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SUMMARY

Endoplasmic reticulum (ER) stress is associated
with liver injury and fibrosis, and yet the hepatic
factors that regulate ER stress-mediated inflamma-
some activation remain unknown. Here, we report
that farnesoid X receptor (FXR) activation inhibits
ER stress-induced NACHT, LRR, and PYD domains-
containing protein 3 (NLRP3) inflammasome in hepa-
tocytes. In patients with hepatitis B virus (HBV)-asso-
ciated hepatic failure or non-alcoholic fatty liver
disease, and in mice with liver injury, FXR levels in
the liver inversely correlated with the extent of
NLRP3 inflammasome activation. Fxr deficiency in
mice augmented the ability of ER stress to
induce NLRP3 and thioredoxin-interacting protein
(TXNIP), whereas FXR ligand activation prevented it,
ameliorating liver injury. FXR attenuates CCAAT-
enhancer-binding protein homologous protein
(CHOP)-dependent NLRP3 overexpression by inhib-
iting ER stress-mediated protein kinase RNA-like
endoplasmic reticulum kinase (PERK) activation.
Our findings implicate miR-186 and its target, non-
catalytic region of tyrosine kinase adaptor protein 1
(NCK1), in mediating the inhibition of ER stress by
FXR. This study provides the insights on how FXR
regulation of ER stress ameliorates hepatocyte death
and liver injury and on the molecular basis of NLRP3
inflammasome activation.

INTRODUCTION

Hepatocyte injury initiates and facilitates inflammation in the
course of liver disease progression. Thus, understanding the
regulatory basis for sensing and responding to damage-associ-
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ated inflammatory processes in the liver’s parenchymal cells is a
primary issue in liver pathophysiology. The inflammasome is a
multiprotein complex that senses cellular danger signals, and
its activation leads to interleukin (IL)-1p production (Guo et al.,
2015). Emerging evidence suggests that the NACHT, LRR, and
PYD domains-containing protein 3 (NLRP3) inflammasome in
hepatocytes plays a role in the pathogenesis of liver diseases
(Szabo and Csak, 2012; Szabo and Petrasek, 2015). In particular,
saturated fatty acid activates the NLRP3 inflammasome and
sensitizes hepatocytes to endotoxin response, leading to non-
alcoholic steatohepatitis (NASH) (Csak et al., 2011). Uric acid
also induces fat accumulation in the liver and insulin resistance
through the NLRP3 inflammasome (Wan et al., 2016). Thus,
NLRP3 has an impact on hepatocyte death, inflammation, and
potentially on the progression of liver fibrosis, as shown in an an-
imal study (Wree et al., 2014). Nevertheless, the endogenous
molecules and pathways that regulate these NLRP3-mediated
events are largely unknown.

Multiple disturbances that cause the accumulation of mis-
folded or unfolded proteins in the endoplasmic reticulum
(ER) trigger the ER stress response (i.e., the unfolded protein
response [UPR]; Hetz, 2012). Chronic or irremediable ER stress
then induces cellular dysfunction and eventually leads to cell
death, which is closely associated with hepatic inflammation
(Dara et al., 2011; Malhi and Kaufman, 2011). NLRP3 is a mem-
ber of the inflammasome family that is activated by diverse path-
ological stimuli, including extracellular ATP, cholesterol crystals,
and reactive oxygen species, as well as microbial pathogens
(Szabo and Csak, 2012; Szabo and Petrasek, 2015), suggestive
of its critical role in sterile inflammation. It has also been pro-
posed that ER stress is linked to the NLRP3 inflammasome in
pancreatic beta cells (Lerner et al., 2012; Oslowski et al.,
2012). ER stress also induces inflammasome activation in hepa-
tocytes, potentially causing liver injury (Lebeaupin et al., 2015).
However, the hepatic regulator that acts to ameliorate ER stress
and the inflammasome remains unknown.

Farnesoid X receptor (FXR) (NR1H4) serves as a ligand-medi-
ated transcription factor that controls the expression of various
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Figure 1. FXR Levels Inversely Correlate with NLRP3 Inflammasome Marker Levels in Liver Disease Conditions

(A) FXR and NLRP3 inflammasome gene transcript levels in patients with acute liver failure. Hepatic transcript levels were analyzed in healthy individuals (normal)
or in patients with HBV-associated acute liver failure (GSE38941). MHN, massive hepatic necrosis; SHN, submassive hepatic necrosis. Data are shown as box
and whisker plot. Box, interquartile range (IQR); whiskers, 5-95 percentiles; horizontal line within box, median. Statistical significance of the differences between
healthy individuals and patients with liver failure (**p < 0.01) was determined (N = 10 samples from 10 individual normal subjects; N = 8 samples from 2 patients
with SHN-ALF; N = 9 samples from 2 patients with MHN-ALF; as described in GSE38941 database).

(legend continued on next page)
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genes involved in bile acid, lipid, and glucose metabolism (Calkin
and Tontonoz, 2012; Teodoro et al., 2011). FXR plays arole in the
maintenance of liver homeostasis and is also important for mito-
chondrial function and cellular integrity (Lee et al., 2012; Wang
et al., 2008). The ligand-mediated activation of FXR in the liver
has beneficial effects against metabolic disorders. Indeed, FXR
ligands have been tested in clinical trials for the treatment of
non-alcoholic fatty liver disease (NAFLD), diabetes, and chole-
stasis (Adorini et al., 2012; Beuers et al., 2015; Carr and Reid,
2015). However, the anti-inflammatory effect exerted by FXR in
hepatocytes, in particular, in the context of liver protection
against ER stress-mediated injury needs to be established.

In view of the lack of an understanding about NLRP3 regulators
and of the potential anti-inflammatory action of FXR in hepato-
cytes, this study investigated the inhibitory role of FXR in
NLRP3 inflammasome activation in response to ER stress. First,
we used bioinformatic approaches and analyzed human liver
samples to investigate the action of FXR on the target of interest
and performed loss- or gain-of-function experiments in animal
and cell models. Our results demonstrate that FXR levels in the
liver inversely correlate with those of inflammasome gene expres-
sion in patients with hepatitis B virus (HBV)-associated liver fail-
ure or with NAFLD and that ligand-mediated activation of FXR
prevents ER stress from activating the NLRP3 inflammasome in
hepatocytes. In addition, we found that FXR inhibits the protein
kinase RNA-like endoplasmic reticulum kinase (PERK)-CCAAT-
enhancer-binding protein homologous protein (CHOP) pathway,
inhibiting the priming and activation steps of the NLRP3 inflam-
masome. We further propose, based on our findings from in vivo
and in vitro ER stress models, that miR-186 and its potential
target, non-catalytic region of tyrosine kinase adaptor protein 1
(NCK1), mediates the inhibition of ER stress by FXR.

RESULTS

Hepatic FXR Levels Inversely Correlate with NLRP3
Inflammasome Marker Levels

To investigate the functional impact of FXR on inflammasome
activation in different liver diseases, we analyzed FXR and
NLRP3 transcript levels in healthy (normal) individuals and in pa-
tients with HBV-associated acute liver failure, using data from the
publicly accessible human GEO database (GEO: GSE38941; Nis-
sim et al., 2012). Hepatic FXR transcript levels were decreased in
patients with HBV-associated acute liver failure (HBV-ALF), rela-
tive to FXR transcript levels in normal controls (Figure 1A). Intrigu-
ingly, the levels of NLRP3 and other inflammasome-associated
gene transcripts (i.e., thioredoxin-interacting protein [TXNIP],
apoptosis-associated speck-like caspase activation and recruit-
ment domain (CARD)-containing protein [ASC], and caspase-1
[CASPT1]) increased markedly as hepatic necrosis became

severe, although FXR levels decreased (Figure 1A). In our recent
study, ER stress marker levels were enhanced in patients with
liver injury (Han et al., 2016). To confirm inflammasome activation
in an animal model of liver injury, we examined liver samples from
mice treated with the drug acetaminophen (APAP), which in-
duces ER stress and liver damage (Han et al., 2016). In these liver
samples, Fxr transcript levels were decreased, and Nirp3 levels
were increased relative to untreated controls (Figure 1B). Similar
results were obtained from liver samples from mice treated with
carbon tetrachloride (CCl,) (Figure 1C).

NASH can be induced in mice by feeding them a methionine-
and choline-deficient high-fat (MCDHF) diet (Park et al., 2016).
To confirm the inverse relationship between FXR and NLRP3,
we assayed Fxr and Nirp3 levels in the physiologically relevant
NASH mouse model and observed a profound decrease of Fxr
in the livers of these mice, together with increased levels of
Nirp3 (Figure 1D). We also investigated FXR expression in the
livers of patients with NAFLD and found it to be higher than in
normal individuals, as shown by immunohistochemical assays
(Figure 1E, left). Quantification using H scoring verified this
outcome (Figure 1E, right). IL-1B is the ultimate measure of in-
flammasome activation. Consistently, IL-1B levels were not
changed in the liver samples of patients with NAFLD (Figure 1E,
left and right). These results show that FXR levels in the liver
inversely correlate with the extent of NLRP3 inflammasome acti-
vation in different liver diseases, raising the hypothesis that FXR
inhibits ER stress-induced NLRP3 inflammasome activation.

ER Stress Induces NLRP3 and TXNIP in Hepatocytes in
Association with FXR Repression

To assess the relationship between FXR and the NLRP inflam-
masome under the condition of ER stress, we used tunicamycin
(Tm) as an ER stress inducer in animal or cell models. Mice
treated with Tm showed a marked decrease in hepatic FXR
levels (Figure 2A). In contrast, NLRP3 and TXNIP levels were
substantially increased with minimal changes observed to ASC
levels (Figure 2A), highlighting NLRP3 and TXNIP as being
appropriate markers of inflammasome activation to use in sub-
sequent experiments. Following Tm treatment, cleaved CASP1
levels were also consistently enhanced, confirming that ER
stress had activated the inflammasome in the liver (Figure 2A).
Our results showed that ER stress inhibits FXR expression in
the liver, which may facilitate NLRP3 inflammasome activation.
To address whether ER stress has a direct effect on hepato-
cytes, we utilized primary hepatocytes and the hepatocyte-
derived AML12 cell line and obtained similar results (Figure 2B).
Thus, it is highly likely that ER stress activates the NLRP3 inflam-
masome in hepatocytes in association with decreased FXR
levels. Increased levels of IL-1B in the livers of Tm-treated
mice (as assayed by immunohistochemistry; Figure 2C) and in

(B-D) Fxr and Nirp3 transcript levels in mouse liver. For (B), mice were injected with vehicle or APAP (500 mg/kg body weight, i.p., 6 hr; N = 5 or 6 for each
treatment). For (C), mice were treated with vehicle or CCl, (0.6 mL/kg, i.p., twice a week) for 6 weeks (N = 4 or 5 each treatment). For (D), mice were fed a control
diet or a methionine- and choline-deficient high-fat (MCDHF) diet for 6 weeks (N = 6 for each diet). Data represent the mean + SEM. Statistical significance of the
differences between each treatment group and vehicle or control diet (*p < 0.05; **p < 0.01) was determined.

(E) Immunohistochemistry for nuclear FXR and IL-1 in the liver of patients with NAFLD. FXR and IL-1p levels were semi-quantified based on staining intensity and
percentage of positive cells, and H scores were assigned (N = 20 for normal; N = 34 for NAFLD). The extent of expression was calculated using staining-positive

cells per ten high-power fields (scale bars, 50 um).

Cell Reports 24, 2985-2999, September 11, 2018 2987

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

A Mouse liver B

Vehicle Tm

FXR|"B" - |

1.0 1.1 0.8 04 04 0.2
0.9 1.0 1.1 7.8 7.6 6.5
Ml
TXNIP |~v--- - — b|
1.2 0.9 0.9 4.4 3.7 3.9

ASCl.—n-.‘:-‘rw—“
09 11 10 11

09 08
cleaved
CASP1 l L — “ j‘
09 11 15 14 13
GRP78 |“--
B-Actin |------—| c
1.4 10
— [0}
g 1.2 E 8l skok
210 P
e o 6 4
< 0.8 ;
q>g 0.6 ook = 4]
% 04 2
° T 2
0.2 °
@ 2 D
0 0
Vehicle Tm Vehicle Tm

Mouse primary

hepatocytes AML12
Vehicle Tm  Vehicle Tm
FXR | wert | [e= ==
NLRP3| __‘ l -_‘
TXNIP II‘: m )
1.0 24
- ‘ |""" — ‘
10 07 *1.0 ‘0,7
‘:cl:?s\/g? B m| |h, w
1.0 21 1.0 1.7
GRP78‘— _‘ l____l

B-Actinl--‘ ‘-—‘

Mouse liver
Vehicle

RN

t‘g. QS
SES

IL-1B

Mouse primary

hepatocytes AML12
25 12
* sk
= 20 10
£ 8
S 15
£ 6
< 10
=,l 4
5 2
0 0
Vehicle Tm Vehicle Tm

Figure 2. ER Stress Represses FXR in Hepatocytes for NLRP3 Inflammasome Activation

(A and B) Immunoblots for FXR and NLRP3 inflammasome markers. For (A), assays were done 3 days after treatment of mice with a single intraperitoneal dose of
vehicle or tunicamycin (Tm) (2 mg/kg body weight). Data represent the mean + SEM (N = 3 each treatment). For (B), mouse primary hepatocytes or AML12 cells
were treated with vehicle or 1 ng/mL Tm for 24 hr. Relative protein levels were assessed by scanning densitometry of the immunoblots. Values indicate the relative

protein levels to B-actin.
(C) Immunohistochemistry for IL-18 in the liver (scale bars, 50 pm).

(D) ELISA for mature IL-1B. Assays were done on the media from mouse primary hepatocytes or AML12 cells that had been treated with vehicle or 1 ng/mL Tm for

24 hr. Data represent the mean + SEM (N = 4 or 5 each).
In (A) and (D), *p < 0.05, **p < 0.01.

Tm-treated mouse primary hepatocytes and AML12 cells (as
assayed by ELISA; Figure 2D) corroborated that ER stress in-
duces inflammasome activation.

Fxr Ablation Worsens ER Stress-Induced Inflammasome
Activation and Hepatocyte Injury

To determine the effect of modulating FXR activities on ER
stress-induced NLRP3 inflammasome activation, we next per-
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formed Fxr loss- or gain-of-function experiments in mice. Fxr
gene knockout (KO) in mice did not on its own increase the levels
of inflammasome markers in the liver. Interestingly, however, Fxr
KO enhanced the inducing effect of Tm on NLRP3 and TXNIP
levels in the mouse livers (Figure 3A). Consistently, the treatment
of wild-type mice with GW4064, an FXR agonist (Maloney et al.,
2000), attenuated the induction of NLRP3 and TXNIP under ER
stress condition (Figure 3B). Similar results were obtained using
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mouse primary hepatocytes or AML12 cells (Figure 3C, left and
middle). FXR activation by GW4064 was validated using FXR
response-element reporter activity (Figure S1). The ability of
FXR to inhibit NLRP3 and TXNIP was also experimentally verified
in AML12 cells by using chenodeoxycholic acid (CDCA), a repre-
sentative endogenous ligand of FXR (Figure 3C, right). The inhi-
bition of ER stress-induced inflammasome activation by FXR
was also corroborated by assaying IL-1B levels in the livers of
wild-type and Fxr KO mice (via immunostaining; Figures 3D
and 3E) and in hepatocyte cell models (via ELISA; Figure 3F).

Inflammasome activation has been shown to magnify hepato-
cyte injury and inflammation in the liver (Szabo and Csak, 2012;
Wree et al., 2014). To evaluate the functional outcome of inflam-
masome activation in hepatocytes, we monitored the blood
biochemistry and liver histopathology of wild-type and Fxr KO
mice. Loss of FXR markedly potentiated ER stress-mediated in-
creases in alanine transaminase, aspartate transaminase, and
lactate dehydrogenase activities in the serum (Figure 4A),
whereas the ligand-mediated activation of FXR had the opposite
effect (Figure 4B). The modulating effects of FXR on ER stress-
induced hepatocyte injury were verified by the histopathological
examination of liver tissue, which showed that hepatocytes from
Fxr KO mice exhibit ballooning, degeneration, and necrosis upon
ER stress challenge (Figure 4C). Consistently, GW4064 treat-
ment exerted the opposite effect (Figure 4D). Similar outcomes
were obtained in the analyses of apoptosis by terminal trans-
ferase-mediated dUTP nick-end labeling (TUNEL) staining and
from the quantification of TUNEL-positive cell number (Figures
4E and 4F). Thus, our results demonstrate that the loss of FXR
facilitates the activation of the NLRP3 inflammasome and hepa-
tocyte injury by ER stress in the liver and that this activation can
be overcome by the ligand-mediated activation of FXR.

FXR Inhibits NLRP3 and TXNIP through the PERK-CHOP
Pathway

To identify the FXR regulatory pathway in the ER stress-induced
activation of the NLRP3 inflammasome, we examined represen-
tative molecular markers and performed UPR pathway analyses
using small interfering RNA (siRNA) transfection techniques. Fxr
KO mice displayed increased p-PERK and CHOP levels upon ER
stress, which paralleled the levels of glucose-regulated protein
78 (GRP78) (Figure 5A, left). The spliced form of X-box binding
protein-1 (XBP1), a transcription factor that lies downstream of
the inositol-requiring enzyme-1 (IRE1), was unaffected by the
loss of FXR (Figure 5A, left). Consistently, GW4064 treatment
attenuated the effect of Tm on p-PERK and CHOP levels in
mice (Figure 5A, middle). The ability of FXR to ameliorate the

ER stress-mediated activation of PERK and CHOP was also
confirmed using hepatocyte cell models (Figure 5A, right).
GW4064 treatment did not alter the Tm-induced mRNA splicing
of Xbp1 in our experimental conditions (Figure S2A).

The transfection of AML12 cells with Perk siRNA prevented ER
stress, as induced by Tm, from increasing NLRP3, TXNIP, and
CHORP levels (Figure 5B). The siRNA-mediated knockdown of
Ire1 decreased TXNIP, but not NLRP3 (Figure 5C), although the
knockdown of Atf6 had no effect on NLRP3 and TXNIP levels
(Figure 5D). Overall, our results show that the induction of
NLRP3 and TXNIP by ER stress is differentially regulated by
UPR pathways, indicating that the PERK pathway is enhanced
by the loss of FXR and facilitates the activation of the NLRP3 in-
flammasome in hepatocytes.

Because CHOP is a major transcriptional regulator of the
genes downstream of PERK that are associated with cell death,
we investigated whether CHOP plays a role in the induction of
NLRP3 or TXNIP. The siRNA-mediated knockdown of Chop
reduced the effect of Tm on NLRP3 and TXNIP expression (Fig-
ure 5E). The likelihood that CHOP transcriptionally regulates
NLRP3 was strengthened by the results of the chromatin immu-
noprecipitation (ChlP) assays, which identified putative CHOP
DNA-binding sites in the promoter region of the human NLRP3
gene (Figure 5F). Consistently, Perk overexpression in AML12
cells significantly enhanced Nirp3 transcription (Figure 5G). The
role of PERK in NLRP3 inflammasome activation in hepatocytes
was further verified by the reduction in IL-1B production in
AML12 cells, in which Perk was knocked down (Figure 5H).
These results indicate that PERK activation contributes to the
activation of the NLRP3 inflammasome by ER stress in hepato-
cytes through the CHOP-dependent induction of NLRP3.

TXNIP plays a role in the NLRP3 activation step (Oslowski
et al.,, 2012; Zhou et al., 2010). Given the regulatory effect of
PERK/CHOP on TXNIP, as well as on NLRP3, we additionally
examined the modulating effect of TXNIP on NLRP3 in hepato-
cytes and found that Txnip knockdown did not change NLRP3
or CHORP levels (Figure S2B), indicating that the ER stress-medi-
ated induction of NLRP3 might be independent of TXNIP. Over-
all, our results provide evidence that FXR inhibits PERK under the
condition of ER stress and that PERK regulates the CHOP-medi-
ated induction of NLRP3 and TXNIP overexpression.

NCK1 Is Involved in the FXR Inhibition of the ER Stress-
Induced NLRP3 Inflammasome

The activity of PERK is negatively regulated by NCK1 (Yamani
et al., 2014). To understand the molecular basis that underlies
the regulation of PERK and the NLRP3 inflammasome by FXR,

Figure 3. FXR Inhibits NLRP3 Inflammasome Activation by ER Stress

(A and B) Immunoblots for NLRP3 and TXNIP in mouse liver. Assays were done 2 days after treatment with a single intraperitoneal dose of vehicle or Tm (N =4 or 6
for each treatment; A) or 3 days after intraperitoneal injection with Tm following GW4064 (30 mg/kg) treatment (N = 5 or 7 for each treatment; B). Treatment
schedule details are provided in the Experimental Procedures section. Relative protein levels were presented as in Figures 2A and 2B.

(C) Immunoblots for NLRP3 and TXNIP in hepatocytes. Mouse primary hepatocytes were pre-treated with GW4064 (1 uM; 1 hr) and continuously incubated with
Tm for 24 hr (left). AML12 cells were similarly treated with Tm after treatment with GW4064 or CDCA (100 uM; 1 hr; middle and right).

(D and E) Immunohistochemistry for IL-13 on mouse liver sections from wild-type (WT) and Fxr KO mice (D), controls, or treated with Tm and/or GW4064 (E) (scale
bars, 100 pm). Data represent the mean + SEM (N = 3 each). Statistical significance of differences between each treatment and control group (**p < 0.01) was

determined.

(F) ELISA for mature IL-1B. Assays were done on the media prepared from the cells treated as in (C). Data represent the mean + SEM (N = 3 or 5 each).

See also Figure S1.
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we hypothesized that NCK1 mediates the inhibition of ER stress
by FXR. In support of this hypothesis, we found that hepatic
NCK1 levels were significantly lower in Fxr KO mice than in
wild-type mice (Figure 6A). In addition, in hepatocyte cell
models, we observed that ER stress decreased the levels of
NCK1 and that this effect was significantly reversed by FXR
ligand treatment (Figure 6B), indicating a regulatory effect of
FXR on NCK1. GW4064 treatment alone did not notably change
NCK1 levels in these experimental conditions. We then exam-
ined the effect that modulating NCK1 had on the inhibitory effect
of FXR on our targets of interest and found that Nck7 knockdown
significantly attenuated the effects of GW4064 on NLRP3,
TXNIP, and CHOP under ER stress conditions (Figure 6C). In
view of the association of inflammasome activation with cell
death, we assessed the viability of AML12 cells under similar
experimental conditions. GW4064 treatment increased the
viability of these cells under conditions of ER stress; however,
this protection was significantly reduced following the siRNA-
mediated knockdown of Nck1 (Figure 6D). These results indicate
that NCK1 might be associated with the inhibitory effect of FXR
on ER stress-induced NLRP3 inflammasome activation and cell
death.

miR-186 Regulates the ER Stress-Induced NLRP3
Inflammasome

In a continuing effort to find the molecule(s) that regulates NCK1,
we examined whether FXR binding sites exist in the promoter
region of the Nck1 gene using PROMO search analysis and found
no such sites. We therefore tested the possibility that NCK1 un-
dergoes post-transcriptional regulation. One major form of
post-transcriptional regulation is mediated by microRNAs. Using
the database “miRanda (microrna.org)”, we selected the top five
microRNAs (miRNAs) that have the potential to bind to the 3' UTR
of Nck1 mRNA. Of these five miRNAs, miR-186 was found to be
increased in the livers of Fxr KO mice (Figure 7A) and in response
to ER stress (Figure 7B). Moreover, this ER stress-induced in-
crease in miR-186 levels was abrogated by the ligand-mediated
activation of FXR (Figure 7B). As with NCK1 (Figure 6B), GW4064
treatment alone had no significant effect on miR-186 levels
(Figure 7B). To understand the role of miR-186 in NCK1 inhibition,
the effect that miR-186 modulation has on NCK1 was assessed
using a miR-186 mimic and inhibitor. When AML12 cells were
transfected with a miR-186 mimic, NCK1 levels decreased,
whereas NCK1 levels increased following transfection with a
miR-186 antisense oligonucleotide (ASO) (Figure 7C). The inhibi-
tory effect of miR-186 on NCK1 was further supported by assay-
ing the effects of the miR-186 mimic and ASO in a Nck1 3’ UTR
reporter assay (Figure 7D). These results suggest that FXR might
contribute to the regulation of NCK1 by miR-186 in hepatocytes
under conditions of ER stress.

We additionally examined the role of the identified molecules
(i.e., miR-186/NCK1/PERK) in the induction of the NLRP3 inflam-
masome by ER stress in association with FXR. In time course
studies, miR-186 levels increased maximally in AML12 cells
1 hr after Tm treatment and declined thereafter (Figure 7E, left),
whereas Chop mRNA levels began to increase 6 hr after Tm
treatment and peaked at 12 hr (Figure 7E, middle). Nirp3
mRNA increased to the greatest extent 24 hr after Tm treatment
(Figure 7E, right). Thus, the increase in miR-186 preceded the
changes in CHOP signaling, which then led to NLRP3 induction.
miR-186 mimic transfection attenuated the effects of GW4064
on NLRP3, TXNIP, and CHOP under ER stress conditions (Fig-
ure 7F). Consistently, miR-186 ASO also had inhibitory effects
on the levels of NLRP3, TXNIP, p-PERK, p-eukaryotic initiation
factor 2o (elF2a) (another NCK1 target; Latreille and Larose,
2006), and CHOP upon ER stress challenge, which was reversed
by Nck1 knockdown (Figure 7G). Thus, the molecules identified
in this study are functionally involved in the regulation of
the ER stress-dependent NLRP3 inflammasome pathway.
Together, our results show that the loss of FXR elicited by ER
stress contributes to the PERK-mediated activation of the
NLRP3 inflammasome, probably through miR-186/NCK1 dysre-
gulation, and that this event can be overcome by FXR activation.

DISCUSSION

The inflammasome consists of the sensor molecule nucleotide
oligomerization domain (NOD)-like receptors (NLRs), the adaptor
protein ASC, and the effector molecule CASP1 (Guo et al., 2015).
Among the different types of inflammasome, the NLRP3 inflam-
masome requires a priming step because the basal expression
of NLRP3 is insufficient; its upregulation is thus essential for in-
flammasome activation (Guo et al., 2015; Szabo and Csak,
2012). NLRPS3 activation is mediated by two major steps: the
expression of inflammasome components (signal 1) and their
functional activation (signal 2; Szabo and Csak, 2012). Here,
we report a functional role for FXR in the regulation of the
NLRP3 inflammasome in hepatocytes. Our analysis of the GEO
database showed that FXR is downregulated in patients with
hepatic necrosis, whereas NLRP3 is upregulated, revealing the
existence of an inverse relationship between FXR and the
NLRP3 inflammasome. This inverse relationship was confirmed
in animal models of induced liver injury (via APAP or CCl, treat-
ment or the MCDHF diet), showing that FXR is downregulated
with NLRP3 inflammasome activation in different liver disease
conditions.

Our results from Fxr KO mice and from their treatment with an
FXR agonist revealed that FXR can suppress the NLRP3 inflam-
masome when it is activated by ER stress in hepatocytes.
Consistently, the data also showed that FXR activation inhibits

Figure 4. FXR Activation Protects Hepatocytes from ER Stress-Induced Injury

(A and B) Serum alanine transaminase (ALT), aspartate transaminase (AST), and lactate dehydrogenase (LDH) activities in mice treated as in Figures 3A and 3B.
Data represent the mean + SEM (N = 4-6). Statistical significance of differences between each treatment and control group (*p < 0.05; **p < 0.01) was determined.
(C and D) H&E staining of liver sections from wild-type (WT) and Fxr KO mice (C), controls, or treated with Tm and/or GW4064 (D). Mice were treated as in Figures
3A and 3B (scale bars, 100 um). Asterisks indicate ballooning degeneration of hepatocytes, whereas arrows represent hepatic necrosis.

(E and F) TUNEL staining of the liver sections from wild-type (WT) and Fxr KO mice (E), controls, or treated with Tm or GW4064 (F). Mice were treated as in Figures
3A and 3B (scale bars, 100 um). Data represent the mean + SEM (N = 3 each). **p < 0.01.
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Figure 5. FXR Inhibits PERK-CHOP Pathway for Regulation of NLRP3 and TXNIP
(A) Immunoblots for ER stress markers in mouse liver or hepatocytes. Animals or cells were treated as in Figure 3C.
(B-D) Immunobilots for NLRP3 and TXNIP after knockdown of each UPR pathway. AML12 cells were treated with vehicle or Tm (1 pg/mL for 24 hr) after

transfection with control siRNA or each specific siRNA against Perk (B), Ire1 (C),
represent the mean + SEM of three separate experiments. Statistical significance of
**p < 0.01) was determined (N.S., not significant).

or Atf6 (D) for 48 hr. Immunoblots confirmed the knockdown effects. Data
the differences between Tm+each target siRNA and Tm+siControl (*p < 0.05;

(E) Immunoblots for NLRP3 and TXNIP after Chop knockdown. AML12 cells were treated as described in (B)—(D) after siRNA knockdown of Chop. Data represent

the mean + SEM of three separate experiments.

(F) ChlIP assays for CHOP DNA binding. ChIP assays were performed on the lysates of HepG2 cells treated with Tm (5 ug/mL; 12 hr). DNA-protein complexes were
precipitated with anti-CHOP antibody and were subjected to PCR amplifications using the flanking primers for the CHOP-response elements (CHOP-REs). One-

tenth of cross-linked lysates served as the input control. Data represent the mean

+ SEM (N = 3 or 4 each).

(legend continued on next page)
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NLRP3 and TXNIP, as well as ER stress-induced IL-1f secretion
from the NLRP3 inflammasome. The concept that FXR nega-
tively regulates the NLRP3 inflammasome is in line with a recent
report that FXR protects against cholestasis-associated sepsis
through its interaction with NLRP3 and CASP1 in macrophages
(Hao et al., 2017). Our findings advance our understanding of
the inhibitory effect of FXR on inflammasome gene regulation
in hepatocytes subjected to ER stress. Moreover, the finding
that FXR is upregulated in NAFLD human samples in the absence
of inflammasome activation indicates that pathological events
can also adaptively stimulate FXR expression in the liver during
disease progression. So this inhibitory effect of FXR on inflam-
masome gene regulation might vary depending on disease
severity. For example, most NAFLD patients in our study had
mild to moderate steatosis (i.e., grade 1 or 2), which might ac-
count for the lack of IL-1B increase, as previously reported
(Csak et al., 2011). Consequently, FXR levels might be repressed
in certain conditions or adaptively enhanced in others. Thus, FXR
might be an attractive target to inhibit the priming and activation
processes of inflammasome and inflammasome-mediated liver
diseases.

Hepatocytes make up 70%-85% of the liver mass, have high
metabolic activity, and have an abundance of ER, allowing this
cell type to serve as a major sensor responding to ER stress.
The ER stress-activated NLRP3 inflammasome may lead to he-
patocyte injury. Consistent with our results, FXR was shown to
be decreased upon ER stress (Xiong et al., 2014), suggestive
of a feedforward loop between FXR loss and ER stress. An
important finding of our study is the identification of FXR as a
hepatoprotective regulator against catastrophic ER stress; our
findings show that FXR ligand treatment ameliorated ER
stress-mediated hepatocyte death and liver injury. Because
mitochondrial function is closely linked to ER stress and inflam-
masome activation (Gurung et al., 2015; Senft and Ronai, 2015),
the beneficial effects of FXR on energy metabolism and mito-
chondrial function (Lee et al., 2012; Teodoro et al., 2011) may
add value to the use of FXR as a therapeutic target for ER
stress-associated liver diseases.

NLRP3 gene regulation is poorly understood. Here, we identi-
fied PERK as a pathway for NLRP3 induction. In our siRNA ex-
periments, we knocked down components of three canonical
UPR pathways and revealed that PERK signaling is specifically
involved in NLRP3 induction by ER stress in hepatocytes. In
support of this, NLRP3 expression was enhanced by PERK over-
expression, and IL-1 production was attenuated by Perk knock-
down. In addition, our results show that FXR modulates PERK
phosphorylation and subsequent CHOP expression. Our find-
ings indicate that CHOP is a potential transcriptional factor that
is necessary for NLRP3 expression downstream of PERK, and
the ChIP assay results confirm that CHOP interacts with the
NLRP3 gene. Of the three CHOP response elements located

within the —2.2-kb promoter region of the human NLRP3 gene,
the core sequences of CHOP-RE1 and CHOP-RE3 resemble
CCAAT-enhancer binding protein-activating transcription factor
(C/EBP-ATF) response elements (CAREs) (Kilberg et al., 2009;
Teske et al., 2013). Additionally, the same CHOP-RE2 sequence
regulated TRB3, another ER stress-inducible gene (Ohoka et al.,
2005). CHOP promotes cell death signals through the regulation
of pro-CASP1 (Lebeaupin et al., 2015). Therefore, the identified
PERK-CHOP pathway seems to be critical for inflammasome-
mediated hepatocyte death during the progression of liver
diseases.

TXNIP interacts with various proteins, including NLRP3 (Yosh-
iharaetal.,2014; Zhou et al., 2010). Emerging evidence suggests
that TXNIP plays a role in ER stress-mediated cell death and in
the NLRP3 inflammasome activation step (Abderrazak et al.,
2015; Lerner et al.,, 2012; Oslowski et al., 2012; Zhou et al.,
2010). Our results demonstrate that Fxr KO mice displayed
robust changes in TXNIP levels and severe liver injury in
response to ER stress. Consistently, FXR activation attenuated
the ER stress-mediated induction of TXNIP. Thus, the ability of
FXR to inhibit TXNIP may contribute to the inhibition of the
NLRP3 inflammasome. We also showed that ER stress induced
TXNIP through the PERK-CHOP pathway in hepatocytes. How-
ever, TXNIP seemed to not be directly regulated by CHOP, as
suggested by the lack of CHOP binding sites within the —5-kb
human TXNIP promoter region. TXNIP belongs to the ATF5-spe-
cific genes (Teske et al., 2013). So, CHOP may indirectly control
TXNIP through ATF5 (Teske et al., 2013). In contrast to NLRP3,
TXNIP was also affected by IRE1 pathway in hepatocytes, which
is consistent with the finding that IRE1 destabilized miR-17 for
TXNIP in pancreatic beta cells (Lerner et al., 2012). These
findings indicate that NLRP3 and TXNIP expression might be
differentially controlled by UPR signaling. TXNIP serves as an
inhibitory partner of thioredoxin, regulating redox homeostasis
in cells (Lu and Holmgren, 2014; Yoshihara et al., 2014). Thus,
the overexpression of NLRP3 and its binding partner TXNIP
might contribute to ER stress-induced hepatocyte injury and
be augmented by FXR deficiency.

NCK1 is the SRC homology-domain-containing adaptor pro-
tein, functionally linking cell surface receptors with the actin
cytoskeleton (Li et al., 2001). NCK1 interacts with PERK through
protein-protein binding, inhibiting the activity of PERK (Yamani
et al., 2014, 2015). In this study, we proposed that NCK1 has a
functional role in the FXR regulation of the UPR pathway in hepa-
tocytes (i.e., that FXR inhibits PERK through NCK1 expression).
Our data show that ER stress inhibited NCK1 and that this effect
was overcome by FXR activation. Moreover, our results show
that the siRNA-mediated knockdown of Nck1 attenuated the
inhibitory effects of FXR on NLRP3, TXNIP, and CHOP expres-
sion under ER stress condition. Consistently, the rescuing effect
of FXR agonist on cell viability was diminished by Nck1 silencing.

(G) qRT-PCR assays for Nirp3 in AML12 cells transfected with Mock or Perk-overexpressing vector for 24 hr. Inmunoblots confirmed Perk overexpression (O/E).

Data represent the mean + SEM of three separate experiments.

(H) ELISA for mature IL-1B. Assays were done on the media prepared from AML12 cells treated as in (B). Data represent the mean + SEM (N = 3 each).
For (A)—(E), relative protein levels were assessed by scanning densitometry of the immunoblots and normalized to those of B-actin. See also Figure S2. In (E)~(H),

*p < 0.05, “*p < 0.01.
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Figure 6. NCK1 Is Involved in FXR Effect on NLRP3 Inflammasome

(A) Immunoblot of NCK1 in wild-type (WT) and Fxr KO mouse liver. Data represent the mean + SEM (N = 4 each).

(B) Immunoblots of NCK1 in hepatocytes. Cells were treated as described in Figure 3C. Data represent the mean + SEM of three separate experiments.

(C) Immunoblots for NLRP3, TXNIP, and CHOP. After transfection with control siRNA or Nck1 siRNA for 48 hr, AML12 cells were pre-treated with GW4064 for 1 hr
and continuously exposed to Tm for 24 hr. Data represent the mean + SEM of three separate experiments.

(D) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assays after Nck1 knockdown. AML12 cells were similarly treated as in (C) (Tm; 48 hr).
Immunoblotting confirmed the knockdown effect. Data represent the mean + SEM (N = 5 each).

For (A)—(C), relative protein levels were assessed by scanning densitometry of the immunoblots and normalized to those of B-actin. *p < 0.05, **p < 0.01.

Thus, the inhibition of the NLRP3 inflammasome by FXR, and the
consequent attenuation of hepatocyte injury in response to ER
stress, may depend on NCK1, indicating that a rheostatic bal-
ance might exist between NCK1 and PERK.

miR-186 has been studied in the field of cancer biology (Cai
et al., 2013; Ruan et al., 2016; Zhu et al., 2016). Here, we report
a role for miR-186 in the regulation of ER stress-induced NLRP3
inflammasome activation. Of the putative microRNAs targeting
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NCK1, FXR specifically regulated miR-186 in our study. Consis-
tently, the ligand-mediated activation of FXR prevented ER
stress from causing an increase in miR-186 levels. Our results
indicate that miR-186 might inhibit NCK1, as supported by the
experiments where we used a miR-186 mimic or inhibitor
(ASO). In these experiments, transfecting hepatocyte cell
models with a miR-186 mimic prevented NLRP3 inflammasome
downregulation by FXR under ER stress condition. By the same
token, the knocking down of Nck1 reversed the inhibitory effect
of miR-186 ASO on the NLRP3 inflammasome, indicating that a
functional association might exist between these molecules and
NLRP3 inflammasome activation in hepatocytes. Our time
course study also verified that a temporal relationship exists be-
tween the expression of miR-186, CHOP, and NLRP3. In our
supplementary analysis, a p53 binding site was predicted in
the promoter region of miR-186. Hence, we do not exclude the
possibility that small heterodimer partner-mediated p53 inhibi-
tion (Lee et al., 2010) contributes to the regulation of miR-186.

Overall, our results demonstrate that FXR acts as a regulator of
hepatic ER stress and of NLRP3 inflammasome activation
through the PERK-CHOP signaling pathway and support the
hypothesis that FXR regulation of miR-186/NCK1 may contribute
to the inhibition of ER stress. Our findings provide key informa-
tion on targets for liver diseases that feature ER stress-mediated
inflammasome and indicate that the ligand-based activation of
FXR might provide a therapeutic approach to overcoming ER
stress-mediated liver disease progression.

EXPERIMENTAL PROCEDURES

Information on the materials used in this study and the details of how the in vivo
and in vitro assays were performed are provided in Supplemental Information.

Patient Samples

We used liver samples from patients with NAFLD (or NASH) that were re-
ported in a previous study (Ahn et al., 2014). The clinical characteristics
of these patients, the control groups used, and the criteria used to exclude
patients from the study are explained in Ahn et al. (2014). All control indi-
viduals had <5% hepatic fat content and normal liver enzymes. The study
was approved by the Institutional Review Boards at Eulji Hospital or
Hanyang University Hospital. The protocol was registered at the Clinical
Research Information Service with the registration number KCT0000900
(http://cris.nih.go.kr/cris/index.jsp). Histological assessment of liver biopsy

samples (i.e., NAFLD activity score) and the interpretation of immunohisto-
chemical stains (i.e., H-score assignment) were performed as described in
Ahn et al. (2014).

Animal Treatment

Animal experiments were conducted under the guidelines of the Institutional
Animal Care and Use Committee at Seoul National University. C57BL/
6 mice were purchased from Charles River Orient (Seoul, Korea). Fxr KO
mice were obtained from the Jackson Laboratory. The animals were housed
at 20°C = 2°C with 12 hr light/dark cycles and a relative humidity of 50% =+
5% under filtered, pathogen-free air, with food and water available ad libitum.
For animal models of liver injury, 8-week-old male C57BL/6 mice were in-
jected intraperitoneally (i.p.) with a single dose of vehicle or with APAP
(500 mg/kg body weight) for 6 hr. In a separate experiment, 8-week-old
male C57BL/6 mice were treated with vehicle or with CCl, (0.6 mL/kg body
weight, i.p., twice a week) for 6 weeks. For the NASH animal model,
3-week-old C57BL/6 male mice were fed with a MCDHF diet or with a sterile
standard control diet for 6 weeks (Park et al., 2016). To induce ER stress,
wild-type or Fxr KO mice (8 weeks old, male) were injected (i.p.) with a single
dose of vehicle or with Tm (2 mg/kg) and were sacrificed 2 days after injection.
An animal model of FXR activation was achieved by injecting wild-type
(8 weeks old, male) mice with vehicle or with GW4064 (30 mg/kg, i.p.) twice
at an interval of 12 hr. One hour after the second GW4064 treatment, mice
were injected (i.p.) with a single dose of Tm and sacrificed 3 days later. Blood
and liver samples were taken for serum biochemical and histopathological an-
alyses in all animal experiments.

RNA Isolation and Real-Time RT-PCR Assays

Total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA) and was
reverse transcribed to obtain cDNA. gRT-PCR was done according to the
manufacturer’s instructions using a StepOne real-time PCR instrument
(Thermo Fisher Scientific) and SYBR Premix Ex Taqll kit (Takara Bio, Shiga,
Japan).

Cell Culture

The cell lines, AML12 (mouse hepatocyte-derived cell line) and HepG2 (human
hepatocyte-derived cell line), were purchased from ATCC (Rockville, MD,
USA). The isolation of primary hepatocytes from mice is described in the Sup-
plemental Experimental Procedures.

Statistical Analysis

Statistically significant differences were assessed by the Student’s t test or
by one-way ANOVA tests. For each statistically significant effect of treatment,
the Bonferroni’s or least significant difference (LSD) methods were used for
comparisons between multiple group means. The data were expressed as
mean + SEM. The criterion for statistical significance was set at p < 0.05 or
p < 0.01. Statistical analyses were performed using IBM SPSS Statistics 23
software.

Figure 7. miR-186 Contributes to ER Stress-Induced NLRP3 Inflammasome Activation

(Aand B) qRT-PCR assays for the miRNAs that putatively target NCK1 in mouse liver (A). miR-186 levels were additionally measured in mice treated as described
in Figure 3B (B). Data represent the mean + SEM (N = 3 or 6 for each treatment). Statistical significance of differences between Fxr KO and wild-type (WT) group
(*p < 0.05), or each treatment and control group (*p < 0.05), was determined (N.S., not significant).

(C) Immunoblots (upper) or gRT-PCR assays (lower) for NCK1 in AML12 cells transfected with miR-186 mimic (or control) or miR-186 ASO (or control) for 48 hr.
Data represent the mean + SEM of three separate experiments.

(D) Nck1 3" UTR reporter activity. Luciferase activity was measured in HepG2 cells transfected with miR-186 mimic or miR-186 ASO in combination with a
luciferase reporter comprising Nck1 3’ UTR. The specificity of miR-186 mimic or ASO action was confirmed by the use of control vector (left). gRT-PCR assays
verified overexpression or silencing of miR-186 (right). Data represent the mean + SEM (N = 3 or 6 each).

(E) gRT-PCR assays for miR-186, Chop, and Nirp3 in AML12 cells treated with Tm for indicated times. Data represent the mean + SEM of three separate ex-
periments.

(F) Immunoblots for NLRP3, TXNIP, and CHOP. After transfection with control mimic or miR-186 mimic for 48 hr, AML12 cells were pre-treated with GW4064 for
1 hr and continuously exposed to Tm for 24 hr.

(G) Immunobilots of the proteins of interest. AML12 cells were treated with Tm for 24 hr after transfection with miR-186 ASO (or control ASO) and/or Nck1 siRNA (or
control siRNA) for 48 hr.

For (F) and (G), relative protein levels were assessed by scanning densitometry of the immunoblots and normalized to those of -actin. Data represent the mean +
SEM of three separate experiments. In (D)—~(G), *p < 0.05, **p < 0.01.
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