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b-Catenin in hepatocytes, under the control of Wnts, regulates pericentral gene expression. It also contributes to liver regenera-

tion (LR) after partial hepatectomy (PH) by regulating cyclin-D1 gene expression as shown in the b-catenin and Wnt corecep-

tors low-density lipoprotein receptor-related protein 5/6 conditional knockouts (KO). However, conditional deletion of Wntless

(Wls), required for Wnt secretion, in hepatocytes, cholangiocytes, or macrophages lacked any impact on zonation, while Wls

deletion in macrophages only marginally affected LR. Here, we address the contribution of hepatic endothelial cells (ECs) in

zonation and LR by characterizing EC-Wls-KO generated by interbreeding Wls-floxed and lymphatic vessel endothelial hyalur-

onan receptor (Lyve1)-cre mice. These mice were also used to study LR after PH. While Lyve1 expression in adult liver is lim-

ited to sinusoidal ECs only, Lyve1-cre mice bred to ROSA26-Stopflox/flox-enhanced yellow fluorescent protein (EYFP) mice

showed EYFP labeling in sinusoidal and central vein ECs. EC-Wls-KO mice showed decreased liver weights; lacked glutamine

synthetase, cytochrome P450 2e1, and cytochrome P450 1a2; and were resistant to acetaminophen-induced liver injury. After

PH, EC-Wls-KO showed quantitative and qualitative differences in cyclin-D1 expression at 24-72 hours, which led to a lower

hepatocyte proliferation at 40 hours but a rebound increase by 72 hours. ECs and macrophages isolated from regenerating livers

at 12 hours showed significant up-regulation of Wnt2 and Wnt9b messenger RNA; these are the same two Wnts involved in

baseline b-catenin activity in pericentral hepatocytes. Conclusion: At baseline, ECs secrete Wnt proteins essential for b-catenin

activation in pericentral hepatocytes. During LR, sinusoidal and central vein ECs and secondarily macrophages secrete Wnt2,

while predominantly central vein ECs and secondarily macrophages are the likely source of Wnt9b. This process spatiotempo-

rally regulates b-catenin activation in hepatocytes to induce cell proliferation. (Hepatology Communications 2018;2:845-860)

W
nt signaling is critical for normal develop-
ment and growth of many organs, and its
aberrant activation can be causative for

diseases, including cancers.(1) During canonical

signaling, b-catenin is activated by a Wnt ligand.
Wnts are insoluble glycoproteins secreted to act
through autocrine or paracrine binding to a Frizzled
receptor and low-density lipoprotein receptor-related

Abbreviations: APAP, acetaminophen; b-catenin-LKO, liver-specific b-catenin knockout; CD, clusters of differentiation; CON, control; Cyp, cyto-

chrome P450; EC, endothelial cell; EYFP, enhanced yellow fluorescent protein; Glu, glutamate-ammonia ligase; GS, glutamine synthetase; HBSS,

Hank’s balanced salt solution; IP, immunoprecipitation; KO, knockout; LR, liver regeneration; LRP, low-density lipoprotein receptor-related protein;

LRP5-6-LDKO, liver-specific dual knockout of low-density lipoprotein receptor-related protein 5 and 6; Lyve-1, lymphatic vessel endothelial hyalur-

onan receptor 1; mRNA, messenger RNA; NPC, nonparenchymal cell; PBS, phosphate-buffered saline; PCNA, proliferating cell nuclear antigen; PH,

partial hepatectomy; qPCR, quantitative polymerase chain reaction; TCF, T-cell factor; WB, western blot; Wls, Wntless.

Received January 6, 2018; accepted March 26, 2018.
Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep4.1196/full.

This work was supported by the National Institutes of Health (grants 1R01DK62277, 1R01DK100287, and R01CA204586 to S.P.M. and
F31CA216994 to M.E.P.) and the Endowed Chair for Experimental Pathology (to S.P.M.).
Copyright VC 2018 The Authors. Hepatology Communications published by Wiley Periodicals, Inc., on behalf of the American Association for the Study of

Liver Diseases. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which

permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or

adaptations are made.

View this article online at wileyonlinelibrary.com.

DOI 10.1002/hep4.1196

Potential conflict of interest: Nothing to report.

845

HEPATOLOGY COMMUNICATIONS, VOL. 2, NO. 7, 2018

http://onlinelibrary.wiley.com/doi/10.1002/hep4.1196/full
http://creativecommons.org/licenses/by-nc-nd/4.0/


protein 5/6 (LRP5/6) coreceptors. Eventually, the sig-
naling cascade leads to b-catenin accumulation in the
cytoplasm, translocation into the nucleus, and interac-
tion with the T-cell factor (TCF) family of transcrip-
tion factors to help transcribe target genes involved in
diverse cellular processes.
In liver, the role of b-catenin is reported in normal

development, metabolic zonation, and regeneration
(reviewed in Monga(2)). Mice with liver-specific b-cat-
enin knockout (b-catenin-LKO) have been instrumen-
tal in discerning its many roles in hepatic physiology.
These mice showed absence of pericentral gene expres-
sion validating pathway target genes, such as glutamine
synthetase (GS), cytochrome P450 2E1 (Cyp2e1), and
Cyp1a2.(3-6) A follow-up study showed that dual KO
of Wnt coreceptors LRP5 and LRP6 in the liver
(LRP5-6-LDKO) also led to absent metabolic zona-
tion.(7) More recently, endothelial cells (ECs) lining
the central vein have been shown to be the primary
source of Wnts required for b-catenin activation in
pericentral hepatocytes.(8) That study identified Wnt2
and Wnt9b as major determinants of pericentral b-
catenin activation. Additionally, b-catenin has been
shown to play an important role in liver regeneration
(LR) after partial hepatectomy (PH), a tightly regu-
lated process requiring precise cellular communication
and spatiotemporal signaling.(9) b-Catenin-LKO has
delayed LR until 72 hours.(6,10) This was due to inade-
quate up-regulation of b-catenin target cyclin-D1,
which is critical for the G1- to S-phase transition of
hepatocytes.(6,11) Regulation of cyclin-D1 by b-catenin
during the LR process has been independently vali-
dated.(12) A similar delay in LR was also evident in
LRP5-6-LDKO after PH, suggesting b-catenin to be
under Wnt control during regeneration. This also
argues that most Wnts in liver physiology are canonical
and act through b-catenin. To address cell source and
identification of Wnts and because there are 19 Wnts
in the mammalian genome with several expressed in

various hepatic cells,(13) we used mice that allowed
cell-specific deletion of Wntless (Wls), a cargo recep-
tor essential for all Wnt secretion.(14) Conditional
deletion of Wls from liver ECs showed no effect on
zonation or LR, while its loss from macrophages did
not impact zonation but marginally affected hepatocyte
proliferation at 40 hours after PH.(7) Conditional loss
of Wls from all ECs (tyrosine kinase 2 [Tie2]-Cre)
was embryonic lethal and precluded analysis for zona-
tion and LR.(7)

In the current study, we generated hepatic EC-
specific Wls KO by interbreeding Wlsflox/flox mice and
transgenic mice expressing Cre-recombinase driven by
the lymphatic vessel endothelial hyaluronan receptor 1
(Lyve-1) promoter (Lyve1-cre).(15) EC-Wls-KO
showed recombination of Wls in sinusoidal and central
venous ECs. These mice lacked b-catenin-dependent
pericentral gene expression and showed defects in LR
similar to b-catenin-LKO and LRP5-6-LDKO. We
identified Wnt2 and Wnt9b, the same Wnts that are
expressed at baseline, to be massively up-regulated in
ECs and macrophages after PH. Altogether, our data
elucidate the spatiotemporal cellular–molecular cir-
cuitry of Wnt/b-catenin signaling in baseline livers
and during LR.

Materials and Methods

MICE AND BREEDING

All animal husbandry and experimental procedures,
including animal housing and diet, were performed
under the guidelines and approval of the National
Institutes of Health and the Institutional Animal Care
and Use Committee at the University of Pittsburgh.
Mice were fed regular chow in standard caging and
kept under a 12-hour light–dark cycle with no enrich-
ment. Lyve1-cre mice were purchased from Jackson
Laboratories(15) and bred with Wlsflox/flox mice.(7,14)
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Lyve1-cre1/–;Wlsflox/flox are hereafter referred to as
EC-Wls-KO. Mice with Lyve1-cre–/–;Wlsflox/flox or
Lyve1-cre1/–;Wls–/– genotypes were used as littermate
controls (EC-Wls-CON). Lyve1-cre mice were also
bred to ROSA26-Stopflox/flox-enhanced yellow fluo-
rescent protein (EYFP) mice to label cells effectively
targeted by Lyve1-cre.(16) b-catenin-LKO mice were
used for microdissection and are described
elsewhere.(6)

PARTIAL HEPATECTOMY

Two-month-old male and female EC-Wls-KO and
CON mice were subjected to PH as described.(17) At
time 0 (n5 2 males, n5 3 females), 24 hours (n5 2
males, n5 2 females), 40 hours (n5 3 males, n5 2
females), or 72 hours (n5 3 males, n5 2 females),
mice were euthanized by isoflurane inhalation and cer-
vical dislocation. Livers were harvested and lobes were
flash frozen or paraffin embedded for further analysis.

ACETAMINOPHEN TOXICITY
STUDIES

Male 10-week-old EC-Wls-CON (n5 3) and male
EC-Wls-KO (n5 5) mice were fasted overnight and
injected intraperitoneally with 450mg/kg acetamino-
phen in 0.9% saline. Animals were killed 24 hours
postinjection as described above. Blood was drawn
through the inferior vena cava, and serum was submit-
ted to the University of Pittsburgh Medical Center
Clinical Chemistry laboratory, which is part of the
Pittsburgh Liver Research Center, for alanine amino-
transferase and aspartate aminotransferase testing.

IMMUNOFLUORESCENCE

Liver sections were fixed in 2% paraformaldehyde
for 2 hours and then with 30% sucrose in phosphate-
buffered saline (PBS) overnight. For immunofluores-
cence (IF), sections were frozen in optimal cutting
temperature compound and cut in 5-lm sections.
Samples were permeabilized with 0.1% Triton and
blocked in 2% serum in PBS with Tween 20. Primary
antibodies (information in Supporting Table S1) were
incubated overnight. Secondary antibodies conjugated
to Alexa Fluor 555 or 488 (Life Technologies) were
incubated at 1:400 in PBS with Tween 20 for 3 hours
prior to 40,6-diamidino-2-phenylindole. Images were
taken on a Nikon A1 spectral confocal microscope

located at the Center for Biological Imaging at the
University of Pittsburgh.

PROTEIN ISOLATION, WESTERN
BLOT ANALYSIS, AND
IMMUNOPRECIPITATION

Whole-cell protein lysate preparation was performed
using radio immunoprecipitation assay buffer(7), and 30lg
of protein was used for gel electrophoresis for western blots
(WBs). Immunoprecipitation (IP) was performed using
750lg of precleared protein and A/G agarose beads, as
described.(18) For a complete list of antibodies used, see
Supporting Table S1. Secondary antibodies conjugated to
horseradish peroxidase were used at 1 to 10,000.

MICRODISSECTION

Baseline livers from control mice and regenerating
livers from 12 hours after PH of liver-specific-b-catenin
KO or control mice were harvested and frozen in opti-
mal cutting temperature compound until use. Two
males per genotype were used. We cut 10-lm sections
on a microtome and stained these with hematoxylin and
eosin. For microdissection, specific areas were scraped
manually under the microscope and materials from spe-
cific zones were pooled together from multiple areas
and slides as described.(19,20) RNA was extracted as
described below. The purity of each zone was verified
by expression analysis for markers that are known to be
zonated in location (Supporting Fig. S2).

RNA ISOLATION AND
QUANTITATIVE REVERSE-
TRANSCRIPTION POLYMERASE
CHAIN REACTION ANALYSIS

RNA was obtained using RNeasy Mini Kit (Qiagen),
and 1-2lg was reverse transcribed using Superscript III
(Invitrogen). Real-time quantitative polymerase chain
reaction (qPCR) was performed using SYBR Green on
an ABI Prism 7300 sequence detection system (Applied
Biosystems), and values were normalized to glyceralde-
hyde 3-phosphate dehydrogenase. For a list of primer
sequences, see Supporting Table S2.

HISTOLOGY AND
IMMUNOHISTOCHEMISTRY

Hematoxylin and eosin staining was performed on
4-lm paraffin sections for discerning histology.
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Mitotic figures were identified in hepatocytes. For
quantification, hepatocytes with mitotic figures were
counted in three to five random 2003 fields from
three livers from each group at 24, 40, and 72 hours.
For immunohistochemistry (IHC), paraffin sections
were processed as described.(6,7) Antibody dilutions are
listed in Supporting Table S1. Heat-mediated antigen
retrieval was performed for IHC. Secondary antibodies
conjugated to biotin were used at 1 to 400, and stain-
ing was detected with 3,30-diaminobenzidine detection
systems after incubation with the Avidin–Biotin Com-
plex Kit (Vector). For quantification, proliferating cell
nuclear antigen (PCNA)-positive hepatocytes were
counted in three to five random 2003 fields from
three livers from each group at 40 and 72 hours. For
quantification of cyclin-D1-positive hepatocytes
immediately bordering the central vein, we counted
the number of cyclin-D1-positive hepatocytes lining
the central vein over total hepatocytes lining that cen-
tral vein and presented this as a percentage; at least five
central veins were randomly chosen for counting hepa-
tocytes at 2003, and at least three mice from each
group at 24, 40, and 72 hours after PH were analyzed.

LIVER PERFUSION

Two-month-old C57bl6 male mice were anesthe-
tized with Nembutal, and an incision was made to
open the peritoneum. A 24-gauge catheter was
inserted into the inferior vena cava and another in the
portal vein; the inferior vena cava below the heart was
clamped. Through the portal vein catheter, the liver
was washed with 100mL calcium (–) magnesium (–)
Hank’s balanced salt solution (HBSS) with 50mM 4-
(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
(Gibco) and 25mM ethylene glycol tetraacetic acid at
2-3mL/minute. Next, the liver was digested with
0.3mg/g collagenase type IV (Sigma) and 50mM 4-
(2-hydroxyethyl)-1-piperazine ethanesulfonic acid in
HBSS with calcium. Upon digestion, liver was
removed and dispersed in 30mL HBSS. Dispersed
cells were filtered by mesh (100 lm) and centrifuged at
50g for 5 minutes twice to isolate hepatocytes. Then,
supernatant was spun down at 700 g for 10 minutes to
obtain nonparenchymal cells (NPCs).

EC AND MACROPHAGE
SEPARATION

For cell separation studies, 2-month-old male
C57LB6 mice (n5 2; Jackson Laboratories) were used

for two-step liver perfusion 12 hours after PH, and
parenchymal and NPC fractions were separated. Mag-
netic bead separation was used to isolate ECs and macro-
phages. Cells from two livers were pooled for analysis.
The NPC fraction was incubated with anti-mouse bio-
tin-F4/80 antibody (Biolegend) at 1:10 for 30 minutes
on ice. Cells were washed and incubated with streptavi-
din microbeads (Miltenyi Biotech) at 1:10 for 20 minutes
on ice. Samples were passed through LS columns (Milte-
nyi Biotech) to obtain F4/80-positive cells (macro-
phages). The F4/80-negative fraction was incubated with
anti-mouse biotin-clusters of differentiation (CD)31
antibody (Biolegend) at 1:20 for 30 minutes on ice. They
were washed once and incubated with streptavidin-
microbeads at 1:20 for 20 minutes on ice. Then LD col-
umns (Miltenyi Biotech) were used to obtain CD31-
positive cells (ECs). F4/80-positive and CD31-positive
fractions were then processed for RNA analysis.

STATISTICS

Data are presented as mean, SD, and/or individual
data points. Graphs were generated using Graphpad or
Microsoft Excel. P values were calculated using the
two-tailed Student t test or one-way analysis of variance
for multiple comparisons with either Tukey’s posttest
correction or Fisher’s least significant difference test;
P< 0.05 was considered statistically significant.

Results

SUCCESSFUL RECOMBINATION
OF FLOXED ALLELES IN HEPATIC
SINUSODIAL AND CENTRAL
VENOUS ECs BY Lyve1-Cre

Because Lyve1 is a known lymphatic endothelial cell
marker,(21) we first wanted to confirm which ECs in
the liver undergo recombination. Lyve1-cre mice were
crossed with ROSA26-Stopflox/flox-EYFP reporter
mice. Confocal imaging showed YFP localization in
sinusoidal ECs as well as in ECs lining central veins,
as highlighted by GS-expressing pericentral hepato-
cytes (Fig. 1A). Because Lyve1 expression in adult liver
has been reported in sinusoidal ECs but not in ECs
lining central veins, we stained normal adult liver for
Lyve1.(22,23) Indeed, Lyve1 localized to hepatic sinu-
soidal ECs and not to venous ECs (Fig. 1B). We also
costained for Lyve1 and biliary marker epithelial cell
adhesion molecule to distinguish portal from
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pericentral regions (Fig. 1C). Additional confirmation
of Lyve1-cre-driven recombination in hepatic sinusoidal
and central venous ECs was seen by colocalization of pan-
EC maker CD31 and YFP in ROSA26-Stopflox/flox-
EYFP, Lyve11/– but not in ROSA26-Stopflox/flox-EYFP,
and Lyve1–/– controls (Supporting Fig. S1). Thus,
while Lyve1 was only expressed in hepatic sinusoidal
ECs in adult liver, it did recombine reporter genes in
venous ECs.

EC CELL-DERIVED Wnt
PROTEINS ARE REQUIRED FOR
EXPRESSION OF PERICENTRAL
b-CATENIN TARGETS AND
METABOLIC ZONATION

To assess the role of EC Wnts in the liver, we con-
ditionally deleted Wls by using Lyve1-Cre through the
generation of EC-Wls-KO as described above. Similar
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FIG. 1. Lyve1-cre efficiently recombines
floxed stop codon allowing expression of
YFP in hepatic endothelia. (A) Represen-
tative confocal images show IF staining
for YFP (red), GS (green), and DAPI
(blue) revealing YFP positivity in ECs
lining the central vein flanked by GS-
positive hepatocytes in addition to
sinusoidal ECs in liver from ROSA26-
Stopflox/flox-EYFP; Lyve1-cre1/2 mice.
(B) Representative confocal images for IF
for Lyve1 and DAPI (blue) in control
adult liver shows localization in predomi-
nantly hepatic sinusoidal ECs but no
staining in ECs lining central veins (*).
(C) Representative confocal images for IF
for Lyve1 (red), EpCAM (green), and
DAPI (blue) reveals predominant Lyve1
expression in sinusoidal ECs in zones 1
and 2 and lack of Lyve1 in ECs lining
central veins (*). EpCAM was used to
outline bile ducts to help recognize the
periportal region. Abbreviations: DAPI,
40,6-diamidino-2-phenylindole; EpCAM,
epithelial cell adhesion molecule. Images
taken at 100x.
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to b-catenin-LKO and LRP5-6-LDKO, we observed
a significantly lower liver weight to body weight ratio
in EC-Wls-KO(6,7,14) (Fig. 2A). No additional phe-
notype at baseline was grossly evident.
A recent study showed that the central vein ECs are

the source of Wnt2 and Wnt9b, which are essential for
pericentral b-catenin activation.(8) We next examined

b-catenin-dependent hepatic zonation targets in the
EC-Wls-KO. While total b-catenin levels were com-
parable in EC-Wls-CON and EC-Wls-KO, levels of
serine 33 (Ser33)/Ser37 and threonine 41 (Thr41)-
hypophosphorylated-b-catenin or active-b-catenin
were notably reduced in the KO at baseline by WB
(Fig. 2B). Likewise, a profound loss of b-catenin

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 2. Characterization of
EC-Wls-KO reveals low liver
weights and defective metabolic
zonation. (A) EC-Wls-KO
mice (n5 6) have significantly
lower LW/BW ratio at baseline
compared to littermate controls
(n5 7). (B) Representative WB
shows noteworthy decreases in
Cyp2e1, GS, Cyp1a2, and
active-b-catenin in EC-Wls-
KO at baseline while total b-
catenin is unaltered. (C) Repre-
sentative IHC shows the pres-
ence of GS, Cyp2e1, and
Cyp1a2 in EC-Wls-CON in
zone 3 hepatocytes and their
absence in EC-Wls-KO (mag-
nification3 50). (D) Signifi-
cantly lower serum ALT and
AST shows complete protection
in EC-Wls-KO at 24 hours in
response to a single intraperito-
neal injection of 450mg/kg of
acetaminophen compared to
EC-Wls-CON. (*P< 0.05;
***P< 0.001). Abbreviations:
ALT, alanine aminotransferase;
AST, aspartate aminotransfer-
ase; LW/BW, liver weight to
body weight. In graphs, each
data point represents one ani-
mal, and the mean and standard
deviations are represented by
the horizontal lines.
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targets, including GS, Cyp2e1, and Cyp1a2, was also
observed by WB and IHC (Fig. 2B,C). To validate
functionally the loss of metabolic zonation, we next
administered high-dose acetaminophen (APAP) to
EC-Wls-CON and EC-Wls-KO mice. Our labora-
tory and others have shown both b-catenin-LKO and
LRP5-6-LDKO are protected from APAP-induced
hepatic injury because they lack Cyp2e1 and Cyp1a2
and hence are unable to convert APAP into N-acetyl-
p-benzo-quinone imine, the metabolite critical for glu-
tathione depletion and hepatocyte injury.(5-7,24,25) At
24 hours after APAP injection, EC-Wls-CON had
expectedly high serum alanine aminotransferase and
aspartate aminotransferase levels while EC-Wls-KO
showed normal transaminases, demonstrating protec-
tion (Fig. 2D). Thus, Wnts from central vein ECs are
essential for baseline b-catenin activation and meta-
bolic zonation.

DELAYED LR IN EC-Wls-KO
AFTER PH

EC-Wls-CON and EC-Wls-KO were next sub-
jected to PH and regenerating livers harvested at vari-
ous time points, as outlined in Materials and Methods.
PCNA labeling was assessed by IHC at 24, 40, and 72
hours. As expected, no PCNA-positive hepatocytes
were evident in either group at 24 hours (Fig. 3A).
However, at 40 and 72 hours in EC-Wls-CON, sev-
eral hepatocytes throughout the hepatic lobule were
strongly PCNA positive (Fig. 3A,B). Intriguingly, we
saw a consistent and complete lack of PCNA-positive
hepatocytes in EC-Wls-KO at 40 hours (Fig. 3A,B).
At 72 hours, a noteworthy increase in the numbers of
PCNA-positive hepatocytes was evident in EC-Wls-
KO (Fig. 3A). A decrease in PCNA-positive hepato-
cytes in EC-Wls-KO compared to EC-Wls-CON
was significant at 40 hours but not at 72 hours (Fig.
4A). Hepatocyte mitotic figures as an index of cell
division were counted and showed significantly lower
mitotic figures in EC-Wls-KO at 40 hours (Fig. 4B).
Highest hepatocyte mitosis occurred at 40 hours in
EC-Wls-CON, whereas this peak was shifted to 72
hours in EC-Wls-KO (Fig. 4B). These observations
were consistent in both sexes. WB for PCNA also
confirmed its absence at 24 hours in both EC-Wls-
CON and EC-Wls-KO (Fig. 4C), while its maximal
levels were seen at 40 hours in EC-Wls-CON with a
decline at 72 hours in both male and female mice (Fig.
4C). PCNA was absent at 40 hours in EC-Wls-KO
and was highest at 72 hours in both male and female

animals (Fig. 4C). Thus, a notable delay in LR is evi-
dent in EC-Wls-KO in response to PH, which was
similar to observations in b-catenin-LKO and LRP5-
6-LDKO.

DECREASED b-CATENIN
ACTIVATION AND CYCLIN-D1
EXPRESSION IN EC-Wls-KO
AFTER PH

To address if the delay in LR in EC-Wls-KO is
due to decreased b-catenin activation, we first exam-
ined the b-catenin–TCF4 interaction by IP. A dra-
matic decrease in the TCF4–b-catenin association was
observed in EC-Wls-KO at 24 hours after PH com-
pared to EC-Wls-CON in both sexes (Fig. 4D). Next,
we assessed levels and localization of cyclin-D1, a b-
catenin–TCF4 target in LR. WB showed decreased
cyclin-D1 in EC-Wls-KO at 24-40 hours in both
sexes, although differences were less drastic in females,
likely due to higher basal cyclin-D1 (Fig. 4C). At 72
hours, however, cyclin-D1 resurged in EC-Wls-KO
and was almost comparable to EC-Wls-Con. GS, a
known b-catenin target, continued to be absent in
EC-Wls-KO, indicating sustained loss of b-catenin
activity (Fig. 4C).
We next performed IHC and showed cyclin-D1

staining in the EC-Wls-CON at 24 hours after PH in
both periportal and midzonal hepatocytes while peri-
central hepatocytes were negative (Fig. 5A). At 40
hours, cyclin-D1 localization expanded to additional
hepatocytes in all zones sparing only some pericentral
hepatocytes (Fig. 5A). Cyclin-D1-labeled hepatocytes
were further increased at 72 hours, including to a few
pericentral hepatocytes (Fig. 5A). At 24 hours, EC-
Wls-KO showed only occasional cyclin-D1-positive
hepatocytes and hence showed a prominent decrease
when compared to EC-Wls-CON (Fig. 5A). Intrigu-
ingly, unlike EC-Wls-CON, EC-Wls-KO showed
pericentral hepatocytes to be cyclin-D1 positive (Fig.
5A). At 40 hours, more layers of hepatocytes sur-
rounding the central vein became cyclin-D1 positive,
also in stark contrast to EC-Wls-Con (Fig. 5A).
Cyclin-D1 labeling expanded further into the midzo-
nal hepatocytes in EC-Wls-KO at 72 hours (Fig. 5A).
These observations were evident in both male and
female mice, although decreased cyclin-D1 was less
prominent in female animals (IHC shown for male
mice only). To further validate this observation, we
quantified cyclin-D1-positive hepatocytes bordering
the central vein only, as described in the Material and
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Methods. At 24, 40, and 72 hours, EC-Wls-KO
showed significantly greater cyclin D1-positive hepato-
cytes along the central vein than EC-Wls-CON (Fig.
5B). Thus, there were quantitative and qualitative dif-
ferences in cyclin-D1 expression between the two
groups.

ZONAL DICHOTOMY
IN b-CATENIN ACTIVATION
DURING LR

b-Catenin regulates expression of glutamate-
ammonia ligase (Glu) encoding GS. b-Catenin also
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FIG. 3. IHC for PCNA in
regenerating livers from EC-
Wls-KO and EC-Wls-Con.
(A) Representative IHC (mag-
nification3 100 and 3200)
shows increased PCNA staining
hepatocytes panzonally at 40-72
hours in EC-Wls-CON,
whereas EC-Wls-KO show
positive staining only at 72
hours. (B) Larger panels (mag-
nification3 100) highlighting
differences in PCNA at 40
hours after PH. Abbreviations:
CV, central vein; PT, portal
triad.
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regulates Ccnd1 encoding for cyclin-D1 during LR.
To confirm if b-catenin is regulating these two targets
spatiotemporally, we next used liver cryosections from
baseline control mice, control mice after 12 hours PH,
and b-catenin-LKO after 12 hours PH. The sections
were microdissected, and pooled scrapings from the
periportal zone, pericentral zone, and midzone were
used for messenger RNA (mRNA) isolation and
reverse-transcription qPCR, as described in the

Material and Methods and previously(20) (Supporting
Fig. S2A). The relative purity of various zones was ver-
ified by analysis of genes with known zonal expression
(Supporting Fig. S2B). Next, we assessed Ccnd1 and
Glul expression. An approximate 8-10-fold increase in
Ccnd1 in the periportal zone and midzone was
observed at 12 hours after PH while the pericentral
region showed less than a 4-fold increase, when com-
pared to respective zones at baseline (Fig. 5C). These
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FIG. 4. LR is notably delayed in the EC-Wls-KO mice compared to controls. (A) Quantification of PCNA IHC shows significant
decreases in the number of hepatocytes staining positive at 40 hours after PH in EC-Wls-KO compared to controls. No differences were
evident at 72 hours. Each symbol represents an average of 5 random images at 2003magnification from one mouse. Three or more mice
from each group were used for each time point. The P value was calculated by one-way ANOVA for multiple comparisons with Tukey’s
posttest correction. (***P< 0.001). (B) The number of hepatocytes showing mitotic figures were counted at 24, 40, and 72 hours after PH
in EC-Wls-KO and EC-Wls-Con. EC-Wls-KO showed a significant decrease at 24 hours and 40 hours while these number were com-
parable at 72 hours. Each symbol represents an average of 5 random images at 2003magnification from one mouse. Three or more mice
from each group were used for each time point. The P value was calculated by ordinary one-way ANOVA and multiple comparisons by
uncorrected Fisher’s least significant difference test (*P< 0.05; **P< 0.01; ***P< 0.001). (C) Representative WB showing levels of cyclin-
D1, PCNA, and GS in EC-Wls-CON versus EC-Wls-KO from 24-72 hours during LR. (D) Immunoprecipitation using anti-TCF4
and probing for b-catenin shows reduced TCF4-b-catenin association in EC-Wls-KO at 24 hours. Abbreviations: ANOVA, analysis of
variance; C, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; K, EC-Wls-KO.
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FIG. 5. Quantitative and qualitative differences in hepatocyte cyclin-D1 in EC-Wls-KO versus EC-Wls-CON after PH. (A) Repre-
sentative IHC shows a gradual increase in cyclin-D1 staining during LR in periportal and midzonal hepatocytes in EC-Wls-CON
from 24-40 hours and almost the entire lobule sparing a few pericentral hepatocytes at 72 hours. Cyclin-D1 staining was apparent in
few pericentral hepatocytes in EC-Wls-KO livers at 24 hours after PH and gradually increased in this zone at 40 hours, expanding
further at 72 hours. Black asterisk shows the portal triad; red asterisk shows the central vein. (B) Quantification of cyclin-D1-positive
versus total hepatocytes lining only central veins is represented as a percentage for both EC-Wls-CON and EC-Wls-KO at 24, 40,
and 72 hours after PH. Each symbol represents the average of at least 5 images at magnification 2003 around the central vein from
one mouse. Three or more mice from each group were used for each time point. The P value was calculated by ordinary one-way
ANOVA and multiple comparisons by uncorrected Fisher’s LSD test. (**P< 0.01; ***P< 0.001; ****P< 0.0001). (C) Relative expres-
sion of Ccnd1 encoding cyclin-D1 in WT liver at baseline and 12 hours after PH in pericentral, midzonal, and periportal regions.
The same analysis after PH was also performed in b-catenin-LKO. (D) Relative expression of Glul encoding GS in WT liver at base-
line and 12 hours after PH in pericentral, midzonal, and periportal regions. The same analysis after PH was also performed in b-
catenin-LKO. Abbreviations: C, control; K, EC-Wls-KO; MZ, midzonal; PC, pericentral; PP, periportal; Pre, baseline.
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increases were absent in b-catenin-LKO, validating
the requirement of b-catenin signaling in Ccnd1
expression (Fig. 5C). Glul was 20-fold higher in the
pericentral region in baseline livers compared to other
zones (Fig. 5D). At 12 hours after PH, a 100-fold
increase in its expression occurred in the pericentral
zone and an approximate 20-fold increase in the mid-
zone. Baseline Glul expression and an increase at 12
hours during LR was also absent in b-catenin-LKO
(Fig. 5D). Together, these findings suggest activation
of b-catenin during LR panzonally, although target
gene up-regulation was zonally restricted.

PANZONAL UP-REGULATION
OF SEVERAL Wnt GENES DURING
LIVER REGENERATION

Because b-catenin activation occurred panzonally
after PH, we used mRNA isolated from various micro-
dissected hepatic zones at baseline and 12 hours after
PH in control mice for analysis of the expression of
several Wnt genes. We identified at least a 5-fold
increase in the expression of Wnt2 and Wnt4 in all
zones; an exclusive increase in the pericentral zone of
3-fold or greater was evident in Wnt9b and Wnt5b at
12 hours after PH (Fig. 6A). Thus, several Wnt genes
are changed at 12 hours after PH in microdissected
hepatic zones from cryosections.

UP-REGULATION OF Wnt2 AND
Wnt9b mRNA EXPRESSION IN ECs
AND MACROPHAGES AND NOT
HEPATOCYTES IN
REGENERATING LIVERS
AT 12 HOURS AFTER PH

Because our current and previous study suggest ECs
and macrophages to be the major source of Wnts dur-
ing LR and cyclin-D1 expression increases occur early
during LR, we selected 12 hours after PH to query
changes in Wnt expression in ECs and macro-
phages.(7) Control mice were used to isolate hepato-
cytes and NPCs by collagenase perfusion at 12 hours
after PH, and cells were pooled from two mice (Sup-
porting Fig. S3A). Purity of isolated cells was con-
firmed by quantitative reverse-transcription PCR
analysis for cell-specific markers (Supporting Fig.
S3B). Analysis of the hepatocyte fraction showed no
appreciable changes in Wnt expression at 12 hours ver-
sus baseline (Supporting Fig. S3C). An approximate

45-fold up-regulation in the expression of Wnt2 and
18-fold up-regulation in the expression of Wnt9b were
observed in ECs at 12 hours after PH (Fig. 6B). Mac-
rophages showed an approximate 10-fold increase in
Wnt2 and 6-fold increase in Wnt9b expression at this
time (Fig. 6C). Lastly, at baseline, highest transcript
levels of Wnt2 and Wnt9b were observed in ECs fol-
lowed by macrophages and lastly hepatocytes, which
increased significantly after PH in ECs and macro-
phages only (Fig. 6D,E).

Discussion
The current study is a continuation of our previous

work identifying hepatocyte-specific b-catenin as a major
driver of hepatic zonation and LR after PH.(6) Further,
b-catenin in both zonation and LR is under the control
of paracrine Wnt signaling, as shown in LRP5-6-
LDKO mice.(7) In the same study, we ruled out hepato-
cytes, cholangiocytes, and macrophages as sources of
Wnts in regulating pericentral b-catenin activation.
However, macrophages were identified as a source of
Wnts during LR based on a modest and temporal
decrease in cyclin-D1 and a 30% deficit in hepatocyte
proliferation at 40 hours. We also used Tie2-Cre to
deleteWls from ECs; this led to embryonic lethality, thus
precluding further assessment.(7) Since our study, Dr.
Nusse’s group identified ECs lining the central vein as
the source of Wnt2 and Wnt9b in regulating b-catenin
activation and target gene expression in pericentral hepa-
tocytes.(8) We also employed platelet-derived growth fac-
tor i-Cre-ERT2 to generate EC-Wls-KO; this led to a
mosaic recombination insufficient to draw concrete con-
clusions, likely due to a different transgenic line.(26)

Eventually, we employed transgenic mice expressing Cre
recombinase under Lyve1 promoter to delete Wls from
ECs in the liver.
Lyve1, normally expressed in lymphatic ECs, is also

expressed in hepatic sinusoidal ECs in liver.(22,23) We
verified this observation of Lyve1. Intriguingly, fate-
tracing studies showed recombination additionally in
the venous ECs, suggesting Lyve1 expression occur-
ring at some developmental stage in the venous ECs.
Indeed, such analogies exist, for example, the albumin-
cre transgenic line recombines floxed genes in hepato-
cytes and cholangiocytes despite albumin expression
only in adult hepatocytes.(27,28) This occurs due to the
temporal expression of the albumin gene in hepato-
blasts during development, which gives rise to both
hepatocytes and cholangiocytes.(6,27) Whether there is
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a common progenitor of sinusoidal ECs and ECs lin-
ing the central vein or whether Lyve1 is independently
expressed in all ECs during development is unknown.

EC-Wls-KO mice at baseline showed lower liver
weight to body weight ratios. This observation is con-
sistent with the lack of optimal baseline b-catenin
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FIG. 6. Zonal and cellular changes inWnt genes at 12 hours after PH. (A)Relative expression of severalWnts inWT liver at baseline and 12 hours
after PH in pericentral, midzonal, and periportal regions shows more than 5-fold panzonal increases in Wnt2 andWnt4. At least a 3-fold increase
exclusively in the PC region was seen forWnt9b andWnt5b. (B) qRT-PCR analysis for selectedWnt genes in ECs isolated from regenerating livers
at 12 hours after PH. The y-axis denotes fold change at 12 hours over baseline;Wnt2 mRNA increased 45-fold andWnt9b approximately 15-fold.
(C) qRT-PCR analysis for selectedWnt genes in macrophages isolated from regenerating livers at 12 hours after PH.Wnt2 mRNA increased 10-
fold andWnt9bmRNA approximately 6-fold. (D) Changes inWnt2 mRNA in hepatocytes, ECs, andmacrophages at baseline and 12 hours after
PH. ECs express highest levels of Wnt2 at baseline and after PH. (E) Changes in Wnt9b mRNA in Hep, EC, andMac at baseline and 12 hours
after PH. ECs express highest levels ofWnt9b at baseline and after PH. Abbreviations: Hep, hepatocytes; Mac, macrophages; MZ, midzonal; PC,
pericentral; PP, periportal; Pre, baseline; qRT-PCR, quantitative reverse-transcription PCR.Graphs displaymean and standard deviation.
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activation in hepatocytes during early postnatal stages,
similar to b-catenin-LKO and LRP5-6-LDKO.(6,7)

Our previous study showed the role of b-catenin in
hepatocyte proliferation during early postnatal hepatic
growth.(29) Our current study thus suggests hepatic
ECs may be the source of Wnts that induce b-catenin
activation during early postnatal stages.
EC-Wls-KO mice at baseline also lacked pericentral

b-catenin targets, indicating disruption of metabolic
zonation. This observation phenocopied b-catenin-
LKO and LRP5-6-LDKO.(5-7) ECs lining the central
vein were recently shown to be the primary source of
Wnts required for b-catenin activation in pericentral
hepatocytes(8); Wnt2 and Wnt9b were identified as the
major Wnts responsible for this process. Our microdis-
section and cell separation studies validated this observa-
tion. The limited movement of Wnts, in general owing
to their hydrophobicity secondary to acylation, which is
essential for their biological activity, likely restricts b-
catenin activation to a few hepatocyte layers around the
central vein. Further, high antigen-presenting cell
(APC) expression in hepatocytes in the periportal region
also deters basal b-catenin activity in that region.(3) The
basis of constitutive Wnt2 and Wnt9b release from
ECs lining central veins remains unknown.
EC-Wls-KO mice, very similar to b-catenin-LKO

and LRP5-6-LDKO, showed delayed LR with
decreased hepatocyte proliferation at 40 hours and a
rebound increase at 72 hours, as seen by PCNA and
the hepatocyte mitotic index in both male and female
mice.(6,7,10) To address the basis of decreased prolifera-
tion, we assessed cyclin-D1, which showed a peculiar
zonal expression after PH that varied between the EC-
Wls-Con versus EC-Wls-KO mice. This led us to
carefully address the zonal activation of b-catenin dur-
ing LR. Using microdissected tissue from the three
zones of hepatic lobules, we detected panzonal b-
catenin activation as reflected by a 7-8-fold increase in
Ccnd1 in the periportal and midzone regions and Glul
in the midzone (approximately 20-fold) and pericentral
regions (100-fold) at 12 hours after PH compared to
baseline. While both these genes are known to be b-
catenin targets(4,6) and cyclin-D1 has been shown to
be regulated by b-catenin during LR,(6,12) GS has
never been shown to undergo changes after PH. The
function of increased GS during LR remains unclear,
although we posit its enhanced expression to assist in
ammonia detoxification because only one-third of the
liver is now handling various functions until the mass
is restored. b-Catenin specificity in regulating the
expression of both genes during LR was shown by a

complete lack of enhanced expression in b-catenin-
LKO mice at 12 hours after PH. The most intriguing
finding was the zonal dichotomy in the increased
expression of these two b-catenin targets. Increased
cyclin-D1 expression was most prominently periportal
and midzonal, while Glul expression increased pro-
foundly in the pericentral and less so in the midzone
region. Simultaneously, Wnt2 and Wnt4 were
increased in all zones while genes like Wnt9b and
Wnt5b were prominently increased in the pericentral
zone. However, based on EC-Wls-KO lacking b-
catenin activation and hepatocyte proliferation at 40
hours after PH and our previous study showing a con-
tribution of macrophages in the LR process, interroga-
tion of Wnt genes in ECs and macrophages isolated
from regenerating liver at 12 hours only showed pro-
nounced increases in Wnt2 and Wnt9b, suggesting
that changes in other Wnts may be of lesser relevance
in regulating hepatocyte proliferation. Taken together,
we believe that after PH, there is an increase in Wnt
expression and a release from both sinusoidal and cen-
tral venous ECs leading to spatiotemporal and para-
crine activation of b-catenin in all hepatocytes. The
basis of the dichotomous activation of b-catenin tar-
gets, however, remains enigmatic. It was intriguing to
note that when ECs were unable to secrete Wnts after
PH in EC-Wls-KO, cyclin-D1 increased in the peri-
central hepatocytes, which coincidentally lacked GS.
This almost mutually exclusive zonated expression of
GS and cyclin-D1 while both being b-catenin depen-
dent during LR is intriguing and requires further
investigation. One speculation is that constitutive b-
catenin activation in pericentral hepatocytes at baseline
prevents cyclin-D1 expression after PH as most b-
catenin is already engaged in Glul transcription. A
massive up-regulation in pericentral Wnts during LR,
however, did coincide with modest increases in peri-
central cyclin-D1 expression at 12 hours after PH. It is
likely that loss of GS (and other b-catenin targets) in
pericentral hepatocytes makes these cells less differen-
tiated and permissive to cyclin-D1 expression in
response to non-b-catenin-dependent proliferative sig-
nals because signaling redundancy in genetic KO to
ensure LR is well known.(30) In periportal and midzo-
nal hepatocytes, however, where b-catenin is not
basally active due to higher APC levels,(3) increased
spatiotemporal Wnt expression after PH in ECs and
macrophages may allow for APC loss,(9) leading to b-
catenin activation and cyclin-D1 increase.
PCNA-deficiency was evident in females at 40

hours despite higher basal cyclin-D1 expression in
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EC-Wls-CON, suggesting that de novo cyclin-D1
expression and not the preexisting pool is critical for
hepatocyte proliferation after PH. The preexisting
cyclin-D1 pool in females may be a function of estro-
gen because cyclin-D1 promoter has an estrogen-
response element and is known to control its expres-
sion.(31) Because cyclin-D1 has functions beyond pro-
liferation, such as in metabolism, estrogen-dependent
cyclin-D1 may be performing additional functions in
female livers.(32)

An important unanswered question that requires
further investigation is the molecular basis of regenera-
tion in the three genotypes that lack “physiological” b-
catenin activation: b-catenin-LKO, LRP5-6-LDKO,
and EC-Wls-KO. The simplest explanation is that
liver has a common redundant mechanism that is acti-
vated when b-catenin activation by Wnts is hampered
in the three genotypes based on similarly decreased
cyclin-D1 at 24-40 hours, lack of PCNA at 40 hours,
and increased cyclin-D1 and PCNA at 72 hours. Also,
the lack of GS positivity in EC-Wls-KO at 72 hours

despite the resurgence of cyclin-D1 and the initiation
and expansion of cyclin-D1 expression at 24-72 hours
that occurs from zone 3 to zone 1 (as opposed to zone
1 to zone 3 in control mice) suggests activation of a
non-Wnt non-b-catenin mechanism. However, the
molecular basis of LR could also be distinct in these
three models due to disruption of Wnt-b-catenin sig-
naling at different levels. b-Catenin activation through
any mechanism is precluded only in the b-catenin-
LKO as they lack b-catenin in hepatocytes; hence
redundant signaling has to be b-catenin independent.
b-Catenin activation through any Wnt is not possible
in either b-catenin-LKO or LRP5-6-LDKO mice
because the latter lack Wnt coreceptors, although b-
catenin can be activated in the latter by non-Wnt-
dependent mechanisms as b-catenin is still present in
the hepatocytes. b-Catenin activation in hepatocytes
cannot occur by Wnts from ECs in b-catenin-LKO,
LRP5-6-LDKO, or EC-Wls-KO, but only in the lat-
ter can Wnts from non-EC sources activate b-catenin
to eventually drive LR at 72 hours. A direct
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FIG. 7. Cell-molecule circuitry of Wnt-b-catenin signaling during LR. Following PH, VEGFR2-Id1 axis, cytokines, such as TNFa
and IL6, and as yet unidentified mechanisms appear to induce expression and secretion of Wnt2 from sinusoidal ECs, central venous
ECs, and macrophages and secretion of Wnt9b from central venous ECs and macrophages (1). The secreted biologically active but
hydrophobic Wnt2 and Wnt9b bind to as yet uncharacterized Frizzled and LRP5/6 coreceptors on hepatocytes in close proximity (2)
to induce b-catenin stabilization, nuclear translocation, and formation of b-catenin–TCF complex (3). The resulting increase in ccnd1
expression and cyclin-D1 protein (along with other b-catenin targets, such as GS) (4) allows for hepatocytes to transition from the
G1- to S-phase (5) and eventually undergo cell division to restore loss hepatic mass. Upon accomplishment of required hepatocyte
proliferation, hepatocytes secrete Wnt5a (6), which induces b-catenin degradation to terminate Wnt/b-catenin signaling. The role of
stellate cells in Wnt-b-catenin signaling in LR remains unknown. Abbreviations: IL6, interleukin-6; TNFa, tumor necrosis factor a;
VEGFR2, vascular endothelial growth factor receptor 2.
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comparison of the three strains at various time points
after PH is ongoing to elucidate the basis of LR in
both biased and unbiased analysis.
Based on microdissection analysis and cell separa-

tion, we showed that while several Wnt genes may be
altered during early LR, Wnt2 from sinusoidal and
central venous ECs and Wnt9b likely from the central
venous ECs, followed by the same two Wnts from
macrophages, are the major contributors of b-catenin
activation during LR. It will be important to determine
what drives Wnt expression and release from ECs after
PH. Previously, genetic ablation of vascular endothelial
growth factor A receptor-2 in hepatic sinusoidal ECs
impaired hepatocyte proliferation after PH due to dim-
inution of EC-specific transcription factor Id1.(33) In
fact, Id1-deficient mice also showed defective LR initi-
ation that was associated with decreased expression of
hepatocyte growth factor and Wnt2 in sinusoidal ECs.
ECs and macrophages may be getting signals from
cytokines, such as tumor necrosis factor a and
interleukin-6, which are not primary mitogens but are
known to contribute to LR.(34) Indeed, a recent study
showed that stimulation of macrophages by tumor
necrosis factor a induces nuclear factor kappa B activa-
tion, which then led to secretion of Wnts from these
cells.(35) Additional mechanisms may be at play and
require further studies.
In summary, we validated the paracrine basis of

Wnt-b-catenin signaling in regulating hepatic zona-
tion and characterized the complex cell–molecule cir-
cuitry of the Wnt-b-catenin pathway during the LR
process (Fig. 7). Based on all data, central vein ECs are
a source of Wnt2 and Wnt9b at baseline to instruct b-
catenin in zone 3 hepatocytes. After PH, hepatic ECs
and secondarily macrophages secrete Wnt2 and
Wnt9b to act through LRP5/6 to activate b-catenin in
all hepatocytes contributing to increased cyclin-D1 in
zone 2 and zone 1 and increased GS in zone 3. Termi-
nation of b-catenin signaling after LR is, in part,
achieved by Wnt5a from hepatocytes.(36)
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