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Liver X Receptor α–Induced Cannabinoid 
Receptor 2 Inhibits Ubiquitin-Specific 
Peptidase 4 Through miR-27b, Protecting 
Hepatocytes From TGF-β
Hong Min Wu, Tae Hyun Kim, Ayoung Kim, Ja Hyun Koo, Min Sung Joo, and Sang Geon Kim

Liver X receptor-alpha (LXRα) acts as a double-edged sword in different biological situations. Given the elusive role 
of LXRα in hepatocyte viability, this study investigated whether LXRα protects hepatocytes from injurious stimuli 
and the underlying basis. LXRα activation prevented hepatocyte apoptosis from CCl4 challenges in mice. Consistently, 
LXRα protected hepatocytes specifically from transforming growth factor-beta (TGF-β), whereas LXRα deficiency 
aggravated TGF-β-induced hepatocyte injury. In the Gene Expression Omnibus database analysis for LXR−/− mice, 
TGF-β receptors were placed in the core network. Hierarchical clustering and correlation analyses enabled us to 
find cannabinoid receptor 2 (CB2) as a gene relevant to LXRα. In human fibrotic liver samples, both LXRα and 
CB2 were lower in patients with septal fibrosis and cirrhosis than those with portal fibrosis. LXRα transcriptionally 
induced CB2; CB2 then defended hepatocytes from TGF-β. In a macrophage depletion model, JWH133 (a CB2 
agonist) treatment prevented toxicant-induced liver injury. MicroRNA 27b (miR-27b) was identified as an inhibitor 
of ubiquitin-specific peptidase 4 (USP4), deubiquitylating TGF-β receptor 1 (TβRI), downstream from CB2. Liver-
specific overexpression of LXRα protected hepatocytes from injurious stimuli and attenuated hepatic inf lammation 
and fibrosis. Conclusion: LXRα exerts a cytoprotective effect against TGF-β by transcriptionally regulating the CB2 
gene in hepatocytes, and CB2 then inhibits USP4-stabilizing TβRI through miR-27b. Our data provide targets for 
the treatment of acute liver injury. (Hepatology Communications 2019;3:1373-1387).

The liver consists of hepatocytes (about 60%-
80%) and nonparenchymal cells (20%-
40%).(1) Hepatocyte injury generally precedes 

most of liver disease progression.(2) Repetitive hepato-
cyte injuries facilitate serious pathologic progression 
such as fibrosis in the liver.(3) A variety of stimuli on 
the liver promote oxidative stress responses, trigger 

hepatocyte death signaling pathways, and activate 
other types of cells.(4) Thus, strategies to preserve 
functional hepatocytes would contribute to finding 
ways to overcome more serious liver diseases.

Liver X receptors (LXRs) regulate lipid metab-
olism and inflammation.(5) LXRα is expressed pri-
marily in liver, intestine, kidney, and adipose tissue, 
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whereas LXRβ is ubiquitously distributed.(5) LXRα 
appears to be more important in cholesterol and lipid 
metabolism in liver biology.(6) Excessive activation 
of LXRα augments triglyceride accumulation in the 
liver and causes lipotoxicity in association with ste-
atosis and hypertriglyceridemia. Because LXRα is 
the major regulator of fatty acid biosynthesis in the 
liver,(7) numerous studies have focused on the dele-
terious effect of LXRα hyperactivation. However, the 
effect of LXRα on hepatocyte viability in metabolic 
disorders is controversial, implying that LXRα may 
act as a double-edged sword.

Because little is known on the role and mecha-
nism of LXRα in hepatocyte viability in different 
biological situations, this study investigated whether 
LXRα protects hepatocytes from toxicant challenge, 
and if so, what the regulatory basis is. Here, we 
report the beneficial effect of LXRα on hepatocytes 
in association with the inhibition of transforming 
growth factor-beta (TGF-β) signaling. Specifically, 
we identified the transcriptional role of LXRα for 
cannabinoid receptor 2 (CB2) expression. In human 
liver specimen analysis, we verified paralleled 
decreases of LXRα and CB2 in patients with sep-
tal fibrosis and cirrhosis as compared with patients 
with portal fibrosis. To strengthen the role of CB2 
in hepatocytes, we used a macrophage depletion 
model. Moreover, we discovered microRNA 27b 
(miR-27b) as an inhibitor of ubiquitin-specific pep-
tidase 4 (USP4) and confirmed that miR-27b levels 
decreased in patients as liver fibrosis worsened and 
positively correlated with CB2 levels. Finally, the 
hepatocyte-specific LXRα overexpression technique 
was used to validate the effect of LXRα on hepato-
cyte protection.

Methods
MATERIALS

GW3965 (for cell-based assays), propidium iodide, 
and MG132 were provided from Sigma-Aldrich 
(St Louis, MO). Transforming growth factor-beta 1 
(TGF-β1) was purchased from Humanzyme (Chicago, 
IL), whereas fluorescein isothiocyanate–annexin V was 
from BD Biosciences (San Jose, CA). GW3965 (for 
the in vivo experiment), SR144528, and SB525334 
were supplied from Cayman Chemical (Ann Arbor, 
MI). JWH133 was provided from Tocris Bioscience 
(Bristol, United Kingdom). Clodronate liposome was 
purchased from FormMax (Sunnyvale, CA). mTNF-α 
was supplied from R&D Systems (Minneapolis, MN), 
and horseradish peroxidase–conjugated goat antirabbit 
and goat antimouse immunoglobulin Gs were from 
Zymed Laboratories (San Francisco, CA). Antibody 
information is provided in Supporting Table S1.

HUMAN LIVER SAMPLES
Human liver specimens were provided from the 

Asan Medical Center (Seoul, Korea) between 2006 
and 2009. All of the procured specimens received 
proper patient consent with approval. Details are 
found in the online Supporting Information.

ANIMAL TREATMENTS
All animal studies were approved and conducted 

under the guidelines of the Institutional Animal Care 
and Use Committee at Seoul National University. 
Details are in the online Supporting Information.
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TARGET GENE DELIVERY
Albumin promoter–driven lentiviral LXRα viruses 

were administered to LXRα−/− mice through the tail 
vein. Details are in the online Supporting Information.

STATISTICS
Data were shown as the mean ± SEM, and statisti-

cal significance was assessed using two-tailed Student 
t test. Coefficients of correlation (r) were determined 
by the Pearson analysis, and statistical calculations 
were performed using SPSS 22.0. The criterion for 
statistical significance was set at P < 0.05.

See the Supporting Information for additional 
information.

Results
ROLE OF LXRα IN LIVER CELL 
VIABILITY AGAINST TOXICANT

First, to understand the relevance of LXRα and 
hepatocyte viability, we tested the effect of LXRα ago-
nist GW3965 on the liver of mice challenged with a 
single dose of CCl4. GW3965 protected liver from tox-
icant, as evidenced by changes in terminal deoxynucle-
otidyl transferase–mediated deoxyuridine triphosphate 
nick-end labeling (TUNEL)-positive hepatocytes, 
improvements in histopathological assessments, 
and cell viability biomarkers (Fig. 1A). pCREB was 
selected as a marker for hepatocyte viability because 
of its association with protection of hepatocytes from 
harmful stresses (e.g., endoplasmic reticulum stress, 
oxidative stress).(8,9) The hepatocyte-protective effect 
of LXRα was verified by blood biochemical analyses 
(Fig. 1B, left) and decreased transcript levels of inflam-
matory markers in the liver (Fig. 1B, right). Next, 
LXRα−/− mice and age-matched wild-type (WT) con-
trols were used to assess the functional role of LXRα 
in liver injury. Quantitative reverse-transcription poly-
merase chain reaction (RT-PCR) assays confirmed 
the LXRα gene (Nr1h3) knockout (Supporting Fig. 
S1A). GW3965 treatment decreased serum alanine 
aminotransferase (ALT) activity and hepatic messen-
ger RNA (mRNA) level of bcl-2-associated X pro-
tein (Bax) in CCl4-treated WT mice but not in the 
corresponding LXRα−/− mice (Supporting Fig. S1B), 
confirmative of liver protection by LXRα.

We also evaluated the degree of liver injury in a 
model of multiple CCl4 injections. Four weeks of 
CCl4 treatments greatly augmented the degree of 
liver injury in LXRα−/− mice (Fig. 1C and Supporting 
Fig. S1C). Serum ALT and aspartate aminotrans-
ferase (AST) activities were marginally enhanced in 
LXRα−/− mice (24  hours after last CCl4 injection) 
(Fig. 1D). In a separate experiment, serum ALT 
activities were significantly increased 72  hours after 
the last CCl4 injection (Fig. 1E). These results show 
that LXRα activation may protect hepatocytes from 
toxicant-induced injury.

LXRα PROTECTION OF 
HEPATOCYTES FROM TGF-β

To understand how LXRα protects hepatocytes, we 
analyzed gene-expression profiles in the liver of LXR−/− 
mice using the Gene Expression Omnibus (GEO) 
database (GSE38083) available in the public domain 
(Supporting Fig. S2A). Pathway analysis using the 
Kyoto Encyclopedia of Genes and Genomes database 
enabled us to find lipid metabolism pathways enriched 
in down-regulated differentially expressed genes 
(DEGs) (Supporting Fig. S2B). In up-regulated DEGs, 
pathways associated with inflammation were enriched 
(Supporting Fig. S2C). In the network analysis using 
the Mentha database, TGF-β receptors (TβRI and 
TβRII) were found in the core network of up-regulated 
DEGs (Supporting Fig. S2D), suggestive of LXRα as a 
molecule that may regulate TGF-β signaling.

To validate an association between LXRα and 
TGF-β, we determined the effects of TGF-β1 and 
other inflammatory cytokines (i.e., interleukin-6 
[IL-6] or TNF-α) on LXRα and found that only 
TGF-β1 has an inhibitory effect on LXRα (Fig. 
2A, upper). This effect was confirmed in a time-
course study (Fig. 2A, lower). In addition, treat-
ment of mouse primary hepatocytes with TGF-β1 
caused a decrease in Nr1h3 (LXRα) mRNA level, 
which was antagonized by LXRα agonist treatment 
(Fig. 2B). More importantly, cell death induced by 
TGF-β1 was abrogated by concomitant LXRα ago-
nist treatment (Fig. 2C). The cytoprotective effect 
of LXRα against TGF-β1 was corroborated by flu-
orescence-activated cell sorting analysis (Fig. 2D). 
Likewise, GW3965 reversed changes in apoptosis 
and survival biomarker levels (Fig. 2E). Akt is used 
to indicate hepatocyte viability, as it is suppressed 
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FIG. 1. Protection of liver cells by LXRα from injurious stimuli. (A) Assays for hepatocyte apoptosis. TUNEL and hematoxylin and 
eosin staining were carried out for the liver sections (scale bar = 100 μm) from C57BL/6 mice (n = 4-7 per group, male). Immunoblottings 
were done on liver homogenates. (B) Serum ALT and AST activities and quantitative RT-PCR assays for inf lammatory cytokines.  
(C) Assays for hepatocyte apoptosis. WT or LXRα−/− mice were injected with CCl4 for indicated times (n = 3 or 5 per group, female) 
and sacrificed 24  hours after last CCl4 injection. TUNEL-positive cells were indicated with arrowheads. Scale bar  =  100  μm.  
(D) Serum ALT and AST activities in mice treated as in (C). (E) Serum ALT and AST activities at 72 hours after last CCl4 injection 
(n = 5 or 6 per group, female). For (A) and (C), values represent fold changes relative to control. Quantification was normalized to 
β-actin. For (B), (D), and (E), data represent the mean ± SEM (statistical difference was determined by two-tailed Student t test). 
Abbreviations: h, hours; H&E, hematoxylin and eosin; iNOS, inducible nitric oxide synthase; and NS, not significant.
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FIG. 2. Inhibition of TGF-β1-induced hepatocyte death by LXRα. (A) Immunoblottings for LXRα in cells treated with 50 ng/mL 
IL-6, 60 ng/mL TNF-α, or 5 ng/mL TGF-β1 for 24 hours or with 5 ng/mL TGF-β1 for indicated times. (B) Quantitative RT-PCR 
assays for Nr1h3 (LXRα). Mouse primary hepatocytes were treated with 3 μM GW3965 for 1 hour and continuously exposed to 5 ng/
mL TGF-β1 for 24 hours (n = 3 isolations, male). (C) TUNEL staining. The cells were treated as in (B) (n = 3 replicates). (D) Flow 
cytometric analyses for f luorescein isothiocyanate–annexin V and propidium iodide in cells treated as in (B). Values represent the 
mean ± SEM of three independent experiments. (E) Immunoblottings in cells treated as in (B). (F) Immunoblottings for C-caspase3. 
Hepatocytes prepared from WT or LXRα−/− mice were treated with TGF-β1 for 24 hours (left panel) or 5 ng/mL TGF-β1 for the 
indicated times (right panel). For (A), (E), and (F), multiple assays were done (n = 3), and representative blots were shown. Values 
represent fold changes relative to control. For (B) and (C), data represent the mean ± SEM (statistical difference was determined by 
two-tailed Student t test). Abbreviations: FITC, f luorescein isothiocyanate; and h, hours.
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in oxidative stress-induced liver injury(10); thus, 
Akt activator protects hepatocytes from apoptosis 
and alleviates endotoxin-induced liver injury.(11) As 
expected, GW3965 treatment prevented decrease of 
p-Akt (Fig. 2E). Moreover, a deficiency in LXRα 
markedly increased TGF-β1-induced cleaved 
caspase-3 in primary hepatocytes (Fig. 2F). These 
results show that LXRα may protect hepatocytes 
from TGF-β.

CO-REPRESSION OF CB2 AND 
LXRα UNDER CONDITIONS OF 
LIVER INJURY

Having identified the hepatocyte-protecting 
effect of LXRα against TGF-β, we next explored the 
downstream molecule(s) regulated by LXRα. First, 
gene-expression patterns were analyzed using a pub-
lic GEO database (GSE25583).(12) Genes expressed 
with similar response patterns after treatment with 
single (1-day) or double (1-week) doses of CCl4 
were clustered and categorized (Fig. 3A). The hier-
archical cluster closest to LXRα contained 21 genes. 
Of them, Nr1h3 (LXRα), As3mt (arsenic, +3 oxida-
tion state, methyltransferase), Acads (acyl-coenzyme 
A dehydrogenase, short chain), Tek (TEK receptor 
tyrosine kinase), Cnr2 (CB2), F5 (coagulation fac-
tor V), and Dhcr24 (24-dehydrocholesterol reduc-
tase) were related to the “response to stress/stimulus” 
term (marked with violet circles). In quantitative 
RT-PCR assays on primary hepatocytes isolated 
from mice treated with a single dose of CCl4, the 
mRNA levels of Nr1h3, Cnr2, and Dhcr24 (a neu-
roprotective LXRα target gene(13)) were markedly 
diminished (Fig. 3B, upper). As3mt, F5, Tek, and 
Acads mRNA levels varied (Supporting Fig. S3). 
Of note, Nr1h3 and Cnr2 transcript levels strongly 
correlated with each other (Fig. 3B, lower). In the 
analyses of GEO databases from livers of patients 
with hepatitis/cirrhosis (GSE20140) or mice with 
concanavalin A-induced hepatitis (GSE17184), 
significant correlations existed between LXRα and 
CB2 (Fig. 3C). We further determined their levels 
in human samples. In this approach, nontumorous 
liver tissues adjacent to liver cancer were collected 
and classified into portal fibrosis, septal fibrosis, 
and cirrhosis according to the severity of fibrosis 
stage. We observed gradual decreases in LXRα pro-
tein levels as liver fibrosis worsened; LXRα protein 

levels were significantly lower in the septal fibrosis 
and cirrhosis groups than the portal fibrosis group 
(Fig. 3D, left). Consistently, LXRα levels negatively 
correlated with those of alpha-smooth muscle actin 
(α-SMA, a fibrosis marker) (Supporting Fig. S4). In 
addition, CB2 mRNA levels were decreased in the 
septal fibrosis or cirrhosis groups (Fig. 3D, middle), 
indicative of CB2 repression in parallel with LXRα 
as liver fibrosis worsened. A significant correlation 
also existed between LXRα protein and CB2 tran-
script levels (Fig. 3D, right).

CB2 EXPRESSION IN 
HEPATOCYTES AND ITS 
CYTOPROTECTIVE ROLE

We next examined the role of CB2 in hepato-
cytes in liver protection. Because the Kupffer cell is 
a major liver cell type expressing CB2, we used a clo-
dronate-mediated macrophage depletion model and 
assessed the effect of CB2 agonist JWH133 on CCl4-
induced liver injury. As expected, JWH133 treatment 
exerted a hepatoprotective effect (Fig. 4A,B, and 
Supporting Fig. S5A). We found that CCl4-induced 
liver injury was not ameliorated by concomitant clo-
dronate treatment, despite successful macrophage 
depletion, which was validated using F4/80 (Egf-
like module containing, mucin-like, hormone recep-
tor-like 1) staining and quantitative RT-PCR assays 
(Supporting Fig. S5B,C). Of note, JWH133 treat-
ment effectively protected the liver from CCl4 plus 
clodronate treatment (Fig. 4A,B, and Supporting Fig. 
S5A), confirmative of the cytoprotective effect of CB2 
in hepatocytes.

CB2 transcripts have two splicing vari-
ants, namely, Cnr2a (NM_009924.4) and Cnr2b 
(NM_001305278.1).(14) Immunoblotting for CB2 
suffers from the lack of specificity of commercially 
available primary antibodies.(14) Thus, we applied 
quantitative RT-PCR analyses and carefully designed 
several different primers for CB2 and its variants to 
validate CB2 expression in hepatocytes (Supporting 
Fig. S6A). Total Cnr2, Cnr2a, and Cnr2b were all 
expressed in the liver of C57BL/6 mice (spleen was 
used as positive control) (Supporting Fig. S6A). 
Moreover, Cnr2 and its variants Cnr2a and Cnr2b 
were all expressed in the hepatocytes (Supporting 
Fig. S6B, left). As compared with the nonparenchy-
mal cell fraction, total Cnr2 levels as assessed using 
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FIG. 3. LXRα and CB2 repression under the conditions of liver injury. (A) Heat map and hierarchical correlation analyses of the genes 
in the complementary DNA microarray obtained from GSE25583. Genes with expressional relevance to LXRα are indicated by the 
red (the cluster comprising 1% genes) corresponding region in the dendrogram. (B) Quantitative RT-PCR assays for Nr1h3 (LXRα) 
and relevant genes in hepatocytes isolated from mice 24 hours after treatment with vehicle or CCl4 (n = 4 per group, male, 2 replicates 
for each mouse) and correlation of Nr1h3 (LXRα) and Cnr2 (CB2). (C) Correlation between LXRα and CB2 in patients with hepatitis 
(GSE20140, n = 307) and in the liver of mice with hepatitis (GSE17184). (D) LXRα protein levels and quantitative RT-PCR assays for 
CNR2 in patient liver specimens. For (B)-(D), coefficients were obtained using the Pearson analysis; for (B) and (D), data represent the 
mean ± SEM (statistical difference was determined by two-tailed Student t test. Abbreviation: h, hours.
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different primers were approximately 35% in hepato-
cytes; Cnr2a and Cnr2b levels were approximately 
15% and 50%, respectively (Supporting Fig. S6B, 
left). In hepatocytes, Cnr2b transcript levels were 
higher than Cnr2a transcript levels (Supporting Fig. 
S6B, right). The purity of isolated hepatocytes was 
validated by RT-PCR assays for cell-type-specific 
markers in hepatocytes and nonparenchymal cell frac-
tion (Supporting Fig. S6C). Consistently, GW3965 
treatment increased Cnr2a and Cnr2b mRNA levels 
(Supporting Fig. S6D). To corroborate CB2 presence 

in hepatocytes, we validated the CB2 pathway using 
protein kinase A (PKA)-mediated enzymatic assay. 
Because CB2 activation leads to inhibition of ade-
nylyl cyclase and thereby PKA activity through Gi/o 
protein coupling,(15) PKA activity was measured 
using immunoblotting for phospho-PKA substrate; 
JWH133 treatment decreased PKA activity, which 
was entirely reversed by CB2 knockdown (Supporting 
Fig. S6E). These results provide evidence that hepato-
cytes express functionally active CB2 downstream of 
LXRα.

FIG. 4. The role of CB2 in hepatocytes in the protection of liver. (A) The hepatoprotective effect of JWH133 in C57BL/6 mice treated 
with CCl4 and clodronate. Mice were treated with JWH133 (10 mg/kg body weight per day), clodronate (100 μL/mice), and CCl4, as 
shown in the scheme (n = 5 per group, male). Relative TUNEL positivity was assessed from two or three samples per condition (two 
samples for JWH133 alone and three samples for the others, randomly selected from five samples), and three random fields per sample 
were evaluated. Scale bar = 100 μm. (B) Serum ALT and AST activities in mice treated as previously. For (A) and (B), data represent 
the mean ± SEM (statistical difference was determined by two-tailed Student t test). For (A), values represent fold changes relative to 
control. Abbreviations: h, hours; and NS, not significant.
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TRANSCRIPTIONAL INDUCTION 
OF CB2 BY LXRα

To assess the effect of LXRα on CB2, we deter-
mined whether LXRα agonist treatment induces 
CB2 using animal and cell models. Treatment of 
mice with GW3965 enhanced the hepatic Cnr2 level 
(Fig. 5A). Similarly, GW3965 increased Cnr2 in both 
mouse primary hepatocytes and alpha mouse liver 
12 (AML12) cells (Fig. 5A). We hypothesized that 
LXRα transcriptionally up-regulates Cnr2 by binding 
to LXR response elements (LXREs) in the gene. Of 
the three putative LXRE motifs found in the CB2 
gene promoter, GW3965 treatment increased LXRα 

occupancy at LXRE2 but not LXRE1 or LXRE3 
(Fig. 5B). We then made an LXRE2 mutant promoter 
construct containing the −1.4-kb upstream region of 
CB2 gene for luciferase assays and found that LXRα 
activation failed to increase luciferase expression from 
the mutant construct (Fig. 5C). Together, these results 
showed that LXRα transcriptionally regulates CB2 
gene expression.

Subsequently, we explored the causal relationship 
between CB2 induction and TGF-β antagonism 
by LXRα. JWH133 treatment inhibited TGF-β1-
induced cleavage of caspase-3 in AML12 cells (Fig. 5D,  
left). SR144528, a CB2 inverse agonist, attenuated the 
inhibitory effect of LXRα on the caspase-3 cleavage 

FIG. 5. Transcriptional induction of CB2 by LXRα. (A) Quantitative RT-PCR assays for Cnr2 in the liver of mice (n = 4 per group, 
male) treated with GW3965 (3 mg/kg body weight per day) for 3 days (left) or in mouse primary hepatocytes (middle, n = 4 isolations, 
male) and AML12 cells (right) treated with GW3965 (3 μM, 24 hours). (B) Chromatin immunoprecipitation assays for LXRα binding 
to the promoter region of CB2 gene. Quantitative PCR assays were done for quantification. (C) Promoter reporter assays using pGL3-
CB2 or its LXRE2 deletion mutant construct. AML12 cells were transfected with each construct (1 μg, 24 hours) and then treated 
with vehicle or GW3965 (3 μM, 12 hours). (D) Immunoblotting for C-caspase3. AML12 cells were treated with JWH133 (1, 3, and 
10 μM for 1 hour) and continuously exposed to 5 ng/mL TGF-β1 for 24 hours (left). The cells were also treated with 3 μM GW3965 for 
1 hour after 4 μM SR144528 treatment for 30 minutes and continuously exposed to TGF-β1 (middle). Mouse primary hepatocytes were 
similarly treated with GW3965 and TGF-β1 after small interfering RNA (siRNA) knockdown for 48 hours (right). For (A)-(C), data 
represent the mean ± SEM of three separate experiments (statistical difference was determined by two-tailed Student t test). For (D), 
multiple assays were done (n = 3), and representative blots are shown. Values represent fold changes relative to control. Abbreviations: 
bp, base pair; IgG, immunoglobulin G; IP, immunoprecipitation; and NS, not significant.
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(Fig. 5D, middle). Likewise, CB2 knockdown resulted 
in a similar outcome in primary hepatocytes (Fig. 5D, 
right). Hence, it is highly likely that the cytoprotective 
effect of LXRα against TGF-β relies on CB2 expres-
sion in hepatocytes.

TβRI INHIBITION BY CB2, 
AS MEDIATED BY MIR-27B-
DEPENDENT INHIBITION OF USP4

Next, we studied how CB2 induced by LXRα 
inhibits TGF-β signaling. Attention was paid to ubiq-
uitin modification of TβRI, an upstream molecule 
sensing TGF-β signal. Intriguingly, GW3965 acti-
vation of LXRα facilitated ubiquitination of TβRI in 
AML12 cells (Fig. 6A, left). LXRα activation desta-
bilized TβRI in the experiment using cycloheximide 
(Fig. 6A, middle). Moreover, SR144528 treatment 
prevented GW3965 from inhibiting TβRI (Fig. 6A, 
right). To understand the role of the LXRα-CB2 
pathway for TβRI destabilization, we assessed USP4 
that fortifies TGF-β signaling by acting as a deubiqui-
tylating enzyme for TβRI.(16) As expected, treatment 
of hepatocytes with either GW3965 or JWH133 
decreased USP4 levels (Fig. 6B, left). Moreover, 
SR144528 treatment abrogated the inhibitory effect 
of LXRα on USP4 (Fig. 6B, middle). Consistently, 
USP4 overexpression diminished the cytoprotective 
effect of GW3965 against TGF-β1 (Fig. 6B, right). 
Our results indicate that LXRα induction of CB2 
may contribute to TβRI destabilization in hepatocytes 
through USP4 inhibition.

With the aim of identifying the molecule responsi-
ble for USP4 inhibition, we focused on the regulatory 
effect of miRNA because we previously observed that 
miR-148a directly inhibits USP4 in hepatocellular 
carcinoma.(17) In a preliminary study, CB2 activation 
by JWH133 failed to alter miR-148a level (data not 
shown), prompting us to consider other candidates. 
Therefore, we analyzed the miRNAs down-regulated 
in the liver of mice treated with CCl4 (for 1, 4, and 
8 weeks)(18) and extracted eight USP4-targeting can-
didates using a prediction software tool (microRNA.
org) (Fig. 6C, left and middle). Among them, miR-
27b was significantly enhanced by CB2 agonist treat-
ment (Fig. 6C, right). In the analysis of human liver 
specimens, miR-27b levels were substantially lower 
in patients with septal fibrosis or cirrhosis than those 
with portal fibrosis and correlated with CB2 levels 

(Fig. 6D). In cell-based assays, LXRα agonist treat-
ment increased miR-27b, and this effect was entirely 
prevented by either SR144528 treatment or CB2 
knockdown (Fig. 6E), confirmative of LXRα/CB2 
regulation of miR-27b.

To verify the direct inhibitory effect of miR-27b on 
USP4, USP4 3′-UTR-luciferase activity assays were 
done. MiR-27b mimic transfection prevented lucif-
erase expression from Luc-USP4-3′-UTR construct, 
whereas its inhibitor transfection had the opposite 
effect (Fig. 6F, left). Modulations of the miRNA with 
mimic or antisense oligonucleotide (ASO) appropri-
ately changed USP4 levels (Fig. 6F, right). Finally, 
miR-27b ASO transfection antagonized the inhib-
itory effect of CB2 agonist (Fig. 6G), verifying the 
ability of miR-27b to inhibit USP4 downstream from 
CB2.

PROTECTION OF HEPATOCYTES 
FROM INJURY BY LIVER-SPECIFIC 
DELIVERY OF LXRα

To verify the function of LXRα on hepatocyte 
injury and regulation of the targets in vivo, we used 
an albumin promoter–driven lentiviral LXRα deliv-
ery system (LV-LXRαalb) to reinstate LXRα expres-
sion in the liver of LXRα−/− mice and subjected them 
to repetitive injuries. Quantitative RT-PCR assays 
confirmed LXRα increase by LV-LXRαalb delivery 
(Supporting Fig. S7A). As expected, LV-LXRαalb 
infection diminished TUNEL staining intensities 
and injury assessed by histopathology of hematoxy-
lin and eosin in LXRα−/− mice treated with multiple 
doses of CCl4 (Fig. 7A, left). The protective effect of 
LXRα on hepatocytes was corroborated by alterations 
in apoptosis and cell survival biomarkers (Fig. 7A, 
right); LV-LXRαalb delivery tended to decrease serum 
ALT activities (P = 0.1) (Supporting Fig. S7B) and to 
increase Cnr2 mRNA level (P = 0.06) (Fig. 7B, upper); 
miR-27b level significantly increased (Fig. 7B, upper). 
Consistently, USP4 and TβRI levels were decreased 
(Fig. 7B, lower). LXRα overexpression in hepato-
cytes lessened the transcripts of hepatic inflammatory 
cytokines (Fig. 7C). Moreover, enforced expression of 
LXRα attenuated liver fibrosis, as shown by the results 
of Masson’s trichrome staining and immunoblottings 
for α-SMA, fibronectin, and collagen 1a1 (Fig. 7D).

In a separate experiment, we confirmed not only 
LXRα overexpression after LV-LXRαalb delivery using 
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quantitative RT-PCR assays (Supporting Fig. S7C)  
but also inhibition of liver injury in the liver of WT 
or LXRα−/− mice (Supporting Fig. S7D). Increases 

of Cnr2 mRNA and miR-27b were also verified 
(Supporting Fig. S7E). Consistently, USP4, TβRI, and 
α-SMA protein levels were all decreased (Supporting 
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Fig. S7F). Our results show that LXRα protects 
hepatocytes from TGF-β-induced injury by CB2, as 
mediated by increase of miR-27b for the inhibition of 
USP4 and TβRI (Fig. 7E).

ACETAMINOPHEN-INDUCED 
LIVER INJURY MODEL

Because acetaminophen (APAP) overdose highly 
contributes to drug-induced liver injury in human, and 
APAP-induced liver injury was associated with acti-
vation of TGF-β signaling,(19,20) we assessed whether 
inhibition of TGF-β signaling ameliorates APAP-
induced apoptosis. Either SB525334 (a TβRI inhib-
itor) treatment or TβRII knockdown prevented an 
increase in C-caspase3 level (Supporting Fig. S8A),  
suggestive of the role of TGF-β receptor signaling in 
APAP-induced apoptosis. We then analyzed LXRα 
(NR1H3) and LXRβ (NR1H2) transcript levels 
using GEO databases and found that APAP treat-
ment decreased LXRα but not LXRβ mRNA levels 
in HepaRG cells (a hepatic progenitor cell line with 
characteristics of human hepatocyte) and rat primary 
hepatocytes (Supporting Fig. S8B). In the database, the 
up-regulated or down-regulated genes were analyzed. 
The top four enriched pathways were obtained from 
the DEGs using the DAVID program (Supporting 
Fig. S8C, upper). A core network existed in the highly 
interconnected region, including LXRα, USP4, and 
TGFBR1 (Supporting Fig. S8C, lower). We further 
examined the effect of a toxic dose of APAP on the tar-
gets in mice and found that APAP intoxication indeed 
repressed hepatic LXRα, with increases of USP4 and 

TβRI and decreases of Cnr2 mRNA and miR-27b 
levels (Supporting Fig. S8D). GW3965 posttreatments 
inhibited hepatocyte injury against an APAP challenge 
(Supporting Fig. S8E, left and middle). Moreover, 
GW3965 treatment also prevented APAP from 
decreasing the LXRα mRNA level (Supporting Fig. 
S8E, right). All of these results showed the beneficial 
effect of LXRα in the treatment of acute liver injury.

Discussion
Our findings demonstrate that LXRα activa-

tion protects hepatocytes from injury, supporting 
the concept that either ligand activation or genetic 
overexpression of LXRα exerted a beneficial effect 
on hepatocyte viability. In patients with fatty liver 
and nonalcoholic steatohepatitis, however, LXRα is 
overexpressed in hepatocytes, culminating in exces-
sive triglyceride accumulation.(7) Hence, the outcome 
shown in the present study is quite distinct from that 
observed in nonalcoholic fatty liver disease character-
ized by LXRα overexpression.

Our results demonstrate that LXRα prevents 
hepatocyte apoptosis through inhibition of TGF-β 
signaling. Therefore, LXRα knockout augmented 
TGF-β cytotoxicity. Moreover, TGF-β in turn 
down-regulated LXRα. Thus, LXRα and TGF-β 
may act against each other in an antagonistic man-
ner for hepatocyte viability, supportive of the loop 
pathway between LXRα and TGF-β. It has also been 
shown that TGF-β was elevated in mice treated with 
CCl4 or APAP(20,21) and in patients with acute liver 

FIG. 6. USP4 repression by miR-27b downstream of LXRα and CB2. (A) TβRI stability in AML12 cells treated with GW3965 
(3 µM, 24 hours) after transfection with His-tagged ubiquitin (His-Ubi). MG132 (10 µM) was added 6 hours before cell lysis (left). 
The cells were treated with GW3965, SR144528 (4  µM), and cycloheximide (CHX, 20  μg/mL) as indicated (middle and right).  
(B) Immunoblottings for USP4 and C-caspase3. Primary hepatocytes were treated with GW3965 or JWH133 (left); AML12 cells were 
treated with SR144528 (30 minutes) and continuously exposed to GW3965 (24 hours) (middle) or treated with GW3965 and TGF-β1 
after transfection with FLAG-tagged USP4 (1 µg, 24 hours) (right). (C) miRNA candidates targeting USP4. A Venn diagram and table 
show an overlapping of decreased miRNAs in the liver of mice treated with CCl4 (GSE66278) and those predicted to target mouse 
USP4 (micro​RNA.org). Quantitative RT-PCR assays for the miRNAs in AML12 cells treated with JWH133 (10 μM, 24 hours). 
(D) Quantitative RT-PCR assays for miR-27b in human specimens and correlation analysis. (E) Quantitative RT-PCR assays for 
miR-27b in AML12 cells treated with SR144528 (30 minutes) and continuously exposed to GW3965 (24 hours) or in mouse primary 
hepatocytes treated with GW3965 after transfection of CB2 siRNA (or control siRNA) for 48 hours. (F) USP4 3′-UTR reporter and 
USP4 immunoblotting assays in AML12 cells transfected with mock or miR-27b mimic (or ASO). (G) USP4 immunoblots in AML12 
cells treated with JWH133 (24 hours) after miR-27b ASO transfection (48 hours). For (A), (B), and (G), multiple assays were done 
(n = 3), and representative blots are shown. Values represent fold changes relative to control. For (C), (E), and (F), data represent the 
mean ± SEM of three separate experiments (statistical difference was determined by two-tailed Student t test, *P < 0.05, **P < 0.01). 
Abbreviations: CHX, cycloheximide; h, hours; IB, immunoblotting; IP, immunoprecipitation; min, minutes; NS, not significant; Ub, 
ubiquitin; and WCL, whole cell lysates.

http://microRNA.org
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failure.(20,22) Given the lack of information on the 
role of TGF-β signaling in toxicant-induced liver 
injury, we additionally performed an experiment using 
SB525334, an inhibitor of TβRI, and found that 

SB525334 treatment ameliorated CCl4-induced liver 
injury, as shown by decreases in serum ALT activity 
and hepatic Bax mRNA level (Supporting Fig. S9). 
The data are consistent with the report that either 

FIG. 7. Amelioration of hepatocyte injury by liver-specific overexpression of LXRα. (A) Assays for hepatocyte apoptosis. WT or 
LXRα−/− mice (n = 5 per group, female) were injected with lentiviruses that express control (LV-Con) or LXRα (LV-LXRαalb) for 
7 days and subjected to CCl4 treatments for 4 weeks. TUNEL-positive cells were indicated with arrowheads. Scale bar = 100 μm. 
(B) Quantitative RT-PCR assays for Cnr2 and miR-27b and immunoblottings for USP4 and TβRI. (C) Quantitative RT-PCR 
assays for inf lammatory cytokines. (D) Masson’s trichrome stainings and immunoblottings for fibrosis markers. Scale bar = 100 μm.  
(E) A schematic illustrating the proposed mechanism by which LXRα protects hepatocytes from TGF-β-induced injury. For (A), (B), 
and (D), values represent fold changes relative to control. For (B) and (C), data represent the mean ± SEM (statistical difference was 
determined by two-tailed Student t test). Abbreviations: alb, albumin promoter; Con, control; h, hours; and LV, lentiviral.
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TβRI inhibitor treatment or genetic deletion of TβRI 
caused a faster recovery from toxicant-induced liver 
injury.(20) Hence, inhibition of TGF-β may be of value 
in the therapy of acute liver injury.

Analysis of the DEGs in the liver of LXR−/− mice 
available in the public GEO database (GSE38083) 
enabled us to find TGFBR2 and TGFBR1 as a link 
in the core network. TNF-α, a well-studied multi-
functional cytokine that regulates various cellular pro-
cesses, showed both protective and damaging effects 
at the same time in CCl4-induced acute injury.(23) 
However, we did not find any clue related to TNF-α 
signaling in this analysis. Moreover, GW3965 had no 
protective effect on AML12 cell apoptosis induced 
by TNF-α plus cycloheximide (data not shown). 
Our findings and others support the idea that the 
liver-protecting effect of LXRα may result from the 
inhibition of TGF-β but not TNF-α.

LXRα primarily manages cholesterol homeostasis 
in the liver, whereas LXRβ may regulate energy bal-
ance in organs such as brain and skeletal muscle.(24,25) 
In the present study, CCl4 treatment decreased the 
transcript levels of LXRα (Nr1h3) but not LXRβ 
(Nr1h2) in an ex vivo experiment using hepatocytes 
(Fig. 3B and Supporting Fig. S10A). Similarly, treat-
ment of hepatocytes with TGF-β1 caused a decrease 
in Nr1h3 mRNA, as reversed by LXRα agonist treat-
ment (Fig. 2B); Nr1h2 mRNA was unaffected by 
TGF-β1 and/or GW3965 treatment (Supporting Fig. 
S10B), despite the expectation of both LXRα and 
LXRβ activation by GW3965.(5) Hence, it is highly 
likely that LXRα but not LXRβ contributes primarily 
to protecting hepatocytes from TGF-β.

Attention has been paid to the development of the 
CB2 receptor as a therapeutic target, particularly for 
liver diseases.(26,27) Nevertheless, chemical agonists of 
CB2 have fared poorly in clinic trials due to the fact 
that they have affinities for CB1 and thus produce 
CB1-mediated unwanted effects.(15) Thus, efforts 
should be made to better understand CB2 regula-
tion and identify the appropriate target(s). Our data 
demonstrate that LXRα regulates CB2 in hepatocytes. 
Moreover, the liver-protecting effect of LV-LXRαalb 
was reversed by treatment with SR144528 (a CB2 
inverse agonist) (Supporting Fig. S11), strengthening 
the functional role of CB2 in the LXRα effect.

Existence of CB2 in hepatocytes has been debated. 
Some studies have confirmed CB2 expression in 
mouse hepatocytes,(28,29) whereas others insisted on 

lack of CB2 expression in hepatocytes.(30) The results 
from our quantitative RT-PCR assays, however, sup-
ported the notion that Cnr2 is indeed expressed in 
hepatocytes, although the expression level is lower than 
that in nonparenchymal cell fraction. Furthermore, 
this study identified Cnr2a and Cnr2b expression in 
hepatocytes. In our model using different primers, we 
also found the lack of Cnr2a presence in hepatocytes 
when we used primers set No. 4, the same ones used 
in the previous study insisting on the absence of Cnr2 
in hepatocytes.(30) However, application of different 
primer sets enabled us to detect Cnr2a transcript. 
Moreover, both Cnr2a and Cnr2b variants were induc-
ible by LXRα agonist in hepatocytes. The functional 
relevance of CB2 in hepatocytes was corroborated by 
the outcome of PKA-dependent activity assay.

MiR-27b regulates cancer development by serving 
as a tumor suppressor or oncogene.(31,32) Our study 
identifies miR-27b as an inhibitor of USP4. This 
molecular link is associated with USP4-dependent 
TGF-β signaling. MiR-27b works as an antifi-
brotic miRNA in pulmonary fibroblasts and may be 
enhanced by TGF-β to positively regulate the endo-
thelial-mesenchymal transition.(33,34) Hence, our 
results and others support an miRNA-dependent 
feedback loop pathway for TGF-β signaling.

Drug-induced liver injury is a worldwide health 
problem and is the most common type of hepatocyte 
death.(19) The effects of APAP intoxication on our tar-
gets of interest were corroborated in the present study. 
Moreover, our finding supports the view that post-
treatment with LXRα agonist may have a potential 
beneficial effect for the treatment of acute liver injury. 
Overall, this study uncovers a CB2-dependent path-
way in hepatocytes downstream from LXRα, elabo-
rating on targets and strategies for the prevention and 
potential cure of TGF-β-mediated hepatocyte injury.
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