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The proliferation and differentiation of hepatic progenitor cells (HPCs) drive the homeostatic renewal of the liver under
diverse conditions. Liver regeneration is associated with an increase in Axin2*Cnr1* HPCs, along with a marked increase in the
levels of the endocannabinoid anandamide (AEA). But the molecular mechanism linking AEA signaling to HPC proliferation
and/or differentiation has not been explored. Here, we show that in vitro exposure of HPCs to AEA triggers both cell cycling
and differentiation along with increased expression of Cnrl, Krt19, and Axin2. Mechanistically, we found that AEA promotes
the nuclear localization of the transcription factor 3-catenin, with subsequent induction of its downstream targets. Systemic
analyses of cells after CRISPR-mediated knockout of the B-catenin-regulated transcriptome revealed that AEA modulates
B-catenin-dependent cell cycling and differentiation, as well as interleukin pathways. Further, we found that AEA promotes
OXPHOS in HPCs when amino acids and glucose are readily available as substrates, but AEA inhibits it when the cells rely
primarily on fatty acid oxidation. Thus, the endocannabinoid system promotes hepatocyte renewal and maturation by
stimulating the proliferation of Axin2"Cnr1" HPCs via the B-catenin pathways while modulating the metabolic activity of their

precursor cells.
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INTRODUCTION

Understanding the cellular and molecular mechanisms under-
lying liver regeneration is of immense interest as such insight
could potentially be leveraged to provide effective therapies
for life-threatening liver failure, including those caused by
alcohol or non-alcoholic liver cirrhosis, hepatocellular carci-
noma, viral hepatitis, toxin-induced liver damage or other
forms of fulminant hepatic failure or chronic liver disease [1, 2].
Such pathology is a largely unmet clinical need, and, according
to a report from the Centers for Disease Control and
Prevention, in 2017 there were 4.5 million Americans diag-
nosed with chronic liver diseases resulting in 41,743 deaths.
One known molecular pathway in liver metabolism and disease
is the endocannabinoid-CB, receptor (CB;R, which is encoded
by Cnri1) system (ECS) [3-6]. Further, this pathway plays a
critical role in liver regeneration [7, 8] and also modulates liver
function in alcohol-induced steatosis, non-alcoholic fatty liver
disease, and hepatocellular carcinoma [9-11].

Oval cells, which are liver cells with a high nuclear:cytoplas-
mic ratio and an ovoid nucleus, are generally considered
hepatic progenitor cells (HPCs) [12]. They are generated from
biliary epithelial cells and differentiate into hepatocytes [13].
However, significant variability in their morphology and gene

expression profiles suggests that ovoid cells are a hetero-
geneous population, and some may be more likely than others
to differentiate into distinct cell types [14]. Their exact role in
liver regeneration is still debatable, but their presence in liver
development is very well established [15]. Recently, liver cells
expressing LGR5 or Axin2 have been proposed as unique
precursors of hepatocytes [16, 17]. Self-renewing Axin2"
hepatic progenitor cells are the source of clones of hepato-
cytes expanding from the central vein towards the portal vein
and are responsible for the natural homeostatic renewal of the
liver [17]. Axin2 expression is regulated by the transcription
factor B-catenin, which, in turn, is under the control of Wnt
proteins expressed in the stem cell niche [18]. Recently,
multiple single-cell RNA-sequencing analyses revealed the
existence of various subsets of immature/mature hepatocytes
in the mammalian liver, each with a unique metabolic role
[19, 20]. The aim of this study was to characterize and explore
the role of Axin2*Cnr1* HPC cells in liver regeneration and
the interplay of the ECS with the B-catenin pathways as a
regulatory mechanism. We also investigated the role of the
endogenous endocannabinoid, anandamide (AEA), in mito-
chondrial energy metabolism—in Axin2*Cnr1* HPCs at the
molecular level during liver regeneration.
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RESULTS

Partial hepatectomy induces Axin2 and Cnr1 expression in
mouse liver

To explore the potential interaction between self-renewing Axin2*
cells and the ECS and its role in liver regeneration, we used the
in situ hybridization RNAscope technique to analyze the mRNA
levels of Axin2 and Cnr1 in the remnant liver at 0 and 40h
following 2/3rd partial hepatectomy (PHx) in mice. We found a
strikingly greater degree of Axin2 expression at 40 h post-PHx
compared to baseline, which was accompanied by greater
expression of Cnril, and there was notable co-localization of
Cnr1 and Axin2 staining in the same cells (Fig. T1A). These changes
paralleled the earlier reported upregulation of AEA production in
the regenerating liver [7]. The protein expression of 3-catenin, the
transcriptional regulator of Axin2, was also notably greater at 40 h
post-PHx compared to baseline (Fig. 1B). Two other targets of
B-catenin, GSK3B and the cell cycle marker Cyclin D1, were
significantly induced at 40 h relative to 0 h post-PHx (Fig. 1C).

Activation of CB;R induces the proliferation of mouse and rat
hepatocyte progenitor cells

Next, we wanted to test the functional consequences of AEA
signaling on HPC proliferation. Thus, we synchronized the mouse
hepatocyte progenitor cell line BMOL and the rat progenitor cell
line LE2 by serum deprivation, and we monitored cell proliferation
for 24 h in the presence of vehicle or different concentrations of
AEA. Cell proliferation was monitored by the reduction of
tetrazolium salt by cellular dehydrogenases and by BrdU labeling,
followed by spectrometry and confocal microscopy. We found
enhanced proliferation in the presence of 50 nM AEA compared to
vehicle, but less so at higher AEA concentrations (Fig. 2A, B and
Supplementary Fig. S1A, B). However, cell proliferation slightly
slowed at 24 h in the presence of 50 nM AEA compared to 0.3 uM
AEA, possibly due to AEA's instability in the media. Therefore, we
used 0.3 uM AEA throughout the study for the 24-h endpoint. The
effects of AEA were abrogated in the presence of the CB;R
antagonist rimonabant (SR1) (Fig. 2B and Supplementary Fig. S1B),
indicating that they are mediated by CB;R.

AEA modulates cell cycle and cellular differentiation pathways
in mouse progenitor cells

To understand the mechanistic role of AEA in cell proliferation of
HPCs, we performed transcriptome analyses of mouse HPCs (BMOL)
using a pool of six samples from such cells treated either with
vehicle or AEA at 0.3 uM. GeneGo analyses of the transcriptome
indicated that AEA markedly upregulated the expression of cell
cycle proteins involved in G1/S transition, as well as Ras and Rho
proteins in HPCs. Transcripts differentially expressed by >20% are
illustrated in a heatmap (Fig. 2C, D).

The most striking effects of AEA on gene expression were on
components of cellular differentiation pathways (Fig. 2EF). The
most robustly induced pathway was the TGFf receptor signaling
pathway, of which 56 genes were altered in response to AEA
treatment. Similarly, large differences in transcript abundance
were observed in a gene network laden with transcription factors
involved in the segregation of the hepatocytic lineage. The AEA-
induced enrichment of genes within these two pathways was
statistically significant. The top inducible targets were Ccnd1?
(encoding cyclin D1) and its regulator Ctnnb1 (encoding (3-catenin)
(Fig. 2C). Induction of key target genes (TgfBR-1, Sp1, Rock2, and
Cdc42) was verified by real-time PCR (Fig. 2G). AEA-induced
upregulation of five genes, Pcna, Myc, Rac1, Gsk3B, and Fzri, was
confirmed by real-time PCR, with the degree of upregulation
being consistent with the transcriptome data (Fig. 2H).

Both Ccnd1 and Axin2 were induced in mouse liver by PHx, and
both are known to be regulated by B-catenin [21, 22]. To further
explore the relationship among Axin2, Cnri, and an additional
progenitor cell marker Krt19 (encoding CK19) in HPCs, we
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performed RNAscope analyses in both mice and rat HPCs. HPC
proliferation induced by 0.3 uM AEA was associated with increased
expression of Axin2, Cnri, and Krt19, and there was a partial co-
expression of these three transcripts in the same cells (Fig. 3A).

AEA induces nuclear localization of B-catenin in mouse and rat
HPCs

The Wnt-B-catenin pathway in self-renewing Axin2* cells plays a
critical role in hepatocyte homeostasis in the liver [17]. Exposure of
rat HPCs to 0.3 UM AEA triggered an increase in the gene and
protein expression of B-catenin and induced its translocation to
the nucleus (Fig. 4A). Similar changes were observed in mouse
HPCs with prominent localization of B-catenin to the nuclear
envelope (Fig. 3B). At higher magnification, we also observed
-catenin distribution in both nucleus and its envelope after AEA
treatment (Fig. 3C). Isolation of nuclear fraction followed by
western blot and its quantification from four experiments
demonstrated an increase in B-catenin/histone H3 ratio (Fig. 3D).
B-catenin is known to regulate Axin2 through its T-cell factor
binding site at the promoter [18, 23]. Therefore, we tested with
CHIP assay whether it regulate in BMOL cells. We have observed
increase in -catenin binding on Axin2 promoter upon treatment
with AEA in BMOL cells (Fig. 3E). Increase in nuclear localization of
-catenin was associated with the activation of its target genes,
including Axin2, Snail, Ccnd1, Mmp7, Atl11 and Pall as documen-
ted by real-time PCR in mouse BMOL cells (Fig. 3F), and Axin2,
Mmp7, Cendl, and Pall in rat LE2 cells (Fig. 4B).

CRISPR-mediated knockout of B-catenin alters AEA-induced
cell proliferation and differentiation in mouse HPCs

We next analyzed the functional role of $-catenin in AEA-induced
proliferation and differentiation of the mouse HPC BMOL cell line
by knocking out Ctnnb1 via CRISPR technology. We generated
B-catenin knockout cells (Ctnnb1<F*"%) including a clonal
population, which was further confirmed by DNA sequencing
(Fig. 5A). A pure, single clonal population was isolated by
growing the knockout cells in the presence of puromycin and
blasticidin, and a 2-base pair deletion in Ctnnb1 in the clone was
verified by sequencing (Fig. 5B).

Heatmap representation of hierarchical clustering analyses of
transcriptome  data from vehicle-treated or AEA-treated
Ctnnb1“F*PR HPCs demonstrated significant differential gene
expression compared to wild-type cells (Fig. 5C). When transcripts
were analyzed by the function of the encoded proteins, the list
comprised mainly enzymes (Z-score 18.49), transcription factors
(11.49), receptors (11), kinases (9.2), proteases (6.2), and phospha-
tases (data not shown). We further analyzed genes representing
markedly enriched pathways that displayed 1.5-fold or greater
induction by AEA in pooled samples of wild-type cells and blunted
expression of those genes in cells with B-catenin deletion. We
detected 4068 such genes and analyzed the molecular processes
likely affected by them, using GeneGo. Among significantly affected
processes were development (253 genes, including Hedgehog
signaling), signal transduction (235 genes including NOTCH
signaling), cell proliferation (221 genes in positive regulation), cell
cycle (206 genes in G2-M; 195 genes in G1-S, growth factor
regulation), development (195 genes in nuclear receptors, tran-
scriptional regulation and 177 genes in WNT signaling), response to
hypoxia and oxidative stress (161 genes), interleukin regulation in
hepatocytes (128 genes in G1-S interleukin regulation and 59 genes
in inflammation involving IL12, IL15, and IL18 signaling) and
metabolic pathways (129 genes in phosphatidylcholine pathways)
(Fig. 5D, E). These changes in network processes suggested an
important role for AEA in (-catenin-mediated regulation of cell
proliferation, cell cycle, and differentiation.

Significantly affected networks of pathways involved cMyc,
FAK1, GSK3 beta, Paxillin, and STAT3, with a highly significant
P value (1.90e-48), high g-score (33.12) and high Z-score
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Fig. 1 Expression of Axin2 and Cnr1 in post-hepatectomy remnant liver from wild-type (CB,R"'*) and CB;R’~ mice. A Representative
RNAScope analyses of Axin2, Cnrl and their co-expression in wild-type (CB;R*™'™) and CB;R™~ liver samples at 0 and 40 h after PHx.
B Representative immunohistochemical analyses and quantification of p-catenin protein expression in 0 h control and 40 h post-PHx liver from
wild-type mice. C Representative western blot analyses and quantification by densitometry of the f-catenin target proteins GSK3f and Cyclin
D1 in 0 h control and 40 h post-PHx liver samples.

Cell Death Discovery (2023)9:104 SPRINGER NATURE



B. Mukhopadhyay et al.

>

6007 ... Vehicle
— AEA0.05uM
50071 . AEAO0.1uM
a00] = AEAO3 UM
Vehicle AEA 0.05.M AEA 0.1uM AEA 0.3uM

<
c
0
E
£
= 300
& 200
Q
(8}
1004
0 5 10 15 20
Time (Hours) SR1+Vehicle SR1+AEA 0.05:M [SR1+AEA 0.1uM | SR1+AEA 0.3uM

C.VEH AEA D. VEH AEA E.VEH AEA F- VEH AEA

Color and histogram

Anapc1 !\:/Iap2k1 Map2k1 ' nhba I
huk Chuk —
Fbxw7 P 1cb T  —
Sp1 Nf;gke Skil Onecut2 ¢ 30
Tghb2 Atf2 Rpstlas Ctnb1
Ppp2r2a Ppp1ri2a Sp1
Tgfor1 é‘ga% )SG::‘” Met
cend2 Map2it Kpnb Fgfr2
Ppp2r5¢c am Tgfbr1 ©
n N =)
Cain’b Piksca Hhex 8
Smad2 Pik3r3 Tnpo1 Fst 2
Rps6kb1 Cdk2 Rel et
Gsk3b Mapk1 Smurf2 Tgfbrz 5
Cdc27 Edeaz Kif10 Cendl <
Ppp2r3a Pcna b Map3k7 P
Cened pelois Smad2 Cdknla %
Brca1 Pdpk1 Cdc27
Fbxw11 Pik3r1 Serpinel Hnf1b
Zfyve9 Dla£h1 gav11 Hnfla
Ppp2cb Ccnd1 0s
Cul1 | Nifkb 1 $o152 Hnfda H
Smad4 Ak Raft K19
Ccna2 + Ptk2 Mapki -
Cdké Map2k2 Smadd Afp o
Skp2 Mytk3 Elk1 ’ g
Myi7 Serpinala <
Cdc16 Limk2 Ep300 o
Anapc10 ‘ Pik3r2 Map2k6 Tgfb1 g
Tgfbr2 Map3k11 Crebbp e
H Cps1
ovzrse | cree s
Anapct Mylk4 Anapcl0 Cebpa [
Fzr1 Myi9 Smurft 1
i Smad3 Myik2 Tgfbr2 Onecutt
\ Cdc26 M2 Anapct Gat?
n Skp1a '\R/'gl%f ,:na1p51 g
Cend1 L Rock2 S:]adS Krt7
Cdkn1a Rac1 Fgf10
Rala Cdc26 g
Anapcd Rb1 Cdknia Tox3
Ppp2ca Rela Nfkb1
Ppp2r2b Rhoa Anapcd Inhbe
Cdkn2b Skp2 Map3k4 )
Anapc11 Stat3 K Serpinald
Tgfo1 ltgas Mapk14 Inhbb
Ptpa Itgb1 Map2k2
Junb le{/ly?1 Mknk 1 A2m
Ppp2r2c a Cdkn2b Inhbe
Cdkn2a Rps6kb1 Anapct1 Cdkn2a

Fig. 2 Effect of AEA on the proliferation and transcriptome analyses reveal distinct modulation of cell cycle and cell differentiation
pathways by AEA in mouse HPCs. A A concentration-dependent increase in proliferation of cells exposed to 50-300 nM anandamide.
B Inhibition of the pro-proliferative effect of AEA by the CB;R antagonist SR1 (rimonabant), as monitored by BrdU incorporation and detected
by fluorescence confocal microscopy in BMOL. C-F RNA-seq analyses of six pooled samples of BMOL cells treated with vehicle (VEH) or AEA
(300 nM) are presented as heat maps. These heatmap data reveal AEA-induced genes involved in cell cycle regulation, including regulation of
G1/S transition (C) and Ras and Rho proteins (D); and cellular differentiation, including TGFB-receptor signaling (E) and transcription factors
involved in hepatocyte lineage segregation (F). Differentially expressed genes are highlighted by color coding and by a solid blue line in the
heatmap. G Real-time PCR validation of five highly regulated target genes in cell cycle pathways (PCNA, cMyc, GSK3, Rac1, and Fzr1) from
three additional samples (n = 3/group, * P < 0.05 AEA-treated vs vehicle-treated cells). H Real-time PCR validation of four target genes in cell
differentiation pathways (TGFpR-1, SP1, ROCK2, and CDC42) were verified by real-time PCR analyses (n = 3/groups, *P < 0.05 AEA-treated vs
vehicle-treated cells). I Schematic summary model of the effect of AEA in HPC.

SPRINGER NATURE Cell Death Discovery (2023)9:104



B. Mukhopadhyay et al.

A' DAPI CNR1 CK19

VEH

™
0 | 2
> Q1.5
5 *
)
2 1.0 T
I
05
c
— 8 —
s mm s = B-catenin ® 0.0
< cmememememes—— Histone H3 . [l VEH ] AEA
L
<

E VEH AEA
CHIP :
s | ———

AL

I VEH [l AEA

© Axin2 SNAIL Ccnd1 MMP7 Atl1 PAL1
E 3 * 6 * a4 * * 40 * 40 *
T, 4 3 30 30

:t: ; , 2 20 20

z 1 10 10

E o 0 0 0l= ol=

Fig. 3 AEA-induced co-expression of Axin2, CB;R, and CK19 (Krt19) mRNA, as well as that for B-catenin and its target genes, in mouse
HPCs. A RNAscope analyses of the effect of AEA (300 nM) on the expression of Axin2, Cnr1, and CK19 and in BMOL. Yellow arrows in panel A
illustrate co-expression of the three mRNAs in the same cell. Co-expression is also illustrated by an overlay. B, C Effect of AEA (300 nM) on
f-catenin protein localization in the nuclear membrane/nucleus in BMOL cells, as visualized by confocal immuno-histochemistry, including
two sets of overlaid images at higher magnifications for AEA group. D Immunoblot analyses of p-catenin from nuclear fraction obtained four
independent experiments and their quantifications. Histone H3 was used as a nuclear fraction validation marker. E CHIP analyses of Axin-2
promoter pulled by f-catenin antibody. Input DNA control was validated by p-actin. F Real-time PCR analysis of AEA induction of B-catenin
target genes Axin2, Mmp?7, Snail, Ccnd1, Atl1, and PAIT (n = 3/groups, *P < 0.05 compared to vehicle-treated cells.
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Fig. 4 AEA induces the expression of B-catenin and its target genes in rat HPCs. A Fluorescence immune-histochemistry for -catenin
(middle), as well as DAPI staining (left), of LE2 cells treated with AEA (300 nM) and visualized by confocal microscopy. Co-localization is shown
by overlay (right). B Real-time PCR analyses of the expression of p-catenin target genes Axin2, Mmp7, Ccnd1, and PAL1 in the same cells (n = 3/

groups, *P < 0.05 compared to vehicle).

(20.62Pathways significantly affected by AEA in a [-catenin-
dependent manner, as revealed by RNA-seq analyses, were
associated with the development and cell cycle (Supplementary
Figs. S2-S4). First, WNT-B-catenin signaling in the nucleus of HPCs
is part of the cellular differentiation process. Multiple stimuli lead
to the induction of B-catenin and its translocation to the nucleus.
CB;R activation phosphorylates and thus inhibits GSK3p activity
[24], which could contribute to the activation of B-catenin. Similar
pathways also modulate p38 MAPK/MEK1/ERK1, triggering the
phosphorylation of MEF2, which associates with (-catenin and
promotes its nuclear retention [25]. Based on Metcore-Clavariate
transcriptome analyses, this pathway is significantly affected b‘?/
AEA (P = 1.337e-%) with a low false discovery rate (FDR = 7.905e %)
(Supplementary Fig S2). AEA also appears to be involved in
regulating TGF-B receptor signaling (Supplementary Fig. S3).
Interactions of CB;R and TGF- have been reported in cardiac,
renal, brain, and liver tissue under various pathophysiological
conditions [26-30]. This pathway is highly statistically significant
(P value = 6.664e~°) with a low false discovery rate (FDR = 6.010e~”)
(Supplementary Fig. S3). Another significantly affected pathway
mediates the effects of endocannabinoids on the cell cycle process
via regulation of G1 to S transition involving TGF-B (Supplementary
Fig. S4). TGF-B factors induce an association of its receptor with the
regulatory subunit of protein phosphatase-2A (PP2A) [31]. Endocan-
nabinoids also influence the cell cycle through the effects of Ras and

SPRINGER NATURE

Rho proteins on G/S transition (Supplementary Fig. S5). This pathway
is highly statistically significant (P=4.423e "% and has a low false
discovery rate (FDR = 5.519e~°) (Supplementary Fig. S5).

We confirmed these changes by real-time PCR for genes
selected from each pathway (Fig. 4F), in addition to six genes
from each pathway (Supplementary Figs. S2-S5). Most path-
ways in development and cell cycle-related genes (Cdh1, BMP4,
Cdknla, Ccna2, Kpnbl, and Racl) were induced by AEA, and
such inductions were absent in the 3-catenin KO cell line. HIF1a
and Bnip3, which encode for factors in the hypoxia pathway,
were also induced by AEA in wild-type but not in B-catenin KO
cells (Fig. 5F). A similar pattern was evident for the hepatocyte
maturation markers Afp, Cypla2, Ugt2b35, and Oatp1b2, which
were induced by AEA in wild-type but not in B-catenin KO
BMOL cells (Fig. 5G).

We next used flow cytometry to assess the effects of sustained
exposure of BMOL cells to AEA (added daily for 5 days at 0.3 uM/
day) on the hepatocyte differentiation markers HNF4 and albumin
(Fig. 5H). AEA significantly induced the expression of both proteins
in wild-type but not in Ctnnb1“®*"R KO cells, indicating the
-catenin-dependence of these effects.

Effects of AEA on mitochondrial bioenergetics in mouse HPCs

To understand the energy requirements and metabolism of a self-
renewing Axin2*Cnr1* HPC cell line, we quantified parameters of

Cell Death Discovery (2023)9:104
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mitochondrial respiration in BMOL cells by Seahorse instrument
analysis. In an assay medium supplemented with 1 mM pyruvate,
2mM glutamine, and 10mM glucose (“Full Substrate”), the
addition of 0.3 uM AEA significantly increased the oxygen
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consumption rate (OCR) under both basal and maximally stressed
conditions and increased ATP production (Fig. 6A). All three effects
were significantly attenuated by simultaneous exposure of the
cells to SR1 (Fig. 6A). The drug treatments did not significantly
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Fig. 5 AEA induction of cellular differentiation in mouse HPCs is B-catenin-dependent. A Sequence of gRNA for targeting p-catenin in
BMOL cells and sequencing of the pooled CRISPER library. B Characterization of f-catenin KO clone in BMOL cells by sequencing. C Gene
expression analyses by RNA-seq, presented as a heatmap, in pooled samples of wild-type and Ctnb1<F'*PR (KO) cells treated with vehicle (VEH)
or AEA. D Radar plot of cellular processes significantly affected by AEA from transcriptome analyses of wild-type and p-catenin KO HPCs.
E Radar plot of AEA-induced (>1.5-fold increase) genes in wild-type HPCs, which were not similarly induced by AEA in KO cells. F Verification of
the induction of selected genes from the AEA-induced pool by real-time PCR (n = 3/groups, P < 0.05 compared to vehicle (VEH) in wild-type (¥)
or KO cells (#); G Real-time PCR analyses of genes involved in hepatocyte maturation (Afp, Cypla2, Ugt2b35 and Oatp1b2) in wild-type and
B-catenin KO BMOL cells (n = 3/groups, P < 0.05 compared to vehicle in wild-type (¥) or p-catenin KO BMOL cells (#)). H Flow cytometry
analyses of intracellular HNF4 and albumin in wild-type and Ctnnb1R*"® BMOL cells treated with vehicle or AEA for 5 days: decrease in

hepatocyte-like cell marker HNF4 and albumin in Ctnnb1<F5PF cells,

modify the extracellular acidification rate (ECAR) (Fig. 6B),
suggesting that the AEA-induced increase in oxidative phosphor-
ylation (OXPHOS) was due primarily to an increase in the oxidative
metabolism of glutamine and pyruvate, which, unlike glycolysis,
does not result in acidification [32]. AEA elicited similar, but much
smaller, effects when cells were preincubated in a limited
substrate supplemented with 25mM glucose and 0.5mM
carnitine (Fig. 6C, left three columns of each bar graph set). The
addition of palmitate (175 uM) caused dramatic increases in both
basal and maximal respiration, which were completely reversed by
AEA, and the effect of AEA was again attenuated in the presence
of SR1 (Fig. 6C, right three columns). Thus, AEA has opposite
effects on HPC oxidative metabolism, increasing it when amino
acids and glucose are used primarily as substrates and inhibits it
when oxygen is used primarily for fatty acid oxidation.

PHx-induced liver regeneration is associated with transient
steatosis mediated by mobilization of adipose tissue lipids [33].
Accordingly, liver triglyceride (TG) levels were significantly
increased at 40 h post-PHx compared to the remnant liver
(Fig. 6E), and there was a corresponding reduction in plasma-
free fatty acids (Fig. 6D). AEA is known to promote TG
accumulation in the liver [9, 34]. Incubation of BMOL cells with
0.3 UM AEA increased the TG content of the cells, which was
greatly enhanced in the presence of exogenous palmitate and
was inhibited by SR1 (Fig. 6F).

DISCUSSION
The observations presented here reveal a hitherto unknown
function of the ECS as a modulator of the proliferation and
differentiation of HPCs, with relevance to the process of liver
regeneration. Previously, we documented a surge in the synthesis
of AEA and the expression of CB;R in the remnant liver following
PHX in mice, with the resulting activation of CB;R inducing the
expression of the FOXM1 transcription factor and promoting cell
cycle progression in the regenerating liver [7]. Here, we have
demonstrated that a distinct population of Cnr1™Axin2™ HPCs
contributes to their subsequent differentiation into mature
hepatocytes via signaling pathways that include B-catenin and
utilizes substrate-specific cellular bioenergetics (Fig. 7).

Self-renewing Axin2™ HPCs are involved in the homeostatic
replenishment of mature and aging hepatocytes [17]. We observed
a significant increase of Axin2™" cells 40 h after PHX, which closely
paralleled an increase in Cnr1 expression. Furthermore, PHX
induced the hepatic gene expression of B-catenin, the transcrip-
tional regulator of Axin2, with a similar time course. The tissue levels
of GSK3p protein and cyclin D1, upstream regulator and down-
stream target of (-catenin, respectively, were also induced
following PHX. Similar to the present findings, upregulation of
-catenin and GSK3 at 5 days after PHX has been reported earlier in
a rat model involving oval cells [35]. Together, these findings
strongly suggest that the pro-proliferative effect of endocannabi-
noids following PHX is mediated via CB;R-dependent activation of a
GSK3B-B-catenin-CyclinD-Axin2" pathway in the liver.

Due to the difficulty in isolating and maintaining pure
populations of primary HPCs, we used a rat and a mouse HPC
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cell line for further mechanistic studies to test the above
hypothesis. In both cell lines, AEA-induced proliferation dis-
played a bell-shaped concentration-response relationship or
hormesis, with the peak proliferative response observed at the
low concentration of 50nM, which is close to the affinity
constant of AEA binding to the CB;R as observed in this study.
The proliferative effect of AEA was attenuated by rimonabant,
indicating its mediation via CB;R.

Transcriptome analyses had been previously used to uncover
novel metabolic pathways in liver diseases [36, 37]. In this study,
RNA-sequencing analyses revealed a comprehensive landscape of
cellular pathways and networks targeted by AEA in HPCs. The
most significant network processes affected by AEA were cell cycle
and differentiation pathways through which AEA can influence
HPC growth and simultaneously promote the maturation of
HPCs into a hepatocyte lineage. AEA-regulated genes involved in
cell cycle processes were confirmed by real-time PCR and include
Pcna, cMyc, Gsk3B, Racl, and Fzr1 (hedgehog signaling), which
were similarly modulated by PHX [11, 38-40]. Furthermore,
some AEA-induced genes involved in cellular differentiation,
such as TgfBRT and Cdc42, are also induced following PHX [41].
Notably, AEA-induced genes identified by transcriptome analyses
include Ctnnb1 (encoding B-catenin) and Ccnd1 (encoding Cyclin
D1), proteins that are known to have crucial roles in hepatocyte
lineage differentiation.

Endocannabinoid-mediated Axin2" cell proliferation also corre-
lated with enhanced expression of CB;R and cytokeratin 19 (CK19)
in both mouse and rat HPCs. CK19 is commonly used as an HPC
marker, and its increased expression has also been reported in
patients with hepatocellular carcinoma (HCC) [42, 43]. As for the
AEA-induced increase in Cnr1 expression, this is in agreement with
earlier findings of the autoinduction of Cnr1 expression by CB;R
activation [44].

To understand the mechanism by which endocannabinoids
induce Axin2 expression, we analyzed the expression of its
transcriptional regulator -catenin. In mouse HPCs treated with
AEA, distinct mesh-like staining of [-catenin appeared to
accumulate around the nuclear membrane. Staining was also
observed in many cell nuclei and the plasma membrane when
viewed at higher magnification. Furthermore, numerous (3-catenin
target genes were induced, suggesting that nuclear localization of
[-catenin resulted in the activation of downstream targets. AEA-
induced nuclear localization of B-catenin and induction of its
target genes were also evident in rat HPCs. These data support the
hypothesis that endocannabinoids activate {-catenin and its
downstream targets in HPCs. 3-catenin plays a pivotal role in the
development of alcohol-associated liver steatosis, bile duct
carcinoma and HCC [45-47]. CB4R activation was also reported
to have a pathogenic role in these conditions [10, 11], which
further supports a functional link between CB;R and B-catenin.

To further interrogate the link between [-catenin and
endocannabinoid-induced HPC proliferation and differentiation,
we generated [-catenin-deficient HPCs by CRISPR-Cas9 and
analyzed the differential effects of AEA on gene expression in
the KO cells and their wild-type controls using whole transcrip-
tome analyses. Heatmap representation of those gene networks

Cell Death Discovery (2023)9:104



B. Mukhopadhyay et al.

w0

A. Basal Respiration
400

400 £ *
) E
- Vehicle = OXPHOS Energetic
< 300 = AEA E 200 # 400 -
- o _—
E -+ SRI+AEA z c
E g 1 IS AEA
E 200 o 0 = 300
© Vehicle AEA SR1+AEA o
S 100 = SR1+AEA
ATP production Maximal Respiration & 200
250 400 i
o = * £ ¥ & Vehicle
0 20 40 60 8 100 120 E 200 £ 300 O 100
Time (minutes) ‘E’ 150 E 200 o
2 100 " g # 0 Quiescent Glycolytic
& s g 100 0 slo 160 1|50
5] <)
0 0 .
Vehicle AEA SR1+AEA Vehicle AEA SR1+AEA ECAR (mpH/min)
C . D . Liver PHX

Basal Respiration

*

= *

OCR (pmol/min)
Serum FFA content
(mM)

o o - -
=) o o o
1 *

0

& E Oh 40h

X N Q@ N

s il E.: Li
iver PHX
-PAICA +PAICA "s
ATP Production Maximal Respiration g 10+ *

* O~
_ # 400 03 g .
£ - = 28
£ E - e
S * 3 2E L
E £ 29
= = = O
o = £ 21
o x 0o £
o o "'g 0-

=%
& & ] & & & & & ] & :?:, Oh 40h
« ‘)Qb i aﬁbx §5‘
F -PAICA +PA/CA -PAICA +PAICA
L]

SR1 AEA PA SR1 PA SR1AEA
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Fig. 7 Schematic representation of similar molecular events in liver regeneration after PHx and AEA-induced cell proliferation and
differentiation of hepatic progenitor cells. AEA promotes the nuclear localization of the transcription factor p-catenin, with subsequent
induction of its downstream targets leading to cell cycling and differentiation. AEA also promotes mitochondrial energetics in HPCs when
amino acids and glucose are readily available as substrates, but AEA inhibits it when the cells rely primarily on fatty acid oxidation. The figure
was made from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

demonstrated a critical role for B-catenin in AEA-induced network
processes including essential proteins, such as transcription
factors, enzymes, receptors, kinases, proteases and phosphatases.
Specifically, we screened for genes induced by AEA by more than
50% in wild-type but not in B-catenin KO cells. When subjected to
GeneGo analyses, the most strongly induced genes fulfilling this
criterion were components of cell differentiation and cell cycle-
proliferation pathways. The expression pattern of these genes was
further validated by real-time PCR, which supported the key role
of B-catenin pathways in AEA-induced proliferation and differ-
entiation of HPCs.

Most cell cycle and cell proliferative genes were constitutively
upregulated in -catenin KO cells, indicating loss of regulation.
-catenin interacts with many cell cycle proteins and transcription
factors and its absence may trigger compensatory mechanisms
unrelated to its regulatory pathways. Thyroid hormone receptor 3
agonizts also induce hepatocyte proliferation in mice during liver
regeneration and the same (3-catenin pathway is involved [48].

Our transcriptome data indicated significant activation of both
B-catenin signaling and TGF-3 receptor signaling pathways by
AEA. This suggests that during liver regeneration, endocannabi-
noids not only promote cell cycle progression but also stimulate
the maturation of HPCs. Previously, B-catenin was implicated in
lineage reprogramming of hepatic cells in the endoderm of
Xenopus embryos [49]. CB4R signaling plays a critical role in liver
development in Danio rerio (zebrafish) embryos [50]. Transcrip-
tome analyses suggest that metabolic remodeling occurs during
the process of liver regeneration [51]. Another unexpected and
interesting observation in the present study is the AEA-induced,
B-catenin-mediated regulation of inflammation and cell cycle
regulation of interleukin expression in HPCs. Immune cells play a
critical role in liver regeneration [52], during which premature
hepatocytes release a variety of interleukins, thus behaving similar
to immune cells in this process.

To further dissect the molecular machinery involved in the
initiation of differentiation, we incubated wild-type and B-catenin
KO mouse HPCs with AEA for five days and estimated the cellular
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levels of the hepatocyte markers HNF4 and albumin [53, 54], by
immunohistochemical staining followed by flow cytometry. The
observed AEA-induced increase of HNF4 and albumin levels in
wild-type cells but not in $-catenin KO HPCs indicates that CB;R
activation promotes maturation of cells in the hepatocyte
lineage. AEA likely has a similar role in the regenerating liver,
as suggested by its marked and sustained increase in the
remnant liver following PHx [7, 8]. Because of the link between
CB,R activation and {-catenin expression, we may infer that
B-catenin is responsible for the endocannabinoid-mediated
initiation of hepatocyte maturation. This, of course, does not
negate the possible role of numerous other paracrine factors in
the hepatocyte maturation process.

There is a physiological gradient in the liver where the oxygen
tension of 60-65mmHg in the periportal region declines to
30-35 mmHg in the perivenous zone 3 regions [55]. Axin2" HPCs
are preferentially localized in the perivenous region where the
hypoxic milieu promotes their maintenance in the quiescent state,
by analogy to hematopoietic stem cells localized in hypoxic niches
of the bone marrow [56]. Under these conditions, HPCs must rely
on anaerobic glycolysis for ATP production for their self-renewal,
similar to hematopoietic stem cells [57]. Hypoxia induces the
expression of HIF1a and we found that AEA induces HIF1a and
Bnip3 expression in a B-catenin-dependent manner. Wnt-p-catenin
signaling in the liver was shown to promote cell proliferation by
increasing glutamine metabolism [58]. HIFTa in complex with
HIF1B is also known to promote the expression of multiple
glycolytic genes [59]. Together, these observations suggest that in
the early stages following PHx, characterized by hypoglycemia
and reduced availability of free fatty acids due to an increase in de
novo lipogenesis [60], the energy requirements of AEA-induced
HPC proliferation is provided by increased glutamine metabolism
and, to a lesser degree, by glycolysis.

The most striking effect of AEA was modulation of mitochon-
drial energy metabolism. Mitochondrial energy metabolism plays
a critical role in immune cell differentiation and cell cycle [61, 62].
In sharp contrast to the AEA-induced increase in oxygen
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consumption rate (OCR) derived from glutamine, pyruvate, and
glucose substrates, AEA robustly inhibits the palmitate-induced
increase in OCR. This effect may not be unexpected in view of the
well-established role of CB;R activation to inhibit fatty acid
oxidation in a variety of tissues, including liver [9, 63], brown fat
[64], kidney [65], sperm cells [66], and ghrelin-producing cells of
the stomach mucosa [67]. As discussed above, in the late phases
of liver regeneration activation of CB;R by AEA promotes the
terminal differentiation of hepatocytes, which would require a
brake on the energetic support of cell proliferation. Inhibition of
OXPHOS may also be a mechanism to preserve the self-renewing
potential of HPCs and prevent their senescence and depletion that
can result from uncontrolled proliferation.

A limitation of this study is that primary HPCs were not studied
due to technical challenges of indistinguishable heterogeneous
population of HPCs and hepatocytes in the PHx model. However,
the insight that Axin2"Cnr1* HPCs have a unique endogenous
cannabinoid-modulated role in hepatic cell proliferation, matura-
tion and metabolic remodeling during liver regeneration. These
findings could potentially be leveraged to improve liver
regeneration and thus treat acute liver failure or organ dysfunc-
tion in chronic liver disease.

METHODS

Cell culture

Mouse BMOL hepatocyte progenitor cells and permission for their genetic
manipulation were obtained from Dr. George Yeoh (The University of
Western Australia). Cells were cultured in Williams' E medium containing
5% FCS, antibiotics, glutamine, 20 ng/mL epidermal growth factor (BD
Biosciences) and 30 ng/mL human insulin (Sigma-Aldrich) [68].

The rat LE2 non-tumorigenic hepatocyte progenitor cell line was
generated by Dr. N. Fausto's lab [69] and was kindly provided by Drs.
Jean Campbell and Renay Bauer (University of Washington). Cells were
maintained in a 1:1 mix of DMEM (Thermo Fisher Scientific) and Ham’s
F10 supplement (Thermo Fisher Scientific) with 10% fetal bovine serum
(Thermo Fisher Scientific), insulin at 1ug/mL (Sigma), hydrocortisone
(0.5 pg/mL, Sigma), and gentamicin (10 pg/mL, Thermo Fisher Scientific).
Cell proliferation method provided in the supplemental section.

All other methods are provided with details as supplemental materials.

DATA AVAILABILITY
RNA-Seq data are provided in RPKM values as a supplemental file.
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