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The adult liver has an exceptional ability to regenerate, but how it maintains its specialized functions during regeneration is

unclear. Here, we used partial hepatectomy (PHx) in tandem with single-cell transcriptomics to track cellular transitions and

heterogeneities of ∼22,000 liver cells through the initiation, progression, and termination phases of mouse liver regener-

ation. Our results uncovered that, following PHx, a subset of hepatocytes transiently reactivates an early-postnatal-like gene

expression program to proliferate, while a distinct population of metabolically hyperactive cells appears to compensate for

any temporary deficits in liver function. Cumulative EdU labeling and immunostaining of metabolic, portal, and central

vein–specific markers revealed that hepatocyte proliferation after PHx initiates in the midlobular region before proceeding

toward the periportal and pericentral areas. We further demonstrate that portal and central vein proximal hepatocytes re-

tain their metabolically active state to preserve essential liver functions while midlobular cells proliferate nearby. Through

combined analysis of gene regulatory networks and cell–cell interaction maps, we found that regenerating hepatocytes re-

deploy key developmental regulons, which are guided by extensive ligand-receptor-mediated signaling events between he-

patocytes and nonparenchymal cells. Altogether, our study offers a detailed blueprint of the intercellular crosstalk and

cellular reprogramming that balances the metabolic and proliferative requirements of a regenerating liver.

[Supplemental material is available for this article.]

The liver is amultifunctional organ critical for carrying out numer-
ous biosynthetic, metabolic, and detoxification functions. Owing
to its detoxification roles, the liver is frequently exposed to many
hepatotoxins, resulting in tissue damage and cell death.
Accordingly, it has evolved a unique ability to regenerate in re-
sponse to a wide range of physical and toxic injuries (Diehl and
Chute 2013), and mammalian livers can replenish up to 70% of
the lost tissue mass and functionality within weeks of surgical re-
section (Michalopoulos and DeFrances 1997; Michalopoulos
2017; Bangru and Kalsotra 2020). However, hepatic regeneration
in humans is often compromised following xenobiotic injuries, vi-
ral infections, chronic inflammation, or excessive alcohol con-
sumption, which leads to irreparable damage, fibrosis, and
fulminant liver failure (Forbes and Newsome 2016; Seitz et al.
2018). It is estimated that nearly two million people die from liver
disease every year, making it a prominent cause of global morbid-
ity and mortality (Asrani et al. 2019).

Because most liver injuries trigger hepatocyte death, the re-
generative course is primarily devoted to replenishing the lost he-
patocyte population. Several cell-fate and lineage-tracing studies
have determined that—under normal circumstances—the majori-
ty of new hepatocytes are derived from pre-existing hepatocytes
(Schaub et al. 2014; Yanger et al. 2014; Font-Burgada et al. 2015).
Depending on the extent of the injury, surviving hepatocytes
rely on hypertrophic growth, cellular proliferation, or both to re-
store normal liver function (Miyaoka et al. 2012). Consequently,
in order to stimulate cell division and growth, the regenerating he-
patocytes undergo global alterations in gene expression through
dynamic changes in mRNA abundance, splicing, and translation

(Bangru et al. 2018; Wang et al. 2018 2019; Hyun et al. 2020).
Althoughmany previous studies have focused on the proliferative
capacity of hepatocytes, the exact mechanics of regeneration such
as how quiescent hepatocytes transition into a proliferative state,
how regenerating livers sustain normal metabolic activities while
the tissue recovers from injury, or what cell–cell interactions initi-
ate and terminate the regenerative response are unknown.

Here, we leveraged a single-cell RNA sequencing (scRNA-seq)
strategy to capture all resident cell types frommouse livers and dis-
sected their cellular heterogeneities and responses to 70% partial
hepatectomy (PHx) through the initiation, progression, and termi-
nation phases of regeneration. We also combined cumulative EdU
labeling with immunostaining experiments to validate the scRNA-
seq results and localized the proliferating vis-à-vis metabolically
active hepatocytes within regenerating livers. Furthermore, we
identified a vast array of ligand–receptor interactions among hepa-
tocytes, endothelial, Kupffer, stellate, and T cells that coordinate
the overall time course of regeneration. Thus, our study offers a
high-resolution view of liver regeneration while providing a rich
resource for the identification of genes and signaling pathways
that facilitate hepatic repair in response to injury.

Results

Cell type composition, heterogeneity, and metabolic dynamics

of a regenerating liver

Surgical resection of the adult mouse liver by PHx induces rapid
hyperplasia and hypertrophy in the remnant tissue, such that
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the liver recovers its originalmass and functionwithin 7 d (Fig. 1A;
Supplemental Fig. S1A; Mitchell and Willenbring 2008). Hepato-
cytes, which constitute the bulk of liver parenchyma, are among
the first cells to enter the cell cycle after PHx, followed by the pro-
liferation of other stromal cells (Fausto et al. 2006). By labelingnew
DNA synthesis with 5-ethynyl-2′-deoxyuridine (EdU) and com-
bining it with hepatocyte nuclear factor 4, alpha (HNF4A) immu-
nostaining, we detectedmaximal proliferation activity between 24
and 72 h after PHx, which peaked at ∼36–48 h (Fig. 1B; Supple-
mental Fig. S1B). Therefore, to sample the cellular composition
and diversity as well as profile their regenerative response at a sin-
gle-cell resolution, we utilized a 10x Genomics-based scRNA-seq
platform and studied the transcriptomes of all resident cell types
isolated from mouse livers from uninjured adults as well as at 24,
48, and 96 h after PHx surgery (Fig. 1C; Supplemental Fig. S1C).
In parallel, we also collected cells from postnatal day 14 (P14) liv-
ers—a midpoint between the neonatal period and weaning—and
performed scRNA-seq to analyze the cellular transitions and gene
programs associated with normal maturation of the liver. Single
cells were isolated by two-step collagenase perfusion (Bhate et al.
2015), followed by magnetic-activated cell sorting that allows rap-
id and easy removal of dead cells (Supplemental Methods).

After appropriate quality control and normalization (Supple-
mental Fig. S2A–C), we captured a total of 22,068 cells that were
evenly distributed among the five time points and had a mean
UMI of 2148 and a median of 1097 genes expressed per cell (Sup-
plemental Fig. S2B). A higher fraction of reads from themitochon-
drial genome is often associated with low quality or dying cells.
Because hepatocytes possess a very high mitochondrial content
(MacParland et al. 2018) we used a relatively higher percentage
of mitochondrial-read threshold (30%) in our analysis. A current
limitation of the scRNA-seq technology is that it captures only
∼10% of the transcriptome per cell, which can influence the inter-
pretation of underlying cell states and hinder the complete under-
standing of cellular processes. Therefore, we used stringent cutoffs
and the gene imputation method MAGIC to minimize the poten-
tial influence of dropouts in our inferences (van Dijk et al. 2018).
To further assess the reproducibility and faithful representation
of the whole-liver transcriptome in our scRNA-seq experiments,
we compared the summed expression of all genes in a given sam-
ple with corresponding bulk RNA-seq from published studies
(Bhate et al. 2015; Wang et al. 2019). We found a high correlation
with bulk RNA-seq measurements for all samples (Supplemental
Fig. S3A), demonstrating good reliability of our scRNA-seq data
sets. Next, to allow cross-sample comparisons, we integrated data
sets from all samples and corrected their batch effects using the
BEER algorithm (Zhang et al. 2019). Cell-type identity was as-
signed based on the top differentially expressed genes and from
previously identified lists of canonical cell type–specific markers
(MacParland et al. 2018; Xiong et al. 2019). Next, a graph-based
clustering was performed to group cells according to their gene ex-
pression profiles. The integrated data set was projected into 2D-co-
ordinates using UniformManifold Approximation and Projection
(UMAP). Based on the relative expression ofHnf4a and the mesen-
chyme-derived cell marker vimentin (Vim), our time-resolved
scRNA-seq data—after filtering, dead-cell removal, and batch-cor-
rection—yielded 18,272 hepatocytes and 3796 nonparenchymal
cells (NPCs) (Fig. 1D,E).

The NPC population was further resolved into eight distinct
clusters that represented liver sinusoidal endothelial cells (LSECs),
stellate cells, Kupffer cells, dendritic cells, T cells, γ-δ T cells, Plasma
B cells, and NK cells (Fig. 1F; Supplemental Figs. S3B,C, S4, S5A,B).

We could not identify any cholangiocytes, and we attribute this
absence to their relatively low numbers in quiescent and PHx-in-
duced regenerating livers. Furthermore, we also projected BEER-
corrected data using PHATE embedding (Moon et al. 2019) and
found cells annotated as a cell type to cluster together in the pro-
jection (Fig. 1G; Supplemental Fig. S5C). To further assess the
dependability of the BEER algorithm, we compared it with three
other batch correction methods, including fastMNN, Conos, and
Harmony (Supplemental Fig. S6A–D; Haghverdi et al. 2018; Barkas
et al. 2019; Korsunsky et al. 2019; Tran et al. 2020). After batch cor-
rection, we labeled cells within the 2D projection according to
their cell type (Supplemental Figs. S3B,C, S4). We found that all al-
gorithms clustered the same cells across time points, indicating
similar levels of correction success.

Metabolic adaptation due to hepatic insufficiency is a hall-
mark of liver tissue renewal and regeneration (Huang and Rudnick
2014; Caldez et al. 2018). Accordingly, we assessed changes in the
strength of metabolic pathways among hepatocytes isolated from
naive and regenerating (PHx) livers. Several pathways were coordi-
nately down-regulated at 24 and 48 h after PHx, evident from a
global shift in their pathway score distribution (Fig. 2A,B). Where-
as the gene sets belonging to fatty acid, lipid, and amino acid me-
tabolism showed the most drastic decrease through the initiation
(24 h after PHx) and progression (48 h after PHx) phases of regen-
eration, other pathways such as glycolysis, gluconeogenesis, and
pentose monophosphate shunt were only subtly muted (Fig.
2A). The dampening of liver metabolism was transient and largely
reversed in the termination phase (96 h after PHx), revealing the
dynamic nature of such changes evoked during regeneration.
Moreover, while assessing the strength of different pathways/
gene sets, we found trends wherein, at times when biosynthesis,
detoxification, complement/coagulation, and other secretory
functions associated with mature hepatocytes were down-regulat-
ed, the pathways related to cell cycle, proliferation, and growth
such as ribosome biogenesis, RNA processing, splicing, and trans-
lation were up-regulated (Fig. 2B). Although the cell cycle and
growth-related pathways had predominantly switched off at 96 h
after PHx, some of the adult hepatocyte functions were not yet ful-
ly restored by this time. These results are in linewith the bulkmea-
surements that have explored how cell division and energy
metabolism intersect to support liver regeneration (Bangru et al.
2018; Caldez et al. 2018; Wang et al. 2018, 2019), and they high-
light the metabolic flexibility of regenerating hepatocytes.

Regenerating hepatocytes reprogram to an early postnatal-like

state

To map the cellular transitions as hepatocytes move from a quies-
cent to proliferative state and back, we performed pseudotime or-
dering of hepatocytes. Because we expected our data to follow a
linear trajectory with some branching, we utilized the trajectory
inference tools best suited for such analyses. We built individual
trajectories using theMonocle2DDRTree pipeline, which provides
high accuracy and overall performance and is comparable to Sling-
shot or other existingmethods (Saelens et al. 2019). The top differ-
entially expressed genes among hepatocytes collected from
different time points were used for ordering cells (Qiu et al.
2017). We constructed discrete cell-state trajectories for (1) the
normal postnatal maturation (P14→Adult), (2) the initiation–
progression phase of regeneration (Adult→PHx24→PHx48),
and (3) the termination–rematuration phase of regeneration
(PHx48→PHx96) (Fig. 2C). For both postnatal maturation and
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Figure 1. Single-cell analysis of resident hepatic cell populations from immature, adult, and regeneratingmouse livers. (A) Time course plot showing the
restoration of liver-to-body weight ratio after partial hepatectomy (PHx). The liver recovers its original mass within 7 d after PHx (n=5). (B) Fluorescent
imaging of hepatocyte proliferation measured by in vivo EdU incorporation in post-PHx and Sham livers. White arrows indicate proliferating hepatocytes
(colabeled for HNF4A in green, incorporated EdU in red, and nuclei in blue). Images taken under 20× resolution are shown. (C) Overview schematic dem-
onstrating workflow for isolation of mouse liver cells for single-cell RNA sequencing (scRNA-seq). Portal vein perfusion of collagenase containing buffer was
used to isolate single liver cells from uninjured P14 pups and adults as well as mice at 24, 48, and 96 h after 2/3rd PHx (n=1/time point). Single-cell library
preparation was performed with whole-cell suspensions individually for eachmouse using a 10x Genomics Chromium Single Cell 3′ Reagent Kit (V3 chem-
istry) after magnetic-activated cell sorting to remove dead cells. The inset details our PHx procedure, showing the position of two knots before excision of
the respective liver lobes. (D) Combined UMAP projection of all 22,068 cells identified after QC cutoffs and batch correction. Cells are colored by the batch
of origin, and the total number of cells identified from each batch is given in parentheses. (E) Identification of hepatocyte and nonparenchymal cell (NPC)
subpopulations. Graph-based clustering in Seurat v3.1 followed by marker gene analysis revealed broad epithelial and nonepithelial cellular identities.
Feature plots shown as insets show higher expression of expression of Hnf4a (a hepatocyte marker) and Vim (a nonepithelial marker) especially in popu-
lations identified as hepatocytes and NPCs, respectively. (F) Combined UMAP projection of all cells, colored by the annotated cell type. (G) PHATE projec-
tion of the ∼22,000 cells from different stages of liver development and regeneration. Cells are colored by annotated cell types from F.

Chembazhi et al.

578 Genome Research
www.genome.org



A B

C D

E F

Figure 2. Specific hepatocyte population reversibly reprograms to an immature postnatal-like state during regeneration. (A) Ridge plots showing relative
scoring on hepatocyte subpopulation using Seurat3.1 demonstrate extensive rewiring of metabolic genes during regeneration. Relative scores were com-
puted based on the lists of genes for each pathway obtained from the Rat Genome Database (RGD). (B) Heat map showing relative scores of the top differ-
entially regulated metabolic pathways. (C ) Pseudotime plots demonstrating cellular trajectories during postnatal maturation (including P14 and adult
hepatocytes), initiation, and progression (including adult, PHx24 and PHx48 hepatocytes), and termination and rematuration (including PHx48 and
PHx96 hepatocytes). Single-cell trajectories were constructed and pseudotime values calculated using Monocle 2. Trajectories are colored by pseudotime
(left) and sample identity (right). (D) Heat maps representing modules of genes that co-vary along the pseudotime during postnatal maturation, initiation–
progression, and termination–rematuration phases. DAVID-based Gene Ontology (GO) analysis revealed that reversible reprogramming of developmen-
tally regulated gene expression programs essentially reverts postnatal maturation, and this is followed by transitions that reinstate mature hepatic program.
The top up-regulated and down-regulated GO terms are described below the respective heat maps. (E) Pseudotime plot indicating cellular trajectories of
hepatocytes from all samples. Single-cell trajectories were constructed and pseudotime values were calculated usingMonocle 2. Trajectories are colored by
pseudotime. (F) Pseudotime plots showing distribution of each sample along combined cellular trajectories shown in C. The adult and P14 hepatocytes
present distinct distributions along the trajectory; however, the distribution shifts toward P14 at PHx24–48 and back toward the adult at PHx96.
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termination–rematuration trajectories, the cells from respective
time points yielded distinct branches with a few transitioning cells
(Fig. 2C, top and bottom). Conversely, for the initiation–progres-
sion phase trajectory, whereas a large number of regenerating
hepatocytes diverged away from the adult state, a significant
portion retained their mature identity, revealing a distributive
model of regeneration (Fig. 2C, middle).

Next, to identify the functional pathways changing within
individual trajectories, we determined the expression dynamics
of the top 2000 genes that vary as a function of progress through
the pseudotime. Along the postnatalmaturation trajectory, the ex-
pression of genes encoding RNA processing, ribosome assembly,
and translational regulation factors declined first, followed by a
simultaneous increase in the expression of genes associated with
various adult hepatocyte functions (Fig. 2D, left). Recently, bulk
transcriptome analyses revealed that, in response to toxin-mediat-
ed injury, regenerating hepatocytes reprogram to an early postna-
tal-like state (Bangru et al. 2018). However, it is unclear whether
regeneration after PHx involves a similar reprogramming event.
We observed that along the initiation–progression trajectory of re-
generation—opposite to postnatal maturation—many metabolic
genes in hepatocytes were down-regulated prior to the up-regula-
tion of genes encoding cell cycle, RNA processing, and translation
regulation factors. Particularly, the genes involved in ribosome
biogenesis and assembly were activated only briefly along the
pseudotime, underscoring that a temporary boost in protein syn-
thesis is needed to prime hepatocytes for cell cycle re-entry (Fig.
2D, middle). Meanwhile, along the termination–rematuration tra-
jectory—similar to postnatal maturation—down-regulation of cell
cycle-, RNA processing-, and translation-related genes preceded a
synchronous increase in the expression of various metabolic and
biosynthetic genes (Fig. 2D, right).

It has been postulated that most hepatocytes can re-enter the
cell cycle and proliferate after 2/3rd PHx (Michalopoulos 2017). To
determine if all hepatocytes after PHx reprogram to a postnatal-like
state and proceed simultaneously toward the proliferative trajecto-
ry, we performed pseudotime ordering of cells from all time points
(i.e., P14, Adult, PHx24, PHx48, and PHx96) (Fig. 2E). We found
that while the P14 and adult hepatocytes resided on separate
arms of the trajectory, regenerating hepatocytes were distributed
among all three arms (Fig. 2F). The majority of hepatocytes at 24
h after PHx migrated away from their adult position at the begin-
ning of pseudotime and occupied a position around the branch
point (Fig. 2F). At 48 h after PHx, a large number of hepatocytes in-
habited the far-right arm of the trajectory overlappingwith the po-
sition of P14 hepatocytes. However, at 96 h after PHx, most
hepatocytes had left the P14 state, returning back to their initial
adult state (Fig. 2F). To assess the reliability of these findings, we
reanalyzed our data using alternate pipelines. Briefly, we per-
formed batch correction and projected data using Harmony and
UMAP embedding (Seurat package), respectively (Supplemental
Fig. S7A–D), following which we used the 2D-projection to identi-
fy trajectories with Slingshot and Monocle3 (Street et al. 2018).
Pseudotime values derived from either methodology showed
a high correlation in terms of the positioning of cells
(Supplemental Fig. S7E,F). These findings were further corroborat-
ed with Wishbone (Supplemental Fig. S8; Setty et al. 2016).
Furthermore, we also used PHATE projection on FastMNN correct-
ed embedding of hepatocytes and combined it with Slingshot to
validate bifurcation of cells toward the metabolic or proliferative
lineages (Supplemental Fig. S9). Thus, our analysis captured the
cellular plasticity of hepatocytes as they progress through different

stages of regeneration. At all times, a considerable population
(∼20%–30%) of cells remained adult-like and occupied their orig-
inal position on the pseudotime axis, indicating that not all hepa-
tocytes are reprogrammed after PHx (Fig. 2F; Supplemental Fig.
S10A–C). Together, these findings illustrate that reversible postna-
tal-like reprogramming facilitates hepatocytes to transition from a
quiescent to a proliferative state and back. The dampening of ma-
ture characteristics followed by a transient increase in protein syn-
thesis is likely a prerequisite for cell cycle re-entry required for
jump-starting the regenerative process.

Division of labor balances the proliferation and metabolic

demands of a regenerating liver

The DDRTree algorithm resolved our pseudotime trajectory into
nine distinct hepatocyte populations (HEP1–HEP9) (Supplemental
Fig. S10D). Consequently, to gain a deeper insight into the HEP1–
HEP9 populations, we determined their gene expression profiles
along the pseudotemporal trajectory. We found that HEP1 and
HEP2 populations were enriched for genes expressed in immature
hepatocytes and de-enriched for genes expressed in mature hepa-
tocytes (Supplemental Fig. S10D,E). Contrary to HEP1 and HEP2,
theHEP4 andHEP7 populationswere enriched for genes expressed
in mature and de-enriched for genes expressed in immature hepa-
tocytes. HEP3, HEP5–6, and HEP8–9 populations showed interme-
diate enrichment for immature and de-enrichment for mature
gene expression (Supplemental Fig. S10D,E). Based on these tran-
scriptome signatures, we categorized HEP1–HEP9 populations
into four broader clusters. The adult HEP4 cluster was designated
as the “quiescent state.” The cluster near the branch point emerg-
ing after PHx and comprising HEP3, HEP5–6, and HEP8–9 popula-
tions was termed as the “transition state.” Further, the cluster
formed by HEP1 and HEP2 populations was marked as the “prolif-
erative state,” whereas the cluster formed by the HEP7 population
was designated as the “metabolically hyperactive state” (Fig. 3A,B).

The quick emergence of the transition state following PHx
suggested it is derived from the quiescent state, after which it bifur-
cates toward the proliferative or metabolically hyperactive states.
To further examine how gene expression diverges after PHx and
generates discrete clusters of proliferative and metabolically active
hepatocytes, we used BEAMmodule analysis within theMonocle 2
pipeline.We identified genes changing along different arms of the
DDRTree, and thesewere grouped into threemain classes (Fig. 3A).
Class I contained genes thatwere highly expressed in the quiescent
state, down-regulated as the bifurcation point was approached and
up-regulated again in the metabolically hyperactive state. In con-
trast, classes II and III contained genes that were poorly expressed
in the quiescent state, up-regulated as cells progressed through the
transition point but were then reciprocally up- or down-regulated
in the proliferative and metabolically hyperactive states, respec-
tively. Upon further gene set enrichment analysis, we confirmed
that the metabolically hyperactive hepatocytes showed overrepre-
sentation of functional categories related to biosynthesis and me-
tabolism (Fig. 3A,D). Conversely, hepatocytes associated with the
proliferative state showed an overrepresentation of cell cycle-
and growth-related functional categories, including DNA replica-
tion, and mitosis. (Fig. 3A,C,D). Consistent with these results, re-
cent histological analysis of regenerating mice livers after PHx
detected intertwined sets of hepatocytes that could be distin-
guished according to elevated glycogen content with low mitotic
activity or reduced glycogen content with high mitotic activity
(Minocha et al. 2017).
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Figure 3. Bifurcation of hepatocyte trajectory during regeneration produces hepatocytes enriched with complementary functions in proliferation and
metabolism. (A) Heat map showing bifurcating of gene expression programs executed along the pseudotime after branching. The top GO terms enriched
in each class of genes are listedwith their corresponding adjusted P-values. (B) Trajectory demonstrating the three distinct states of hepatocytes. The branch
point under evaluation is shown in red. (C) Box plots demonstrating cell cycle phase scores calculated from Seurat v3.1 for hepatocytes belonging to dif-
ferent cell states. Q.S., T.S., P.S., and M.H.A. denote quiescent, transition, proliferating, and metabolically hyperactive states, respectively. P-values were
derived from a parametric t-test (unpaired). (∗) P≤0.05, (∗∗∗∗) P≤0.0001. (D) “Proliferating” and “metabolically hyperactive” states uniquely up-regulate
proliferation- or metabolism-related functions, respectively. Box plots showing relative scoring of indicated pathways in hepatocytes belonging to different
states. P-values were derived from a parametric t-test (unpaired). (∗) P≤0.05, (∗∗) P≤0.01, (∗∗∗∗) P≤0.0001, (ns) P>0.05. (E) Metabolically hyperactive
state transiently up-regulates metabolism-related functions during regeneration. Box plots showing time point-based scoring of hepatocytes from the
metabolically hyperactive state for the indicated pathways. P-values were derived from a parametric t-test (unpaired). (∗) P≤0.05, (∗∗) P≤0.01, (∗∗∗∗)
P ≤0.0001, (ns) P>0.05.
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Having demarcated the four cellular states along the trajecto-
ry, we reasoned that if metabolically hyperactive hepatocytes do
actually compensate for any temporary deficits in liver function
while other hepatocytes proliferate, they should exhibit a surge
in the expression ofmetabolic genes after PHx. To test for this pos-
sibility, we analyzed the cells of metabolically hyperactive state in
relation to their time point of origin. Relative to the healthy adults,
metabolically active hepatocytes at 24 h after PHx showed signifi-
cantly higher expression of biosynthetic, metabolic, detoxifica-
tion, and transport related genes, which started to decline at 48
h and were essentially reversed by 96 h after PHx (Fig. 3E).
Collectively, these data support a division-of-labormodelwherein,
after PHx, a subset of residual hepatocytes acquire themetabolical-
ly hyperactive state that up-regulates its adult gene programs to
counteract regeneration-associated deficits in liver function.

Rewiring of gene regulatory networks activates cell state

transitions during regeneration

To delineate the gene regulatory networks (GRNs) thatmight stim-
ulate various cell state transitions in regeneration, we used the sin-
gle-cell regulatory network inference and clustering (SCENIC)
pipeline (Aibar et al. 2017) on our scRNA-seq data (see Methods).
SCENIC computes the activity of transcription factors from indi-
vidual cells by integrating co-expression data with transcription
factor motif enrichment analysis, generating a “regulon,” which
refers to an expressed transcription factor and all of its co-ex-
pressed target genes. We obtained the predicted regulon activities
using AUCell, which ranks targets of each regulon among the ex-
pressed genes in each cell, yielding a regulon-by-cell activity ma-
trix. The overarching function of SCENIC is to create regulon-
driven clusters that are generated from the regulon-activity matrix
through binarizing (by thresholding) the original AUCell score.
We, however, discerned that instead of binarizing, maintaining
the full AUCell score improves the inferences performed on the
data.

We hypothesized that the reimplementation of certain devel-
opmental GRNs might drive cellular transitions during regenera-
tion. To test this hypothesis, we analyzed the AUCell score
activity matrix of individual hepatocytes acquired from all time
points (i.e., P14, Adult, PHx24, PHx48, and PHx96). Upon 2D
UMAP visualization—built from the AUCell scores—we noted
that hepatocytes from specific time points grouped together, un-
derscoring a high degree of similarity in their regulon activity
(Fig. 4A,B). The P14 and adult stage hepatocytes formed distinct
nonoverlapping clusters at far ends of theUMAPplot, representing
clear differences in their GRNs. The hepatocytes from 24 h and 48
h after PHx, however, clustered adjacent to P14 and away from the
adult stage, demonstrating that similar regulons are active during
postnatal development and initiation–progression phases of re-
generation. Very few PHx96 hepatocytes overlapped with P14,
PHx24, or PHx48 time points (Fig. 4A,B). Instead, they were clus-
tered around adult cells, which indicates that, in the termination
phase, hepatocytes restore their mature adult-like regulon activity.
Based on these findings, we conclude that, in order to reprogram
gene expression after PHx, the liver cells, in part, redeploy the
same GRNs that are utilized for physiologic growth during the
postnatal period of development.

Next, we explored regulon activities distinguishing the cellu-
lar features of normal and regenerating hepatocytes. Our goal was
to identify GRNs that are selectively activated during the initia-
tion–progression and the termination–rematuration stages of re-

generation. We reasoned that regulon activities of the initiation–
progression GRNs would typically be low in adult hepatocytes,
stimulated at PHx24 and PHx48, and dissipated again at PHx96.
Correspondingly, regulon activities of the termination–rematura-
tion GRNs would normally be high in adult hepatocytes, muted
at PHx24 and PHx48, and stimulated again at PHx96. Indeed,
within the 56 differentially active regulons, we detected many
that fit these criteria (Fig. 4C; Supplemental Fig. S11A–D). For
instance, RELA, E2F1, GABPB1, and ETS2 regulons were active in
hepatocytes from P14 and the initiation–progression stage of
regeneration but were turned off in adult hepatocytes and at the
termination–rematuration stages (Fig. 4C [cluster I],D), This indi-
cates that these regulons likely play dual roles in regulating the
hepatocyte hyperplastic response—that is, in normal liver devel-
opment and following an injury in adult animals. In line with
our results, previous studies have found that a rapid increase in
the expression and/or DNA-binding activity of NF-kB (RELA and
RELB), E2Fs (E2F1, 3, 4, 6, and 8), AP-1 (JUN and FOS), POLE4,
TRP53, MYC, CREM, and ETS (ETS2, GABPB1) family of transcrip-
tion factors is involved in the initiation of stress signaling, oxida-
tive stress, DNA replication/repair, and cell-cycle entry at the
early stages of liver regeneration (Bhat et al. 1987; Yang et al.
1991; Westwick et al. 1995; Iimuro et al. 1998; Servillo et al.
1998; Chaisson et al. 2002; Inoue et al. 2002; Baena et al. 2005;
Stepniak et al. 2006; Beyer et al. 2008; Kurinna et al. 2013; Wu
et al. 2013; Sladky et al. 2020).

In contrast, HNF4A, DBP, CEBPA, and HES6 regulons were
highly active in adult hepatocytes, muted at P14 and the initia-
tion–progression stages, but then reactivated at the termination–
rematuration stage (Fig. 4C [cluster II], E), pointing toward their
role in the termination of liver regeneration. The function of hepa-
tocyte nuclear factor 4A (HNF4A), a nuclear receptor, in hepato-
cyte differentiation is well established (Parviz et al. 2003)—as it
directs the expression of gene programs involved in xenobiotic,
carbohydrate, and fatty acid metabolism as well as in bile acid syn-
thesis, blood coagulation, and ureagenesis (Gonzalez 2008). Previ-
ous studies have described HNF4A’s antiproliferative effects in
hepatocytes (Hatziapostolou et al. 2011; Bonzo et al. 2012), and
more recently, it was found that HNF4A is indispensable for termi-
nating regeneration after PHx (Huck et al. 2019). Consistent with
our regulon activity scores, HNF4A protein levels diminish rapidly
after PHx, and this initial decrease followed by re-expression is
needed for hepatocytes to timely enter and exit the cell cycle
and to re-establish mature liver functions once regeneration is
complete (Huck et al. 2019).

Like HNF4A, dynamic and temporally regulated activities of
the CAAT/Enhancer-Binding Proteins (CEBPs) are critically impor-
tant for coordinating gene expression changes through the shift-
ing phases of regeneration (Greenbaum et al. 1995; Jin et al.
2015). CEBPA and CEBPB are basic region-leucine zipper-contain-
ing transcription factors that act as homo- or heterodimers and
bind similar DNA sequences. We found that CEBPA and CEBPB
regulon activities exhibit an opposing pattern through the initia-
tion–progression and termination–rematuration stages of regener-
ation (Fig. 4C,E; Supplemental Fig. S11B). CEBPA regulon activity
—comprising metabolic and liver homeostatic genes—is high in
pre-PHx adult hepatocytes, suppressed at PHx24 and PHx48,
then enhanced in PHx96 hepatocytes. Conversely, CEBPB regulon
activity—comprising many acute phase- and cell cycle-related
genes—is low in pre-PHx adult hepatocytes but rapidly up-regulat-
ed after PHx. Of note, CEBPA andCEBPB usually bind the same ge-
nomic locations in hepatocytes (Jakobsen et al. 2013), except with

Chembazhi et al.

582 Genome Research
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1


A

C D

E G I

F H

B

Figure 4. Gene regulatory networks are rewired to a postnatal-like state during regeneration. (A) UMAP projection of all hepatocytes based on the AUC
scores for each regulon calculated with SCENIC. Cells are colored according to the sample of origin. (B) AUC score-based UMAP projection, grouped ac-
cording to the sample of origin. Cells are colored according to sample of origin. Adult and PHx96 hepatocytes cluster together, whereas PHx24 and PHx48
hepatocytes cluster together with P14 hepatocytes. (C ) Heat map depicting the activities of different regulons that show time point-dependent variations.
(D) Violin plot showing distribution of AUC scores for RELA, E2F1, GABP1, and ETS2 regulons across hepatocytes from each time point demonstrating their
high activity in PHx24, PHx48, and P14 hepatocytes. (E) Violin plots showing distribution of AUC scores for HNF4A, DBP, CBPA, and HES6 regulons across
hepatocytes from each time point demonstrating their high activity in adult and PHx96 hepatocytes. (F ) Violin plots showing distribution of AUC scores of
representative regulons across hepatocytes showing their up-regulation in the proliferative state. (G) Violin plots showing distribution of AUC scores of rep-
resentative regulons across hepatocytes showing their up-regulation in quiescent and metabolically active states. (H) Pseudotime plots of hepatocyte cel-
lular trajectories colored by the AUC scores of representative regulons showing high activity in the proliferative state. (I) Pseudotime plots of hepatocyte
cellular trajectories colored by the AUC scores of representative regulons showing high activity in quiescent and metabolically active states.
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divergent temporal patterns during regeneration (Kuttippurathu
et al. 2017). These dynamic shifts in genomic occupancies are
tightly linked to the changes in the relative ratio of CEBP proteins
such that a high CEBPA:CEBPB ratio promotes binding to cis-reg-
ulatory sequences boostingmetabolic and suppressing acute phase
response genes, whereas a low ratio directs binding to sequences
that repress metabolic and activate cell cycle- and acute phase-re-
lated genes (Jakobsen et al. 2013). Although direct roles of D-box
binding protein (DBP, a circadian PAR bZIP transcription factor)
or the HES family of basic helix-loop-helix transcription factor 6
(HES6) in liver regeneration remain unexplored, their regulon ac-
tivity patterns (Fig. 4E) hint that both are termination factors.

We also recognized several regeneration-specific regulons
that became activated after PHx but were otherwise inactive in
postnatal development (Fig. 4C [cluster III]; Supplemental Fig.
S11A). Some developmental regulons that were redeployed follow-
ing PHx maintained their activated/deactivated patterns up to 96
h, indicative of their extended roles in regeneration (Fig. 4C [clus-
ter IV]; Supplemental Fig. S11B). Finally, we also detected some de-
velopment-specific regulons that were not redeployed either in the
initiation–progression or the termination–rematuration stages of
regeneration (Fig. 4C [cluster V]; Supplemental Fig. S11C), suggest-
ing that a portion of the genetic machinery critical for physiolog-
ical liver growth and development is dispensable for regeneration.
Hence, a variety of GRNs positively and negatively impact hepato-
cyte proliferation, and dynamic utilization of transcription factors
instructs these regulons to synchronize the timely initiation, pro-
gression, and termination of liver regeneration.

We next studied the correlation of regulon activities with the
pseudotemporal transition of hepatocytes and the four cellular
states described earlier (Fig. 4F–I; Supplemental Fig. S12). By over-
laying AUCell scores along the pseudotime trajectory, we noticed
that RELA, E2F1, GABPB1, and ETS2 regulons—which were active
in hepatocytes from P14 and initiation–progression stages of re-
generation—displayed significantly higher activity in the prolifer-
ative state relative to quiescent, transition, or metabolically
hyperactive states (Fig. 4F,H). In contrast, HNF4A, DBP, CEBPA,
and HES6 regulons—all of which promote mature functions—
weremuchmore active in quiescent andmetabolically hyperactive
states relative to transition or proliferative states (Fig. 4G,I).
Collectively, these data indicate that underlying changes in regu-
lon activities are critical for determining hepatocyte identities
and cell state transitions, which help preserve specialized liver
functions while the regenerating tissue balances its metabolic
and proliferation needs.

Discrete localization of proliferating and metabolically active

hepatocytes during liver regeneration

As described earlier, the trajectory analyses indicated that not all
hepatocytes reprogram to a proliferative state after PHx and that
a sizeable proportion maintains the adult state throughout the
course of regeneration (Figs. 2, 3). To independently verify these
observations, we fed EdU-supplemented water to mice ad libitum
starting at 12 h before PHx or Sham surgery, continuing until
the time of sacrifice (Fig. 5A). This provided cumulative labeling
of all hepatocytes undergoingDNA synthesis and served as a proxy
for proliferation through a given time frame. Although few EdU+

hepatocytes were detected after Sham surgery, a progressive in-
crease in the number of EdU+ hepatocytes was evident during
the course of regeneration (Fig. 5B,C). Nonetheless, a significant
population of hepatocytes did not incorporate any EdU across all

phases of regeneration, with nearly 30% remaining EdU− even at
96 h after PHx (Fig. 5B,C). These results corroborate our scRNA-
seq data and demonstrate that a substantial number of hepatocytes
do not proliferate after PHx (Supplemental Fig. S10B,C).Moreover,
a side-by-side comparison of EdU+ and EdU− cells revealed that
proliferating hepatocytes, in general, expressed lower amounts of
HNF4A protein compared to the adjacent nonproliferating hepa-
tocytes (Fig. 5D). These data are consistent with our GRN analysis
of regenerating hepatocytes, wherein HNF4A regulon activity was
significantly diminished in the proliferating state relative to the
metabolically hyperactive state (Fig. 4G).

To further confirm the mutually exclusive nature of prolifer-
ating and metabolically active hepatocytes in regenerating livers,
we performed simultaneous labeling of intracellular glycogen (by
PAS staining) and EdU after PHx. We found that (1) neighboring
hepatocytes at 48 h after PHx could be either depleted or packed
with glycogen, (2) EdU+ hepatocytes were essentially devoid of
any glycogen, and (3) glycogen-depleted EdU+ hepatocytes were
localized primarily in themidlobular region (Fig. 5E). This demon-
strated clear segregation of proliferating and metabolically active
hepatocytes—validating the division-of-labor model, wherein a
subset of cells sustains their normalmetabolic activities while oth-
ers re-enter the cell cycle. Next, to ascertain the precise location of
cycling and metabolic hepatocytes in regenerating livers, we
probed for cumulative EdU incorporation over time along with
staining for the portal (CDH1) and central (GLUL) vein-specific
markers (Fig. 5F; Supplemental Fig. S13A–C). We noticed that, in
both PHx36 and PHx48 livers, EdU+ hepatocytes were distributed
around the midlobular zone, while glycogen-rich, periportal, and
pericentral cells remained EdU− and maintained their zonated
CDH1 and GLUL expression, respectively (Fig. 5E, left and mid-
dle). At 96 h, more EdU+ cells could be detected near the portal
and central veins (Fig. 5E, right), indicating compensatory hepato-
cyte proliferation after PHx is initiated in themidlobular region be-
fore proceeding toward the periportal and pericentral areas. These
results are particularly revealing and provide key evidence for the
portal and central vein proximal regions as the likely depots of he-
patocytes retaining a metabolically active state while midlobular
cells proliferate to reconstitute the liver structure and function.

Transitions in hepatocyte states dictate the cell signaling dynamics

of regeneration

Next, we explored the dynamics of potential cell–cell communica-
tionnetworks at different stages of regeneration.We first inspected
the cell type–specific RNA expression of various ligands in the liver
secretome and their corresponding receptors, as previously de-
scribed (Xiong et al. 2019). Our analysismappednumerous unique
clusters of ligand-receptor pairs with cell type–specific expression
patterns, which highlights the distinct roles of hepatocytes and
NPCs in shaping intrahepatic signaling topologies (Fig. 6A).
Among NPCs, we noticed that LSECs and stellate cells comprised
the largest clusters, underscoring their predominant roles in cell
signaling (Fig. 6A, left). Significant differences in ligand-receptor
expression profiles were also detected among hepatocytes belong-
ing to different states, which indicates the remodeling of interac-
tion landscapes with cell state transitions (Fig. 6A, right).

Particularly, we noted that many signalingmolecules with es-
tablished roles in liver regeneration—such as cytokines, chemotac-
tic factors, secreted matrix proteins, growth factors, adhesion
molecules, and mitogens—originate from specific cell types
(Supplemental Fig. S14A–C). Expression of Wnt2, for instance,
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Figure 5. Proliferating andmetabolically active hepatocytes are discretely localizedwithin regenerating livers. (A) Schematic showing the experimental strat-
egy for cumulative labeling of proliferating cells by continued feeding of EdU during liver regeneration. (B) Representative immunofluorescence images of pro-
liferatinghepatocytesmeasuredbycumulative EdU incorporationafter PHxorShamsurgeries (n=4mice/timepoint). Proliferatinghepatocyteswere colabeled
forHNF4A (green) and EdU (red).White arrowheadspoint to thehepatocyteswithout any EdU incorporation at each timepoint, representingcells that hadnot
proliferated.Nucleiwere stainedwith To-Pro-3 dye (blue). (C) Percentages of proliferated (EdU+) andnonproliferated (EdU−) hepatocytes in regenerating livers
at PHx36, 48, and 96h.Data aremean±SD; n=4mice/time point. (D) Representative immunofluorescence image demonstrating down-regulation of HNF4A
protein specifically in proliferating nuclei (EdU+) of a regenerating liver. Liver sections were colabeled for HNF4A in green, EdU in red, and nuclei in blue. (E)
Representative images showing an overlay of hepatic glycogen content by PAS staining (purple) and fluorescently detected EdU incorporation (yellow) in
PHx48 livers. Nonproliferating hepatocytes exhibited minimal glycogen depletion (n=4 mice/time point). (F) Representative immunofluorescence images
showing spatial segregation of metabolic and proliferating hepatocytes through different phases of liver regeneration. Periportal (CHD1+) or pericentral
(GLUL+) hepatocytes were colabeled (green) along with EdU (red). Nuclei were stained with To-Pro-3 dye (blue) (n=4 mice/time point).
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Figure 6. Dynamics of cell–cell interactions during liver regeneration. (A) Heatmap showing expression of various ligandmolecules and cellular receptors
from different liver cell types (left) and from hepatocytes belonging to different cell states (right). (B) Network diagrams showing cell–cell interactions in-
dicated by arrows (edges) pointing in the source-to-target direction. Thickness indicates the sum of weighted paths between populations, and the color of
arrows corresponds to the source. Network diagrams for Adult, PHx24, PHx48, and PHx96 are shown. (C) Dot plot of representative inbound signals to
hepatocytes at PHx48. Size of each dot indicates theweight of the corresponding ligand–receptor interaction and the color indicates negative log10 P-value
of the source-to-target interaction. Empirical P-values were calculated and Benjamini–Hochberg correction was performed. (D) Dot plot of representative
outbound signals from hepatocytes to various liver cells at PHx48.
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was predominantly seen in LSECs (Supplemental Fig. S14C), reaf-
firming results from previous studies of liver regeneration following
PHx and acute CCl4 toxicity (Ding et al. 2010; Zhao et al. 2019).
Pseudotime ordering revealed that up-regulation of Wnt2 and Hgf
expression correlates with the transition of LSECs to an activated
state (Supplemental Fig. S15A–C) and, as reported earlier, associates
with KDR (VEGFR2)-ID1 activity (Ding et al. 2010). Furthermore,
Wnt2 was expressed at much lower levels in Kupffer cells relative
to LSECs (Supplemental Fig. S14C), consistent with their minor
role in Wnt–beta-catenin signaling (Russell and Monga 2018).

To study the intracellular crosstalk among hepatic cell types
and how it is modified during regeneration, we constructed cell–
cell communication networks (Farbehi et al. 2019) for each time
point from our data set (Fig. 6B; Supplemental Fig. S16). The edges
of the network are directed from source to target cells, which
express specific ligands and their corresponding receptors, respec-
tively. The thickness of edges corresponds to weights representing
fold-changes in the expression of ligand-receptor pairs (see Meth-
ods). Together, this generated a weighted and directed network of
potential cell–cell interactionswithin normal and regenerating liv-
ers. Of note, the cell–cell communication networks exhibited sig-
nificant rewiring, evoking a transient increase in overall cellular
crosstalk during regeneration. We noticed an increase in interac-
tions between hepatocytes and NPCs at PHx24 and particularly
at PHx48, followed by a re-establishment of an adult-like commu-
nication network at PHx96. Hepatocytes displayed discrete profiles
of interactions with other cell types in a state-dependent manner,
as expected from the differences in ligand-receptor expression
observed in Figure 6A. Throughout regeneration, quiescent hepa-
tocytes consistently made strong inbound and outbound con-
nections with most other cell types, whereas transition state
hepatocytes were refractory to any crosstalk. Themetabolically hy-
peractive hepatocytes exhibited an adaptable pattern, with prom-
inent interactions at PHx48 but minimal interactions otherwise.
The proliferating hepatocytes presented a unique interaction land-
scape with strong outbound connections and few to no inbound
connections. It is noteworthy that cells transitioning to the prolif-
erating state aremore amenable to regenerative cues such that con-
tinued stimulation by pro-proliferative ligands would lead to
excessive/uncontrolled proliferation. We postulate that the
down-regulation of receptors related to pro-proliferative signals
might be crucial for limiting the endless proliferation of hepato-
cytes and facilitating their timely exit from the cell cycle.

Next, we studied the individual ligand–receptor interactions
among various cell types. We constructed dot plots for each time
point demonstrating all ligand–receptor interactions with a mini-
mum path weight of 1.5, for all significant cell–cell relationships
(Padj < 0.01) (Supplemental Figs. S17–S21). This provided compre-
hensive visualization of potential cellular interactions, divulging
time point-specific differences in outbound and inbound signal-
ing from/to hepatocytes. Even at PHx48, when maximal intercel-
lular crosstalk was observed, proliferative state hepatocytes
appeared to receive a distinctly low number of incoming signals
(Fig. 6C; Supplemental Figs. S17–S21), which matched with the
lower inbound edges to these cells seen in Figure 6B. Contrary to
this, we detected significant inbound signaling toward quiescent
and metabolically hyperactive state hepatocytes, which was medi-
ated by several growth factors, interleukins, and theWnt signaling
pathway (Fig. 6C; Supplemental Figs. S17–S21). For instance, con-
sistent with earlier reports (Schirmacher et al. 1992; Maher 1993;
LeCouter et al. 2003), our analysis predicted hepatocytes to receive
prominent HGF/MET signaling from LSECs and stellate cells. We

did not capture an EGF-signaling network among different cell
types, which is in agreement with low EGF expression in hepatic
cells (Supplemental Fig. S14C) and its predominantly exogenous
origin (St Hilaire et al. 1983;Olsen et al. 1985). However, we detect-
ed prominent heparin binding (HB)-EGF signaling from Kupffer
cells and LSECs and other NPC populations (Kiso et al. 2003).
Although TGFB protein levels in hepatocytes are debatable
(Braun et al. 1988; Bissell et al. 1995), we found that Tgfb1 RNA
is abundant in regenerating hepatocytes and most NPCs but with-
out any significant autocrine TGFB activity within hepatocytes
(Fig. 6C; Supplemental Fig. S14C). As expected, we detected RNA
for many known mitogenic signals inbound to hepatocytes such
as Fgf, Tnf, and Il6, which were high between 24 and 48 h after
PHx but had declined by 96 h (Supplemental Figs. S17–S21).

Outbound signals from hepatocytes at PHx48 involved path-
ways such as Tgfa, Vegfa, collagen, complement, and chemokine
signaling (Fig. 6D; Supplemental Figs. S17–S21). We noticed con-
trasting ligand-receptor nodes corresponding to outbound signals
in metabolically hyperactive and proliferating cells, indicating op-
posing expression of ligands between these cell types. Certain li-
gands like TGFA produced by hepatocytes seemed to target
hepatocytes themselves. This observation is supported by the pre-
viously proposed autocrinemode ofmitogenic TGFA action (Mead
and Fausto 1989; Webber et al. 1993). On the other hand, VEGFA
ligands were directed more toward LSECs and stellate cells, in line
with their known roles in the activation of these cell populations
(LeCouter et al. 2003; Ding et al. 2010), whereas complement sys-
tem ligands appeared to target diverse intrahepatic cell popula-
tions (Strey et al. 2003; Thorgersen et al. 2019). The cellular
interactome analysis also predicted signaling events with unchar-
acterized roles in liver regeneration. For instance, Col18a1_Kdr/
Itgb1/Itga5/Gpc1/4, Tgfa_Egfr/Errb3, and/or Psen1_Notch1/2 signal-
ing events are excellent candidates to evaluate in the context of
their function in emergence/stabilization of the metabolically hy-
peractive state of hepatocytes. Altogether, we identified a vast array
of ligand–receptor interactions amonghepatocytes andNPCs, pro-
vided a network-level portrait of intercellular crosstalk in normal
and regenerating livers, and offered the first glimpse into how
cell state transitions shape intrahepatic signaling at different stages
of liver regeneration.

Discussion

Regeneration requires simultaneous proliferation and mainte-
nance of highly specialized cellular functions, and a regenerating
liver continues to perform its crucial metabolic, biosynthetic,
and detoxification roles (Michalopoulos and DeFrances 1997;
Michalopoulos 2017; Bangru and Kalsotra 2020). However, how
a regenerating tissue sustains its normal functions when large
numbers of cells are proliferating is still a mystery. Based on our
findings, we propose a division-of-labor model wherein, after
PHx, residual hepatocytes undergo defined cellular transitions to
support essential metabolic activities as the regenerating liver re-
stores its original mass (Fig. 7). Five principal observations support
this model. First, our single-cell trajectory analyses captured the
plasticity of hepatocytes, identifying four distinct subpopulations
representing the quiescent, transition, proliferative, and metabol-
ically hyperactive states. Second, we discovered that, after PHx,
quiescent hepatocytes promptly adopt an intermediate transition
state from which they branch into either proliferative or metabol-
ically hyperactive states. Third, we noticed visibly divergent regu-
lon activities of proliferative and metabolically hyperactive

Single-cell analysis of liver regeneration

Genome Research 587
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267013.120/-/DC1


hepatocytes. Cells transitioning into a proliferative state silenced
regulons directing mature hepatocyte functions while stimulating
regulons that support cell growth and proliferation. Conversely,
cells transitioning into a metabolically hyperactive state activated
multiple regulons supporting biosynthetic, metabolic, detoxifica-
tion, and transport-related functions. Fourth, cumulative EdU
labeling experiments combined with immunostaining of
metabolic markers demonstrated that the portal and central vein
proximal regions harbor the metabolically active hepatocytes,
while glycogen-deficient midlobular hepatocytes proliferate near-
by (Fig. 7). Fifth, we observed that the metabolically hyperactive
hepatocytes develop transient but strong inbound and outbound
connections with NPCs, whereas proliferating hepatocytes selec-
tively down-regulate the receptors for inbound signals. Elimina-
tion of receptors for inbound pro-proliferative signals likely
constrains the endless proliferation of hepatocytes and enables
their timely cell-cycle exit. Altogether, these observations illustrate
that dynamic shifts in regulon activities and cell–cell interactions
broaden the hepatocellular plasticity to balance themetabolic and
proliferation needs of a regenerating liver. It remains to be seen
whether the up-regulation of metabolic genes in a subset of hepa-
tocytes after PHx is a mouse-specific phenomenon or a conserved
feature of regeneration. Future single-cell analyses of different liver
regeneration models that incorporate multiple biological repli-
cates in mice, as well as additional studies in rats and zebrafish,
will shed light on how well the division-of-labor model applies
to other species.

Previous studies indicated that distinctly located pools of ma-
ture hepatocytes with progenitor-like features might serve special-

ized roles in liver regeneration (Miyajima
et al. 2014). Although hepatocytes ex-
pressing stem/progenitor-like markers
such as LGR5+, SOX9+, AXIN2+, TERT+,
or MFSD2A+ are detectable, their overall
requirement for normal maintenance
and renewal after acute or chronic liver
damage is debatable (Huch et al. 2013;
Font-Burgada et al. 2015; Lu et al. 2015;
Wang et al. 2015; Pu et al. 2016; Lin
et al. 2018). For instance, a series of re-
cent reports questioned the notion of a
dedicated regenerative cell population
in the liver and demonstrated that ran-
domly distributed hepatocytes through-
out the lobule repopulate the liver
under both homeostatic and/or injury-
related conditions (Chen et al. 2020;
Matsumoto et al. 2020; Sun et al. 2020).
Our single-cell transcriptomic data are
consistent with these findings as we did
not detect enrichment for such markers
within the proliferating pool of hepato-
cytes. Alternatively, we found that, after
PHx, a subset of remaining hepatocytes
dedifferentiates to an early postnatal-
like state before proceeding toward the
proliferative trajectory. We also uncov-
ered that a sizeable proportion of hepato-
cytes does not proliferate and instead
maintains their mature metabolic state
through the entire course of regenera-
tion. Our cumulative EdU incorporation

experiments, along with immunostaining of portal- and central
vein-specific markers, confirmed the mutually exclusive nature
of proliferating and metabolically active cells in regenerating liv-
ers. We demonstrated that hepatocyte proliferation after PHx ini-
tiates in the midlobular region before proceeding toward the
periportal and pericentral areas and that the portal and central
vein proximal regions are the likely depots of hepatocytes retain-
ing the metabolically active state (Fig. 7).

Our understanding of molecular events that induce mature,
quiescent hepatocytes to dedifferentiate and transition toward a
proliferative state is incomplete. In this study, we combined sys-
tematic analyses of gene regulatory networks and intercellular in-
teractions via ligand-receptor signaling on a compensatory model
of regeneration in an otherwise healthy liver. We discovered that,
following PHx, residual hepatocytes reversibly activate an early-
postnatal-like gene expression program to transition from a quies-
cent to proliferative state and back. Our analysis revealed that tran-
sient dampening of adult gene programs followed by a brief surge
in ribosome biogenesis precedes cell-cycle activation. We further
determined that rewiring of developmental GRNs orchestrates
cell-cycle entry during initiation of regeneration while facilitating
rematuration of the newly generated hepatocytes so that they can
resume their functions once regeneration is complete. In the fu-
ture, it will be important to determine whether the hepatocyte
subpopulations identified here reprogram similarly or differently
in response to other types of periportal and/or pericentral liver in-
juries. Also, the changes in regulon activities within individual
cells reflect the integration of many transcriptional and post-tran-
scriptional events (Bangru et al. 2018; Bangru and Kalsotra 2020).

Figure 7. Division-of-labor model for liver regeneration. Following surgical resection (PHx), the rem-
nant liver tissue regenerates quickly and restores its original size and function. Hepatocyte proliferation
initiates in the midlobular region before proceeding toward the periportal and pericentral areas. We pro-
pose that a subset of residual hepatocytes in themidlobular area reversibly activate an early-postnatal-like
gene program to enter a proliferative state. Simultaneously, a distinct population near the portal and cen-
tral vein proximal regions up-regulates their metabolic gene program to offset any regeneration-induced
deficits in liver function. These reversible cell state transitions are guided by distinct ligand-receptor-me-
diated signaling events between hepatocytes and nonparenchymal cells. Thus, the division of labor max-
imizes the benefit-cost ratio of regeneration for an organism, ensuring quick and robust replenishment of
the hepatic parenchyma while sustaining adequate metabolic and detoxification activities. (NPCs) PA:
portal artery; PV: portal vein; CV: central vein.
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Therefore, measuring the impact of various post-transcriptional
events—such as mRNA stability, splicing, polyadenylation, and
translation—within single cells would offer a more thorough un-
derstanding of the contribution of multiple modes of gene regula-
tion in liver regeneration. Lastly, recent single-cell studies have
surveyed the changes in cell–cell communication between
healthy, NASH, and fibrotic livers (Dobie et al. 2019; Xiong et al.
2019). Comparing these disease data sets to the compendium of
intercellular interactions documented here would expand our un-
derstanding of normal versus aberrant cell–cell communication
networks, revealing defects in intrahepatic cell signaling that com-
promise regeneration in diseased livers. Such lines of investiga-
tions will not only map the signaling events that regulate
hepatocellular plasticity but also help identify targets that may
be leveraged to optimize hepatic repair and function after acute liv-
er failure or in end-stage liver disease.

Methods

Animal care and surgeries

For all experimental procedures, 8- to 10-wk-old C57BL/6J male
mice obtained from the Jackson Laboratories were used. National
Institutes of Health (NIH) and UIUC institutional guidelines for
the use and care of laboratory animals were followed, and all exper-
imental protocols were performed as approved by the Institutional
Animal Care and Use Committee at the University of Illinois,
Urbana-Champaign (UIUC). We performed a 2/3rd partial hepa-
tectomy procedure adapted from a previously reported protocol
(Boyce and Harrison 2008; Mitchell and Willenbring 2008).
Single-cell libraries were prepared from one mouse for each time
point, and 4–5 animals per time point were used for histology, im-
munofluorescence staining, and liver function tests.

Immunofluorescence staining

EdU labeling and immunofluorescence stainingwere carried out as
described before (Bangru et al. 2018). 5-Ethynyl-2′-deoxyuridine
was administered intraperitoneally (100 µg/g body weight) 4 h be-
fore tissue collection to label nascentDNA synthesis. Alternatively,
for cumulative EdU labeling experiments, mice were provided ad
libitum drinking water supplemented with 1 mg/mL EdU starting
12 h before PHx or Sham surgery and continuing until sacrifice.
This enabled EdU incorporation in replicating nuclei across the
time period under consideration.

Tissue dissociation and isolation of liver cells

Weadapted protocols frompreviously published reports by others,
as well as in house protocols to dissociate and collect whole-cell
suspensions from the liver (Bhate et al. 2015; Bangru et al. 2018).

Dead cell removal, single-cell library preparation, and sequencing

AMACS Dead Cell Removal Kit (Miltenyl Biotec) was used accord-
ing to themanufacturer’s protocol to remove dead cells and obtain
unbiased single-cell suspensions of liver cells with high viability.
Following this, single-cell sequencing libraries were prepared indi-
vidually from each time point using the 10xGenomics Chromium
Single Cell 3′ Kit v3 and sequenced with Illumina NovaSeq 6000
on a SP/S4 flow cell to obtain 150-bp paired reads.

Raw sequencing data processing and cell type identification

Single-cell libraries produced over four billion reads. We used Cell
Ranger v3.1 pipelines from 10x Genomics to align reads to the

mm10 genome assembly and produce feature matrices. Seurat
v3.1 (Butler et al. 2018) was used for QC and analysis of individual
feature matrices. Batch-effects across samples were removed using
BEER v0.1.7 (Zhang et al. 2019). Data were log-normalized, scaled,
and clustered using “FindNeighbors” and “FindClusters” func-
tions within the Seurat package after PCA analysis. Hepatocyte
and NPC clusters were identified based on the expression of vari-
ous known marker genes. To identify cell types within the subset
of NPCs, they were further subjected to unsupervised clustering
as described above.Monocle v2.0 was used to perform pseudotime
analysis, according to the online documentation (Qiu et al. 2017).

Gene regulatory network analysis

The SCENIC pipeline (Aibar et al. 2017) was used to estimate the
AUCell Score activitymatrix from the log-normalized Seurat object
containing the subset of hepatocytes. Unlike the standard SCENIC
workflow where this AUCell score activity matrix is binarized by
thresholding to generate a binary regulon-activity matrix, we re-
tained the full AUCell score for all further analysis. UMAP plots,
heatmaps, and violin plots demonstrating regulon activities based
on AUCell scores were made in Seurat v3.1. AUCell scores were
plotted over pseudotime cell-trajectories using Monocle 2.0.

Imputation and cell–cell communication analysis

Imputation using the MAGIC algorithm (van Dijk et al. 2018) was
performed to correct for anymissing values in the NPC data set be-
fore interpreting cell–cell interactions. We constructed cell–cell
communication networks and performed statistics of interactions
using methods previously described in detail by Farbehi et al.
(2019). Additional information about mouse surgeries, liver cell
isolation, and other experimental or bioinformatics analysis can
be found in the Supplemental Methods.

Data access

All raw andprocessed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE151309.
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