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erative events in the entire hepatocyte pool
over time is needed to address this fundamental question.

LINEAGE TRACING

Proliferation tracing reveals regional hepatocyte
generation in liver homeostasis and repair
Lingjuan He*, Wenjuan Pu*, Xiuxiu Liu*, Zhenqian Zhang, Maoying Han, Yi Li, Xiuzhen Huang, Ximeng Han,
Yan Li, Kuo Liu, Mengyang Shi, Liang Lai, Ruilin Sun, Qing-Dong Wang, Yong Ji, Jan S. Tchorz, Bin Zhou†

INTRODUCTION: Cell proliferation is a funda-

RATIONALE: To provide a high–spatiotemporal
resolution examination of in vivo cell prolifer-

ation, we take advantage of two orthogonal,
site-specific recombinases (Cre and Dre) to
develop a genetic proliferation lineage tracing method—proliferation tracer (ProTracer).
ProTracer enables the temporally continuous
recording of cell proliferation events with
high spatial resolution in specific cell lineages.
Highlighting its capabilities, we provide insights into the regional proliferation of adult
mouse hepatocytes, which are heterogeneous
in gene expression and function. Previous conflicting studies identifying hepatocytes with
superior proliferative capacity have mostly
relied on the lineage tracing of a subset of
cell populations, thereby introducing a potential selective bias. Whether a specific population of hepatocytes with increased proliferative
capacity exists remains unclear. Rather than
tracing only a subset of the whole hepatocyte
population, an unbiased assessment of prolif-

CONCLUSION: Our work provides a genetic system for the cumulative recording of cell type–
specific proliferation in vivo. By genetically
tracing the proliferation events of entire cell
populations, ProTracer enables the unbiased
detection of the specific cell population that
mainly accounts for tissue homeostasis, repair,
and regeneration. ProTracer reveals highly regional proliferation in midzonal hepatocytes,
showing its greater contribution to maintaining
the hepatocyte pool during liver homeostasis.
Additionally, ProTracer revealed highly regional hepatocyte generation during liver repair
and regeneration after injuries. Future applications and further iterations of ProTracer
could substantially advance our understanding of cell generation and their dynamics in
development, growth, regeneration, and diseases in multiple organs.

▪

Highly regional hepatocyte generation in adult liver during tissue homeostasis. Immunostaining for
E-cadherin (E-CAD) (green), glutamine synthetase (GS) (blue), and tdTomato (red; ProTracer signal) on liver
sections of hepatocyte-specific ProTracer mice. Hepatocyte proliferation events (tdTomato+) genetically
recorded by ProTracer are highly enriched in the E-CAD−GS− midlobular zone during liver homeostasis.
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mental process in all multicellular organisms
that is required to enable development, tissue
homeostasis, tissue repair, and tissue regeneration. Disrupted proliferation is the pathogenic basis of many diseases. The ability to
monitor cell proliferation has been essential
for a myriad of studies in developmental biology, oncology, immunology, neuroscience, and
regenerative medicine. The limitations of current approaches for measuring cell proliferation
in vivo have left many fundamental questions
in numerous life science fields insufficiently
addressed. For example, decades of research
have resulted in a controversial debate around
zonal hepatocyte proliferation in liver homeostasis, repair, and regeneration.

RESULTS: After an initial pulse treatment of
tamoxifen, ProTracer permits the temporally
continuous genetic recording of in vivo cell
proliferation in diverse cell lineages over
time in multiple organs and tissues. Using a
hepatocyte-specific promoter, ProTracer could
be primed to specifically record proliferation in
hepatocytes—and not any other cell lineages—
in the mouse liver. Furthermore, ProTracer
enables noninvasive, long-term monitoring
of hepatocyte proliferation over time in live
animals. Cell proliferation tracing revealed
that, at the whole hepatocyte–population level,
more proliferation was detected in a subset of
midzonal hepatocytes during liver homeostasis, with less proliferation in periportal hepatocytes and minimal proliferation in pericentral
hepatocytes. Clonal analysis showed that most
of the hepatocytes labeled by ProTracer have
undergone cell division. Additionally, a highly
regional and dynamic hepatocyte generation
pattern was observed during repair and regeneration in response to several liver injuries,
such as partial hepatectomy, bile duct ligation, and carbon tetrachloride–induced liver
injury. Furthermore, genetic tracing of the proliferation of other cell lineages by ProTracer
revealed distinct cell proliferation dynamics of
macrophages, biliary epithelial cells, endothelial cells, and hepatic stellate cells after partial
hepatectomy.
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O

rgan homeostasis is often maintained by
highly proliferative cellular compartments that arise from different stem cell
populations (1–4). These specialized progenitor or stem cells have mostly been
identified by defined marker genes and through
lineage tracing techniques (5–8). However, using
individual markers to define a tissue stem cell
might introduce a potential bias, which focuses more on the fates of these marker cells
rather than on cell generation at the entire
population level. These genetic-fate mapping
results lead to conflicting conclusions, as illustrated by the highly controversial studies
around cell sources for hepatocyte generation
(9–18). Hepatocytes can be replaced by the
conversion of cholangiocytes under severe
injury conditions (19–22); however, the hepatocyte pool is mostly maintained by the proliferation of preexisting hepatocytes during
homeostasis and regeneration (23). Although
hepatocytes in different zones of the liver
lobule are heterogeneous in cell proliferation,
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a key question remains regarding the zonal
contribution of different hepatocyte populations to liver homeostasis and regeneration.
It has been proposed that proliferating periportal hepatocytes gradually stream toward
the central vein, where they are eventually eliminated (9). However, this hepatocyte streaming
model with its portal-to-central directionality
remains controversial (10, 11), with counterevidence, such as lineage tracing studies, showing that Axin2+ hepatocytes residing in the
pericentral regions of the lobule proliferate
in a central-to-portal direction to fuel homeostatic renewal of the liver (12). Genetic lineage
tracing studies from other groups, however,
have suggested that pericentral Axin2+ or Lgr5+
hepatocytes have limited contributions to liver
homeostasis and regeneration (14, 17, 18). Additionally, periportal Sox9+ hepatocytes undergo extensive proliferation and replenish liver
mass after liver injury (13). Other fate mapping
studies have reported that hepatocytes throughout the liver expressing LGR4 contribute to
liver homeostasis (14) and that hepatocytes in
all zones expressing telomerase reverse transcriptase (TERT) have superior proliferate capacity over TERT-negative hepatocytes (16),
which supports a distributed model of hepatocyte renewal. Clonal analysis of hepatocyte
expansion has shown that hepatocytes in all
three zones (periportal zone, central zone, and
midzonal) contribute to liver homeostasis, with
hepatocytes in the midlobular zone proliferating substantially more than hepatocytes in the
other zones (24). Relying on individual marker
genes used for lineage tracing or using sparse
labeling might account for the conflicting
findings of these studies. Thus, an unbiased
assessment of proliferative events in the entire
hepatocyte pool over time could shed light on
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Results
Design and generation of genetic recording
system for cell proliferation

We first generated a genetic recording system
of cell proliferation by fate mapping Ki67expressing cells over time (Fig. 1A). A widely
used marker of cell proliferation is Ki67 (25),
and two recently reported lineage tracing
methods have exploited Ki67 for labeling proliferating cells upon tamoxifen (Tam) treatment (25, 26). Notably, given that the Tam
serum half-life in mice is generally 12 to
24 hours (27), the Tam-induced Cre activity
declines over time, eventually precluding the
effective recording of new Ki67+ cells over
time (Fig. 1B). Further, it is technically challenging to efficiently maintain constant Cre
activity in mice through continuous Tam treatment over several weeks or months, which
may have toxicity and adverse effects on tissues (28). We therefore envisioned that the
approach to trigger a constitutively active Crebased genetic system in theory should allow
us to prime specific cell populations with the
ability to continuously record their proliferation.
We developed a genetic strategy to record
cell proliferation with only a single initial
pulse of Tam treatment that is based on a dual
recombinase–mediated genetic system. The
genetic design of this system involves three
mouse lines: DreER (29), Ki67-CrexER (Ki67Cre-rox-ER-rox), and a R26-GFP reporter (30)
(Fig. 1C). Specifically, Tam-induced DreER-rox
recombination is used to excise rox-flanked
estrogen receptor (ER) DNA, thereby converting the coding sequence for the inducible
CrexER into that for the constitutively active
Cre DNA. This ultimately yields a new Ki67-Cre
genotype in DreER-expressing cells, which
primes the system for continuous genetic
recording of cell proliferation by Cre-loxP recombination. In such cells, the Ki67 promoter–
driven expression of constitutively active Cre
permanently records active Ki67 transcription
by turning on the aforementioned R26-GFP
reporter. After turning the system on with one
pulse of Tam, it remains on and enables the
tracing of Ki67+ cells at any time thereafter—a
concept that in theory enables the continuous
recording of cell proliferation in any defined
time window through an animal’s life span.
We termed this model ProTracer (proliferation tracer) (Fig. 1C).
We first generated and characterized the
Ki67-CrexER mouse line. CrexER was inserted
1 of 12
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Organ homeostasis is orchestrated by time- and spatially restricted cell proliferation. Studies identifying
cells with superior proliferative capacities often rely on the lineage tracing of a subset of cell populations,
which introduces a potential selective bias. In this work, we developed a genetic system [proliferation tracer
(ProTracer)] by incorporating dual recombinases to seamlessly record the proliferation events of entire
cell populations over time in multiple organs. In the mouse liver, ProTracer revealed more hepatocyte
proliferation in distinct zones during liver homeostasis, injury repair, and regrowth. Clonal analysis showed
that most of the hepatocytes labeled by ProTracer had undergone cell division. By genetically recording
proliferation events of entire cell populations, ProTracer enables the unbiased detection of specific cellular
compartments with enhanced regenerative capacities.

the spatial heterogeneity of hepatocyte generation during liver homeostasis and regeneration.
In this study, we generated a genetic system that permits temporally continuous and
tissue-specific recording of cell proliferation
in vivo. To highlight its utility, we applied it
to study hepatocyte generation during liver
homeostasis and regeneration.
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Fig. 1. Generation and characterization of Ki67-CrexER mice. (A) Schematic
showing a Ki67 expression map and fate map. Ki67 is dynamically expressed from
time point 1 (T1) to time point n (Tn), whereas fate mapping of Ki67 records all cell
proliferation events from T1 to Tn. Each green square denotes a Ki67-expressing
cell (left) or a Ki67+ cell and progeny (right). (B) Schematic showing fate mapping
of Ki67+ cells by using Ki67-CreER;R26-GFP mice. (C) Schematic showing ProTracer
strategy. Tam-induced DreER-rox recombination switches CrexER into Cre driven
by the Ki67 promoter, which primes the system to continuously record all cell
proliferation events from T1 to Tn. (D) Strategy for generation of Ki67-CrexER knock-in
alleles by homologous recombination with CRISPR-Cas9. (E and G) Immunostaining
for Ki67 (E) or EdU (G) with estrogen receptor (ESR) on small intestine sections from
adult Ki67-CrexER mice. ESR denotes Ki67 gene expression. (F and H) Quantification
of the percentage of ESR+ cells expressing Ki67 [(F), top] or EdU [(H), top] or the
percentage of Ki67+ [(F), bottom] or EdU+ [(H), bottom] cells expressing ESR. Data are
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ProTracer efficiently records in vivo
cell proliferation

By crossing R26-DreER (29) and Ki67-CrexER;
R26-GFP mice, we generated ProTracer mice
for the genetic recoding of cell proliferation in
most organs and tissues (Fig. 2A). One pulse of
Tam-induced DreER-rox recombination should
excise ER and thus switch Ki67-CrexER into
Ki67-Cre (Fig. 2A), priming the ProTracer system for recording cell proliferation. Southern
He et al., Science 371, eabc4346 (2021)

blotting of genomic DNA from multiple tissues revealed Ki67-CrexER–to–Ki67-Cre genotype switching at rates ranging from ~50 to
~100% in diverse tissues, with the highest rate
observed in the liver (Fig. 2B). We then examined ProTracer mice using whole-mount fluorescence and immunostaining of GFP activity
at 2 and 28 days after the initial Tam activation of the recording system (Fig. 2C). Therefore,
the GFP signal we observed in the ProTracer
organs only results from Cre-loxP recombination in Ki67+ cells. To facilitate comparison of
our ProTracer system with a previously reported cell proliferation tracing technique, we
also generated Ki67-CreER;R26-GFP mice (Fig.
2C). At day 2 after Tam activation, all examined
tissues (except the highly proliferative intestinal epithelium) in both the ProTracer and the
Ki67-CreER;R26-GFP mice exhibited rare GFP
signals (Fig. 2D). Contrastingly, by day 28 after
Tam activation, whole-mount and sectional
analyses revealed more-intense GFP signals in
the ProTracer mice compared with the Ki67CreER;R26-GFP mice—a result that emphasizes the capacity of ProTracer to continuously
activate GFP reporter expression upon new
cell-division events (Fig. 2E).
As technical controls, we detected very few
GFP+ cells in Ki67-CreER;R26-GFP mice,
ProTracer mice without Tam treatment (fig.
S3 and fig. S4), or the R26-DreER;R26-GFP
mice treated with Tam (fig. S5). Therefore,
the detection of GFP+ cells in different organs
or tissues from Tam-treated ProTracer mice
(Fig. 2, D and E) relies on both DreER-rox recombination and subsequent Cre-loxP recombination. Collectively, these results highlight
the temporally continuous nature of ProTracer,
which permits the recording of ongoing cell
proliferation events in diverse organs.
ProTracer-based identification of regional
hepatocyte proliferation during homeostasis

Given its capacity to record cell proliferative
events, and considering the heterogeneity of
hepatocytes during liver homeostasis (32), we
applied ProTracer to simultaneously monitor
all of the hepatocyte populations and to examine the possible sources (e.g., subpopulations of hepatocytes) and locations for new
hepatocyte generation. The liver lobule is divided into three distinct zones (32, 33), and
molecular markers have been used to demarcate them (34). These three distinct zones are
the periportal zone surrounding the portal vein
[marked by E-cadherin (E-CAD)], which is defined as zone 1 in this study; the central zone
nearest to the central vein, or zone 3 [marked
by glutamine synthetase (GS)]; and zone 2,
which consists of the midzonal hepatocytes in
between zones 1 and 3 (35) (Fig. 3A). We used
Tam to induce the DreER-rox–mediated switch
of Ki67-CrexER into the Ki67-Cre genotype,
priming ProTracer for cell proliferation record-
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ing (Fig. 3B). Southern blotting of isolated
hepatocytes showed that Ki67-CrexER was
switched to Ki67-Cre in virtually all hepatocytes in Tam-treated but not corn oil–treated
ProTracer mice (Fig. 3B). We also examined
whether R26-DreER recombined hepatocytes
uniformly throughout the liver lobule by crossing it with R26-rox-Stop-rox-tdTomato rox reporter mice (R26-RSR-tdTomato) (36) and found
that R26-DreER recombined almost all hepatocytes in the liver after Tam (fig. S6).
We euthanized mice, collected liver samples
at different time points, and examined in situ
hepatocyte proliferation in the homeostatic liver
lobule (Fig. 3C). Immunostaining for GFP, GS,
E-CAD, and b-catenin (cell membrane marker)
showed either no or rare GFP+ hepatocytes on
liver sections at days 0 and 2, respectively (Fig.
3D); more GFP+ hepatocytes were observed
from weeks 2 to 8, with pronounced enrichment in zone 2 (Fig. 3E). We did detect increased numbers of GFP+ hepatocytes in zone
1 in the period between weeks 8 and 12, but
the numbers of hepatocytes were still significantly lower than those of zone 2 (Fig. 3, E and
F). The significantly higher number of GFP+
hepatocytes in the midzone of the liver lobule
indicates more hepatocyte generation in this
region. Quantification of the percentage of
GFP+ hepatocyte–increase per week at five time
windows (weeks 2 to 4, 4 to 6, 6 to 8, 8 to 10,
and 10 to 12) revealed the proliferation rate of
the hepatocytes in each zone (Fig. 3F, inset),
which suggests an approximate hepatocyte proliferation rate of 0.042 per week in zone 2
during homeostasis (Fig. 3F). It was notable
that the percentage of GFP+ hepatocytes was
significantly lower in zone 3 between weeks 2
and 12, compared with zones 1 and 2 (Fig. 3, E
and F). We then used a GS-CreER driver to
independently examine whether hepatocytes
in zone 3 expand significantly during liver
homeostasis. By using GS-flagBFP and GS-CreER
knock-in lines (fig. S7), we confirmed that GS
was specifically expressed in pericentral hepatocytes (zone 3). For an unknown reason, this
GS-CreER specifically labeled GS+ hepatocytes
without Tam. However, genetic lineage tracing
of these GS+ hepatocytes (zone 3) revealed
that they had not expanded significantly by
8 weeks (fig. S7). Both lineage tracing and
ProTracer data indicate that pericentral (zone 3)
hepatocytes do not expand significantly during
liver homeostasis. Taken together, continuous
proliferation recording of all hepatocyte populations suggests that hepatocyte proliferation
rates are highest in zone 2, modest in zone 1,
and lowest in zone 3 during liver homeostasis.
Hepatocyte-specific ProTracer reveals distinct
donut-shaped proliferation pattern

Although hepatocytes in the adult liver have
been assumed to be derived from preexisting
hepatocytes through proliferation (37–39), recent
3 of 12
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into the 3′ untranslated region (3′UTR) of the
Ki67 gene using the self-cleaved peptide P2A
(Fig. 1D). Confirming that CrexER expression
accurately mirrored Ki67 expression, the costaining of Ki67 and ESR (a surrogate for
CrexER) revealed highly similar expression
patterns in the intestinal epithelium of adult
Ki67-CrexER mice (Fig. 1, E and F). Independently, we injected EdU into Ki67-CrexER
mice 3 hours before tissue collection to detect
DNA synthesis during cell proliferation and
found similar patterns with CrexER expression
and EdU labeling (Fig. 1, G and H). To examine
the specificity and fidelity of Ki67-CrexER for
tracing cell proliferation, we used both in vitro
live imaging experiments and in vivo clonal
analysis of labeled cells. To confirm the utility
of this Ki67-CrexER allele as a representative
marker of cell proliferation, we isolated cells
from Ki67-CrexER;R26-GFP tissues and monitored their proliferation in in vitro cell cultures (Fig. 1I). CrexER works in the same way
as CreER for Cre-loxP recombination after Tam
(31), except that CrexER can be switched into
Cre upon Dre-rox recombination (31). Live imaging revealed green fluorescent protein (GFP)
expression in proliferating cells by in vitro cell
culture with Tam: Single cells expressed GFP
and underwent cell division (Fig. 1I). We observed that 131 of 133 GFP+ cells had undergone cell proliferation (one cell divided into
two), which indicates the specificity of Ki67based lineage tracing for recording cell proliferation. To address the specificity of ProTracer
for in vivo cell proliferation, we examined the
aorta endothelial cells of Ki67-CrexER;R26-GFP
mice: Three dimensional (3D) whole-mount
imaging of the aorta revealed that GFP+ endothelial cells almost invariably occurred as pairs,
and the endothelial cells in each pair were
closely contacting each other (Fig. 1, J to L).
Additionally, our Ki67-CrexER allele maintains
endogenous Ki67 expression and functions,
as homozygous Ki67-CrexER mice showed
growth, tissue morphologies, and cell proliferation similar to those of their littermate heterozygous or wild-type controls (Fig. 1, M to P;
fig S1; and fig. S2, A and B). EdU incorporation
was also detected in GFP+ hepatocytes labeled
by ProTracer (fig. S2, C and D). Collectively,
these results establish that our Ki67-CrexER
allele can faithfully and specifically record Ki67associated cell proliferation.
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Fig. 2. Tracing cell proliferation in multiple organs and tissues by ProTracer.
(A) Schematic showing ProTracer primed by DreER-rox recombination. The
ProTracer mouse used here is R26-DreER;Ki67-CrexER;R26-GFP. (B) Schematic
figure showing Southern blotting analysis of various tissues from ProTracer
mice. Tam, tamoxifen induction; Oil, corn oil–treated ProTracer mice as control
group. (C) Schematic showing the experimental strategy used to compare the
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efficiency of the Ki67-CreER;R26-GFP and ProTracer strategies for the tracing
of cell proliferation. (D and E) Whole-mount GFP fluorescent images of organs
and immunostaining for GFP on tissue sections prepared from the indicated
organs of Ki67-CreER;R26-GFP (Ki67-CreER) or ProTracer mice at 2 days (D)
or 28 days (E) after Tam treatment. Scale bars: yellow, 1 mm; white, 100 mm.
Each figure is representative of five individual biological samples.
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Fig. 3. ProTracer reveals highly regional hepatocyte proliferation in the
liver lobule. (A) Schematic showing three liver zones from the periportal to
the pericentral region. Lower panel shows immunostaining for glutamine synthetase
(GS) and E-cadherin (E-CAD). 1, 2, and 3 indicate zone 1 (E-CAD+), zone 2
(E-CAD−GS−), and zone 3 (GS+), respectively. Dashed arrow indicates blood flow.
(B) Schematic showing the strategy used to detect floxed ER DNA excision in isolated
hepatocytes using Southern blotting. The lower panel shows Southern blots of
hepatocyte DNA collected from Tam- or oil-treated ProTracer mice. (C) Schematic
showing the experimental strategy using ProTracer (R26-DreER;Ki67-CrexER;R26-
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for visualizing proliferation patterning from
whole-mount organs was likely a result of
hepatocyte-only signals, as hepatocyte-specific
ProTracer did not record the proliferation of
other cell lineages (Fig. 4, A to C). 3D wholemount fluorescence imaging of livers by lightsheet microscopy revealed distinct circular
patterning for tdTomato+ signals (Fig. 4E and
movie S1), reinforcing the highly regional hepatocyte generation in homeostatic liver lobules.
Immunostaining of liver sections with antibodies against tdTomato, GS, E-CAD, and
b-catenin supported this highly regional pattern and indicated that the majority of hepatocyte proliferation activity occurred in zone 2
(Fig. 4F). Quantification data showed a significantly higher percentage of tdTomato+ hepatocytes in zone 2 than in zones 1 or 3 (Fig.
4G). As a technical control, we observed very
rare tdTomato+ hepatocytes in livers collected
from Alb-DreER;Ki67-CrexER;Ai66 mice without Tam (fig. S8, B and C). These data demonstrated that zone 2 was the region with the
highest homeostatic hepatocyte proliferation,
which might be responsible for the donut-like
pattern observed in whole-mount liver images.
To avoid potential bias introduced by Tam
injections, we next activated the ProTracer system (Ki67-CrexER;R26-GFP) with AAV8-TBGDre (AAV8-Dre), which is known to have a
strong hepatocyte tropism (37) (Fig. 4H). By
both R26-RSR-GFP and R26-RSR-tdTomato
reporters, AAV8-Dre efficiently targeted hepatocytes in all zones (fig. S9). Eight weeks after
AAV8-Dre injection, all GFP+ cells were positive for hepatocyte-specific markers HNF4a and
FAH, which demonstrates hepatocyte-specific
labeling in AAV8-Dre–induced Ki67-CrexER;
R26-GFP mice (Fig. 4I). Immunostaining for
GFP, E-CAD, GS, and b-catenin on liver sections
revealed that the majority of GFP+ hepatocytes
were located in zone 2, whereas significantly
fewer GFP+ hepatocytes were found in zones 1 or
3 (Fig. 4J), which reinforces the observation of
the regional midzonal hepatocyte generation
during liver homeostasis.
We also explored whether ProTracer could
be extended for noninvasive monitoring of
gradual hepatocyte proliferation recording
events in live mice over the course of longterm studies (e.g., weeks to months). We replaced the fluorescence reporter mice with
R26-Luciferase mice and achieved hepatocyte-

26 February 2021

specific ProTracer activation with AAV8-Dre
(37) (Fig. 4K). After AAV8-Dre–induced ProTracer
activation, biweekly monitoring of luciferase
signals in the same live mouse showed a gradual increase of luciferase activity in the AAV8Dre– but not the AAV8-control–injected mice
(Fig. 4L), demonstrating a gradual increase
of hepatocyte-specific proliferation recording
events over time. These data further suggest
that the donut-like pattern (Fig. 4, D to F) was
a result of the accumulation of gradual hepatocyte proliferation events during long-term
recording in tissue homeostasis.
Most Ki67+ hepatocytes labeled by ProTracer
have undergone cell division

Hepatocytes are polyploid and binuclear (43),
and they do not always undergo cell division
(44, 45). Therefore, cell-cycling marker expression such as Ki67 may not necessarily indicate
complete cell division but might also mark
polyploidization events without complete cell
cycle progression. To determine the percentage of Ki67+ cells labeled by ProTracer undergoing cell division versus polyploidization, we
injected Ki67-CrexER;R26-GFP mice with lowdose AAV8-Dre for sparse GFP labeling of Ki67+
hepatocytes (Fig. 5, A and B). In this sparse
labeling, pairs of neighboring GFP+ hepatocytes indicate homeostatic cell division, whereas
individual GFP+ hepatocytes with two or more
nuclei indicate polyploidization without cell
division. To faithfully detect these events in the
3D liver lobule, we analyzed multiple Z stacks
on 50- to 100-mm liver sections (Fig. 5C).
Z-stacked confocal images of liver sections
immunostained for GFP and b-catenin revealed
that the majority of GFP+ clusters exhibited a
pair of neighboring hepatocytes (Fig. 5, D and
E). Serial section analysis (Fig. 5F) and quantification data (Fig. 5G) showed that ~90% of
GFP+ hepatocytes were in clusters of two or
more cells, with minimal contribution of individual (singlet) hepatocytes. Again, most of
these pairs of hepatocytes were observed in
zone 2 of the liver lobule (Fig. 5H). We confirmed this result by more sparse labeling experiments with further-reduced AAV8-Dre
doses (Fig. 5I). Additionally, we crossed AlbDreER;Ki67-CrexER with Ai66 reporter and
collected mice at 4 weeks after low dosage of
Tam treatment. Clonal analysis showed that
the majority of tdTomato+ clones have two
6 of 12
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studies have suggested that biliary epithelial
cells or ductal cells may also contribute to new
hepatocytes under some special conditions
(19–22, 40). Additionally, R26-DreER–primed
ProTracer targets all types of cells (e.g., endothelial cells, fibroblasts, macrophages, etc.),
which obscures the detection of distinct patterning for hepatocyte proliferation in the
liver lobules. To more clearly discern the regional cell proliferation patterning from whole
organs, and to specifically monitor the hepatocyte populations, we next modified the
ProTracer system to enable cell lineage–specific
proliferation tracing. We used another dual
recombinase–mediated genetic strategy to
achieve tissue-specific ProTracer recording. As
a proof of concept, and aiming to specifically
record proliferating hepatocytes, we crossed
Alb-DreER (41) with Ki67-CrexER mice and
with dual recombinase–activated reporter Ai66
mice (42) (Fig. 4A). Alb-DreER recombined
hepatocytes in all three zones efficiently after
Tam injection (fig. S8A). We anticipated that
Tam-induced DreER-rox recombination would
excise both rox-ER-rox from the Ki67-CrexER
and rox-stop-rox from the Ai66, genetically generating Ki67-Cre and R26-LSL-tdTomato genotypes specifically in albumin (Alb)–expressing
hepatocytes (Fig. 4A). Subsequently, upon any
hepatocyte proliferation event, Ki67-Cre should
excise loxP-stop-loxP from the R26-LSL-tdTomato,
leading to constitutive tdTomato expression
only in Alb+Ki67+ hepatocytes (Fig. 4A). Immunostaining for tdTomato and cell lineage
markers on liver sections of Alb-DreER;Ki67CrexER;Ai66 mice revealed that all tdTomato+
cells were verified as FAH+ and HNF4a+ hepatocytes; no tdTomato signal was detected in
CK19+ ductal cells, Desmin+ stellate cells,
PDGFRa+ fibroblasts, VE-CAD+ endothelial
cells, or F4/80+ macrophages (>1000 cells of
each cell type were counted in each sample;
Fig. 4, B and C). This confirms that proliferation of only hepatocytes, but not of any other
cell lineages, was genetically recorded by
hepatocyte-specific ProTracer.
We next collected livers from Alb-DreER;
Ki67-CrexER;Ai66 mice at 6 weeks after Taminduced activation of the ProTracer system.
Whole-mount fluorescence imaging of the
livers showed that the hepatocyte-specific
tdTomato+ signal occurred as a donut-shaped
pattern (Fig. 4D). This increase of resolution

GFP). (D) Immunostaining for GFP, GS, and E-CAD on liver sections at baseline
(day 0) and day 2 after Tam treatment. Arrowhead indicates GFP+ hepatocyte.
(E) Immunostaining for GFP, GS, E-AD, and b-catenin on liver sections collected at
weeks 2, 4, 6, 8, 10, and 12 after Tam treatment. (F) Quantification of the
percentage hepatocytes (Hep) expressing GFP in each zone of the liver lobule.
Data are means ± SEM; n = 5. *P < 0.05. Inset is proliferation (proli.) rate of
hepatocytes per week from five time windows (weeks 2 to 4, 4 to 6, 6 to 8, 8 to 10,
and 10 to 12) in each zone. Scale bars, 100 mm. Each figure is representative
of five individual biological samples.
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Fig. 4. Hepatocyte-specific ProTracer identifies highly regional hepatocyte
generation during homeostasis. (A) Schematic showing the experimental
strategy used for hepatocyte-specific tracing of cell proliferation. (B) Immunostaining
for tdTomato, FAH, HNF4a, CK19, Desmin, PDGFRa, VE-CAD, and F4/80 on liver
sections. Tissues were collected at 6 weeks after Tam induction. (C) Quantification
of the percentage of tdTomato+ (tdT+) cells expressing different cell lineage markers.
(D) Whole-mount fluorescence image of liver collected from hepatocyte-specific
ProTracer mouse at 6 weeks after Tam induction. (E) 3D light-sheet microscopic
image showing donut-like tdTomato signals in liver. (F) Immunostaining for tdTomato,
GS, E-CAD, and b-catenin on liver sections. (G) Quantification of the percentage
of hepatocytes expressing tdTomato in each zone of the liver lobule. Data are
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means ± SEM; n = 5. *P < 0.05. (H) Schematic showing AAV8-Dre–induced
hepatocyte-specific ProTracer system. (I) Immunostaining for GFP, HNF4a, or
FAH on liver sections. (J) Immunostaining for GFP, E-CAD, GS, and b-catenin on
liver sections. A quantification of the percentage hepatocytes (Hep) expressing
GFP in each zone of the liver lobule (right) is shown. Data are means ± SEM;
n = 5. *P < 0.05. (K) Schematic showing an AAV8-Dre–induced hepatocytespecific ProTracer system using luciferase reporter as readout. (L) Bioluminescence
imaging of the same mice from 2 to 12 weeks after AAV induction and
quantification data showing luciferase activity. Data are means ± SEM; n = 5.
AAV8 virus without Dre cDNA was used as a control. Scale bars: yellow, 1 mm;
white, 100 mm. Each figure is representative of five individual biological samples.
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Fig. 5. Most Ki67+ hepatocytes labeled by ProTracer have undergone cell
division. (A) Schematic showing strategy of labeling Ki67+ hepatocytes by
AAV8-Dre injection into Ki67-CrexER;R26-GFP mice. (B) Schematic showing
experimental design for clonal analysis with low dose AAV8-Dre. (C) Confocal
microscopy of thick liver sections (50 to 100 mm). Each stacked image is
composed of 24 layers of scanned signals. (D) Immunostaining for GFP and
b-catenin on liver sections. Boxed region is magnified in (E). (E) Z stack confocal
image showing pairs of GFP+ hepatocytes. XZ and YZ indicate signals from
dotted lines on Z stack images. Green arrowheads indicate pairs of GFP+
hepatocytes. Dotted circles in the right panel indicate the border of individual
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Magnification
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hepatocytes in each clone. (F) Serial section analysis (1 to 24 layers, from the
surface to a deep layer of section) shows four clusters in this field. Each cluster
has a pair of hepatocytes (arrowheads). (G) Quantification on the percentage
of GFP+ hepatocytes contributed from a cluster of two or more cells or a cluster
of single cells (singlets) from five mice samples. Statistical significance is
analyzed by binomial test; P < 0.001. (H) Immunostaining for GFP, GS, and
E-CAD on tissue sections. (I) Immunostaining for GFP and b-catenin on liver sections
collected from Ki67-CrexER;R26-GFP mice treated with very low dose AAV8-Dre.
Arrowheads indicate hepatocytes. Scale bars, 100 mm. Each image is
representative of five individual biological samples.
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hepatocytes (fig. S10), which confirms that
Tam-induced ProTracer primarily labels proliferating hepatocytes. The above data demonstrated that the majority of Ki67+ hepatocytes
labeled by ProTracer have undergone cell
division.
Ccna2-based ProTracer revealed highly regional
hepatocyte proliferation

Hepatocyte proliferation examined by ProTracer
during liver regeneration

Hepatocytes in the adult liver have a notable
regenerative capacity upon injury, replacing
damaged hepatocytes and maintaining liver
mass through induced proliferation (3). To
systematically investigate regional differences
in new hepatocyte generation during liver regeneration, we recorded hepatocyte proliferaHe et al., Science 371, eabc4346 (2021)

26 February 2021

ings on the proliferative wave of liver cells
during liver regrowth and their multicellular
dynamics that enable liver regeneration.
To record proliferation events during regeneration after zonal liver injury in zone 3, we
subjected ProTracer (based on R26-DreER)
mice to carbon tetrachloride (CCl4), which
causes acute injury of zone 3 hepatocytes. At
days 2, 4, and 7 after CCl4 treatment, we
collected liver samples from ProTracer mice
for analysis (fig. S15A). Whole-mount fluorescence images showed increased GFP+ signals
in the livers from days 2 to 7 after CCl4 treatment (fig. S15B). Immunostaining for GFP, GS,
E-CAD, and b-catenin on liver sections showed
enriched GFP+ hepatocytes in zone 2 at days 2
and 4 after CCl4 treatment (fig. S15, C and D).
At day 7, the majority of hepatocytes in zones 2
and 3 were GFP+ (fig. S15E). Considering the
fact that CCl4 mainly results in hepatocyte
death in zone 3, it is likely that zone 2 hepatocytes pioneer the repair process at day 2 and
compensate for the loss of zone 3 hepatocytes
from days 4 to 7. Additionally, we subjected
ProTracer mice to bile duct ligation (BDL) as a
zone 1 injury model and collected livers for
analysis at days 3, 4, and 7 after BDL (fig. S16,
A and B). We found GFP+ hepatocytes were
also highly enriched in zone 2 in the BDL
model, which exhibited injury in the periportal region with induced ductal reaction (fig.
S16, C and D). Together, these data also suggest that there is highly regional hepatocyte
generation during liver repair and regeneration after injuries. Recapitulating regenerative
processes by continuous proliferation recording highlights the value of our ProTracer system for studying regeneration in multiple
organs and injury models.
Discussion

This work illustrates a genetic approach for
monitoring and recording in vivo cell proliferation events during tissue homeostasis and
regeneration. There are four distinct features
of the ProTracer strategy that merit emphasis.
First, it allows continuous temporal recording
of ongoing cell proliferation (Fig. 1C), thereby
enabling long-term studies (months to years;
actually throughout the lifetime of a given cell
after initial activation of its ProTracer system).
Prolonged treatment of DNA analogs such
as BrdU or EdU have been shown to induce
toxicity and impair proliferation (53, 54). By
contrast, ProTracer does not require continued
treatment of drugs such as Tam, as an initial
Tam pulse primes the genetic system for recording cell proliferation over time. Second, it
could be used for studying the proliferation of
one specific cell lineage. This capacity should
be particularly beneficial for studying cell types
that only extremely rarely undergo proliferation (e.g., cardiomyocytes or neurons). In contrast to chemical and immunostaining-based
9 of 12
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To corroborate the above observation, we generated an alternative ProTracer system using
a second cell-cycle gene Ccna2, which has previously been used for genetically monitoring
cell proliferation (46). We generated a Ccna2CrexER mouse allele by inserting a CrexER
cassette into the endogenous Ccna2 gene before
the 3′UTR by homologous recombination using
CRISPR-Cas9, thereby maintaining the endogenous Ccna2 expression. Similar to our Ki67based ProTracer strategy, Tam-induced Dre-rox
recombination switched Ccna2-CrexER into
the Ccna2-Cre genotype, priming the Ccna2based ProTracer system for genetic recording
of cell proliferation (fig. S11A). We injected
Tam into R26-DreER;Ccna2-CrexER;R26-GFP
mice and collected livers for analysis 6 weeks
later (fig. S11B). Immunostaining for antibodies
against GFP, E-CAD, GS, and b-catenin on the
liver sections showed that GFP was more noticeable in zone 2 (fig. S11C). Quantification
showed a significantly higher rate of hepatocyte proliferation in zone 2 compared with
zones 1 and 3 (fig. S11D).
To further enable Tam-independent and
hepatocyte-specific Ccna2-based ProTracer
analysis, we injected Ccna2-CrexER;R26-GFP
mice with AAV8-Dre virus (fig. S11E) and collected livers 12 weeks later (fig. S11F). Wholemount fluorescence images of Ccna2-CrexER;
R26-GFP livers showed enriched circular patterns for GFP+ signals (fig. S11G). Immunostaining for GFP, E-CAD, GS, and b-catenin on
liver sections showed more GFP+ hepatocyte
signals in zone 2 when compared with those
in zones 1 or 3 (fig. S11H). Quantification data
revealed that the density of GFP+ hepatocytes
was highest in zone 2 and lowest in zone 3
(fig. S11I), consistent with our Ki67-based
ProTracer data. Collectively, ProTracer-based
genetic tracing of cell proliferation (both Ki67
and Ccna2) indicates spatial heterogeneity of
hepatocyte proliferation during liver homeostasis and uncovers a highly regional hepatocyte proliferation in the midzonal liver lobule.

tion events in ProTracer mice during the repair
process from different liver injuries. We first
performed a partial hepatectomy (PHx) model—
an injury model not introducing zonal bias by
locally confined damage (47)—to examine
hepatocyte proliferation during liver regrowth.
We induced PHx immediately after Tam induction in ProTracer mice (based on R26-DreER)
and analyzed livers at 24 hours, 40 hours,
48 hours, 3 days, 4 days, and 7 days after PHx
(Fig. 6A). Whole-mount fluorescence images
showed increased GFP+ signals in the livers
collected from 1 to 7 days after PHx (Fig. 6B).
We next performed immunostaining for GFP,
GS, E-CAD, and b-catenin on the liver sections (Fig. 6C). At 24 hours, there were very
few GFP+ hepatocytes in the liver sections
(Fig. 6C). At 40 hours, we noticed a profound
increase of GFP+ hepatocytes in zone 1 that
was significantly higher than the increases
observed in zones 2 and 3 (Fig. 6, C and D),
which was detected consistently in different
locations of the remaining liver lobes after
PHx (fig. S12). At 48 hours, there was a notable increase of GFP+ hepatocytes in both
zones 1 and 2, with a minimal increase in
zone 3 (Fig. 6, C and D). At 3 and 4 days,
more GFP+ hepatocytes were observed in
zone 2 than in zone 1 (Fig. 6, C and D). At 3,
4, and 7 days, we detected a noticeable progressing increase of GFP+ hepatocytes in
zone 3 (Fig. 6, C and D). These data suggested
that hepatocyte regeneration initiated in
zone 1 and progressed through zone 2 toward
zone 3 after PHx. Additionally, we used
hepatocyte-specific ProTracer and obtained
similar observation for hepatocyte proliferation that initiates in zone 1 and progresses
through zones 2 and 3 after PHx (fig. S13).
The cumulative recording with ProTracer further reveals that zone 2 hepatocytes proliferate more during the peak regenerative
response within the first 72 hours, whereas,
overall, hepatocytes in zones 2 and 1 contributed equally to liver regrowth (both >80%
at day 7). By contrast, pericentral hepatocytes
in zone 3 show significantly less proliferation
within 7 days after PHx. ProTracer provides a
high-resolution illustration of hepatocyte proliferation in different zones after PHx, which
suggests that liver regeneration occurs in the
form of a regenerative wave that initiates in
zone 1 and progresses through zone 2 toward
zone 3, extending findings from previous studies
(18, 48–52). Additionally, examination of GFP+
cells in cholangiocytes, endothelial cells, hepatic stellate cells, and macrophages suggested
different proliferation dynamics of these nonparenchymal liver cells after PHx (fig. S14).
Although macrophages seem to start proliferating earlier than hepatocytes, endothelial
cells and cholangiocytes proliferate after the
peak proliferation phase of hepatocytes (fig.
S14). Together, these data extend previous find-
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Fig. 6. Genetic tracing of hepatocyte proliferation by ProTracer after PHx.
(A) Schematic figure showing experimental strategy for tracing hepatocyte
proliferation after PHx. (B) Whole-mount GFP fluorescence images of
livers collected at different time points after PHx. (C) Immunostaining for
GFP, GS, E-CAD, and b-catenin on liver sections collected at 24, 40, and
48 hours and 3, 4, and 7 days after PHx. Boxed regions are magnified in the

He et al., Science 371, eabc4346 (2021)

(18). Notably, study of lineage tracing of a random sampling of hepatocytes in all zones (24)
and EdU incorporation assays (16) have shown
predominant proliferation in the midlobular
zone of liver homeostasis.
Previous studies have suggested that a wave
of hepatocyte proliferation from zone 1 toward
zone 3 promotes regeneration in response to
PHx (18, 48–52). ProTracer confirms the portalto-central regenerative wave and extends previous findings by providing higher-resolution
and cumulative recording of the most proliferative events in hepatocytes during liver regeneration. Cumulative recording highlights
that zone 2 contributes the most to liver regrowth during the peak proliferative response
within the first 72 hours, whereas overall
hepatocytes in zones 2 and 1 contributed
equally to liver regrowth. By contrast, we
found that hepatocytes in zone 3 contribute
significantly less to liver regrowth, indicating
that pericentral hepatocytes have limited liver
stem cell potential. Additionally, we extend
previous findings on the multicellular dynamics of liver regeneration (55) by showing the
time windows of the proliferate waves of macrophages, cholangiocytes, hepatic stellate cells,
and endothelial cells during liver regrowth
from PHx. Future cell type–specific ProTracer
experiments could provide additional resolution to this process. After some zonal injuries,
ProTracer preferentially recorded zone 2 hepatocytes. Because most liver injuries occur in
zones 1 or 3 (56), hepatocytes in zone 2 may
be called into action more frequently as direct
neighbors to both of these zones. It is therefore
possible that the increased hepatocyte proliferation in zone 2, which we observed after
CCl4 or BDL injury, was at least in part induced by hepatocyte injury in neighboring
zones. Similarly, it was demonstrated that liver
regeneration is mainly mediated by the proliferation of hepatocytes next to the injured
area and supported by auxiliary hepatocyte
regeneration in other zones (18, 24). The exact mechanisms conferring increased proliferative potential on zone 2 hepatocytes remain
to be identified in the future. Our findings and
the ProTracer model will enable future studies
to further dissect the regenerative potential
of diverse cell compartments in the liver and
other organs.
Materials and methods summary

All mouse experiments were carried out in
accordance with the current guidelines of the

26 February 2021

Institutional Animal Care and Use Committee
(IACUC) at the Center for Excellence in Molecular Cell Science, Shanghai Institute of Biochemistry and Cell Biology, and the Institute
for Nutritional Sciences, Shanghai Institute for
Biological Sciences, Chinese Academy of Sciences. Mouse embryonic fibroblasts were isolated
from E14.5 Ki67-CrexER;R26-GFP embryos for
live cell imaging, and aortas were dissociated
from Ki67-CrexER;R26-GFP mice aged 8 to
9 weeks to visualize the proliferated aortic
endothelial cells. These experiments were performed to examine the utility of the Ki67CrexER allele as a representative marker of
cell proliferation. Protracer was primed by Tam
or AAV-Dre induction for the initiation of
genetic recording of cell proliferation. The
sparse labeling of proliferated hepatocytes was
performed by induction of a low dose of AAV
or Tam on ProTracer mice. This experiment
was performed to test whether most of the
Protracer-labeled hepatocytes had undergone
cell division. Liver injury models that include
CCl4 injury, PHx, and BDL were performed on
ProTracer mice at 1 to 7 days after Tam induction to study hepatocyte proliferation during liver repair and regeneration. Information
regarding the AAV virus production, wholemount fluorescence microscopy, tissue immunostaining, bioluminescence imaging, Southern
blot analysis, liver clearing, and light-sheet
microscopy are provided in detail in the supplementary materials.
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methods to assess proliferation, ProTracer could
genetically segregate a rare signal of interest
from the potentially much more intense background signals of other proliferating cells,
thereby allowing the detection of specific patterning for restricted cell proliferation (Fig. 4A).
Third, ProTracer using live imaging reporters
(e.g., luciferase) permits noninvasive, longterm monitoring of cell proliferation in live
animals (Fig. 4, K and L), which provides researchers with a temporally continuous tool
for investigating cell proliferation dynamics in
the same animal over windows of time ranging from hours to months or even longer. Fourth,
ProTracer’s readout can be a fluorescent signal, which enables the subsequent isolation
and analysis of labeled cells, such as gene
profiling, cell transplantation, and functional
in vitro studies.
A key question in the field of liver biology
pertains to the contribution of different hepatocyte populations to liver homeostasis and
regeneration. Diverse findings have attributed
increased proliferative capacity to different
hepatocyte subpopulations (12–17, 24). Although
such studies have been dependent on a marker
gene for lineage tracing or have followed a representative sample of all hepatocytes, ProTracer
supports population-level analysis for all cells
of a given type, as detailed in our work, and
thus enables the unbiased detection of cellular
compartments with proliferative capacity. In
line with recent findings (14, 17, 18, 24), our
work argues against Axin2+ pericentral hepatocytes being bona fide hepatic stem cells as
previously proposed (12). Contrary to studies
that suggest a broad contribution of hepatocytes in all zones to liver homeostasis (14, 16, 18),
our ProTracer analysis suggests a population
of hepatocytes located in zone 2 with more
proliferative capacity during liver homeostasis,
which creates the donut-like shape observed
in our diverse proliferation-recording experiments. It is conceivable that other studies have
not directly identified this zone because of
lineage tracing of different hepatocyte populations or low labeling efficiency of their
respective model. Related zonal hepatocyte
proliferation analyses by EdU incorporation
or Ki67 staining might have been too short
to detect the population we observed (14, 18).
Likewise, ProTracer required continuous
recording over several weeks to months to
identify the zonal dominance of hepatocyte
proliferation, likely because of the low turnover of hepatocytes during liver homeostasis

right panel. (D) Quantification of the percentage of hepatocytes (Hep)
expressing GFP in each zone of the liver lobule. Data are means ± SEM; n = 5.
*P < 0.05; ns, nonsignificant. Inset indicates the trend of GFP+ hepatocyte
percentage over time on the basis of quantification data. Scale bars:
yellow, 1 mm; white, 100 mm. Each image is representative of five individual
biological samples.
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Zoning in on liver growth
For organ homeostasis or regrowth after injury or disease, one or more stem cell populations is needed to rebuild
lost tissue. There is considerable debate about the source of new cells in the liver. Two groups now identify the source of
new hepatocytes (see the Perspective by Andersson). Although the liver may seem to lack major variation across its
structure, its lobule is organized into concentric zones where hepatocytes express different metabolic enzymes. Wei et
al. sought to systematically define the source of new liver cells by comparing 14 fate-mapping mice that label different
liver cell types. They found that different regions of the liver lobule exhibit differences in hepatocyte turnover, with zone 2
representing a primary source of new hepatocytes during homeostasis and regeneration. Similarly, He et al. designed a
genetic approach to record cell proliferation in vivo with high spatial and temporal resolution to enable continuous
recording of proliferative events of any specific cell type at the whole-cell population level. Using this method, they
identified zone 2 as having the highest proliferative activity and contributing the most to liver regrowth. These findings
have implications for the cellular basis of chronic disease pathogenesis, cancer development, and regenerative medicine
strategies.
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