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In brief

Ang et al. develop multiple genetic
lineage-tracing mouse models to
systematically study liver regeneration.
They demonstrate that pericentral
Cyp2e1* hepatocytes fuel neonatal liver
development. Distinct zonal hepatocytes
self-maintain during adult homeostasis
and partial hepatectomy. While local
repair is preferred, zonal hepatocytes
harbor high plasticity to replenish
neighboring populations upon injuries.

Adult homeostasis &
partial hepatectomy

Highlights
e Pericentral Lgr5 Cyp2e1* hepatocytes expand and fuel
neonatal liver growth

e Distinct zonal hepatocyte subsets self-maintain during adult
homeostasis

e Midlobular Ccnd1* hepatocytes are not necessary for adult
liver regeneration

e While local repair is preferred, zonal hepatocytes harbor high
plasticity upon liver injury
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SUMMARY

Hepatocytes are organized into distinct zonal subsets across the liver lobule, yet their contributions to liver
homeostasis and regeneration remain controversial. Here, we developed multiple genetic lineage-tracing
mouse models to systematically address this. We found that the liver lobule can be divided into two major
zonal and molecular hepatocyte populations marked by Cyp2e1 or G/s2. Pericentral Cyp2e1* and periportal
Gls2* hepatocytes maintain their own lineage during adult homeostasis, while Cyp2e1* hepatocytes fuel
neonatal liver growth. The GIs2* and Cyp2e1™ populations can rapidly regenerate one another when one of
the populations is severely damaged. Midlobular Ccnd1™ hepatocytes are enriched in the Cyp2e1* zone in
adult liver but have limited contributions to regeneration upon partial hepatectomy and severe pericentral
injury. Remarkably, Lgr5™ hepatocytes, a unique Cyp2e1™ subset, contribute significantly to liver replenish-
ment upon periportal injuries. Our findings unravel that zonal hepatocytes mainly self-maintain during ho-

meostasis but exhibit complex plasticity in repair upon injury.

INTRODUCTION

Hepatocytes are the main cellular component of the liver, with an
estimated lifespan of around 300 days in mice."> While they are
largely quiescent during homeostasis, hepatocytes display an
exceptional capability to rapidly restore liver mass upon injury.
Onthe other hand, the neonatal liver grows at a tremendously rapid
rate. Unlike other organs such as the small intestines or skin, where
stem or progenitor cells are prominent, the existence of stem or
progenitor cells in the liver has long been a topic of debate. There
are two main epithelial cell lineages in the healthy adult liver,
namely hepatocytes and cholangiocytes. In the long-standing
streaming liver theory, the facultative stem cells that are believed
to reside in the “canal of Hering” of the bile ducts in the portal
area produce intermediate cells named “oval cells” that give rise

to mature hepatocytes and contribute to liver maintenance as
they stream from periportal to pericentral regions within the liver
lobule.>* However, recent evidence strongly suggests that the
mass of the adult liver is primarily maintained by the self-renewal
of pre-existing mature hepatocytes during normal homeostasis
and in response to various liver injuries.>® Meanwhile, cholangio-
cytes and/or oval cells likely give rise to hepatocytes under special
circumstances, such as when hepatocyte proliferation is pro-
foundly blocked,”® hepatocytes are completely depleted,® or the
liver is under severe long-term injury.'®

The liver lobules are the functional units of the liver. Each liver
lobule is hexagonal in shape and consists of a central vein sur-
rounded by six portal triads that are constituted by the bile duct,
portal vein, and hepatic artery. A “three-zone model,” proposed
a century ago, consists of the zone of permanent activity
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(periportal zone, or zone 1), the intermediary zone (zone 2), and the
zone of permanent repose (pericentral zone, or zone 3)." ' Interest-
ingly, the three-zone concept is still prevalent even though the
original definition of the three regions is no longer accurate.'?
The term “zonation” now refers to the spatial location of hepato-
cytes with different metabolic functions along the lobular axis."®
According to the typical three-zone model, zones 1 and 3 consist
of 6-8 layers of periportal hepatocytes and several layers of peri-
central hepatocytes, respectively.' However, the definition and
function of zone 2 in the middle of the lobule are ambiguous.'* ¢
In addition, recent single-cell RNA profiling studies have assigned
hepatocytes across the liver lobule to nine molecular layers based
on the expression of several landmark genes."”'®

Emerging evidence from lineage-tracing mouse models sug-
gests that hepatocytes in different lobular zones may differ in
their capacity to generate new hepatocytes during liver homeo-
stasis and upon liver damage. For instance, Axin2* cells were
observed in the pericentral zone in adult liver lobules'®?° and
contributed significantly to sustaining other hepatocytes during
liver homeostasis.>’ However, more recent studies reported
that Axin2* hepatocytes are insignificant in maintaining other he-
patocytes in liver homeostasis and regeneration.?>?*> A small
subset of hepatocytes adjacent to the portal veins labeled by
Sox9 gave rise to a significant proportion of new hepatocytes
in response to different injuries.”**> The Mfsd2a* cells in the
periportal zone were found to contribute significantly to the gen-
eration of new hepatocytes during injury-induced liver regenera-
tion but slightly decreased during normal adult liver homeosta-
sis.’® The rare Lgr5* hepatocytes, closely adjacent to the
central vein in normal liver, were found to be long lived and
self-maintained during the postnatal lifespan.?’ More recently,
midlobular hepatocytes in zone 2 are proposed to serve as a ma-
jor cell reservoir during normal homeostasis and liver regenera-
tion upon injury®®=° as well as liver enlargement during preg-
nancy.®' Genetic markers including Hamp2, Igfbf2, and Ccnd1
were shown to label hepatocytes in zone 2 and were used to
generate mouse models for lineage tracing. However, none of
these markers truly defines a midlobular zone that is distinct
from the two other zones. For instance, Hamp?2 is sparsely ex-
pressed across the liver lobule, with more Hamp2* cells in the
middle area of the liver lobule.?® Half of Igfbf2-labeled cells are
found in the Ecad* periportal zone.?® Furthermore, there is a pos-
sibility that other hepatocyte subpopulations, such as Tert"9"
cells, which are dispersed throughout the lobule,> also
contribute significantly to homeostasis and regeneration. Due
to this lack of clarity, a clear definition of distinct zonal hepato-
cytes, and the dynamics and role of zonal hepatocytes in liver
homeostasis and regeneration require further investigation.
Here, we developed and used multiple lineage-tracing mouse
models to systematically address the cell fates and contribution
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of distinct zonal hepatocyte subsets during early neonatal liver
development, normal adult homeostasis, and regeneration
upon partial hepatectomy (PH) as well as different liver injuries.

RESULTS

The liver lobule can be separated into two major zones,
marked by Cyp2e1 and Gls2

It has been proposed that the liver lobule consists of three main
functional zones along a spatial axis from the portal to the central
vein. As the midlobular zone 2 is less defined, we re-examined
the three-zone concept closely by analyzing liver sections of
adult wild-type mice via combined staining of various estab-
lished zonal markers. Interestingly, we observed two main zones
within the liver lobule with no gap between the areas, marked by
the pericentral marker Cyp2e1 and periportal marker E-cadherin
(Ecad) (Figure 1A). Co-staining of Cyp2e1 and two other peripor-
tal markers, Hal (Figure 1B) and Gils2 (Figure 1C), further indi-
cates that the liver lobule is constituted by two distinct zones ex-
pressing Cyp2e1 and Ecad/Hal/GlIs2, respectively. Hereafter, we
refer to these two zones as the pericentral Cyp2e1* zone and the
periportal G/s2* zone. It is important to note that a subset of he-
patocytes within the Cyp2e1* zone, constituting 1-2 layers of
cells most adjacent to the central vein, express a unique marker,
GS, that distinguishes them from the rest of hepatocytes within
the zone (Figure S1A). As previously reported,®’ this unique sub-
set of hepatocytes is also specifically marked by the expression
of Lgr5.

Generation of mouse models for conducting systematic
lineage tracing of distinct zonal hepatocyte subsets

To characterize the molecular features and cell fates of hepato-
cytes in Cyp2e1* and GIs2* zones, we generated two new doxy-
cycline (DOX)-inducible models, Cyp2e1-P2A-rtTA and Gis2-
P2A-rtTA, by replacing the TGA stop codon of the endogenous
Cyp2e1 and GIs2 genes with a P2A-rtTA cassette (Figure S1B).
Western blot analysis showed that the expression of Cyp2e1
and Gls2 proteins remains intact and that P2A-mediated ribo-
some skipping is highly efficient in both lines (Figure S1D). We
then crossed mice from these two lines to TetO-Cre and
Rosa26-Tomato Cre reporter mice to generate Cyp2e1/TetO-
Cre/R26-Tomato and Gls2/TetO-Cre/R26-Tomato models for
cell labeling and lineage tracing (Figure S1B). To conduct sys-
tematic lineage tracing of distinct zonal hepatocyte subsets
with defined spatial localization within the entire liver lobule,
we included a DOX-inducible bacterial artificial chromosome
(BAC) transgenic®’ and a tamoxifen (TAM)-inducible knockin
Lgr5°° model to label and trace Lgr5* hepatocytes within the
Cyp2e1™* zone. Additionally, we included a TAM-inducible model
to trace periportal Msfd2a* hepatocytes®* (Figure 1D).

Figure 1. Mouse models for labeling and lineage tracing of distinct zonal hepatocyte subsets

(A-C) Representative tile scan confocal image showing two main zones marked by the periportal and pericentral markers Ecad and Cyp2e1, respectively (A), and
co-staining of Hal, Ecad, and Cyp2e1 (B) or Gls2 and Cyp2e1 (C) in the liver lobule of adult FVB mice.

(D) Representation of five different mouse models for labeling and tracing hepatocytes in three distinct zones of the liver lobule.

(E-I) Confocal images and quantification analysis showing the labeling efficiency in each lineage-tracing model as indicated. Error bars represent mean + SEM.
n = 3-4 mice. An average of 5,000 cells per site, 3—10 sites from the liver of each mouse were counted.

Scale bars: (A) 500 um and (B, C, and E-I) 100 pm.
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Next, we sought to determine the labeling efficiency and pro-
moter fidelity in each mouse model. We first confirmed that To-
mato is not expressed in any of these models if mice are not
pulsed by DOX or TAM (Figures S1E-S1l). In contrast, all five
models showed excellent labeling efficiencies and promoter
fidelities when adult mice were induced with DOX or TAM and
analyzed shortly after induction. Co-staining of Tomato and
Cyp2e1 in liver sections of Cyp2el/TetO-Cre/R26-Tomato
mice showed that the Tomato*™ population highly overlapped
with the Cyp2e1* population, in which almost all pericentral he-
patocytes within the Cyp2e1™* region express Tomato (Figure 1E).
Notably, Tomato expression extended to 1-2 layers of hepato-
cytes at the boundary beyond the pericentral zone detected by
the anti-Cyp2e1 antibody. This is likely because the expression
of Cyp2e1 protein is beyond the detection limit of the anti-
Cyp2e1 antibody in these hepatocytes, where it can still be
marked by Tomato, which is controlled by the highly sensitive
Cre reporter system.* Similarly, Tomato was found in approxi-
mately 70%-80% glutamine synthetase (GS)* hepatocytes and
extended slightly beyond the GS* zone in the two Lgr5 line-
age-tracing models (Figures 1F and 1G). In liver sections of
Gls2/TetO-Cre/R26-Tomato and Msfd2a-CreER/R26-Tomato
mice, Tomato expression was turned on in ~80% of the peripor-
tal Ecad* population and restricted to the population (Figures 1H
and 1l).

Integration of gene expression signatures of zonal
hepatocytes with single-cell RNA-seq data

To interrogate the molecular characteristics of the two major
zones separated by the expression of Cyp2e1, we determined
the gene expression profiles of Tomato* (Cyp2e1* zone) versus
Tomato™ (GIs2* zone) hepatocytes that were sorted by fluores-
cence-activated cell sorting (FACS) from adult Cyp2e1/TetO-
Cre/R26-Tomato male mice treated with DOX for 1 week. 186
upregulated and 191 downregulated genes in Tomato™ versus
Tomato™ hepatocytes were identified (Treat-false discovery
rate (FDR) < 0.05; > 2-fold change). Typical pericentral genes,
including Cyp2e1, Oat, and Rnase4, were highly upregulated in
Tomato™ cells. In contrast, periportal genes, such as GIs2, Hal,
and Cdh1, were enriched in Tomato™ cells (Figure 2A). KEGG
analysis of differentially expressed genes (DEGs) revealed a sig-
nificant enrichment of pathways associated with Wnt signaling,
drug metabolism, steroid hormone biosynthesis, and chemical
carcinogenesis in Tomato® hepatocytes. Conversely, Tomato™
cells were enriched for genes involved in tyrosine, alanine, aspar-
tate, and glutamate metabolism, chemokine signaling pathway,
and gastric acid and bile secretion (Figure 2B). We then inte-
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grated the gene expression signatures of Tomato™ and
Tomato™ cells with the single-cell RNA sequencing (RNA-seq)
dataset that has been reported previously®® and found that he-
patocytes could be classified into two major distinct populations
(Figure 2C). Most cells in the Cyp2e1* population highly ex-
pressed cytochrome P450 genes and many other pericentral
markers (Figure 2D). In contrast, periportal genes were highly en-
riched in the Gls2 population. Interestingly, both Cyp2e1 and
Gls2 populations could be further divided into two sub-clusters
in this dataset (Figure 2C). Lgr5, Glul, and Slc1a2, which are
well-characterized genetic markers for a rare subset adjacent
to pericentral veins, were found to be exclusively expressed in
Cyp2e1-C2 (Figures 2E and 2F). To confirm further whether
Cyp2e1-C2 includes the unique pericentral GS*/Lgr5* hepato-
cyte subset, we sorted Lgr5-GFP* and Lgr5-GFP~ hepatocytes
from adult Lgr5-rtTA-IRES-GFP male mice and profiled their
transcriptome by RNA-seq. Around 500 DEGs were identified
in  Lgr5-GFP*™ versus Lgr5-GFP~ hepatocytes (Treat-
FDR < 0.05; > 2-fold change). KEGG analysis revealed that peri-
central genes/pathways enriched in the Cyp2e1* zone are also
highly expressed in the Lgr5-GFP* subset (Figures S2A-S2C).
Interestingly, a subset of the DEGs, including genes associated
with the Wnt signaling pathway (Figure S2D), are exclusively ex-
pressed or silenced in Lgr5* but not in other hepatocytes within
the Cyp2e1™* zone. These findings collectively define Lgr5* cells
as a distinct subpopulation of Cyp2e1* hepatocytes in this sin-
gle-cell transcriptome profiling dataset (Figures S2E and S2F).
We further integrated the gene expression signatures of the
two major zones with the single-nucleus RNA-seq dataset of
mouse liver tissues.®” Remarkably, two distinct Cyp2e7* and
GIs2* hepatocyte clusters were also readily detected, and an
Lgr5*/Glul*/Slc1a2* subpopulation was further identified in the
Cyp2e1™* cluster (Figures S2G and S2H). Of note, the Gls2-C2
sub-cluster (Figure 2C) was not detected in this dataset. More-
over, a small subset of G/s2* hepatocytes could be found in
the Cyp2e1* cluster in both datasets (Figures 2C and S2G).

Neonatal Cyp2e1* hepatocytes serve as the main
cellular source for early liver mass expansion

To determine when pericentral and periportal zones are estab-
lished during early development, liver sections from FVB
wild-type mice at various postnatal stages were analyzed by
immunofluorescence staining. We found that the pericentral
expression pattern of Cyp2e1 was established as early as post-
natal day (P)1, while Hal is weakly expressed around the peri-
portal area at this stage (Figure S3A). From P7 onwards, the
Cyp2e1* and Hal* zones were clearly defined (Figure S3A).

Figure 2. scRNA-seq data analysis identifying two major zonal hepatocyte populations in adult mouse livers
(A) Heatmaps showing the top 100 upregulated and downregulated DEGs in Tomato™ (Cyp2e1™) versus Tomato™ (Cyp2e17) hepatocytes. The plot shows log,
counts per million, mean corrected and standardized for each gene. DEGs display a significant > 2-fold change (Treat-FDR < 0.05). n = 3 biological replicates per

group.

(B) KEGG pathway enrichment analysis of DEGs between Tomato™ versus Tomato™ hepatocytes in (A).
(C) Uniform manifold approximation and projection (UMAP) plot of distinct hepatocyte populations in the single-cell RNA-seq (scRNA-seq) data from Su et al.>®
The DEGs from bulk RNA-seq data of Cyp2e1* versus Cyp2e1 (i.e., GIs2*) hepatocytes in (A) were used as anchor genes for the integration analysis to generate

the UMAP plot.

(D) Dot plot of the top 15 marker genes for Cyp2e1* and GIs2* hepatocytes. Cyp2e1-C1 and Cyp2e1-C2 clusters are merged into one Cyp2e1* population. G/s2-

C1 and GIs2-C2 clusters are merged into one Gl/s2* population.

(E and F) Violin plots (E) and UMAP plots (F) showing expressions of indicated marker genes for different clusters in the scRNA-seq data.
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The liver undergoes a significant increase in mass from birth to
adulthood, with an ~12-fold increase between P1 and P42 (Fig-
ure S3B). We have previously reported that Lgr5* hepatocytes
are primarily self-maintained from P7 onwards.”” To trace the
contribution of the wider population of pericentral hepatocytes
to the generation of liver mass during homeostasis at different
developmental stages, we pulsed Cyp2e1/TetO-Cre/R26-To-
mato mice with DOX at neonatal (P7), adolescence (P21) and
adulthood (7-8 weeks old) stages, and chased for various dura-
tions. Of note, adult mice were normally pulsed with DOX food
and water for a week to achieve high labeling efficiency for line-
age tracing. However, given the rapid expansion of the liver
during the neonatal stage, a rapid and short administration of
DOX is required. Thus, pups at P7 and P21 were pulsed with
1Xx intraperitoneal (i.p.) injection of DOX. Remarkably,
Cyp2e1/TetO-Cre/R26-Tomato mice pulsed at P7 and
analyzed after 3 weeks and 8 months of tracing exhibited a dra-
matic increase in the Tomato™ cell population from 60% to 90%
(Figures 3A and B). Likewise, the Tomato*/Hal* double positive
(DP) population increased from 20% to 60%. Importantly, the
Hal* population also significantly increased in 8- to 9-month-
old mice compared to P7 pups. On the other hand, GIs2/
TetO-Cre/R26-Tomato pups pulsed with 1x i.p. injection of
DOX at P7 showed a significant reduction in Tomato* popula-
tion in the liver from 50% to 35% when traced for 8 months,
while the Cyp2e1*Tomato* DP population also showed a
drastic decrease from 20% to less than 1% (Figures 3C and
3D). The expansion of the Tomato™ population was also evident
in the livers of Cyp2e1/TetO-Cre/R26-Tomato mice pulsed at
P21 but with slower kinetics (Figures S3C and S3D). Liver sec-
tions analyzed after 3 weeks of tracing showed a slight expan-
sion of Tomato™ area. By 8 months, the Tomato™ area increased
to 80%, compared to 60% at 24 h after DOX induction. More-
over, the Tomato*Hal* DP population also expanded 2-fold
from 20% to 40%. The Hal® population also significantly
increased in 8- to 9-month-old mice compared to P21 pups.
Of note, Cyp2e1/TetO-Cre/R26-Tomato mice pulsed at P21 us-
ing a different method, i.e., via food and drinking water contain-
ing DOX, exhibited similar significant increases in their percent-
ages of Tomato* area when analyzed immediately after DOX
treatment compared to after 12 months of tracing
(Figures S3E and S3F), while GIs2/TetO-Cre/R26-Tomato
mice pulsed at P21 using the same method exhibited a slight
but statistically insignificant decrease in Tomato* population
(Figures S3G and S3H).

Collectively, the data from the two lineage-tracing models
together indicate that a significant portion of the Hal* periportal
zone was derived from Cyp2e1*Hal* DP hepatocytes during
early development with rapid growth of liver, while a subset of
Hal* hepatocytes most adjacent to the portal vein are long lived
and able to self-maintain.

Self-maintenance of Cyp2e1* and Gis2* zones during
homeostasis and regeneration upon PH

We next sought to address the contribution of Cyp2e71* and
Gls2* hepatocytes to adult liver homeostasis. The expansion of
adult Cyp2e1* hepatocytes to the Hal* zone was not detectable
after 3 months of tracing. By 8 months, the Tomato*Hal* DP pop-
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ulation seemed to increase from 10% to 20%, although it was
not statistically significant. The total Tomato™ population derived
from Cyp2el* hepatocytes also only showed a marginal in-
crease that is statistically insignificant (Figures 3E and 3F). These
results imply that the majority of hepatocytes in the GIs2* zone
are not replaced by cells derived from pre-existing Cyp2e1* he-
patocytes. In line with this, the Tomato* population remained un-
changed in GIs2/TetO-Cre/R26-Tomato mice pulsed at adult-
hood over a tracing period of 8 months (Figures 3G and 3H),
as well as in Msfd2a-CreER/R26-Tomato mice traces for
12 months (Figures S3l and S3J).

The remarkable regenerative capacity of the liver is evidenced
by the rapid and efficient restoration of liver mass in adult mice
within a few days after 2/3 PH.*® We performed PH on Cyp2e1/
TetO-Cre/R26-Tomato and Gls2/TetO-Cre/R26-Tomato mice to
investigate the contribution of Cyp2e1* and GIs2* hepatocytes
to acute liver regeneration. Adult mice were pulsed with DOX to
induce Tomato expression in hepatocytes in the respective re-
gions 1 week prior to surgery (Figure S4A). Liver lobes resected
during the surgery were collected and analyzed in comparison to
regenerated liver lobes collected at 14 days post-surgery, when
the regeneration process has completed. We observed that the
distribution pattern and percentage of Tomato® hepatocytes
remain unchanged in liver sections before and after PH in both
models (Figures S4B-S4D), suggesting that Cyp2e1* and G/s2*
hepatocytes mainly regenerated their own lineages upon PH.

Gls2* hepatocytes repopulate the liver lobule upon
chemical-induced pericentral injuries

We have previously reported that Lgr5™ hepatocytes can be re-
plenished by Lgr5™ cells in adult livers upon pericentral injury
induced by carbon tetrachloride (CCl,).?” To further investigate
the contribution of Cyp2e1* and Gis2* hepatocytes to regenera-
tion upon CCly, injury, adult Cyp2e1/TetO-Cre/R26-Tomato and
Gls2/TetO-Cre/R26-Tomato mice were pulsed with DOX and
subjected to 10 doses of CCl, over 3 weeks®® (Figure 4A). Livers
were harvested at three time points —immediately, 2 weeks, and
8 weeks after the last CCl, dose. The vast majority of Tomato*
hepatocytes in the livers of Cyp2e1/TetO-Cre/R26-Tomato
mice were depleted after CCl, treatment compared to vehicle
controls (Figures 4B and 4C). Interestingly, while some sparse
Tomato* hepatocytes survived the damage, they did not expand
and form colonies even after 8 weeks. On the contrary, we
observed a gradual expansion of the Tomato* population to
the Cyp2e1* zone in the Gis2/TetO-Cre/R26-Tomato model
(Figures 4D and 4E). Almost the entire liver lobule (~90%) was re-
populated by Tomato™ hepatocytes, and most Cyp2e1* cells
were newly generated by pre-existing G/s2" hepatocytes even
as early as 2 weeks after the last CCl, injection.

We also traced Cyp2e1* and GIs2" hepatocytes in the event of
diethylnitrosamine (DEN)-induced pericentral damage. We
administered 1 dose of DEN per week for 3 consecutive weeks
to adult Cyp2e1/TetO-Cre/R26-Tomato and Gis2/TetO-Cre/
R26-Tomato mice, starting 1 week after DOX pulsing (Figure 4F).
More Tomato* hepatocytes survived DEN-induced damage in
the Cyp2e1/TetO-Cre/R26-Tomato model compared to CCly-
induced damage (Figures 4G and 4H). Interestingly, these
Tomato* cells also did not expand to replenish the pericentral
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area after 8 weeks of tracing. DEN treatment in GIs2/TetO-Cre/
R26-Tomato mice revealed the opposite results, in which the
Cyp2e1* pericentral region was re-established within 6 weeks,
with a significant expansion of the periportal Tomato* population
from 40% to > 80% (Figures 4l and 4J).

Overall, these results suggest that in the event of chemical-
induced pericentral injuries, the periportal G/s2* population is
the main cell source for replenishment of the damaged pericen-
tral hepatocytes.

Cyp2e1* hepatocytes are rapidly replenished by other
cells upon depletion by DTA

The Ccnd1 gene that encodes Cyclin D1 protein was used as
a genetic marker to label midlobular hepatocytes in a previous
study.?® Our bulk RNA-seq data revealed that Ccnd1 expres-
sion is ~8 times higher in the Cyp2e1* zone compared to the
Cyp2e1~ zone (Figure 5A). Indeed, approximately 80% of cy-
clin D1* hepatocytes are situated within the Tomato* zone
in the liver of adult Cyp2e1/TetO-Cre/R26-Tomato mice, and
they are more enriched in the area distant from the central
vein (Figure 5B). To further examine whether the Cyp2e1™
population, which contains most of the Ccnd1* cells, is indis-
pensable for liver regeneration, we crossed Cyp2e1/TetO-Cre/
R26-Tomato mice with Rosa26-diphtheria toxin subunit A
(DTA) mice to generate the Cyp2e1/TetO-Cre/R26-DTA/R26-
Tomato line for rapid depletion of Cyp2e1* hepatocytes (Fig-
ure 5C). Adult Cyp2e1/TetO-Cre/Tomato mice with or without
the DTA allele were administered DOX for 3 days (Figure 5D).
Very few Tomato® and Cyp2el* cells were detected in
the livers of Cyp2e1/TetO-Cre/R26-DTA/R26-Tomato mice
(Figure 5E). Moreover, GS* cells were also thoroughly
depleted (Figure S5B), while the Hal* zone remained un-
changed (Figure S5B). These results indicated the specific
and robust depletion of Cyp2e7* hepatocytes by DTA. By
2 weeks of the regenerative phase, the Cyp2el1* and GS*
zones were completely restored, while the Tomato* popula-
tion remained scarce (Figures 5F, S5C, and S5D). Of note, To-
mato was efficiently turned on in almost all Cyp2e1* hepato-
cytes in the livers of control Cyp2e1/TetO-Cre/Tomato mice
under this DOX treatment condition (Figures 5G and S5A).
The body weights of Cyp2e1/TetO-Cre/R26-DTA/R26-Tomato
mice rapidly decreased by up to 10% during the 3 days of
DOX treatment and recovered within 1 day after DOX treat-
ment was stopped (Figure 5H). Collectively, these data
suggest that DTA-depleted Cyp2e1* hepatocytes were rapidly
replaced by cells derived from the Cyp2e1™ hepatocytes to
restore the metabolic functions of the Cyp2e1* zone.
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Ccnd1* hepatocytes do not serve as the main cell source
in regeneration upon PH and severe CCl -induced
damage

To address the role of Ccnd7* hepatocytes in liver regeneration,
we generated a new DOX-inducible knockin mouse strain,
Ccnd1-EGFP-P2A-rtTA3, by replacing the stop codon of the
Ccnd1 gene with a EGFP-P2A-rtTA3 cassette. This strain ex-
presses the Cyclin D1-GFP fusion protein and riTA protein sepa-
rately from the same mRNA under the control of the endogenous
Ccnd1 protomer. We crossed Ccnd1-EGFP-P2A-rtTA3 mice to
TetO-Cre and Rosa26-Tomato mice to generate the Ccnd1/
TetO-Cre/R26-Tomato model for lineage tracing (Figure S6A).
Adult Ccnd1/TetO-Cre/R26-Tomato mice were treated with
DOX for 1 week to induce Tomato expression. Tomato* cells
are mainly located at the edge of the Cyp2e1* zone in liver sec-
tions of Ccnd1/TetO-Cre/R26-Tomato mice harvested 1 week
after DOX treatment (Figure S6B), which is consistent with our
data obtained from co-staining of Tomato and Cyclin D1 in liver
sections of Cyp2e1/TetO-Cre/R26-Tomato mice (Figure 5B). We
next sought to determine the contribution of Ccnd7* hepato-
cytes in the liver of adult Ccnd1/TetO-Cre/R26-Tomato mice
upon PH (Figures S6C-S6E). There was an increase in the
Tomato* population in both the Cyp2e1* and Hal* zones of the
regenerated lobes compared to the resected lobes. However,
we did not identify lobular areas that are dominantly constituted
of Tomato™ cells. Collectively, our data suggest that Ccnd1™ he-
patocytes are unlikely the main cell source for liver regeneration
upon PH.

To determine the contribution of Ccnd7* hepatocytes in liver
regeneration upon pericentral liver damage, adult mice were
pulsed with DOX and treated with 1x CCl, (Figure S6F). Livers
were harvested at 24 h and 2 weeks after the injection. Co-stain-
ing of liver sections with Tomato, Hal, and GS revealed an in-
crease in the Tomato* population in the livers with a 2 week re-
covery period after CCl, injection compared to vehicle control,
suggesting that Ccnd1* hepatocytes in proximity to the
damaged pericentral area had expanded to replenish those
lost (Figures S6G and S6H). To further decipher the roles of
Ccnd1* hepatocytes in prolonged pericentral damage, Ccnd1/
TetO-Cre/R26-Tomato mice were subjected to 10x CCl, over
3 weeks (Figure S6l). Livers were harvested immediately after
the last dose of CCl, as well as 2 weeks after the last dose of
CCly. Co-staining of liver sections with Tomato, Hal, and GS re-
vealed a striking reduction in the number of Tomato* cells in
livers harvested immediately after CCl, treatment compared to
vehicle controls (Figures S6J and S6K). Although a minute num-
ber of Tomato® cells could survive the injury, these cells did not

Figure 4. Periportal GIs2* hepatocytes replenish the pericentral zone upon acute pericentral injuries

(A) Schematic illustration of experimental strategy for CCls-induced liver injury.

(B-E) Representative confocal images of liver sections and quantitative analysis of the Tomato* population in livers of Cyp2e1/TetO-Cre/R26-Tomato (B and C) and
Gls2/TetO-Cre/R26-Tomato (D and E) mice harvested immediately (Imm), 2 weeks, or 8 weeks after the last dose of CCl, treatment or untreated control mice.

(F) Experimental strategy for DEN-induced pericentral liver injury.

(G-J) Representative confocal images and quantitative analysis of the Tomato* population of livers from Cyp2e1/TetO-Cre/R26-Tomato (G and H) and Gis2/
TetO-Cre/R26-Tomato (I and J) mice. Livers were harvested from mice Imm or 6 weeks after the last dose of DEN administration or untreated control mice. Error
bars represent mean + SEM. n = 3 mice per group. An average of 4,000 cells per site, 3—10 sites from the liver of each mouse were counted. p < 0.05 was

calculated using multiple t test.
Scale bars: (B, D, G, and I) 100 um.
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expand to replenish the damaged lobular areas, as was evident
in the livers of mice with a 2 week recovery period after CCl,
treatment (Figures S6J and S6K). Our data unveil that although
pre-existing Ccnd1* cells in the liver may be activated to replace
damaged pericentral cells in the event of minor damage, they are
vulnerable to prolonged CCl,-induced damage and do not serve
as the main cell source for liver regeneration in severe CCl,-
induced pericentral damage.

Cyp2e1* hepatocytes contribute significantly to
regeneration of the periportal zone upon DDC-induced
injury

We next sought to determine whether pericentral hepatocytes
are capable of repopulating periportal hepatocytes upon
periportal injury. A 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) diet is known to induce chronic liver damage and
ductular reactions that resemble cholangiopathies in human
by increasing biliary porphyrin in the periportal region of the liver
lobule.® After pulsing them with DOX, we fed adult Cyp2e1/
TetO-Cre/R26-Tomato and GIs2/TetO-Cre/R26-Tomato mice
with a diet containing 0.1% DDC over short-term (6 weeks)
and long-term (5 months) durations (Figure 6A). The Tomato™*
population evidently expanded in Cyp2e1/TetO-Cre/R26-To-
mato livers compared to untreated controls, following both
short-term and long-term DDC treatment (Figure 6B). A 50%—
70% expansion of the Tomato* population was observed after
short-term treatment for 6 weeks (Figure 6C). In some areas,
the entire lobule was constituted by only Tomato™ hepatocytes.
Long-term DDC treatment for 5 months and recovery of the liver
thereafter did not cause further expansion of the Tomato™ popu-
lation (Figures 6B, 6C, and S7A). Interestingly, although a
majority of the liver lobule was repopulated by Tomato* cells
originating from the pre-existing pericentral Cyp2e1* population,
a significant proportion of periportal hepatocytes (Hal* and
Tomato™) were able to survive (Figure 6B).

On the other hand, we observed a massive depletion of
Tomato* cells in Gls2/TetO-Cre/R26-Tomato livers from approx-
imately 50% to 15% after 6 weeks of DDC treatment compared
to controls (Figures 6D and 6E). Prolonged DDC treatment did
not further deplete the periportal Tomato* cells. Interestingly,
liver sections from mice treated with DDC for 5 months showed
formation of large Tomato™ colonies, suggesting that a portion of
pre-existing periportal Tomato* cells likely gained resistance to
DDC damage and were able to proliferate to replenish the nearby
damaged G/s2* hepatocytes (Figure S7B). After 4 months of re-
covery, we observed an increase in the Tomato* population (Fig-
ure 6E). A similar phenomenon was observed in lineage tracing of
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TAM-inducible Msfd2a-CreER/R26-Tomato mice upon DDC
damage (Figure S7C). To further confirm the clonal formation
and expansion by surviving periportal hepatocytes upon DDC
damage, we treated adult G/s2/TetO-Cre/R26-Tomato mice
with 1 X i.p. injection of DOX at 0.5 mg/mouse to induce low la-
beling of GIs2* hepatocytes. Consistent with our previous find-
ings, we observed the formation of Tomato* colonies in some
lobules after the mice were treated with DDC for 5 months
(Figure S7D).

Taken together, our results on the regeneration of pre-existing
Cyp2e1* and GIs2*/Msfd2a* hepatocytes showed that peripor-
tal and pericentral hepatocytes harbor high levels of plasticity
and regenerate efficiently upon chronic periportal liver damage
induced by DDC.

Lgr5* hepatocytes serve as an important cell source for
liver repair upon DDC-induced injury

The results above showed that Cyp2e1* hepatocytes contribute
significantly to liver regeneration upon periportal injury induced
by DDC. As the Lgr5*/GS* subset is located closest to the cen-
tral veins within the Cyp2e1* zone, we next investigated the role
of Lgr5*/GS™ cells in this liver regeneration process. Notably, un-
like our Lgr5-rtTA model,?” the lineage-tracing models for GS*
hepatocytes in the two previous studies showed profound leak-
iness in the absence of TAM,??*° which suggests that those
models are not suitable for lineage-tracing experiments. After
pulsing them with DOX, we subjected adult Lgr5-rtTA/TetO-
Cre/R26-Tomato mice to DDC diet for a short term of 6 weeks
or a long term of 5 months (Figure 7A). Significant expansion of
the Tomato* population was observed when livers were
analyzed immediately after 6 weeks of DDC treatment. Interest-
ingly, the expansion was restricted to the pericentral Cyp2e1”*
zone in most lobules (Figure 7C). When the mice were left to
recover for 6 months after 6 week DDC treatment, we observed
a Tomato*Hal™ DP population in the liver, indicating the further
expansion of cells derived from Lgr5* hepatocytes into the peri-
portal zone to replenish the damaged periportal hepatocytes
during recovery (Figure 7D). The profound expansion of hepato-
cytes derived from the pre-existing Lgr5* cells to the periportal
Hal* zone was observed in livers after 6 months of recovery
following 5 months of DDC treatment (Figure 7E), in which the
Tomato* population increased from less than 10% before treat-
ment to ~50% on average and up to 80% in some lobules (Fig-
ure 7F). Similar expansion dynamics of the Tomato™ population
was also evident in the TAM-inducible Lgr5-T2A-CreERT2/
R26-Tomato knockin mouse model (Figures S8B and S8C).
Interestingly, when Lgr5-rtTA/TetO-Cre/R26-Tomato mice

Figure 5. Rapid restoration of Cyp2e1* hepatocytes by other hepatocytes upon DTA-induced depletion

(A) Bar graph showing expression levels of Ccnd1 in Cyp2e1* versus Cyp2e1~ hepatocyte populations in bulk RNA-seq analysis.

(B) Representative confocal images and quantitative analysis of Cyclin D1* cells in liver sections of Cyp2e1/TetO-Cre/R26-Tomato mice pulsed with DOX. Bar
graph showing the percentage of cells expressing both Tomato and Cyclin D1 (DP) in total Cyclin D1* cells.

(C) Schematic illustration of the mouse model for acute deletion of Cyp2e1™ hepatocytes by DTA expression.

(D) Experimental design for simultaneous induction of DTA and Tomato expressions in Cyp2e1/TetO-Cre/R26-DTA/R26-Tomato mice.

(E-G) Representative confocal images of liver sections from Cyp2e1/TetO-Cre/R26-DTA/R26-Tomato mice harvested immediately (E) or 4 weeks (F) after 3 day
DOX treatment. Cyp2e1/TetO-Cre/Tomato mice without the DTA knockin allele were harvested immediately after 3 day DOX treatment as controls (G).

(H) Graph showing percentage of body weight changes in Cyp2e1/TetO-Cre/R26-DTA/R26-Tomato mice during 3-day DOX treatment (days 0-3) and in the week
following treatment (days 4-10). Error bars represent mean + SEM. n = 3 mice per group. p < 0.05 was calculated using multiple t test.

Scale bars: (B) 100 um and (E-G) 500 pm.
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were treated with DDC for only 2 weeks, we found that the
expansion of Lgr5-descendant hepatocytes barely reached the
periportal Hal* zone even when the mice were left to recover
for up to 18 months, suggesting that Lgr5* cells are activated
at the early stage of DDC damage and that the repair process
is halted once the damaged area has been fully recovered
(Figures S8D and S8E).

To examine the distribution and pattern of hepatocyte prolifer-
ation during liver regeneration upon DDC damage, we conduct-
ed sequential labeling of BrdU and EdU. Lgr5-rtTA/TetO-Cre/
R26-Tomato mice were on DDC diet for 3 weeks, followed by
1 week of recovery (Figure 7G). In the first 2 weeks, mice were
given drinking water containing BrdU for 2 cycles of 5 day pulses,
with a 2 day interval between each cycle. In the last week of DDC
treatment and before a subsequent week of recovery, mice were
provided with drinking water containing EAU for 2 cycles of 5 day
pulses, with a 2 day interval between each cycle (Figure 7G). As
such, cells that were proliferating in the first 2 weeks of DDC
treatment were labeled with BrdU, while cells that proliferated
subsequently were labeled with EdU. The Tomato™ population
derived from Lgr5" hepatocytes was significantly expanded
from 20% to 50% of the Cyp2e1* pericentral region after 3 weeks
of DDC treatment compared to in the untreated controls (Fig-
ure 71). Interestingly, ~4 times more BrdU* or EdU* cells were
found in the Cyp2e1~ zone. This likely implies that the nearby
healthy hepatocytes were preferentially stimulated by prolifera-
tion signals from periportal injured hepatocytes to enter the cell
cycle in this chronic liver damage model (Figure 7J). Moreover,
a portion of Tomato™ hepatocytes that were no longer located
inthe Lgr5*/GS™ layers were BrdU and EdU double positive (indi-
cated by white arrowheads), suggesting that these Lgr5-descen-
dant cells have divided at least twice during regeneration, with
the later division occurring after they had moved out from the
Lgr5*/GS™ zone (Figures 71 and 7H).

DISCUSSION

Functional zonation is a key feature of the liver lobule structure.
Our immunofluorescence co-staining study using pericentral
and periportal markers showed that the liver lobule is constituted
by two main zones—pericentral and periportal—with limited
overlap between them. We developed mouse models to facilitate
the efficient isolation of these two major zonal hepatocyte sub-
sets at high purity for molecular characterization and tracing.
Bulk RNA-seq data revealed that these two zonal hepatocytes
show distinct gene expression signatures. Remarkably, integra-
tion analysis of hepatocytes from publicly available single-cell
RNA-seq data®® and single-nucleus RNA-seq data®’ on a large
number of cells using these gene signatures revealed that hepa-
tocytes are classified into two molecular clusters, namely peri-
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portal G/s2* and pericentral Cyp2e1* populations. Although a
minute proportion of hepatocytes expressing both G/s2 and
Cyp2e1 were detected in single-cell or single-nucleus profiling,
most of these cells were clustered into the Cyp2e1*Lgr5~ popu-
lation. Overall, these findings demonstrate that the liver lobule
can be functionally divided into the pericentral and periportal
zones, which are typically marked by the expression of Cyp2e1
and Gls2/Ecad/Hal, respectively. Hence, to refine the typical
three-zone model, other than zone 1 marked by Gis2/Ecad/
Hal, hepatocytes among the Cyp2e1* population can be further
divided into two spatial and molecular zones—they are positive
for Cyp2e1 but either positive (zone 3) or negative (zone 2) for
Lgr5/GS. It is also important to note that hepatocytes in each
zone likely maintain a certain degree of heterogeneity, and the
liver lobule may be organized in a gradient manner for certain
functions. Consistent with our RNA-seq results, data from sin-
gle-nucleus multi-omics, including assay for transposase-
accessible chromatin using sequencing (ATAC-seq) and RNA-
seq, also supported that the liver lobule can be divided into three
major regulatory topics—two of them correspond to the Lgr5*
and Lgr5~ subpopulations of the Cyp2e1* hepatocytes and the
third one corresponds to the Gis2* hepatocyte populations
(Figures 2C and S2G). Furthermore, we showed that the
Cyp2e1* and GIs2* zones are highly enriched in the transcription
repressors Tcf7I1 and Tbx3, respectively. This finding is in line
with an earlier study that identified these two repressors as key
regulators of liver zonation.>” Moreover, we also found that
another key transcription factor of Wnt signaling, Tcf7, is highly
enriched in Cyp2e1™ hepatocytes. However, the role of this
protein in the transcriptional regulation of the two major zones
remains unclear and needs to be addressed in future studies.
The contribution of different zonal hepatocyte subsets to the
generation of new hepatocytes during adult liver homeostasis
and regeneration has been a matter of debate. The high labeling
efficiencies and combined use of our lineage-tracing models for
pericentral Cyp2e1* and periportal G/s2* hepatocytes enabled
us to investigate the cell fate of almost all hepatocytes. In
contrast to the findings from previous studies, long-term lineage
tracing of Cyp2el1* hepatocytes in adult mice showed little
expansion of the Tomato* population in our Cyp2e1/TetO-Cre/
R26-Tomato model.?° Accordingly, we found the Gls2*/Msfd2a*
hepatocytes are long lived and self-maintained during adult ho-
meostasis. Interestingly, we found a small subset of cells ex-
pressing both Cyp2e1 and Gls2 between the two main zones
in the analysis of single-cell profiling data (Figure S2G) and
lineage tracing of the Cyp2e1/TetO-Cre/R26-Tomato model
(Figure 3E). This subset of cells do not seem to play a preferential
regeneration role during long-term homeostasis. We also
examined how the two major zonal hepatocytes are replenished
during rapid liver regeneration upon PH and found that both

Figure 6. Pericentral Cyp2e1* hepatocytes contribute significantly to regeneration upon chronic periportal injury

(A) Experimental strategy for DDC-induced liver injury.

(B—E) Representative confocal images of liver sections and quantitative analysis of the Tomato™* population of Cyp2e1/TetO-Cre/R26-Tomato (B and C) and Gl/s2/
TetO-Cre/R26-Tomato (D and E) mice. Livers were harvested from mice immediately after 6 weeks (6 weeks [Imm]; 6wi) or 5 months (5 months [Imm]; 5mi) of DDC
treatment or after up to 4 months of recovery post-5 months of DDC treatment (5mr) or from untreated control mice. Error bars represent mean + SEM. n = 4 mice
per group. An average of 4,000 cells per site, 3—10 sites from the liver of each mouse were counted. p < 0.05 was calculated using multiple t test.

Scale bars: (B and D) 500 pum (left) and 100 um (right).
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hepatocyte populations favor a self-maintenance mode.
Notably, the Lgr5* population also appears to persist throughout
their lifespan and does not contribute to the generation of hepa-
tocytes in other lobular zones during homeostasis.””**°

Since mammalian epithelial cells have been shown to undergo
cell fate changes during development in other tissues, we in-
tended to inspect possible cell fate changes that may happen
during neonatal development of the liver. We found that the peri-
central Cyp2e1* zone is defined as early as P1. Lineage-tracing
analysis on the Cyp2e1/TetO-Cre/R26-Tomato model showed
that pericentral Cyp2e1* hepatocytes serve as the main reservoir
for the generation of new hepatocytes during the massive growth
of liver mass. Interestingly, the combined data from the Cyp2e1
and GIs2 models suggests that Cyp2e1*Hal* DP hepatocytes
only expand toward the Hal* periportal cells during early liver
development. However, the role of this unique hepatocyte sub-
set needs further investigation in a mouse model where these
cells can be specifically labeled and traced. Interestingly, lineage
tracing of Lgr5™ cells revealed that they maintained their own
lineage throughout their lifetime from neonatal development to
adult homeostasis and PH,?” suggesting that the cell fate of
Lgr5* hepatocytes is established and restricted at early develop-
mental stages. Taken together, our data uncover a wave of hepa-
tocyte expansion from the pericentral Cyp2e1*Lgr5™ population
toward the portal vein during neonatal maturation stages of the
liver. Moreover, lineage tracing of neonatal and adult Cyp2e1*
hepatocytes revealed a cell fate switch in these cells during
development.

To examine the potential plasticity of zonal hepatocyte popu-
lations in adult livers, we subjected mice from different lineage-
tracing models to distinct liver injuries. We found that the majority
of pre-existing Cyp2e1* hepatocytes were depleted and re-
placed by new hepatocytes generated from GIs2* cells when
mice were subjected to pericentral injuries by DEN or CCl,. Inter-
estingly, a recent study reported that a layer of Cyp2e1* hepato-
cytes next to the GIs2* zone were able to survive through a single
dose of CCl4 and subsequently served as the main cell source for
replenishing damaged cells in the Cyp2e1* zone.*' These data,
together with our results, strongly suggest that a local or “self-
repair” mode of the Cyp2e1* pericentral regeneration is favored
when the damage is less severe and short lived. However, in the
case of severe and prolonged damage, this self-recovery mech-
anism is lost, and other zonal hepatocytes take over the role of
replenishing the damaged hepatocytes. Interestingly, we also
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observed a small number of pre-existing Cyp2e1* cells that
could survive in the presence of DEN or CCl, treatment but
were unable to proliferate and clonally expand. On the other
hand, both self-repair of G/s2* cells as well as regeneration of
new Gis2* hepatocytes by Cyp2e1™ cells were found to simulta-
neously occur in different liver lobules in the periportal DDC liver
injury model (Figure 6). Moreover, a massive expansion of the
rare pericentral Lgr5* population most adjacent to the central
vein in response to periportal liver injury caused by DDC treat-
ment challenged the recent notion that midlobular Ccnd1*
hepatocytes serve as the main cell source for generating new
hepatocytes during liver regeneration upon zone-specific liver
injuries.”®*%“2 Since the majority of Ccnd1* hepatocytes are sit-
uated within the Cyp2e1* zone, and DTA-mediated depletion of
Cyp2e1* cells was shown to be rapidly restored by other cells,
we posit that midlobular Ccnd7* hepatocytes are dispensable
for liver regeneration. Lineage tracing of Ccnd1* hepatocytes
(Figure S6) provides further support that this population of cells
is not essential for liver regeneration, at least in the severe
CCls-induced liver damage model.

In summary, we found that the two major zones marked by
Cyp2e1 and GIs2 expression in the mouse liver lobule exhibit
distinct gene expression signatures. Other than the typical
zone 1 marked by GIs2/Hal/Ecad, the Cyp2e1* hepatocytes
can be divided into zone 2 and zone 3 based on the expression
of Lgr5/GS. While pericentral Cyp2e1* hepatocytes serve as
the cell source for fueling massive liver growth during early
neonatal development, hepatocytes in different zones mainly
adapt to a self-maintaining mode during adult homeostasis.
Local repair or self-recovery of hepatocytes is likely the
preferred mechanism for liver regeneration upon diverse in-
juries. However, mature hepatocytes at different zonal loca-
tions across the liver lobule harbor high plasticity to give rise
to other hepatocyte populations. The plasticity of zonal hepato-
cytes during liver regeneration is determined by the type,
severity, and duration of liver injuries.

Limitations of the study

Our results from the Cyp2e1-rtTA lineage-tracing model suggest
thin overlapping hepatocyte layers between the Cyp2e1* zone
and the periportal Gis2* zone. Due to the lack of an appropriate
mouse model to label and trace these Cyp2e1°*Gls2* hepato-
cytes, we have not specifically investigated their molecular
features and their roles in liver development, homeostasis, and

Figure 7. Lgr5* hepatocytes expand to replenish pericentral and periportal zones upon DDC-induced liver injuries

(A) Schematic illustration of DDC-induced liver injury experiment performed on Lgr5/TetO-Cre/R26-Tomato mice.

(B-E) Representative confocal images of liver sections of untreated control mice (B) or mice analyzed immediately after 6 weeks of DDC treatment (C), after
6 months of recovery from 6 weeks of DDC treatment (D), or after 6 months of recovery from 5 months of DDC treatment (E).

(F) Bar graph showing the percentage of Tomato* population in livers of untreated controls versus livers harvested immediately after 6 weeks (6wi), after recovery
from 6 weeks of DDC treatment (6wr), or after recovery from 5 months of DDC treatment (5mr).

(G) Experimental design for sequential BrdU and EdU labeling of hepatocytes upon DDC-induced liver injury in Lgr5/TetO-Cre/R26-Tomato mice.

(H) Representative confocal images of liver sections of Lgr5/TetO-Cre/R26-Tomato mice after BrdU and EdU labeling. White arrowheads highlighted several

Tomato™ hepatocytes that expressed both BrdU and EdU.

() Quantitative analysis of Tomato* hepatocytes within the Cyp2e1* population in livers from untreated and DDC-treated Lgr5/TetO-Cre/R26-Tomato mice. DP,

Tomato*Cyp2e1™ cells.

(J) Quantitative analysis of cells expressing BrdU and EdU in Cyp2e1* and Cyp2e1~ zones after DDC treatment. Error bars represent mean + SEM. n = 4-5 mice
per group. An average of 4,000 cells per site, 3—10 sites from the liver of each mouse were counted. p < 0.05 was calculated using multiple t test.

Scale bars: (B-E) 500 um (left) and 100 um (right) and (H) 100 pm.
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regeneration. Although we provided compelling evidence sug-
gesting that midlobular Ccnd7* hepatocytes are dispensable
for regeneration upon severe pericentral liver injury, we did not
examine the contributions of Ccnd1* hepatocytes in long-term
homeostasis or periportal liver injuries. While we conclude that
Cyp2e1* and GIs2* zonal populations can self-maintain, there
is the possibility that certain subsets of cells in each of two major
hepatocyte populations may harbor preferable regeneration
ability.
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Antibodies

Mouse monoclonal anti-E-cadherin antibody
Mouse purified anti-glutamine synthetase antibody
Rabbit polyclonal anti-Cyp2e1 antibody

Rabbit monoclonal anti-Cyclin D1 antibody

Rabbit polyclonal anti-Hal antibody

Mouse monoclonal anti-Gls2 antibody

Rabbit polyclonal anti-RFP antibody

Goat polyclonal anti-RFP antibody

Chicken polyclonal anti-GFP antibody

Mouse purified anti-BrdU antibody (Clone B44)

PE/Cy7 anti-mouse CD133 aantibody
(Clone 315-2C11)

Alexa Fluor 647 anti-mouse/human CD324
(E-cadherin) antibody (Clone DECMA-1)

BD Biosciences
BD Biosciences
Sigma

Abcam

Sigma

Abcepta
Rockland
Rockland
Abcam

BD Biosciences
Biolegend

Biolegend

Cat# 610182; RRID: AB_397581

Cat# 610517; RRID: AB_397879

Cat# HPA009128; RRID: AB_1078613
Cat# ab16663; RRID: AB_443423
Cat# HPA038547: RRID: AB_10669541
Cat# AM8595b; RRID: AB_3097731
Cat# 600-401-379; RRID: AB_2209751
Cat# 200-101-379; RRID: AB_2744552
Cat# ab13970; RRID: AB_300798
Cat# 347580; RRID: AB_400326

Cat# 141210; RRID: AB_2564069

Cat# 147308; RRID AB_2563955

Bacterial and virus strains

DHb5alpha competent cells

Thermo Fisher Scientific

Cat# 18265017

Chemicals, peptides, and recombinant proteins

Doxycyclin hyclate Biosynth Cat# 24390-14-5; Batch number: AA226081801
Tamoxifen Sigma Cat# T5648; CAS Number: 10540-29-1
Carbon tetrachloride (CCl4), 99+ %, ACROS Organics Cat# AC167725000; Kind gift from Prof. Go Mei Lin
Spectrophotometric grade

Sunflower seed oil from Helianthus annuus Sigma Aldrich Cat# S5007-1L CAS Number: 8001-21-6
N-Nitrosodiethylamine (Diethylnitrosamine, DEN) Sigma Cat# NO258-1G; Lot number: MKCB0796V
Mouse IgG Blocking Reagent Vector Laboratories Cat# MKB-2213; Lot number: ZE1226
Triton™ X-100 Sigma Cat# T8787; Lot number: MKBW8386V
Horse serum N/A N/A

4’ ,6-Diamidino-2-phenylindole Invitrogen Cat# D9542 CAS Number: 28718-90-3
dihydrochloride (DAPI)

7-Aminoactinomycin D (7AAD) Sigma Aldrich Cat#A9400 CAS Number: 7240-37-1
Deoxyribonuclease | (DNAse |) Worthington Biochemical Corp Cat# LS002140 CAS Number: 9003-98-9
5-Bromo-2’-Deoxyuridine (BrdU) Sigma Cat# 10280879001 CAS Number: 59-14-3
Liver Perfusion Medium (1x) Gibco Cat# 17701-038; Lot number 1960305
Fetal Bovine Serum Sigma Aldrich Cat# 12003C

Collagenase, Type 1 Worthington Cat# LS004196

IgG from rat serum Sigma Cat#14131; Lot number SLBF6029V
GoScript Reverse Transcription Kit Promega Cat# A5000

SYBR™ Green PCR Master Mix Thermo Fisher Scientific Cat# 4309155

RNeasy™ Micro Kit Qiagen Cat# 74004

Critical commercial assays

Click-iT™ EdU Cell Proliferation Invitrogen Cat# C10340

Kit for Imaging,
Alexa Fluor™ 647 dye

(Continued on next page)
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Deposited data

Bulk RNA-seq data of hepatocytes

Reviewer’s token:

GEO accession number: GSE268663

isolated from Cyp2e1/TetO-Cre/R26- etkngwqspxajbux

Tomato and Lgr5-rtTA-IRES-GFP mice

Software and algorithms

ImagedJ Fiji RRID: SCR_003070 URL: https://imagej.net/

Leica Application Suite X

GraphPad Prism 10
FlowJo

Mus musculus gene information
R packages Rsubread, limma and edgeR
R package Seurat

Leica Microsystems GmbH

GraphPad Software
Tree Star

NCBI
Bioconductor
CRAN

RRID: SCR_013673 URL: https://www.leica-
microsystems.com/products/microscope-
software/details/product/leica-las-x-Is/

RRID: SCR_002798

RRID: SCR_008520 URL:
https://www.flowjo.com/solutions/flowjo

ftp://ftp.ncbi.nim.nih.gov
RRID: SCR_006442
RRID: SCR_003005

Experimental models: Organisms/strains

Mouse: FVB/NJ

Mouse: C57BL/6J

Mouse: Lgr5-rtTA-IRES-GFP

Mouse: B6.Cg-Gt(ROSA)26Sormo(CAG-tdTomatoHize
Mouse: B6; C-Tg(tetO-cre)LC1Bjd/BjdCnrm
Mouse: Cyp2e1-P2A-rtTA

Mouse: GIs2-P2A-rtTA

Mouse: Ccnd1-EGFP-P2A-rtTA3

Mouse: B6.129P2-Gt(ROSA)26Sor™!CTAky 1y
Mouse: Mfsd2a-CreERT2

Mouse: Lgr5-2A-CreERT2

The Jackson Laboratory

The Jackson Laboratory

Ang et al.”’

The Jackson Laboratory
Heidelberg University, Germany
This paper

This paper

This paper

The Jackson Laboratory
Duke-NUS Medical School

A*STAR Institute of
Medical Biology, Singapore

ISMR Cat# JAX:001800, RRID:IMSR_JAX:001800
IMSR Cat# JAX:000664, RRID:IMSR_JAX:000664
N/A

ISMR Cat# JAX:007909, RRID:IMSR_JAX:007909
A gift from Dr. K. Schonig

N/A

N/A

N/A

ISMR Cat# JAX:009669, RRID:IMSR_JAX:009669
A gift from Prof. David Silver

A gift from Dr. Nick Barker

Oligonucleotides

Genotyping primers of the Lgr5-rtTA-IRES-GFP
line: (1). 5'-tctgctcccagtctcgggeaccatgg-3'’
(2). 5'-tggtaggtgtctctetrtcctctt-3’

Genotyping primers of the Cyp2e1-P2A-rtTA
line: (1). 5'-tcatcagcactgttgtctcttcta-3’

(2). 5’-gctgectgetgacgcetcttgacgat-3’

(3). 5’-gataggaactccatatgcttggca-3’
Genotyping primers of the Gls2-P2A-rtTA
line: (1). 5'-gagtcctctttgcctaactgtga-3’

(2). 5'-ctgtagctagctctgctcaggtat-3’

(8). 5'-ttcttcaacatctcctgettgett-3”

Genotyping primers of the Ccnd1-EGFP-
P2A-rtTA3 line: (1). 5'-ctctttgcgggtgccactacttgg-3’
(2). 5’-gcggacttgaagaagtcgtg-3'

(). 5'-gcctetggctaaacaaggacc-3’
Genotyping primers of the TetO-cre mouse
line: (1). 5'-gcggtctggcagtaaaaactatc-3’

(2). 5’-gtgaaacagcattgctgtcactt-3’
Genotyping primers of the Rosa26-tdTomato
mouse line: (1). 5’-aagggagctgcagtggagta-3’
(2). 5’-ccgaaaatctgtgggaagtc-3’

(3). 5’-ggcattaaagcagcgtatcc-3’

(4). 5’-ctgttcctgtacggceatgg-3’
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Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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Genotyping primers of the Lgr5-T2A-CreER Integrated DNA Technologies N/A

line: (1). 5'-agcctatgacttgccttcca-3’

(2). 5'-cggttattcaacttgcacca-3'

(). 5'-tgacttgatggctttccttc-3’

Genotyping primers of the Msfd2a-CreER Integrated DNA Technologies N/A
line: (1). 5'-ttggctggaggcgcaggeccgaacc-3’

(2). 5'-tcgttgcatcgaccggtaatgcagge-3’

Genotyping primers of the DTA line: Integrated DNA Technologies N/A
(1). 5'-ccaaagtcgctctgagttgttatc-3’

(2). 5’-gagcgggagaaatggatatg-3’

(). 5’-cgacctgcaggtcctcg-3’

(4). 5'-ctcgagtttgtccaattatgtcac-3’

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For the generation of GIs2-P2A-rtTA, Cyp2e1-P2A-rtTA and Ccnd1-EGFP-P2A-rtTA3 knockin mice, the TGA stop codon of the Gis2
or Cyp2e1 gene was replaced with a P2A-rtTA3 or EGFP-P2A-rtTA3 cassette by CRISPR/Cas9-mediated genome engineering. At
least three different founders were generated for each line. Offsprings from each founder were crossed to TetO-Cre/R26-Tomato
reporter mice®>** for testing. Immunofluorescence staining of liver sections using liver zonation markers showed that all founders
exhibited similar Tomato expression patterns. Only one founder was chosen for lineage tracing studies for each line. We also utilized
three other previously reported mouse lines— Lgr5-rtTA-IRES-GFP,® Lgr5-T2A-CreER*® and Msfd2a-CreER** mice—and crossed
them to the aforementioned TetO-Cre/R26-Tomato reporter mice for experiments. All mice were maintained in specific pathogen free
(SPF) facility and handled in accordance with protocols approved by the Institute animal care and use committee at SingHealth or
WEHI. Only male mice were used for RNA-sequencing experiments. A mix of male and female mice were used for all other exper-
iments with no gender-bias differences observed.

METHOD DETAILS

Doxycycline and tamoxifen administration

For labeling and tracing of Cyp2e1*, Gls2*, Lgr5*, and Ccnd1* hepatocytes in Cyp2e1%"*;TetO-Cre™*;R26-Tomato""*, Gis2K"*;
TetO-Cre"’*;R26-Tomato""*, Lgr5"*;TetO-Cre"*;R26-Tomato""* and Ccnd1¥"*;TetO-Cre™*;R26-Tomato""* lines respectively,
adult mice at 7-9 weeks old were fed with Doxycycline (DOX) feed and drinking water containing 1 mg/ml DOX and 10 mg/mL sucrose
for 7 continuous days. For quick labeling of Cyp2e1-, Gls2-, and Lgr5-descendant hepatocytes in respective lines in young pups,
pups at P7 or P21 were pulsed with one dose of DOX at 50 ng/g body weight via intraperitoneal (IP) injection. For low-labeling of
Gls2 hepatocytes in GIs2""*;TetO-Cre™*;R26-Tomato*"* line, 7-8 week-old adult mice were pulsed with one dose of 0.5 mg DOX
via IP injection.

For deletion of Cyp2eT1 cells, adult Cyp2e 14*;R26-DTAX"*; TetO-Cre™*;R26-Tomato""* mice were fed with DOX feed and drinking
water containing 1 mg/ml DOX and 10 mg/ml sucrose for 3 days. For labeling and tracing of Lgr5* and Msfd2a* hepatocytes in
Lgr5CreERT2K"K:R26-Tomato "X and Msfd2a-CreERT2""*;R26-Tomato*"* lines, 7-9 weeks-old adult mice were given 2 doses
of Tamoxifen (TAM) at 100 ug per gram of body weight via IP injection for 2 alternate days. All mice were rested for 7 days after
DOX or TAM treatments prior to conducting any subsequent procedures.

Liver injury models

Two-third partial hepatectomy (PH) was performed as previously described.?” During the surgery, the resected median and left lateral
lobes were collected for analysis. Regenerated right and caudate lobes were collected at 14 days after the surgery for analysis. PH
procedure was performed in the morning for all mice. For acute DEN-induced liver injuries, adult male mice were IP injected with 3
doses of DEN, diluted in PBS at 100 ng/g body weight, 1 dose per week for 3 weeks. For CCl4-induced liver injuries, adult mice were
IP injected with 10 doses of CCl, at 1 uL/g body weight, diluted in sunflower seed oil at 1:3 dilution, over a period of 3 weeks. For
chronic DDC-induced periportal injuries, both male and female adult mice were fed with rodent diet containing 0.1% DDC for a
desired period of time after DOX or TAM pulsing; upon completion of each chemical treatment, mice were given normal food and
drinking water for a desired period of time to allow recovery, according to experimental designs.
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Histology and immunofluorescence staining

Livers were harvested and immediately fixed in 4% paraformaldehyde (PFA) 24 h at room temperature, followed by 24 h at 4°C. Tis-
sues were embedded in paraffin and sectioned at a thickness of 4um for immunofluorescence staining. Slides were dewaxed at 60°C
for at least an hour and dehydrated through a descending series of ethanol to water. Heat-induced epitope retrieval was carried out
for 10 min in a pressure cooker at the highest pressure with slides submerged in either sodium citrate (pH6) solution or Tris-EDTA
(pH9) solution. Slides were cooled down on ice and washed with tap water several times. Following two washes with PBS containing
0.1% Triton X-100, the slides were blocked in PBS containing 10% horse serum, 0.1% Triton X-100 and 2% mouse on mouse (M. O.
M) blocking reagent for 30 min. They were then washed with PBS containing 0.01% Triton X-100 thrice and incubated with primary
antibodies diluted in PBS containing 0.01% Triton X-100 and 1% horse serum at 4°C overnight. After three washes with PBS con-
taining 0.01% Triton X-100, slides were incubated with secondary antibodies in PBS containing 0.01% Triton X-100 and 1% horse
serum at room temperature for an hour. They were then washed with PBS containing 0.01% Triton X-100 thrice and stained with DAPI
in PBS for 5 min, before mounting on an anti-fade mounting medium and storing at 4°C in the dark. Images were acquired with a Leica
TCS SP8 confocal microscope.

BrdU and EdU administration
BrdU was administered to the mice via drinking water at 1 mg/mL. EdU (Click-iT EdU Imaging Kits, Invitrogen) was administered to
the mice via drinking water at 0.3 mg/mL. Both BrdU and EdU water were refreshed daily during the treatment.

Western blot analysis

The primary antibodies used for western blot are listed in key resources table. A small piece of liver tissue was homogenized in lysis
buffer 50 mM NaCl, 50 mM Tris-HCI, pH 7.3, 0.25 mM EDTA, pH 8.0, 1% sodium deoxycholate, 1% Triton X-100, 0.2% sodium fluo-
ride and 0.1% sodium orthovanadate) with protease and phosphatase inhibitor cocktail (Roche, Manheim, Germany). The lysates
were then resolved on 10% SDS-PAGE and transferred onto a PVDF membrane. Following blocking of the PVDF membrane with
5% non-fat milk in wash buffer (TBS, 0.01% Triton X-100) for 1 h at 37°C, immunoblotting was carried out by incubation with specific
primary antibodies at 4°C overnight. Following this, the membrane was washed thrice with wash buffer, and incubated with HRP-
conjugate secondary antibodies for 1 h at room temperature. Western blot images were captured using ChemiDoc Imager (Bio-
Rad Laboratories, US).

FACS sorting of hepatocytes and RNA-seq

Adult male Cyp2e1%"*;TetO-Cre*;R26-Tomato*"* mice were treated with DOX food and drinking water for 7 continuous days prior
to FACS sorting. Tomato* and Tomato~ hepatocytes from Cyp2e 14+; TetO-Cre”’*;R26-TomatoX”* mice and GFP* hepatocytes from
Lgr5-rtTA-IRES-GFP™* mice were isolated from the liver of adult male mice by a modified two-step collagenase perfusion tech-
nique”® for FACS sorting. For this, mice were anesthetized by 2% isoflurane inhalation. An incision was made through their abdominal
skin and muscle layer to expose the liver. The inferior vena cava was cut, and the liver was perfused via portal vein with Liver Perfusion
Medium (Gibco #17701038), followed by collagenase solution containing type Ill collagenase (Worthington). After sufficient digestion,
the liver was removed and hepatocytes were dispersed into suspension in DMEM medium with 5% FBS and filtered through 70um
cell strainer. Hepatocytes were washed twice by centrifugation at 50g for 5 min and resuspended in DMEM medium with 5% FBS.
Viable hepatocytes were then enriched by Percoll gradient centrifugation. Hepatocytes in suspension were stained with anti-CD133
antibodies to exclude contamination of cholangiocytes and with DAPI to exclude dead cells.

Total RNA extraction was performed on FACS-purified Cype21-RFP* and RFP~, and Lgr5-GFP* and GFP~ hepatocytes according
to manufacturer’s protocol (Qiagen). Total RNA was converted to cDNA using GoScript Reverse Transcription Kit (Promega). SYBR
green gPCR master mix (Bio-Rad) was used for quantitative RT-PCR. The sequences of PCR primers used in this study are listed in
key resources table. RNA libraries for bulk RNA sequencing were generated based on TruSeq RNA sample preparation v2 guide and
then sequenced on lllumina NovaSeg6000 platform.

RNA-seq data analysis

About 20-35 million 150 bp paired end reads were obtained for each bulk RNA sample. Reads were mapped to the mouse genome
(mm39) using the align function and were counted using the featureCounts function in Rsubread (v2.10.2) package.“® Differential
expression analysis was performed for Cyp2e1* vs. Cyp2e1” hepatocyte samples and Lgr5* vs. Lgr5~ hepatocyte samples, respec-
tively. Lowly expressed genes were filtered out using the filterByExpr function in edgeR (v3.38.1) package,*” and normalization was
done using the TMM*® normalization method in edgeR. Subsequently, differential expression analysis was performed using the
edgeR quasi-likelihood pipeline.*” The gimTreat method in edgeR with a log2 fold change threshold of 1 was further used to reduce
the number of differentially-expressed (DE) genes. The kegga function in limma (v3.55.5) package”® was performed on the DE genes
for KEGG pathway enrichment analysis.

scRNA-seq data analysis

Two public scRNA-seq datasets —accession numbers GSE166504 °° and GSE218472 *” — were downloaded from Gene Expression
Omnibus. We first obtained data for hepatocytes from the two public datasets. For scRNA-seq data of Su et al.,*° six hepatocyte
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samples (Hepatocyte_Chow) were extracted based on cell type annotation provided by the authors. For scRNA-seq data of Bravo
Gonzalez-Blas et al.,®” hepatocytes data were obtained by integrating snRNA-seq data of four mouse liver samples and scMultiome
(RNA) data of two mouse liver samples using Seurat (v4.1.1)*° integration pipeline without removing any cells. Then, we integrated the
hepatocytes of each dataset using the DE genes identified in our bulk RNA-seq data (Cyp2e1* vs. Cyp2e1°) as anchor genes for the
Seurat integration pipeline. For the hepatocyte integration analysis, normalization was performed using the NormalizeData function
for each sample. DE genes between Cyp2e1* and Cyp2e1~ bulk RNA samples were used as anchor genes to obtain the anchors us-
ing FindIntegrationAnchors function. The anchors were integrated together by IntegrateData function. The integrated data was then
scaled by ScaleData function for dimension reduction analysis. Principal component analysis (PCA) and uniform manifold approxi-
mation and projection (UMAP) were performed to obtain the reduced dimensions. Clusters were identified by FindNeighbors and
FindClusters. Positive marker genes of different clusters were obtained by using FindAllMarkers function with a log2 fold change
threshold of 0.25. Average expression of the up-regulated genes in Lgr5* bulk RNA samples, compared to Lgr5™ bulk RNA samples,
were identified as Lgr5 cell signature for use in scRNA-seq studies.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data, in the Figure legends, Figures and Results, are shown as mean + standard error of the mean (s.e.m). Value of n stated in the

Figure legends represents number of animals analyzed in each experimental group. The Student’s t-test using GraphPad Prism
(GraphPad Software) was used where applicable, with p < 0.05 considered significant.
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