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The regeneration of organ morphology and function following tissue
loss is critical to restore normal physiology, yet few cases are
documented in mammalian postnatal life. Partial hepatectomy of
the adult mammalian liver activates compensatory hepatocyte hy-
pertrophy and cell division across remaining lobes, resulting in
restitution of organ mass but with permanent alteration of architec-
ture. Here, we identify a time window in early postnatal life wherein
partial amputation culminates in a localized regeneration instead of
global hypertrophy and proliferation. Quantifications of liver mass,
enzymatic activity, and immunohistochemistry demonstrate that
damaged lobes underwent multilineage regeneration, reforming a
lobe often indistinguishable from undamaged ones. Clonal analysis
during regeneration reveals local clonal expansions of hepatocyte
stem/progenitors at injured sites that are lineage but not fate
restricted. Tetrachimeric mice show clonal selection occurs during
development with further selections following injury. Surviving
progenitors associate mainly with central veins, in a pattern of
selection different from that of normal development. These results
illuminate a previously unknown program of liver regeneration after
acute injury and allow for exploration of latent regenerative
programs with potential applications to adult liver regeneration.
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In the postnatal liver (1–3), removal of up to 70% of mass results
in acute expansion of hepatocytes in remaining lobes to com-

pensate for lost function (4). The classical mechanism is a global
program, in which remaining hepatocytes in all lobes hypertrophy,
leading to enlargement of cell size and increase in metabolic ac-
tivity (5). These hepatocytes undergo limited, tightly regulated cell
divisions, such that S phase is not always followed by M phase,
often generating polyploid hepatocytes, which may later undergo
cytokinesis. Lobes subjected to 30% hepatectomy rarely undergo
cell division, and compensate primarily by hypertrophy (5). Al-
though total mass and function are restored within 1–2 wk fol-
lowing 70% and 30% hepatectomies, the damaged liver does not
regenerate morphology, and instead develops a fibrotic scar that
lacks normal cellular composition, with permanent loss of the
normal architecture. The absence of regeneration is especially
apparent during chronic injury where limited cell divisions and
hypertrophy are exhausted by repeated damage.
It has been suggested that bipotent hepatic/cholangiocyte stem/

progenitor cells proliferate and differentiate when hepatocyte pro-
liferation is exhausted, as is the case during chronic injury (6–9),
although this is controversial (10). Periportal hepatic stem or pro-
genitor cells have been described in response to chemical injury
models (11–13). However, to our knowledge, no known progenitor
regenerating morphology has been reported after acute damage.
Whereas studies of liver development and homeostasis have

reported that SRY (sex determining region Y)-box 9 (Sox9+),
leucine-rich repeat-containing G protein coupled receptor 5 (Lgr5+)

and more recently Axin2 (14) mark liver stem or progenitor cells (15,
16), no extensive, unbiased, in vivo clonal analyses exist regarding
clone frequency, size, shape, contributions, and landmark associa-
tions, of the liver after acute tissue loss. Whether the liver is able to
regenerate structurally after acute injury is still a question. Whereas
prospective isolation and transplantation characterized hematopoi-
etic (17) and central nervous system (CNS) stem cells (18), recent
advances (19, 20) in clonal analysis have been useful in organ systems
where transplantation is more difficult to perform (21).
Here we use a surgical procedure in which up to 30% of the left

lobe is removed to chart liver regeneration at previously underex-
plored stages, and compare it to accepted regeneration models. Our
model presents a framework to explore the reemergence of latent
regenerative programs with potential applications to adult liver
regeneration.

Results
We developed an acute injury model (SI Appendix) that involves
resection of 20–30% of the inferior portion of the left lobe of new-
born (day 0.5) mice [denoted surgery day 0 (S0)]. Mice that un-
derwent surgery on postnatal day 0 (S0) were analyzed at 7, 35, and
56 d postlobular hepatectomy [S0, day 7 of analysis (D7); S0, D35;
and S0, D56], at which all lobes were isolated and analyzed for gross
histology and mass. Seven days following surgery (S0, D7) the am-
putated left lobe weighed on average 20–30% less than age-matched
controls. Amputated lobes 56 d following injury (S0, D56) showed
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little gross morphological differences compared with age-matched
uninjured lobes, regenerating global structure, by morphology and
histology (Fig. 1A), and were nonfibrotic by trichrome stain (Fig. 1B).
The final mass of injured lobes after 56 d was within a SD to un-
injured left lobes (Fig. 2A and SI Appendix, Fig. S1), suggesting a
localized regeneration response.
Left lobes resected at S7, S10, and S14 similarly weighed ∼20–

30% less than controls at 7 d. However, these amputations rarely
showed an increase in mass over time in proportion to adjacent
uninjured lobes (Figs. 2B and 3A and SI Appendix, Fig. S1). Gross
morphology after 56 d revealed abnormally shaped left lobes with
scar formation and an identifiable area of amputation (Fig. 1 C and
D and SI Appendix, Fig. S2). Histology (hematoxylin and eosin and
trichrome staining) showed progressive loss of regeneration corre-
lated with increased collagen deposition at the site of damage (Fig.
1D) and often exhibited “clover-like” lobular structures, the result
of fusion of the left and median lobes that was accompanied by
adhesions to bowel or peritoneum (SI Appendix, Fig. S2).
There was no significant difference in final masses of adjacent

nondamaged lobes from S0, D56 mice compared with that of
uninjured mice after 56 d (Fig. 2A), indicating that regeneration
was confined to the injured lobe, without compensatory growth
from adjacent lobes. A gradual increase in compensatory growth

occurred after 1 wk (Fig. 2B and SI Appendix, Fig. S1). Com-
pensation indices, defined as the ratio of right lobe mass to the
injured or uninjured left lobe mass (Fig. 3B), were calculated. In
uninjured mice, the right lobe is ∼80% of the left lobe by mass and
has a compensation index of 0.8, (no compensation). The com-
pensation index at S0, D56 was not significantly different from
uninjured controls. However, compensation indices at S7, D56;
S10, D56; and S14, D56 were significantly higher, indicating
compensation is a mechanism of regeneration after 7 d.
We found no difference in the distributions of hepatocytes (albu-

min+), cholangiocytes (EpCAM+), mesothelium (Podoplanin+), and
lymphatic ducts (Lyve-1+) (SI Appendix, Fig. S3) in the regenerated
lobe, indicating the main hepatic lineages are reconstituted. S0–
S14 mice showed no signs of jaundice. Although hepatocytes share a
common morphology, distinct subsets exist that differ by their ex-
pression of distinct suites of proteins (22–24). Immunohistochemistry
of common liver enzymes glutamine synthetase (GS), carbamoyl
phosphate synthase, (CPS) and cytochrome P450 2E1 (CP450) (SI
Appendix, Fig. S4A) showed similar distributions to that of uninjured
controls, suggesting that liver function has been restored. Estimations
of single hepatocyte areas were compared across uninjured and in-
jured lobes undergoing partial lobular hepatectomy (SI Appendix, Fig.
S5A) and no difference between uninjured and amputated lobes (Fig.
3 C and D) was found, indicating negligible hypertrophy. The
5-ethynyl-2′-deoxyuridine (EdU) pulse-chase studies showed two to
three times as many EdU+ cells in the resected lobe compared with
the same areas of uninjured controls (Fig. 3E) suggesting hepatocyte
proliferation contributes to liver regeneration.
We performed clonal analysis of individual hepatocytes by using

our “Rainbow” (R26VT2/GK3), Cre-dependent reporter (25) that
uses pairs of mutant LoxP sites to randomly recombine three of
four fluorescent proteins (GFP, CFP, RFP, and OFP), resulting in
each cell permanently expressing a single color (Fig. 4A). To an-
alyze all cell types, including rare presumed multipotent stem cells,
we used an unbiased lineage-tracing strategy independent of can-
didate markers by crossing Rainbow mice with mice harboring an
inducible Cre–ERT2 fusion protein under the Actin promoter
(ActinCreER). Despite the chance of two adjacent cells sharing a
similar color, we (25, 26) and others (20, 27) have reported that
titration curves of low-dose tamoxifen administrations over ex-
tended periods of time uncovers a faithful readout comparable to
those observed using tissue- or cell-specific reporters (21, 28).
Multiple sets of serial sections were taken randomly over the

amputated and undamaged lobes and the numbers and peak sizes
of clones were measured (Fig. 4B and SI Appendix, Fig. S6).
Clones, defined as continuous clusters of cells with the same color,
were significantly larger in the amputated lobe (some containing
over 200 cells) compared with clones in the adjacent unamputated
lobes of the same mouse (Fig. 4B and SI Appendix, Fig. S7). Most
clones were found to be hepatocytes (albumin+) compared with
other liver markers (SI Appendix, Figs. S7 and S8). Comparable
clone numbers (SI Appendix, Fig. S6) were found in injured, ad-
jacent nondamaged lobes, and lobes from noninjured animals,
suggesting a consistent rate of recombination. However, an in-
crease in clone size was consistently documented in all regenerating
lobes compared with clones from adjacent undamaged lobes or to
control animals (SI Appendix, Figs. S9 and S10). This clonal bias
hints at a subset of cells with a greater proliferative potential that
our neonatal injury model activates specifically in the injured lobe.
Markedly different clonal behaviors and distributions were ob-

served in control mice undergoing normal growth. We found
similar hepatocyte clone sizes across all lobes (Fig. 4C), with the
caudate lobe having a greater response. Mice undergoing 70% PHx
were allowed to recover for 14 d, as previous studies showed no
significant change in liver mass after 14 d recovery (4). The
remaining enlarged liver lobes were isolated for clonal analysis.
Clone sizes ranged between one and two cells, in agreement with
established models (Fig. 4D) and these hepatocytes underwent

day 7 day 56day 35A

B

C

D

Trichrome

Trichrome

Fig. 1. Morphological regeneration of the left lobe occurs in neonatal mice.
Hematoxylin and eosin (H&E) stains of the mouse liver at 7, 35, and 56 d post-
resection from pups undergoing surgery on day 0 (A) or day 14 (C). Arrows denote
area of amputation. Higher magnification of trichrome-stained sections focused
on injury sites from day 0 mice undergoing surgery (B) and day 14 mice un-
dergoing surgery (D) followed by 7, 35, and 56 d of recovery. (Scale bars, 50 μm.)
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hypertrophy as indicated by an increase in area over 14 d compared
with controls (Fig. 3C).
We immunostained serial sections of ActinCreERT2R26VT2/GK3

regenerated lobes with CK18 and EpCAM, for overlapping
expressions in single clones (Fig. 5A). We analyzed six fields
across representative regions of each amputated left lobe and

found in each region an average of 46 hepatocyte clones and an
average of 9 bile duct clones (Fig. 5B). We found no clones with
both markers. Clones of either fate in close proximity (Fig. 5A)
never contributed to both populations, indicating lobe-specific
regeneration is mediated by lineage-restricted progenitors (Fig.
5C); bipotent progenitors do not play a significant role. We
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Fig. 2. Quantitative regeneration of the left lobe following partial lobular hepatectomy of P0 and P14 mice. The relative masses of all lobes are presented as
percentage of whole liver mass after partial lobular hepatectomy of the left lobe at postnatal day 0 (A) or postnatal day 14 (B) after fixation plotted against
recovery days postsurgery. The red line indicates uninjured age-matched controls. Values are presented as means ± SEM; *P < 0.05, **P < 0.005, ***P < 0.0005; NS,
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not on day 14 (B). Values are presented as means ± SEM; *P < 0.05, **P < 0.005, ***P < 0.0005; NS, not significant; n = 5 unless otherwise denoted.
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analyzed clones from our ActinCreERT2R26VT2/GK3 mice re-
ceiving partial lobular hepatectomy and costained for GS, CPS,
and CP450. We observed single cells expressing either GS or
CP450 within single clones (SI Appendix, Fig. S4B). This finding
indicates stem/progenitors maintain lineage but not fate re-
striction, as they contribute to hepatocyte subsets with different
enzymatic functions. Recent studies proposed Sox9+ and Axin2+

mark stem/progenitor cells in the liver (14, 15). Our clonal
studies in Sox9CreERT2R26VT2/GK3 and Axin2CreERT2R26mT/mG

mice, showed little expansion of Axin2+ or Sox9+ hepatic cells,
indicating that neither marks our progenitor population (SI
Appendix, Fig. S11).
To place our findings in the context of development, we gener-

ated tetrachimeric mice (21, 25) by injecting four to five red, four to
five blue, and four to five green mouse embryonic stem (mES) cells
into wild-type uncolored blastocysts, which were then implanted into
the uterus of uncolored mice. Each cell stably expresses a different
fluorescent protein (GFP, CFP, and RFP), allowing us to perform
clonal analysis and determine approximate numbers of labeled
progenitors that contribute to developing and regenerating lobes.
We performed lobular partial hepatectomies on tetrachimeric

P0 livers. In all tetrachimera lobes, extremely large clones (albumin+

or HNF4A+ cells of a single color) (SI Appendix, Fig. S12), containing
up to ∼80,000 cells (SI Appendix, Figs. S13–S16) were observed.
Large clones were followed through multiple serial sections, often
spanning the entire length or width of a lobe. We observed similar
clone sizes across all lobes in uninjured and injured mice, with little
significant bias between lobes and injury states (Fig. 6A, n = 6), likely
because large clone sizes in the tetrachimeric adult mask subtle
changes that occur during activation of proliferative subsets.
To observe clonal compositions of developing lobes we ana-

lyzed tetrachimeric mice at postnatal day 0 (P0) and embryonic
day 15 (e15). Clone sizes in tetrachimera e15 and P0 were smaller

(Fig. 6B, n = 30 clones from three livers per condition) than in
tetrachimeric adults. We calculated approximate total clone
numbers (SI Appendix), and found a strikingly greater total clone
number in e15 mice (13,000–17,000) compared with P0 (2,000–
5,000) (Fig. 6C). Total clone number present in tetrachimeric S0,
D56 and simply D56 controls were relatively equal to that of the
D0 mice, with on average 650 clones giving rise to the left lobe,
550 to the median lobe, 400 to the right lobe, and 250 to the
caudate lobe. These findings suggest clonal selection occurs be-
tween e15 and postnatal day 0.
During our analysis, we noticed that 228 of 229 clones in un-

injured tetrachimera livers (n = 3), and all 271 clones in injured
livers (n = 3), were adjacent to blood vessels. However, in
e15 livers, (n = 3), 1,157 of 8,041 clones were associated with
vasculature, (14.38%) (Fig. 6D and SI Appendix, Fig. S17). This
observation suggests clones associated with vasculature maintain a
selective advantage and are more likely to continue into the adult.
To determine whether hepatic progenitors exist near portal or

central veins, we counted 20 random substantive clones (over
50 nuclei) per lobe across all lobes in adult uninjured (n = 3) and
regenerating livers (n = 3) and identified whether they were as-
sociated with the portal vein (with adjacent EpCAM+ bile ducts)
or the central vein (with a ring of GS+ hepatocytes) (Fig. 6E).
Clones were roughly evenly distributed between portal and central
veins in all lobes of control and injured mice, indicating no bias.
Regenerating clones in injured left lobes in S0, D56 mice (Fig. 6E)
showed a clear bias toward the central vein, corroborating recent
lineage tracing studies (14), but not the portal vein. When we
analyzed clones adjacent to the portal vein for potential inclusion
of cholangiocytes, we saw very few bipotent clones. Of 118 bile
ducts observed across five livers, only one clone was found to in-
clude both fates, despite the large clone sizes. Instead, most clones
encompassing bile ducts were monoclonal or polyclonal for bile
duct epithelium (SI Appendix, Fig. S18).

Discussion
The recovery of lobe mass, lineage reconstitutions, and clonal
analysis establish that injured livers in day 0 mice regenerate
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predominantly by a new mechanism involving localized clonal ex-
pansions of hepatocytes, with little global compensation until after
postnatal day 14. The classical view that a majority of postnatal
liver hepatocytes have equal potential to contribute to functional
regeneration after acute injury through limited divisions does not
reflect what we observed. The infrequent, scattered distribution of
hepatocyte clones and their nonuniform size indicates they arise
from a subset of cells with higher regenerative potential instead of
a homogenous population.
Regeneration in the liver has been reported alternately to be

the result of transdifferentiation, or tissue specific stem cells, or
hypertrophy (29). In organs that undergo continual homeostasis,
such as the blood, regeneration is thought to result from multi-
potent stem cells that give rise to all lineages within that tissue (23,
24, 30). Our Rainbow lineage tracing data suggest that re-
generation is the product of distinct hepatocyte and cholangiocyte
restricted stem/progenitors and these lineage boundaries remain
intact after tissue injury. This model mirrors similar findings in
blood, the kidney (21), and digit tips (27).

Our Rainbow lineage tracing results argue against proliferation
variability and stochastic division events. Large clones may be
interpreted as variable proliferation rates; however, there is a
consistent shift in clone sizes in our model. If proliferation vari-
ability were the only mechanism dictating clone size, a similar
amount of clone sizes would be seen across all lobes (as observed
in the control population). However, shifts in peak distributions to
the injured left lobe argue for the mobilization of stem/progenitors.
Though our data also do not preclude a population of bipotent
cells either in development or regeneration, they play a minor role
in this regenerative response. These multipotent progenitors are
potentially elicited during chronic injury (31), but have little con-
tribution during homeostasis and acute injury. Our tetrachimeric
analysis indicates that a substantial number of progenitors seed the
embryonic liver, but fewer remain and contribute to the adult,
suggesting clonal selection. We have previously documented cases
of stem cell competition (32, 33) and here, adult clones differ from
fetal clones in vasculature association, suggesting this provides a
selective advantage. The data indicate two potential progenitor
pools give rise to the adult liver, associated with portal or central
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Fig. 6. Tetrachimeric analysis uncover expansions of pericentral-specific populations during regeneration. Tetrachimera pups underwent partial lobular
hepatectomy at day 0 and were allowed to recover for 56 d. (A) Analyses of clone sizes in all lobes and the area of amputation in injured versus noninjured
mice. Representative image of RFP and CFP tetrachimeric clones from the regenerating area is shown. (B) Clone sizes of embryonic day 15 (e15) tetrachimeric
mice and day 0 tetrachimeric mice are significantly smaller than that of adult mice. Representative image of RFP and GFP tetrachimeric clones from the
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volume and corrected by the average depth of each clone, is higher in e15 tetrachimeric mice versus P0 and adult mice. Error bars are 90% confidence
intervals. Representative images of RFP and GFP clones in adult (Left) and e15 (Right) tetrachimeric mice are shown. (D) e15, P0, and adult mice differ in the
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veins. However, in our model, only the central-vein–associated
pool is activated during this example of regeneration. This vascular
association is reminiscent of recent findings that HoxB5+ hema-
topoietic stem cells (HSCs) in mice are attached to venous sinu-
soidal endothelial cells (33). Regardless of the mechanism, our
data show that the final clonal compositions of adult organs do not
always reflect their original embryonic clonal makeup.
This work corroborates previous studies, which have suggested

that a central-vein–associated Axin2+ progenitor population con-
tributes to homeostasis (14). Surprisingly, our Axin2 experiments
yielded little clonal expansions, suggesting there may exist multiple
progenitor populations. Other studies have implicated other factors
such as Lgr5 (16), and Tbx3, though whether our population is
distinct from these is yet to be determined (34). The identity of the
putative stem/progenitors has yet to be characterized. We speculate
this population could be similar to the adult liver stem cell or could
be residual hepatoblasts found in the early postnatal liver. The
latter is an attractive possibility (35, 36), as their loss in postnatal life
correlates with our observed postnatal loss o regeneration.
Our model (Fig. 5C) raises important questions regarding the

mechanisms that coordinate progenitors of different lineages to re-
generate organized tissue. It is possible that damaged cells signal to
progenitors to coordinate tissue reconstruction. To our knowledge, no
system of communication between progenitors of different lineages has
been well established. Therefore, our model may provide a framework
to study the coordination between lineage-restricted precursors.
Recent studies have similarly shown neonatal regenerative

potential in the first week of life in mouse digit tip and ear punch
injuries (37), and in the heart (38). Whether this signifies a global
response due to a soluble factor or independent mobilizations of

tissue resident stem cells has yet to be investigated. Localized
responses after partial hepatectomy have been reported, though
the mechanism of our model requires further research (39, 40).
Regardless, the identification of stages in which latent re-
generative capacities exist is important to our understanding of
mammalian regeneration and may lead to a therapeutic window
in which transplanted progenitors may expand and regenerate
function and structure.

Materials and Methods
All materials and methods can be found in SI Appendix, including those
regarding partial lobular hepatectomy, 70% partial lobular hepatectomy,
histology, clonal analysis, and lineage tracing. All animal experiments were
carried out in strict accordance with the guidelines set forth by the
Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC) and Stanford University’s Administrative Panel on
Laboratory Animal Care (APLAC), Protocol 12786, in the United States, or the
European Animal Welfare Act, Directive 2010/63/EU.
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