver and PHx. Tag counts in red color, the Sfrp1 gene is off; tag counts in

green color, the Sfrp1 gene is on.

(F) AAV8-Sfrp1 was transfected into a wild-type mouse 7 days before feeding with BrdU drinking water. One day after BrdU water
treatment, PHx was performed. Liver harvest was carried out at 36, 48, 72, and 240 h (day 10) after PHx.
(G) Representative morphology of mouse liver overexpressing Sfrpl with PHx at 36, 48, 72, and 240 h (day10). Liver transfected with

AAV8-GFP was used as control.

(H) Histology of anti-BrdU staining in the mouse liver treated control (AAV8-GFP) and Sfrp1-overexpressed mouse liver at different time

points. Scale bar, 50 pm. BrdU-expressing nuclei stained brown.

(I) Quantitative assay of the percentage of BrdU™ hepatocytes in the mouse liver treated with control (AAV8-GFP, n = 3) and AAV8-Sfrp1
(n =5) at different time points. Statistical analyses: Mann-Whitney U test. **p < 0.01. See also Figure S3B.
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The analysis of mRNA alone represents a limitation of
our method. There are well-known signaling events during
liver regeneration (Huh et al., 2004; Ishii et al., 1995;
Kaibori et al., 2002; Nejak-Bowen et al., 2013; Patijn et
al., 1998) that do not involve changes in the mRNA expres-
sion levels of ligands or their receptors. Signaling by HGF,
for example, occurs very rapidly without transcriptional
activation. Despite this obvious gap in our network, we
believe that many important interactions are mirrored at
the RNA level and that our network database will be useful
to liver biology investigators.

To probe whether our network has any real life validity,
we mined the data for yet unpublished CCInxs and per-
formed functional validation experiments with two of
these. In both of the examples chosen, our gain-of-func-
tion experiments confirmed the activity of the candidate
molecules in homeostasis or PHx. We identified Fstll as a
ligand produced by endothelial cells that significantly in-
duces hepatocyte mitosis. In the heart, FSTL1 has been re-
ported to drive cardiomyocytes to enter the cell cycle in
mice (Wei et al., 2015). Recently, it has been shown that en-
gineered FSTL1 patches might help in regenerating adult
mammalian myocardium after injury (Hwang et al,
2024). In the liver, FSTL1 has been described to play a
role in regulating liver fibrosis and promoting chronic liver
disease progression (reviewed in Gu et al., 2023). High
levels of circulating FSTL1 have been significantly corre-
lated with improved response in cirrhotic patients (Zheng
et al., 2025). In addition, blocking or reducing FSTL1
expression attenuates HSC activation and mitigates liver
fibrosis in the CCly injury model (Shang et al., 2017; Xu
et al., 2020). However, there is no study assessing its role
in liver regeneration. Here, gain of Fstll function in vivo
also induced hepatocyte division. In addition to Fstll, we
identified Sfrp1 as a negative regulator that delays hepato-
cyte proliferation after PHx. Sfrp1l, a Wnt pathway antago-
nist, has been reported as an inhibitor of liver cancer cell
growth (Shih et al.,, 2007). Another study showed that
Sfrp1 induces retinoblastoma senescence in vitro (Elzi et
al., 2012).

Recently, single-cell RNA-seq has been applied for the
study of many liver processes and could also be applied
to the study of liver regeneration (Halpern et al., 2017;
MacParland et al., 2018). Indeed, two papers performed
scRNA-seq analysis to also discover novel signals governing
regeneration after PHx (Chen et al., 2020; Chembazhi
et al, 2021). However, they fail to detect BECs in the anal-
ysis; therefore, one of the most prevalent cell types in the
liver is not represented in the analysis. In our study, we
chose the traditional method of bulk RNA-seq for several
reasons. First, genes for ligands and receptors are rarely ex-
pressed at high levels and the depth of the transcriptome is
shallower with single-cell data, especially for rare popula-

8  Stem Cell Reports | Vol. 20 | 102683 | November |1, 2025

tions (Xiong et al., 2020). Second, we wish to provide a
bulk RNA reference including the most representative cell
populations in the liver for single-cell data generated by
others. It will be interesting to see how well single-cell
RNA-seq captures non-abundant transcripts in rare cell
populations.

To isolate the different cells of interest, we used FACS
sorting technique, which might present some limitations
in comparison to scRNA-seq. For example, FACS introduces
potential damage to cells, therefore affecting the expres-
sion levels of different genes. Besides, it is necessary to
have specific markers to isolate pure cell populations;
otherwise, one might introduce cell contamination to the
different cell types. However, scRNA-seq techniques also
have limitations, such as the need of cell annotation for
the analysis, the loss of sensitive cells due to the enzymatic
digestion, or the alteration of cell proportions (in particular
with hepatocytes) (Lin et al., 2024).

In summary, we here provide a first-generation computa-
tional model of cell interactions within the mouse liver.
Based on this model, we have characterized the contribu-
tion of all major cell types participating in the liver
regeneration. Functional validation of a small subset of
the interactions indicates that this network represents
valuable real-life information on how the liver regenerates.

METHODS

Mice

Eight-week-old C57B/L6 male mice were purchased from
The Jackson Laboratory. All animal experimentation was
conducted in accordance with protocol 1P00000445 of
the Institutional Review Committee at Oregon Health &
Science University. To perform a 70% PHXx, the left lobe
and median lobes were removed in the morning
(Mitchell and Willenbring, 2008). For cell isolation after
PHx, livers were perfused 24 h after PHx.

Cell isolation and FACS sorting

To produce single liver cell suspensions for FACS, mouse
livers were perfused with 0.5 mM EGTA (Fisher Scientific,
02783) followed by collagenase II (Worthington Biochem-
ical). The isolation of hepatocytes and defined NPC sub-
populations from adult mouse liver was performed as pre-
viously described (Li et al, 2017, 2019) with some
modifications. Briefly, hepatocytes were pelleted at 50 x g
for 5 min. The supernatant was then spun down at
1,400 rpm for 5 min to pellet NPCs. Undigested tissue
was further digested with collagenase IV (Worthington
Biochemical) for 20 min at 37°C with stirring. Digested tis-
sue was filtered with a 40-um cell strainer to collect NPCs.
Leftover tissue was further digested with 0.25% trypsin
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(Thermo Fisher Scientific) for another 20 min at 37°C with
stirring. All digested mixtures were pooled to collect NPCs.
For hepatocyte antibody labeling, cells were incubated at
4°C for 30 min with monoclonal anti OC2-2F8 hybridoma
supernatant at a dilution of 1:20 and anti-CD45 at a con-
centration of 1:100. BEC, ¢cBEC, and NPD antibody labeling
was performed as described (Li et al., 2017). Other anti-
bodies used for FACS are listed in Table S5.

Cell culture

To test the effects of FSTL1 in vitro, hepatocytes were freshly
isolated from 8-week-old male C57B/L6 mice. Cryopre-
served human hepatocytes were purchased from BiolVT.
Both human and mouse hepatocytes were plated on
collagen I-coated tissue culture plate at a density of
1 x 10%/cm? in Williams’ E medium (Thermo Fisher) and
10% FBS (Thermo Fisher). Recombinant mouse follistatin-
like 1 protein (rFSTL1; R&D systems, MN, #1738-FN,
100 ng/mL) was added into the culture media 24 h after
plating the cells and incubated for 24 h. After 24 h, media
was changed back to William’E media and 10% FBS
without rFSTL1.

RNA sequencing

Cells were directly sorted into 0.5 mL TRIzol-LS (Thermo
Fisher, 10296028) in 1.5-mL tubes (Eppendorf, CT) for
RNA extraction. For rare sorted cell populations (<10,000
cells/mouse) multiple mice were perfused to collect and
pool RNA. cDNA libraries were made with the Illumina
TruSeq 2.0 (Illumina, CA) kit following the manufacturer’s
instructions. The sequence reads were trimmed to 44 bases
and aligned to the mouse genome NCBI37/mm9 using
Bowtie (an ultrafast memory-efficient short-read aligner)
v. 0.12.7 (Langmead et al., 2009). We used custom scripts
to count sequences in exons annotated for RefSeq mouse
genes. DESeq2 (Love et al.,, 2014) was used to calculate
the significance of differentially expressed genes based on
these counts. We found some degree of Alb mRNA contam-
ination in non-hepatocyte populations. To estimate hepa-
tocyte contamination, we looked at a set of hepatocyte
marker genes (Serpinala, Alb, Trf, Ttr, Hnf4a, Tat, Hpd,
F9, Cyp2el, and Cyp3all). For each of these genes, we
calculated the average abundance in hepatocytes (based
on FPKM values). We also calculated the abundance of
these genes in each of the non-hepatocyte samples where
these genes are not expected to be expressed. Estimated
contamination was based on the marker gene with the
highest ratio in the test sample compared to the hepato-
cytes. To correct for this contamination, we calculated
the average contribution of each gene in the hepatocytes
and then applied the estimated contamination ratio from
the sample being adjusted. For each gene, we subtracted
this value. Finally, we updated the FPKM values of the

adjusted sample to account for the loss in overall expres-
sion level. This process was applied separately for pre-
and post-PHx samples. The RNA-seq FASTQ data were sub-
mitted to the NCBI-based platform Gene Expression
Omnibus: GSE226004.

CCInx analyses

The algorithm was adapted from previous analyses (Qiao
et al.,, 2014). To find active receptor-ligand interactions,
we used the distribution of expression levels in our data
to select an on (active) level for each gene. Specifically,
we applied a single-factor ANOVA test to each gene with
the factor being cell type (pre- and post-PHx were handled
separately). For genes with significant (p value < 0.01)
changes in expression, we divided into two groups by
k-means clustering and defined these as on (higher
expression) and off (lower expression) states. For each
cell type, we checked to see if a gene is called as on for
all replicates and if the average expression of all replicates
is at least 2-fold greater than the average expression of all
cases of this gene in the off state (averaging is done on log
scaled data). If so, this gene is called as on for that cell
type. A ligand-receptor interaction is only considered
valid when both associated genes are on for the respective
cell types. The magnitude of each interaction is based on
the average log2 FC of the on states for the respective cell
types. However, this log2 FC value is set to O for genes
that are not called as on. Cell network in Figures 1C,
1D, 2A, 2B, 3A, and 3B were analyzed by Cytoscape
(Shannon et al., 2003).

Plasmids

The Fstl1 cDNA clone was purchased from GeneCopoeia
MmO02579, NCBI entry NM_008047. To make AAV-Fstl1,
a DNA fragment containing the human thyroxine-binding
globulin (TBG) promoter (Yan et al., 2012) and Fstl1 trans-
gene were cloned into a self-complementary rAAV vector
between two inverted terminal repeats (ITRs). The primers
for in-fusion cloning (Takara Bio) Fstl1 are forward: 5'- CA
CAGACGCGTACCGGTGCCACCATGTGGAAACGATGGC
TGGCGCTC-3/, and reverse: 5-GTGAGGCCTAGCGGCCG
CTTAGATCTCTTTGGTGTTCACCTT-3'.

Mouse cDNA was synthesized by reverse transcription
from kidney RNA by M-MLV (Thermo Fisher 28025013)
with random primers (Invitrogen 48190011). A full-
length Sfrp1 cDNA fragment was obtained by PCR ampli-
fying mouse kidney cDNA using PrimeStar HS DNA poly-
merase (Takara Bio) following manufacturer’s protocol.
The primers for Sfrp1 in-fusion cloning (Takara Bio) are for-
ward: 5'-CTAGTGATTTCGCCGCCACCATGGGCGTCGGG
CGCAGCGCGCG-3/, and reverse: 5'- TCAGGTCAGCT
ATCTTACTTGTACAAGCTTCACTTAAAAACAGACTGGAA
GGTG-3'.
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To make AAV-Sfrpl, the DNA fragment containing a
liver-specific promoter1 (LSP1) (a gift from Hiroyuki Nakai
lab) and Sfrp1 transgene was cloned into a self-complemen-
tary AAV vector between two ITRs.

Sequences for Fstll and Sfrp1 cDNAs and TBG promoter
are listed in Table S5.

rAAV production and in vivo administration
Recombinant Fstll was packaged into the AAV-DJ capsid
(Grimm et al., 2008), and Sfrp1 was produced with serotype
AAVS (Gao et al., 2002). The rAAV vector preparations were
made using the standard triple plasmid co-transfection
method and purified with iodixanol gradient ultracentrifu-
gation (Zhang et al., 2021). rAAV titers were determined by
dot blot hybridization (Zhang et al., 2021). For AAVDJ-Fstl1
administration, 8-week-old male mice obtained from Jack-
son Laboratory received 2 x 10'' vg of AAVDJ-Fstll or
AAVDJ-tdTomato (control) vector diluted in saline solution
(100 pL total) via retro-orbital injection. For AAV8-Sfrpl
administration, 3- and 8-week-old male mice obtained
from Jackson Laboratory received 2 x 10'! vg of AAVS-
SFRP1 or AAVS-GFP (control) vector diluted in saline solu-
tion (100 pL total) via retro-orbital injection. One week af-
ter rAAV injection, mice were subjected to 70% PHx and
sacrificed as indicated.

BrdU labeling

BrdU (Thermo Fisher Scientific, H27260) was given in the
drinking water (0.5 mg/mL) as indicated. For BrdU histo-
chemistry, the sections were treated with 2N HClI for 1 h
and then stained with anti-BrdU (Abcam, ab6326) anti-
body (Willenbring et al., 2008).

Statistical analyses

All data are presented as mean + SD. GraphPad Prism soft-
ware was used for statistical analyses. p < 0.05 and p < 0.01
were considered to be statistically significant and highly
significant, respectively.
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