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Self-renewing diploid Axin2™ cells fuel
homeostatic renewal of the liver

Bruce Wang"?, Ludan Zhao!, Matt Fish!, Catriona Y. Logan' & Roel Nusse'

The source of new hepatocytes in the uninjured liver has remained an open question. By lineage tracing using the
Wnt-responsive gene Axin2 in mice, we identify a population of proliferating and self-renewing cells adjacent to the
central vein in the liver lobule. These pericentral cells express the early liver progenitor marker Tbx3, are diploid,
and thereby differ from mature hepatocytes, which are mostly polyploid. The descendants of pericentral cells
differentiate into Thx3-negative, polyploid hepatocytes, and can replace all hepatocytes along the liver lobule during
homeostatic renewal. Adjacent central vein endothelial cells provide Wnt signals that maintain the pericentral cells,
thereby constituting the niche. Thus, we identify a cell population in the liver that subserves homeostatic hepatocyte
renewal, characterize its anatomical niche, and identify molecular signals that regulate its activity.

The cellular source of new hepatocytes in the adult liver and the
molecular regulation of hepatocyte renewal are fundamental
unanswered questions in liver biology. Recent studies in mice using
genetic lineage tracing techniques have concluded that during
homeostatic renewal, new hepatocytes arise by replication of pre-
existing hepatocytes"?. This is in line with the generally accepted view
that in the uninjured state, hepatocyte homeostasis does not involve a
stem cell population®. However, hepatocytes are heterogeneous, with
striking differences in age and function across the liver lobule®. In
addition, mature hepatocytes are generally polyploid (4N to 32N), a
genomic state that compromises replicative capacity” s, posing limita-
tions on possible contributions of these cells to long-term liver homeo-
stasis. It has been unknown whether a specific subpopulation of
cells serves homeostatic renewal in the liver, as happens in many
other tissues’'°.

Wnhnt proteins are secreted short-range signals that maintain stem
cells in many adult mammalian tissues, and are produced by the
specialized microenvironment referred to as the stem cell niche'.
Wnt proteins signal primarily through the intracellular protein
[-catenin to activate transcription. A universal transcriptional target
of B-catenin-dependent Wnt signalling is Axin2, and its expression
provides a reliable readout of cells responding to Wnt'"'?. Genetic
lineage tracing of Axin2 " cells has identified stem cells in several adult
mammalian tissues'®'>. We have used this lineage tracing approach
to identify a unique population of Wnt-responsive cells that surround
the central vein. These diploid cells self-renew over the lifespan of the
animal and progressively give rise to mature polyploid hepatocytes
that can populate the entire liver lobule. We also show that these
pericentral cells are maintained by Wnt-producing central vein
endothelial cells that constitute the niche.

Axin2* pericentral cells generate expanding clones

In the adult liver, Axin2 is expressed in cells located around the central
vein'*'®, which we confirmed by in situ hybridization (Fig. 1m). In
order to mark and follow the fates of these Wnt-responsive cells, we
used the tamoxifen-inducible Axin2-CreERT2;Rosa26-mTmG™*
mouse to pulse label Axin2" cells. In these experiments, a subset of
Axin2™ cells is labelled stochastically with membrane GFP after

tamoxifen administration. The GFP label is permanent, allowing for
fate mapping of initially labelled cells and their descendants'®">. A
single low-dose of tamoxifen led to GFP labelling exclusively of peri-
central hepatocytes (Fig. 1a). Control animals receiving corn oil did
not show any GFP labelling (Extended Data Fig. 1). The GFP™ cells
expressed glutamine synthetase (GS), another known Wnt target
gene'® and a marker for pericentral hepatocytes (Fig. 1b). They were
negative for carbamoyl-phosphate synthase 1 (CPS), which marks
midlobular and periportal hepatocytes (Fig. 1c). Over time, the popu-
lation of labelled cells expanded as large contiguous patches spreading
directionally from the central vein towards the portal vein (Fig. 1d,
g, j). One year after the marking, nearly all hepatocytes in some indi-
vidual lobules were descendants of the initially labelled Axin2™ cells
(Fig. 1j), including hepatocytes that abut the portal vein (Fig. 1j, inset).

Pericentral cells that remained labelled throughout the course of
the lineage trace maintained their distinct gene expression profile,
expressing Axin2 (Extended Data Fig. 2) and GS (Fig. 1b, e, h, k)
but not CPS (Fig. 1¢, f, 1,1). Conversely, the descendants of the labelled
cells acquired different gene expression patterns as they moved away
from the central vein. They lost Axin2 and GS expression and gained
CPS expression suggesting that, as they move away from the pericen-
tral region, they no longer receive Wnt signals (see below) and sub-
sequently differentiate. Finally, throughout the lineage traces, all
labelled cells expressed the hepatocyte marker HNF4a (Fig. 1n), but
not markers of other liver cell types including biliary epithelial cells
(data not shown), indicating that Axin2 ™" cells contribute only to the
hepatocyte lineage.

While Axin2 ™" cells can generate all hepatocytes in a lobule over
time, quantification of the labelling after one year showed that on
average descendants of Axin2" cells replaced 30% of the area of
the entire liver (Fig. 1o and Extended Data Fig. 3), accounting for
approximately 40% of the hepatocytes.

Axin2" cells self-renew

A defining property of stem cells is the ability to self-renew. To test
whether Axin2" cells self-renew, we labelled a maximum number of
Axin2™ cells by administering five consecutive daily doses of tamox-
ifen (Fig. 2a). Over time, the labelled cells expanded concentrically
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from the central vein and, importantly, all pericentral cells remained
labelled (Fig. 2b, c). This indicates that new pericentral cells arise
exclusively from pre-existing labelled Axin2® cells. Thus, while
Axin2™ cells can give rise to all the hepatocytes along the lobule
(Fig. 2¢), they are not replaced by unlabelled Axin2™ cells. That is,
pericentral Axin2™ cells are a self-renewing cell population.

To further characterize the Axin2™ cell population, we used RNA-
seq to compare the gene expression profile of FACS-isolated Axin2 ™"
and Axin2~ hepatocytes (Extended Data Fig. 4). As expected, most of
the differentially expressed genes between the two populations were
known markers of liver zonation (Extended Data Table 1)'*'7.
However, we also identified Thx3, a transcription factor important
in maintaining pluripotency'®, as a gene upregulated in the Axin2™*
population. Notably, Tbx3 marks early hepatoblasts that arise around

ARTICLE

Figure 1 | Axin2™ pericentral cells generate
expanding clones of hepatocytes from the central
vein towards the portal vein over time. a, Few
pericentral hepatocytes are labelled in Axin2-
CreERT2;R0s226-mTmG™ mice following a
single dose of tamoxifen and traced for 2 days.
EpCam labels bile ducts. b, ¢, Labelled pericentral
cells express GS (b) but not CPS (¢c). d, g, j, The
120-day trace (d), 240-day trace (g) and 365-day
trace (j) show expansion of labelled cells which can
replace hepatocytes at the portal vein (j inset,
arrow). e, f, h, i, k, 1, Pericentral cells maintain GS
expression (e, h, k), while labelled progeny acquire
CPS expression (f, i, 1). m, In situ hybridization
for Axin2. n, All labelled cells express Hnf4a,
including cells at the portal vein (arrow).

0, Quantification of labelled hepatocytes over time.
Data shows individual measurements and the
mean. n = 4 animals for each time point.

*P < 0.05, two-tailed unpaired t-tests. CV, central
vein; PV, portal vein. Scale bars, 100 pm.
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day 10 of embryogenesis, and is required for the earliest anlage of the
liver'®. By in situ hybridization, we confirmed that Tbx3 expression is
uniquely expressed in the single layer of pericentral cells (Fig. 2d).
In Axin2-CreERT2 mice, one copy of the endogenous Axin2 gene
is inactivated. Since Axin2 is a negative feedback regulator of Wnt
signalling'?, we considered the possibility that inactivation of one
allele could confer a proliferative advantage after Wnt stimulation.
To address this concern, we compared the DNA synthesis rate of
Axin2™ hepatocytes in wild-type versus Axin2-CreERT2"'~ mice
by 5-ethynyl-2’-deoxyuridine (EdU) incorporation. We used GS as
the surrogate marker for Axin2™ cells in wild-type animals because a
suitable antibody for murine liver Axin2 staining does not exist. We
found no difference in the DNA synthesis rate in the two strains of
mice (Extended Data Fig. 5). We also controlled for the possibility of

Multiple tamoxifen injections (4 mg per 25 g x 5)
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Figure 2 | Axin2™" cells self-renew. a, The majority of pericentral hepatocytes
are labelled in Axin2-CreERT2;R0sa26-mTmG ™ mice given five doses of
tamoxifen and traced for 7 days. b, ¢, The 90-day trace (b) and 365-day

365-day trace

trace (c) show that all pericentral cells remain labelled (see insets). Note that
non-labelled cells do not occupy the pericentral region over time. d, In situ
hybridization of Tbx3. CV, central vein; PV, portal vein. Scale bars, 100 pm.
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Figure 3 | Axin2™ hepatocytes proliferate faster than other hepatocytes.

a, Quantification of EdU™ cells within Axin2~ and Axin2"* hepatocyte
populations. Data represent mean * s.e.m. n = 5 animals. *P < 0.05, two-
tailed unpaired ¢-test. b, All pericentral hepatocytes are labelled with nuclear
GFP in Axin2-rtTA;TetO-H2B-GFP mice given doxycycline for 7 days. ¢, d, 14-

liver injury from tamoxifen administration, which could serve as a
proliferative stimulus®’. We examined DNA synthesis by GS™ peri-
central hepatocytes in mice treated with corn oil or tamoxifen, com-
paring wild-type and Axin2-CreERT2"/~ animals. We found no
difference as measured by EdU incorporation (Extended Data
Fig. 5). We conclude that neither Axin2 gene dosage nor tamoxifen
affects proliferation of Axin2™ cells in our mouse model.

Axin2™ cells proliferate faster than other hepatocytes

The fact that Axin2™ cells repopulate most of the liver lobule over
time implies a rate of proliferation that is greater than that of Axin2™~
hepatocytes. We quantified the DNA synthesis rates of the two cell
populations as already described. Axin2-CreERT2;R26-mTmG™*
mice were labelled with tamoxifen and then given seven daily doses
of EdU. We found that Axin2" cells undergo DNA replication twice
as frequently as Axin2™~ hepatocytes (Fig. 3a).

To verify this result, we also examined the replicative activity of
Axin2™ cells by label dilution in which cells are tagged initially with a
fixed amount of a stable product, which undergoes dilution with each
cell division. We used the Axin2-rtTA;TetO-H2B-GFP transgenic
mouse”"?, which expresses a stable histone 2B-GFP fusion protein in
Axin2™" cells when given doxycycline. Additionally, the reverse tetracy-
cline-controlled transactivator in Axin2-rtTA mice is under the control
of a mouse Axin2 expression cassette', thus leaving the endogenous
Axin2 gene locus unaffected. Once activated by doxycycline, the H2B-
GFP protein remains stably expressed until the labelled cell undergoes
cell division, when the H2B-GFP protein is divided between the daugh-
ter cells, resulting in diminished GFP signal intensity®’.

Doxycycline was administered continuously for 7 days, at which
time cells lining the central vein were labelled with nuclear GFP
(Fig. 3b). Following a 14-day chase period after cessation of doxycy-
cline, we observed that the number of GFP labelled cells had
expanded, while the peak GFP signal intensity had decreased
(Fig. 3c, f). The expansion of GFP-labelled cells around the central
vein is concentric, consistent with the Axin2-CreERT2 lineage tracing
results and is seen up to 28days after cessation of doxycycline
(Fig. 3d). By 56 days after cessation of doxycycline very few GFP-
labelled cells are seen, and no labelled cells are observed after 84 days
(Extended Data Fig. 6). We quantified the number of GFP™" cells at
each time point and found that the cell cycling rate is approximately
every 14 days (Fig. 3e). We further confirmed this by FACS analysis,
which showed step-wise dilution of the peak GFP signal intensity
every 14 days (Fig. 3f). Thus, pericentral Axin2" cells actively prolif-
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day chase (c) and 28-day chase (d) after doxycycline. e, Quantification of GFP-
labelled nuclei. Data shows individual measurements and the mean. n = 4
animals per group. *P < 0.05, two-tailed unpaired ¢-tests. f, GFP intensity in
day-0, day-14 and day-28 chase animals. Vertical axis shows number of events
detected. CV, central vein; PV, portal vein. Scale bars, 100 um.

erate during adult homeostasis, at an estimated cell cycling rate
of 14 days.

Axin2" cells are mostly diploid

Mature hepatocytes are mostly polyploid®®, which is associated with
decreased proliferative potential and increased senescence®. Stem cells
are typically diploid, a property that may be necessary for unlimited
duplication®**>. We used FACS sorting to isolate Axin2™ cells and
evaluated their ploidy status with Hoechst 33342 staining (Extended
Data Fig. 7). As expected, the majority of unsorted hepatocytes are
polyploid (Fig. 4a, ¢, left bar). In contrast, the majority of Axin2* cells
are diploid (Fig. 4b, ¢, middle bar). To confirm that Axin2* diploid
cells give rise to polyploid cells, we labelled Axin2™ cells with tamox-
ifen, traced them for one year and isolated GFP™ cells for ploidy
analysis. We found that the ploidy distribution of the GFP™ cells at
the end of the trace was identical to that of unsorted hepatocytes
(Fig. 4c, right bar), suggesting that the descendants of Axin2™ cells
mature normally into polyploid cells after leaving the pericentral zone.

Central vein endothelium acts as a Wnt-producing niche

The strict localization of Axin2™ cells to the central vein suggested a
local source of Wnt. We screened the normal liver for all nineteen
mammalian Wnts by in situ hybridization'®. Two of these, Wnt2 and
Wnt9b, were expressed exclusively in endothelial cells around
the central vein (Fig. 5a, b), co-localizing with the endothelial cell
marker Pecaml (Fig. 5¢c, d). We also isolated liver endothelial cells
by FACS®® and confirmed that both Wnt2 and Wnt9b are highly
expressed in endothelial cells by quantitative reverse-transcription
PCR (Fig. 5e and Extended Data Fig. 8). Thus endothelial cells at
the central vein produce Wnt2 and Wnt9b as short-range signals
for pericentral Axin2 " cells and may constitute their niche.

Wnt signals are required for pericentral cell proliferation

The simultaneous and overlapping expression of two Wnt family
members suggests functional redundancy of Wnt signalling at the
central vein. To directly test whether endothelial-cell-derived Wnt
proteins function to maintain the precursor state of pericentral cells,
we conditionally deleted Wntless (WIs), a Wnt-specific transporter
molecule required for proper Wnt protein secretion”’, specifically in
endothelial cells. We crossed a VE-cadherin-CreERT2 mouse, which
has a tamoxifen-inducible Cre-recombinase under the control of
an endothelial cell specific promoter, with WIS mice. Adult VE-
cadherin-CreERT2;WIs11°% animals (W1s7)%%2° were given multiple
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Figure 4 | Axin2* hepatocytes are mostly diploid. a, FACS plot of hepato-
cytes stained with Hoechst 33342 and gated for diploid (2N), tetraploid (4N)
and octaploid or greater (8N+) cells. b, FACS plot of Axin2™ hepatocytes
stained with Hoechst 33342. FSC-W, forward scatter pulse width. ¢, Ploidy
distribution within unsorted hepatocyte population (left), Axin2™ hepatocyte
population (centre), or labelled hepatocytes after lineage tracing for one

year (right). n = 3 animals per group.

doses of tamoxifen to induce conditional deletion of Wls in endothelial
cells. These mice appeared healthy without obvious systemic defects
and their livers appeared grossly and histologically normal (Extended
Data Fig. 9). Compared to VE-cadherin-CreERT2;WIs™¥* (Wls? 1)
control animals, Axin2 expression was decreased in pericentral hepa-
tocytes of Wls"" mice (Fig. 6a—c), consistent with loss of Wnt signalling
around the central vein. Concurrently, there was loss of pericentral
hepatocyte function, as shown by significantly decreased levels of GS
expression (Fig. 6d-f). Importantly, pericentral cells, labelled by GS,
exhibited significantly decreased proliferation rates in Wls”" mice com-
pared to Wis”* controls (Fig. 6g). The decreased rate approached the
proliferation rate of GS™ hepatocytes, though it remained significantly
higher. This is probably due to the mosaic nature of tamoxifen-induced
WIs inactivation. We conclude that endothelial-cell-derived Wnt
signals are necessary for maintaining the high proliferative state of
pericentral cells.
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Figure 5 | Central vein endothelial cells produce Wnt proteins and act as
a niche for pericentral cells. a, b, In situ hybridization of Wnt2 (a) and
Wnt9b (b) showing mRNA expression at the central vein in endothelial cells
(arrows, inset). ¢, d, Co-in situ hybridization of Pecam1 (red) and Wnt2 (green)
(c) and Pecaml and Wnt9b (d) showing co-expression in endothelial cells
lining the central vein (arrows). e, Quantitative RT-PCR of Axin2, Wnt1, Wnt2
and Wnt9b of FACS-isolated liver cells. EC, endothelial cells. Data represent
mean * s.e.m; n = 5 animals. Scale bars, 100 um (a, b), 20 um (c, d).

Discussion

In this paper we present a new view of hepatocyte homeostasis in the
uninjured liver (Fig. 6h). We have identified a Wnt-responsive cell
population that resides within a confined niche around the central
vein. These cells self-renew and contribute to hepatocyte maintenance
by differentiating into and replacing other hepatocytes along the hep-
atic lobule in the normal liver. The existence of this pericentral cell
population suggests that the fundamental mechanisms regulating
liver renewal are similar to other organs in which homeostatic renewal
involves small populations of stem cells that maintain the tissue. In the
liver however, our model is novel because it was previously thought
that all hepatocytes are equivalent in their renewal potential. In con-
trast, we show that hepatocytes are made up of more than one cell type
and are not equivalent in replicative ability during homeostasis. Given
the properties of the cell population under study, we postulate that the
Wnhnt-responsive pericentral cells are hepatocyte stem cells.

Several features make pericentral cells unique compared to other
hepatocytes. Although pericentral cells express markers common to
other hepatocytes, they also specifically express Axin2, Tbx3 and GS
while lacking CPS. Pericentral cells proliferate at a higher rate com-
pared to other hepatocytes, an observation that is consistent with ref.
30. Furthermore, pericentral cells possess a diploid genome, in con-
trast to most other hepatocytes, which are polyploid. Finally, and most
importantly, while pericentral Axin2" cells can differentiate into all
hepatocytes along the lobule, including those that line the portal vein,
Axin2" hepatocytes do not replace pericentral cells during homeosta-
sis. As pericentral cells can self-renew over the long term and differ-
entiate into other hepatocytes, we suggest that they fit the functional
definition of a stem cell.
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Figure 6 | Central-vein-derived Wnt proteins are required for pericentral
cell proliferation. a, b, Axin2 in situ hybridization in wis?+ (a), and Wl
(b) mice. ¢, Quantification of Axin2 in situ signal. Data represent

mean = s.e.m.; n = 5 animals per group. *P < 0.05, two-tailed unpaired ¢-test.
d, e, GS in situ hybridization in Wis”™ (d) and W1s™ (e) mice. f, Quantification
of GS in situ signal. Data represent mean = s.e.m.; n = 5 animals per group.

The diploid nature of pericentral cells is important and surprising,
although nuclear size measurements in rat livers have suggested the
presence of smaller nuclei near the central vein®'. This sheds light on
a long-standing question in liver biology. Mature polyploid hepato-
cytes display chromosomal abnormalities™* and display impaired
replication™®. By maintaining a diploid genome, the pericentral cells
would, like stem cells®®, retain unlimited replicative potential. It is
interesting to note that during the cell cycle, levels of Wnt signalling
peak at the G2/M phase®. If Wnt proteins regulate expression of
mitotic control genes such as the phosphatase Cdc25>*, they could
direct cells to mitosis and continued diploidy rather than to non-
mitotic DNA replication and polyploidy.

A defining feature of pericentral cells is their localization to a Wnt-
rich anatomical niche. While Wnt-regulated genes such as B-catenin
and Apc are known to function in liver development® and zonation',
the types and sources of Wnt have not been identified. We found that
Wnt9b is specifically expressed in endothelial cells at the central vein,
adjacent to the pericentral cells, while Wnt2 is expressed in both the
sinusoidal and central vein endothelial cells. Notably, Wnt2 produced
by sinusoidal endothelial cells is known to be important for hepato-
cyte regeneration after injury®®. Similarly, in other stem cell niches,
lipid-modified Wnt signals act as short-range cues, maintaining stem
cells in the immediate vicinity of the niche but not outside".

It has been suggested that there may be a periportal source of new
hepatocytes under normal conditions’. Our lineage tracing studies
do not exclude the possibility that other sources of hepatocytes exist
during homeostasis since after one year the descendants of pericentral
cells replace on average only 40% of hepatocytes within the liver.
However, a portal-based population would be regulated differently,
since we find no expression of Wnt9b by the portal vein endothelium.

Liver is known to regenerate efficiently after injuries such as partial
hepatectomy or chemical insult. It has been reported that during
regeneration after chemical damage, a Wnt-responsive population
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*P < 0.05, two-tailed unpaired t-test. g, Quantification of EdU™ cells within
GS™ or GS™ hepatocyte populations in WIs"* and Wis"? animals. Data shows
individual measurements and the mean. # = 4 animals per group. *P < 0.05,
two-tailed unpaired ¢-test. h, Schematic of hepatocyte homeostatic renewal by
pericentral cells. CV, central vein; PV, portal vein. Scale bars, 100 pm.

of cells near the portal vein can be labelled by the Lgr5 receptor gene'”.
These cells, unlike pericentral Axin2* cells, do not express hepatocyte
genes, but subsequently differentiate into bile duct epithelial cells and
hepatocytes and thus could be similar to injury-induced oval cells’.
Clearly, Lgr5 " /oval cells are distinct from the cells we identify here, as
pericentral cells maintain hepatocyte homeostasis in the uninjured
liver while Lgr5™/oval cells have only been reported after injury.

The stem cell marker Tbx3 is expressed widely in early liver hepa-
toblasts and is important for hepatoblast proliferation and initiation of
hepatocyte differentiation'®”’. Our findings that pericentral cells also
express Tbx3 leads to the intriguing hypothesis that pericentral cells
may represent the persistence of an embryonic hepatocyte progenitor
population into a self-renewing cell population in the mature liver.

It is noteworthy that liver cancer is often characterized by loss-of-
function mutations in negative regulators of the Wnt pathway,
including Axin and APC*®. In a mouse model of liver cancer caused
by Met overexpression, liver tumours were found to arise exclusively
from cells located at the central vein®>*, suggesting that pericentral
Axin2™" cells, normally controlled by a paracrine Wnt signal, are
precursors to liver cancer. This would explain why liver tumours
contain mostly diploid cells*', an observation that was earlier ratio-
nalized by polyploid hepatocytes becoming diploid after oncogenic
transformation.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Animals. B6 and FVB mice (Charles River Laboratories) were used for wild-type
analysis. Axin2-CreERT?2 mice" and VE-cadherin-CreERT?2 mice* have been prev-
jously described. Rosa26-mTmG™™ (Gt(ROSA)26Sor"™4(ACTE tdTomato, EGFP)Luo jy42
WIs™* (1298- Wis™ 1147129 Axin2-rtTA (B6.Cg-Tg(Axin2-rtTA25*M2)7Cos/])*",
and TetO-H2B-GFP (Tg(te'[O—HIST1H2BI/GFP)47Efu/I)22 mice were obtained
from The Jackson Laboratory. All alleles were heterozygous, except where stated.

For lineage tracing studies, Axin2-CreERT2;R0sa26-mTmG™* mice 8-12
weeks of age received intraperitoneal injections of tamoxifen (Sigma, 4 mg per
25 g mouse weight) dissolved in 10% ethanol/corn oil (Sigma) either once or on
five consecutive days. Representative figures of Axin2-CreERT2;Ro0sa26-mTmG"™*
lineage tracing (Figs la-1 and 2a-c) are from n =5 animals per time point.
Quantification of the area of labelled hepatocytes (Fig. 10) was performed on
Axin2-CreERT2/Rosa26-mTmG"™* mice given five daily doses of tamoxifen and
lineage traced.

For label dilution studies Axin2-rtTA;TetO-H2B-GFP mice 8-12 weeks old
received doxycycline hyclate (Sigma, 1 mgml™') in drinking water for 7 days,
then chased for 0, 14, 28, 56 or 84 days. Representative figures of Axin2rtTA;
TetO-H2B-GFP label dilution (Fig. 3b—d) are from # = 4 animals per time point.

For the endothelial cell conditional knockout of Wntless, VE-cadherin-
CreERT2;WIs™* mice (W1s”f and Wis”*) aged 8-10 weeks received intraperito-
neal injections of tamoxifen on five consecutive days and sacrificed 7 days after
the last dose of tamoxifen. For proliferation studies (Fig. 6g), mice were given
seven consecutive daily doses of EQU after the last dose of tamoxifen and sacri-
ficed 2 h after the last EAU dose.

All animal experiments and methods were approved by the Institutional
Animal Care and Use Committee at Stanford University. Mice used in this study
were age- and gender-matched littermates including both sexes. All mice were
housed in the animal facility of Stanford University on a 12-h light/dark cycle
with ad libitum access to water and normal chow except when otherwise indi-
cated. The animal experiments were not randomized. The investigators were not
blinded to allocation during experiments and outcome assessment.

Statistics. The statistical analysis used to measure significance is the two-tailed
unpaired Student’s t-test. The G¥*Power calculator (G¥Power 3.1.9.2) was used for
sample size calculations. For an o probability of 0.05, a B probability of 0.8,
expected observed differences between the two comparison groups of 50% and
assuming 15% standard error of the mean within each group, the sample size
required to detect a statistically significant difference is four animals per group.
Liver histology and immunofluorescence. Mouse livers were fixed in 4% PFA
overnight at 4 °C, cryoprotected in 30% sucrose for 24 h at 4 °C then embedded
in OCT and snap frozen. All immunofluorescence staining was performed in the
dark. Cryosections (10 um) were incubated in blocking buffer (5% normal don-
key serum, 0.5% Triton-X in PBS) at room temperature and stained with primary
and secondary antibodies, then mounted in Prolong Gold with DAPI mounting
medium (Life Technologies). The following primary antibodies were used: GFP
(chicken, 1:500, Abcam ab13970), GS (mouse, 1:500, Millipore MAB302), CPS
(rabbit, 1:100, gift from W. Lamers), EpCAM (rabbit, 1:100, Developmental
Studies Hybridoma Bank, clone g8.8), HNF4o (rabbit, 1:100, Santa Cruz
Biotechnology sc-8987).

Hepatocyte proliferation assay. Hepatocyte proliferation in vivo was measured
by 5-ethynyl-2'-deoxyuridine (EAU) uptake. In brief, mice received a dose of
intraperitoneal EdU (Life Technologies, 50 mg per kg mouse weight) daily for
7 days and harvested half a day after the final EAU dose. For EAU detection,
cryosections were first stained with the appropriated primary and secondary
antibodies, then incubated with the reagents in the Click-iT EdU Alexa Fluor
555 Imaging Kit (Life Technologies) prepared according to the manufacturer’s
instructions and mounted in Prolong Gold with DAPI mounting medium.
Liver cell isolation and flow cytometry. Hepatocytes and liver endothelial cells
were isolated from mice by a two-step collagenase perfusion technique with
modifications. In brief, after the inferior vena cava was cannulated and portal
vein was cut, the liver was perfused at 10 ml min " through the inferior vena cava
with Liver Perfusion Medium (Invitrogen) at 37 °C for 10 min, followed by per-
fusion with collagenase type IV (Wellington) for an additional 10 min. The liver
was dissociated and passed through a 70 pum filter. Hepatocytes were separated
from non-parenchymal cells (NPCs) by low-speed centrifugation (30g for
3 min X 3), and further purified by Percoll gradient centrifugation as previously
described*’. NPCs were pelleted from supernatant by centrifugation (300g for
5 min X 3) and then stained with cell surface markers for endothelial cell isolation
and flow cytometric analysis as previously described?.

Cells were analysed on FACS ARIA II (BD). Data were processed with
FACSDiva 8.0 software (BD) and Flow]Jo v10 (FlowJo). Doublets were excluded
by FSC-W X FSC-H and SSC-W X SSC-H analysis. Single-stained channels were
used for compensation and fluorophore minus one controls were used for gating.

The following antibodies were used: CD31-PE (eBioscience 12-0311-81), CD34-
FITC (eBioscience 11-0341-85), rat VEGFR3 (gift from B.-S. Ding) with anti-rat
Alexa Fluor 647 secondary (Jackson Immuno 712-605-153). Sinusoidal endothelial
cells were identified as VEGFR3"CD31"CD34™ cells. Central vein endothelial
cells were identified as VEGFR3™CD317CD34" cells.

Hepatocyte ploidy measurement. Hepatocyte ploidy staining was performed as
previously described®”. Wild-type FVB mice were used for baseline hepatocyte
ploidy measurements. For ploidy measurement of Axin2™ hepatocytes, Axin2-
CreERT2;R0sa26-mTmG™* mice were given five daily doses of tamoxifen (4 mg
per 25 g body weight) and cells were isolated 2 days or 1 year after the last dose
of tamoxifen and stained with Hoechst 33342 (Invitrogen). Cells were analysed
on FACS ARIA II (BD). Data were processed with FACSDiva 8.0 software
(BD) and FlowJo v10. FACS plots (Fig. 4a, b) are representative ploidy plots
from n=5 wild-type animals and n =3 Axin2-CreERT2;R0sa26-mTmG"**
mice, respectively.

Real-time RT-PCR analysis. Liver endothelial cells were FACS sorted as
described above. Cells were homogenized using QIAshredder (Qiagen) and total
RNA was purified using an RNeasy mini kit (Qiagen) according to the manu-
facturer’s instructions. The total RNA was reverse transcribed using random
primers (High Capacity cDNA Reverse Transcription kit, Life Technologies).
Gene expression was then assayed by real-time PCR using TagMan Gene
Expression Assays (Applied Biosystems) on an ABI 7900HT real-time PCR sys-
tem. The following TagMan probes were used: Axin2 (Mm00443610), Wntl
(MmO01300555), Wnt2 (Mm00470018), Wnt9b (Mm00457102).

RNAscope in situ hybridization. Paraffin-embedded liver sections (5 pm) were
processed for RNA in situ detection using the RNAscope 2-plex Detection Kit
(Chromogenic) according to the manufacturer’s instructions (Advanced Cell
Diagnostics)*’. RNAscope probes used were: Axin2 (NM 015732, region 330-
1287), GS (NM 008131, region 103-973), Wnt2 (NM 023653, region 857-2086),
Wnt9b (NM 011719, region 727-1616), PECAMI (NM 001032378, region 915-
1827), Tbx3 (NM 198052).

Representative figures of in situ hybridization of Tbx3 (Fig. 2d), Wnt2, Wnt9b
and Pecam] (Fig. 5a-d) are from n = 5 wild-type B6 mice aged 8 weeks.

Representative figures of in situ hybridization from VE-cadherin-CreERT2;
WI1s™* studies (Fig. 6a, b, d, e) are from n = 5 mice from each group.
Microscope image acquisition and quantification. All sections were imaged
using the Axioplan 2 microscope, the AxioCam MRm (fluorescence) and
MRCS5 (bright field) cameras and using Axiovision AC software (Release 4.8,
Carl Zeiss). Image acquisitions were done at room temperature using X10 NA
0.3, X20 NA 0.5, and X40 NA 0.75 EC Plan-Neofluar objectives. Co-localization
images were obtained using confocal microscopy using a Leica SP5 confocal
detection system fitted on a Leica DMI6000 inverted microscope equipped with
a X20 NA 0.75 HC PL apochromatic glycerol-immersion objective, and a X40
NA 1.3 HCX PL apochromatic oil-immersion objective (Leica) and using Leica
LAS AF system software. For fluorescence area quantification, tiled images of
entire liver sections were acquired using a Zeiss Cell Observer Spinning Disc
confocal system on an Axio Observer.Z1 inverted microscope with Zen 2012
software (blue edition). Image acquisitions were done at room temperature using
a X20 NA 0.5 EC Plan-Neofluar objective.

Tiled images were stitched together in Zen 2012 (blue edition) and quantified

using Image]J. For some images, contrast, colour and dynamic range were globally
adjusted in Adobe Photoshop (Adobe Systems). Nuclei for EdU-labelled and
total cell counts were quantified using ImageJ. Thresholding and watershed trans-
forms were used. Pericentral hepatocytes were identified with either GFP (in
Axin2-CreERT2;Ro0sa26-mTmG"** mice) or GS (in wild-type or VE-cadherin-
CreERT2;WIs™® mice). GFP* and GS™ cells were quantified manually. Axin2
and GS in situ images were quantified with RN Ascope SpotStudio software (ver-
sion 1.0, Advanced Cell Diagnostics)44.
RNA-seq analysis. Using hepatocytes isolated from Axin2-rtTA;TetO-H2B-GFP
animals, GFP™ and GFP ™ cells from three animals were sorted using FACS. Cells
were lysed in TRIzol (Life Technologies) and treated with chloroform. The aque-
ous layer was precipitated with ethanol and RNA was isolated with QITAGEN
RNAeasy Mini kit following the manufacturer’s instructions. cDNA barcoded
libraries were made using the TruSeq Stranded mRNA Sample Prep Kit
(Ilumina) following the manufacturer’s instructions. Samples were sequenced
on an Illumina HiSeq 2000 instrument (three samples per lane, 100-bp paired-
end reads) to yield>50 million reads per sample.

Processing and analysis of FASTQ files were performed using Galaxy®. A
custom Galaxy instance (UC Davis Bioinformatics Core) was run on Amazon
AWS. Removal of adaptor contamination and quality trimming were performed
using Scythe v1.21 (https://github.com/ucdavis-bioinformatics/scythe) and Sickle
v1.21 (https:/github.com/ucdavis-bioinformatics/sickle). TopHat v2.0.11*® was
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used to align reads to the mouse mm10 assembly, and Cuffdiffv.2.2.2*” was used for
differential gene expression analysis.

The data discussed in this publication have been deposited in NCBI's Gene
Expression Omnibus*® and are accessible through GEO Series accession number
GSE68806.
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Corn oil x 1, 2 day trace Corn oll x 5, 7 day trace

Cornoilx 1,3 i day trace

Extended Data Figure 1 | Leakiness in Axin2-CreERT2;R0sa26-mTmG™**  seen after five consecutive daily doses of corn oil and traced for 7 days (b) or
mice is not observed in animals injected with corn oil. a, ¢, No GFP labelling 365 days (d). All animals were 8-week-old Axin2-CreERT2;R0sa26-mTmG ™™
is seen in Axin2-CreERT2;R0sa26-mTmG°* mice after a single dose of mice. Images are representative images from n = 5 mice per condition and
corn oil and traced for 2 days (a) or 365 days (c). b, d, No GFP labelling is time point. CV, central vein; PV, portal vein. Scale bars, 100 pm.
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120 day trace

Single tamoxifen injection (4mg/25gm x1)

240 day trace

ARTICLE

365 day trace

Extended Data Figure 2 | Axin2 expression remains restricted to pericentral ~ Representative in situ images are from n = 5 animals per time point. CV,

cells. a-c, In situ hybridization for Axin2 in 120-day trace (a), 240-day trace

(b) and 365-day trace (c) Axin2-CreERT2;R0sa26-mTmG™ mice.
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Extended Data Figure 3 | Descendants of Axin2* cells replaced 30% of the area of the liver. Tiled image of entire liver section of a 365-day trace
Axin2-CreERT2;R0sa26-mTmG°* mice. Image is representative of 1 = 5 animals at this time point. Scale bar, 2,500 pm.
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Extended Data Figure 4 | FACS sorting gates for GFP™ cells in Axin2- cells by forward scatter (b), and side scatter (c). d, Dead cells were excluded
rtTA;TetO-H2B-GFP mice. Eight-week-old Axin2-rtTA;TetO-H2B-GFP by propidium iodide labelling. e, GFP-positive cells were gated and either
mice were labelled with doxycycline for 7 days and chased for various lengths of  sorted for RNA-seq analysis or further graphed as histograms for GFP intensity
time. Hepatocytes were enzymatically dispersed and sorted by FACS. analysis (see Fig. 3g).

a—c, Successive gating shows sequential selection of all hepatocytes (a), single
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Extended Data Figure 5 | Axin2 gene dosage and tamoxifen have no effect  staining. All other hepatocytes were identified by Hnf4a*/GS™ antibody
on pericentral hepatocyte proliferation rate. Wild-type and Axin2CreERT2"/~  staining. The EdU-positive rates within the two hepatocyte populations as a

mice were given EdU daily for 7 days. A subset of wild-type and percentage of total HNF4a™ cells were essentially the same regardless of
Axin2CreERT2 "/~ mice was given 4 mg of tamoxifen per 25 g body weight Axin2 gene dosage or tamoxifen administration. n = 5 animals per group.
daily for 5 days. Pericentral hepatocytes were identified by Hnf4a™/GS™ Data represent mean = s.e.m. *P > 0.05.
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Extended Data Figure 6 | Axin2" hepatocytes proliferate rapidly. Axin2- central vein. b, After 84 days, no GFP™ cells are seen. Images are representative
rtTA;TetO-H2B-GFP mice were given doxycycline for 7 days. a, 56 days of n = 4 animals per time point.
after cessation of doxycycline, very few GFP™ cells are seen around the
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Extended Data Figure 7 | FACS sorting gates for GFP™ cells in Axin2- and sorted by FACS. a—c, Successive gating show sequential selection of all
CreERT2;R0s226-mTmG°* mice for ploidy analysis. Eight-week-old hepatocytes(a), single cells by forward scatter(b), and side scatter (c). d, Dead

Axin2-CreERT2;R0sa26-mTmG™* mice were labelled with five daily doses cells were excluded by propidium iodide labelling. e, GFP-positive cells were
of tamoxifen and traced for 7 days. Hepatocytes were enzymatically dispersed ~ gated and graphed as histograms for Hoechst staining (see Fig. 4).
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Extended Data Figure 8 | FACS sorting gates for endothelial cells. Eight- size (a), single cells by forward scatter (b), and side scatter (c). d, Dead cells were
week-old wild-type C57B6 mice were used for endothelial cell isolation. Livers  excluded by DAPI labelling. e, endothelial cells were identified by CD31-
were enzymatically digested, hepatocytes were removed by centrifugation phycoerythrin-positive staining. f, Sinusoidal endothelial cells (SEC) were
and nonparenchymal cells were antibody stained and sorted by FACS. identified as CD34-FITC" VEGFR3-APC™" while central vein endothelial cells
a-c, Successive gating showed sequential selection of non-parenchymal cellsby ~ (CEC) were identified as CD34-FITCT VEGFR3-APC .
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Extended Data Figure 9 | Histology of VE-cadherin-CreERT2;Wl1so¥flox b, Wls-knockout animals (VE—cadherin—CreERTZ;V\/lsﬂ"X/ﬂOX) also showed
animal versus control. a, Control (VE-cadherin-CreERT2;WIs"®*) animals  normal liver histology. Images are representative images from » = 5 animals
given five daily doses of tamoxifen and traced for 7 days after the last tamoxifen  per group. Insets show central veins. Scale bars, 100 pm.

dose. Haematoxylin and eosin staining of the liver shows normal histology.
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Extended Data Table 1 | Partial list of differentially expressed genes in Axin2* vs Axin2~ hepatocytes by RNA-seq analysis

Glutamine synthetase (Glul) -2.58912
Leukocyte cell-derived chemotaxin 2 (Lect2) -1.85582
Axin2 -1.96625
B glycoprotein (Rhbg) -3.1865
Cytochrome P450 1a2 (Cypla2) -2.02709
T-box transcription factor 3 (Tbx3) -1.26286

0.00961319
0.00961319
0.00961319
0.00961319
0.00961319

0.0380302

Asparaginase (Aspg) 1.25545
Glutaminase 2 (Gls2) 1.53395

Cells were isolated from Axin2-rtTA; TetO-H2B-GFP mice after labelling with doxycycline. Genes preferentially expressed in Axin2* hepatocytes are indicated by negative log,
expressed in Axin2~ hepatocytes are indicated by positive logs fold changes. g value (false-discovery-rate-adjusted P value) <0.05 used to determine significance.
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