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KEY WORDS Abstract Farnesoid X receptor (FXR) is widely accepted as a promising target for various liver dis-
eases; however, panels of ligands in drug development show limited clinical benefits, without a clear

;ﬁg;ar e —— mechanism. Here, we reveal that acetylation initiates and orchestrates FXR nucleocytoplasmic shuttling
Acetylation; and then enhances degradation by the cytosolic E3 ligase CHIP under conditions of liver injury, which
Phosphorylation; represents the major culprit that limits the clinical benefits of FXR agonists against liver diseases. Upon
Nucleocytoplasmic inflammatory and apoptotic stimulation, enhanced FXR acetylation at K217, closed to the nuclear loca-
shuttling; tion signal, blocks its recognition by importin KPNA3, thereby preventing its nuclear import. Concom-
Degradation; itantly, reduced phosphorylation at T442 within the nuclear export signals promotes its recognition by
Nonalcoholic exportin CRM1, and thereby facilitating FXR export to the cytosol. Acetylation governs nucleocytoplas-
steatohepatitis; mic shuttling of FXR, resulting in enhanced cytosolic retention of FXR that is amenable to degradation
Combinatorial drugs by CHIP. SIRT1 activators reduce FXR acetylation and prevent its cytosolic degradation. More impor-

tantly, SIRT1 activators synergize with FXR agonists in combating acute and chronic liver injuries. In
conclusion, these findings innovate a promising strategy to develop therapeutics against liver diseases
by combining SIRT1 activators and FXR agonists.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is currently regarded as
the most common liver disease worldwide, and more than 25% of
the world population suffers from NAFLD. Despite its high
prevalence worldwide, there are currently no pharmaceutical
therapeutics approved for NAFLD and its progressive subtype,
nonalcoholic steatohepatitis (NASH), highlighting the urgent to
develop effective medicines’.

Farnesoid X receptor (FXR), a typical nuclear receptor (NR),
has now been widely exploited for developing drugs against
various diseases, particularly NASH”. Compelling preclinical
evidence suggest its pleiotropic effects on metabolic regulation™?,
inflammation suppression®’, cell death prevention®’, and fibro-
genesis inhibition'”'". Therefore, numerous FXR agonists with
diverse chemical structures have been developed'’. Among the
proposed FXR agonists, obeticholic acid (OCA) seems to be
particularly promising. Recently, OCA achieved endpoints in a
phase III clinical trial for NASH'?. Although the study was the
first phase III clinical trial for NASH to show a benefit, some
questions remain'®. One of the main concerns is the limited
clinical benefit of OCA. Although the co-primary endpoint of
fibrosis improvement was achieved, the response rate was low, and
the co-primary endpoint of NASH resolution was not achieved'”.
Hence, the approval of OCA for NASH therapy has been delayed
by FDA. Besides, other FXR agonists in clinical trials are also
pessimistic about their prospective as drug candidates against
NASH. The clinical evidence has dampened enthusiasm for FXR
agonists in NASH therapy and suggests that there is still a gap in
knowledge about FXR biology in liver diseases. Hence, it is
critical to uncover the underlying mechanisms associated with
limited efficacy of FXR agonists in patients suffer from liver
diseases.

We have previously observed reduced hepatic FXR protein
levels in fibrotic patients accompanied with the progress of
fibrosis development®; this was also observed in patients with
NASH and primary biliary cirrhosis'>'®. Most biological func-
tions of FXR rely on its transcriptional regulation of target genes
in the nucleus, which is stimulated when agonists bind to the
pocket of FXR protein. According to the “occupancy-driven”
mechanism of action, it is reasonable to predict that the enhanced
degradation of FXR protein in conditions of liver injury would
likely represent the key to explain the limited clinical benefits of
FXR agonists. Thus, it is of paramount importance to clarify the
way and mechanism underlying the facilitated FXR protein
degradation in conditions of liver diseases. To this end, we sought
to delineate the precise mechanisms underlying FXR degradation
in liver diseases.

NRs, of course including FXR, are believed to mainly localize
and function in nuclear compartment'”'®, In addition to functional
fulfillment, degradation of cellular proteins via either the
ubiquitin-proteasome system (UPS) or autophagy occurs in a
compartment-specific manner'’. Although the nucleus has been
identified as a compartment for protein degradation®’, the cytosol

is the prominent compartment for intracellular protein degrada-
tion”""*?. In contrast to cytosolic degradation of aboriginal pro-
teins, degradation of nuclear proteins in the cytosol poses
significant topological problems. Hence, the shuttling of nuclear
proteins between these two compartments is essential for their
cytosolic degradation. Proteins larger than 40 kDa that shuttle
between the cytosol and nucleus must bind to import/export re-
ceptors, and to achieve this, they must possess the nuclear location
signal (NLS)/nuclear export signal (NES), respectively. However,
how these signals are critically regulated to induce nuclear export
for cytosolic degradation of NRs and, in particular, the precise
mechanism underlying the coupling of nucleocytoplasmic shut-
tling with protein degradation remain largely uncharacterized. We
found that acetylation orchestrates the nucleocytoplasmic shut-
tling and protein degradation of FXR. Furthermore, we showed
that SIRT1 activators synergize with FXR agonists for hep-
atoprotection against acute and chronic liver injuries in preclinical
mouse models.

2. Materials and methods

2.1.  Reagents

Actinomycin D (HY-17559), EX527 (HY-1545), MG132 (HY-
13259), obeticholic acid (HY-12222), SRT1720 hydrochloride
(HY-15145) and tropifexor (HY-107418) were purchased from
MedChemExpress. Cycloheximide (HY-12320), nicotinamide
(98-92-0) and dimethyl sulfoxide (67-68-5) were purchased from
Sigma—Aldrich. DAPI staining solution (C1005), leptomycin B
(S1726) and trichostatin A (S1893) were purchased from Beyo-
time. Recombinant human TNF« (300-01 A) was purchased from
Peprotech. Recombinant human FasL (10,244-H07Y) and re-
combinant human TRAIL (10409-HNAE) were purchased from
Sino Biological. Recombinant murine TNFa (14-8321-63) was
purchased from Bioworld Technology.

2.2.  Animal treatment

Male C57BL/6 J mice (6 weeks old, 20 g) were obtained from
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). All mice were kept in an air-conditioned animal quarter at
a temperature of 25 4+ 2 °C and a relative humidity of 50 + 10%
with 12-h light/dark cycles for 1 week before experiments, and
allowed water and standard chow ad libitum. All the animal
studies were approved by the Animal Ethics Committee of China
Pharmaceutical University (Nanjing, China).

To compare the hepatic FXR expression in healthy and liver
injured mice, various murine models were induced. Acute liver
injury was induced by intraperitoneal (i.p.) injection of CCl, (20%
CCly diluted in mineral oil; five mL/kg). Cholestatic liver injury
was induced by bile duct ligation (BDL) as previously described".
NASH was induced either by high fat & high cholesterol diet
(HFHC, 40% fat and 0.2% cholesterol in diet, and fructose/
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sucrose at 23.1/18.9 g/L. in drinking water) for 16 weeks or
methionine and choline-deficient diet (MCD, from Trophic Ani-
mal Feed High-tech Co., Ltd.) for 6 weeks.

To evaluate the effect of FXR loss on the hepatoprotective
effects of OCA, mice were intravenously (i.v.) injected with
AAV Ctrl shRNA or AAV Fxr shRNA (10'' vg/mouse). Two
months later, these mice were orally administrated with vehicle
or OCA (5 mg/kg/day) for 2 days. One hour after the last dosage
of OCA, mice were injected (i.p.) with CCl, as above mentioned.
Forty-eight hours later, mice were sacrificed. To further evaluate
the effect of FXR loss caused by liver injury on the benefits of
OCA, mice were injected (i.p.) with vehicle or CCl,. Twenty-
four hours later, mice were orally administrated with vehicle
or OCA (5 mg/kg/day) for 2 days. Twenty-four hours after the
last dosage of OCA, mice were sacrificed. To further confirm the
effect of FXR expression on the benefits of OCA, mice were
injected (i.v.) with Ad-Ctrl or Ad-Fxr (10° pfu/mouse). Five days
later, these mice were injected with vehicle or CCly (20% CCly
diluted in mineral; five mL/kg). Twenty-four hours later, mice
were orally administrated with vehicle or OCA (5 mg/kg/day) for
2 days. Twenty-four hours after the last dosage of OCA, mice
were sacrificed.

To investigate the effect of co-administration of OCA and
SRT1720 on liver injuries, mice were injected with CCly or fed
with HFHC diet as described above. Mice were injected (i.p.) with
SRT1720 (10 mg/kg/day, twice daily) for 5 days. Mice were
injected (i.p.) with CCly (20% CCly diluted in mineral; five mL/kg)
at the 3rd day and orally administrated with OCA (1.5 and
5 mg/kg/day) for 2 days from the 4th day since SRT1720 treat-
ment. Seventy-two hours after CCl, injection, mice were sacrificed.
Additionally, mice were fed with HFHC for 16 weeks to induce
NASH. Mice were injected (i.p.) with SRT1720 (10 mg/kg/day,
once daily) from the 12th week and orally administrated with OCA
(1.5 and 5 mg/kg/day) from the 13th week.

2.3.  Serum biochemical analysis

Serum levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were measured with commercial Kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
following the manufacturer’s instructions.

2.4.  Histological evaluation

Formalin-fixed hepatic tissues were embedded in paraffin and
5 pum-thick sections were cut for histological evaluation. Assess-
ment of morphology and extracellular matrix accumulation were
performed by hematoxylin and eosin (H&E) staining, Sirius red
staining and Masson’s trichrome staining. Evaluation of hepatic
FXR expression was conducted by immunohistochemistry with an
FXR antibody.

2.5.  Cell lines and cell treatment

Human HepG2 cells, murine AMLI12 cells, and human
HEK293T cells were obtained from Stem Cell Bank of the
Chinese Academy of Sciences. HepG2 cells and HEK293 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS). AMLI12 cells were
cultured in DMEM/F12 containing 10% FBS. These cell lines are
mycoplasma free. Apoptosis was induced by following methods:
(1) ActD (0.4 pmol/L)/TNFa (20 ng/mL); (2) CHX (50 pmol/L)/

FasL (50 ng/mL); (3) TRAIL (50 ng/mL) for indicated time.
Inflammation was induced by TNF« (100 ng/mL) for indicated
time.

2.6.  Cell viability by CCK-8 assay

Cells were grown in 96-well plates for cell viability by Cell
Counting Kit-8 assay (CCK-8, Vazyme) following the protocol.
Briefly, 10 pL of CCK-8 solution was added to each well of the
plate before incubation at 37 °C for 1 h. The absorbance at 450 nm
was read using a microplate reader.

2.7.  Determination of apoptosis by flow cytometry

Apoptosis of HepG2 cells was determined using the Annexin V-
FITC/Propidium Iodide kit (PI, BD Biosciences). Briefly, cells
were trypsinized, washed, and suspended in annexin-binding
buffer before stained with annexin V-FITC and PI for 20 min in
the dark. The cells were then analyzed on a BD FACS Calibur (BD
Bioscience) flow cytometer.

2.8.  Plasmids and siRNA

Human KPNA3 CRISPR/Cas9 KO plasmid were purchased from
Santa cruz. Human CHIP (WT, H260Q), Flag-SIRTI were pur-
chased from Sangon Biotech. Human GFP-FXR (WT, K217R,
K217Q, T442A, T442E), Flag-FXR (WT, AAF1, ADBD, AHinge,
ALBD), GFP-FXR-NLS-GST, GFP-FXR-NLSm-GST, GFP-FXR-
NLS (K217R)-GST, GFP-FXR-NLS (K217Q)-GST, GFP-FXR-
NLS-NESI1-GST, GFP-FXR-NLS-NESIm-GST, GFP-FXR-NLS-
NES2-GST, GFP-FXR-NLS-NES2m-GST, GFP-FXR-NLS-NES
(T442A)-GST, GFP-FXR-NLS-NES (T442E)-GST and Flag-CHIP
(WT, ATPR, AU-Box) were purchased from Jinzai Bio. Mouse
adenovirus FXR were purchased from Viraltherapy Technologies.

Human CRM1 siRNA (sc-35116), CRT siRNA (sc-29234) and
silencer negative control siRNA (sc-37007) were purchased from
Santa Cruz. Human BARDI siRNA designed as sequence 5'-
GGAUACAAGACUUGAAGAUTT-3 and 3'-AUCUUCAAGUC-
UUGUAUCCTT-5, SMURF1 siRNA designed as sequence 5'-
UGAUCUAUAUGUUGGGAAATT-3" and 3'-UUUCCCAACAU-
AUAGAUCATT-5, NEDD4 siRNA designed as sequence 5'-
CUAACAGAUGCUGAGAAUTT-3' and 3'-AUUCUCAGCAU-
CUGUUAGGTT-5', ITCH siRNA designed as sequence 5'-
GAGCAAUGCAGCAGUUUAATT-3' and 3'-UUAAACUGCU-
GCAUUGCUCTT-5, and CHIP siRNA designed as sequence 5'-
UGGCUAUGAAGGAGGUUAUTT-3" and 3'-AUAACCUCCUU-
CAUAGCCATT-5 were obtained from EKBIO Technology.
Human SIRT! siRNA designed as sequence 5'-UCAUAGAGC-
CAUGAAGUAUGACAAA-3' and 3'-AGUAUCUCGGUACUU-
CAUACUGUUU-5" were obtained from Invitrogen. Mouse AAV
Fxr shRNA was purchased from Viraltherapy Technologies.

2.9.  Plasmids and siRNA transfection

For plasmid transfection studies, the cells were transfected with
control, Flag-FXR WT/mutants, Flag-CHIP WT/mutants, CHIP
WT/mutants, GFP-FXR WT/mutants, Flag-SIRT1, GFP-NLS
Cargo using Lipofectamine 3000 reagent (Invitrogen) according to
the manufacturer’s protocols.

For siRNA transfection studies, the cells were transfected with
control siRNA, NEDD4 siRNA, ITCH siRNA, CHIP siRNA,
BARDI1 siRNA, SMURFI siRNA (Nanjing EKBIO Technology),
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CRM1 siRNA (Santa Cruz), SIRTI siRNA (Invitrogen) using
lipofectamine RNAIMAX reagent (Invitrogen) for 48 h before
ActD/TNFa treatment, according to the manufacturer’s protocols.

2.10.  Real-time PCR

Real-time PCR was performed following the previously reported
protocols™. Briefly, total RNA was isolated from hepatic tissues or
cells using RNAiso Plus reagent (TaKaRa Biotechnology). Puri-
fied RNA was reverse transcribed using PrimeScript RT Reagent
Kit with gDNA FEraser (TaKaRa Biotechnology). Real-time PCR
was performed with ChamQ SYBR qPCR Master Mix (Vazyme).
Primer sequences are list in Supporting Information Table S1.

2.11. Antibodies

Anti-FXR (Abcam, 235,094, 1:750 for IHC; CST, 72,105, 1:1000
for WB; Santa Cruz, 25,309, 1:100 for IP; ABclonal, A8320,
1:200 for IF/PLA), anti-acetylated-lysine (CST, 9441, 1:1000),
anti-phospho-threonine (CST, 9386, 1:1000), anti-ubiquitin
(E4127) (CST, 91,112, 1:1000), anti-CHIP (CST, 2080, 1:1000),
anti-histone H3 (CST, 4499, 1:1000), anti-G-actin (CST, 3700,
1:1000), anti-P300 (Santa Cruz, 48,343, 1:200), anti-BARDI
(ABclonal, A1685, 1:1000), anti-CRM1 (ABclonal, A19625,
1:1000), anti-ITCH (ABclonal, A8624, 1:1000), anti-MDM2
(ABclonal, A13327, 1:1000), anti-SMURF1 (ABclonal, A16559,
1:1000), anti-UBE4B (ABclonal, A17609, 1:1000), anti-KPNA1
(ABclonal, A1742, 1:1000), anti-KPNA2 (ABclonal, A1623,
1:1000), anti-KPNA3 (ABclonal, A8347, 1:1000), anti-KPNA4
(ABclonal, A2026, 1:1000), anti-KPNAS5 (ABclonal, A7331,
1:1000), anti-KPNA6 (ABclonal, A7363, 1:1000), anti-SIRT1
(ABclonal, A11267, 1:1000), anti-calreticulin (Proteintech,
10292-1-AP, 1:1000), anti-GST-Tag (Proteintech, 10000-0-AP,
1:1000), anti-Flag-Tag (Abways, AB0008, 1:1000) and anti-
GAPDH (Abways, AB0037, 1:1000) antibodies were used. Sec-
ondary antibodies, including goat anti-mouse IgG (H + L) anti-
body, HRP conjugated (Abcam, ab6789, 1:5000), goat anti-rabbit
IgG (H + L) antibody, HRP conjugated (Abcam, ab6721, 1:5000),
VeriBlot for IP detection reagent (HRP; Abcam, ab131366,
1:200), donkey anti-mouse IgG (H + L) Antibody, Alexa Fluor
555 (Invitrogen, A-31570, 1:2000) and donkey anti-rabbit IgG
(H + L) antibody, Alexa Fluor 488 (Invitrogen, A-21206, 1:2000)
were used.

2.12.  Western blot

Western blot assays were performed following the previously re-
ported protocols®*. Briefly, protein lysates were separated by
SDS—PAGE and transferred to a PVDF membrane, which was
then blocked in 5% nonfat milk. The blots were incubated with
primary antibodies and appropriate secondary antibodies, and
detected by Enhanced Chemiluminescence Kit (ThermoFisher
Scientific). Western blot acquisition was performed using iBright
Analysis Software Version 3.0.1 (Thermo Fisher Scientific).

2.13.  Cell fractionation assay

The cell nucleus and cytoplasm were isolated using the Nuclei
Isolation Kit (Beyotime Biotechnology) according to the manu-
facturer’s instructions. Cell fractionation were then analyzed by
Western blot analysis as described above.

2.14.  Co-immunoprecipitation (Co-IP) assay

Cells or tissues were lysed in chilled NP-40 buffer containing 1%
protease inhibitor cocktail, and the lysates were immunoprecipi-
tated with specific antibody together with Protein A-agarose
(Invitrogen). The immune-precipitates were eluted from beads,
resuspended in loading buffer, and then separated on SDS-PAGE
gel, followed by Western blot analysis.

2.15.  GST pull-down assay

GST pull-down assay was performed using Pierce GST Protein
Interaction Pull-Down Kit (Thermo Scientific). GST-FXR protein
or GST-KPNA3 protein coupled to Glutathione-Sepharose resin
was mixed with appropriate HEK293T cell lysates overnight at
4 °C. The input and output samples were boiled in loading buffer
and loaded on SDS-PAGE gels for separation and
immunoblotting.

2.16.  Immunofluorescence microscopy

HepG2 cells were seeded in cell imaging dish and fixed with 4%
paraformaldehyde solution, followed by permeabilization with
0.2% Triton X-100. Cells were then incubated in blocking buffer
and primary antibodies. After incubated with Alexa Fluor-
conjugated secondary antibodies and DAPI, the cells were
analyzed using a Zeiss 710 confocal microscope.

2.17.  Ubiquitination assay

Cells were transiently transfected with different constructs as
indicated in the text and figure captions and pre-treated with
5 pmol/L MG132 for 3 h. The cells were then lysed in lysis buffer
containing protease inhibitor cocktail, N-ethylmaleimide, and
iodoacetamide to preserve ubiquitin chains. /n vifro ubiquitination
assay using immunoprecipitation with anti-ubiquitin was per-
formed as described above.

2.18.  Bio-layer interferometry (BLI) assay

Direct protein—protein interactions were evaluated by BLI using
an OctetRED96 instrument (ForteBio, Inc.) as previously
described®. The biotinylated protein was loaded onto streptavidin
optical biosensors and incubated with interacting protein. The
results were processed and the association and dissociation plot
and kinetic constants (K,, and K,¢) were obtained from ForteBio
data analysis software. Equilibrium dissociation constants (Ky)
were calculated by the ratio of K to K.

2.19.  In situ proximity ligation assay (PLA) assay

The in situ PLA was performed according to the manufacturer’s
instructions (Sigma—Aldrich). Cells were fixed in 3.7% para-
formaldehyde for 20 min, permeabilized, and blocked before the
addition of the primary antibody for immune-fluorescence anal-
ysis. The cells were then incubated with two primary antibodies
derived from different species to recognize FXR and indicated
proteins at 4 °C overnight. On the following day, cells were
washed in Buffer A and incubated with secondary antibodies
conjugated with oligonucleotides for 1 h at 37 °C. The
ligation reaction was performed at 37 °C for 30 min, followed
with amplification reaction at 37 °C in a darkened
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humidified chamber. After washed by Buffer B, the samples were
stained with DAPI and analyzed using a Zeiss 710 confocal
microscope.

2.20. Statistical analysis

For all analysis in cell lines, the experiments were biologically
repeated for three independent times. Results are presented as the
mean =+ standard error of mean (SEM). Statistical analysis of data
was performed using GraphPad Prism (version 8.0). A two-tailed
Student’s r-test was applied for comparison of two groups and a
one-way ANOVA with Tukey post hoc analysis was applied for
comparison of multiple groups. P values below 0.05 were
considered statistically significant.

3. Results

3.1.  Loss of hepatic FXR underlies the compromised efficacies
of FXR agonists in injured livers

We previously observed a gradual loss of hepatic FXR protein
accompanied by the progressive development of fibrosis in
fibrotic patients®. Here we verified whether such a reduction in
FXR protein is conserved in diverse liver diseases. Murine liver
injuries were induced by CCly injection, BDL, and HFHC or
MCD diet feeding. As expected, drastic decreases in hepatic FXR
protein levels were observed in injured livers in all of these
murine models, as shown by immunohistochemical (IHC) and
Western blot analyses (Fig. 1A and B). Apoptosis and inflam-
mation represent common pathological events across diverse liver
diseases; thus, we tested whether apoptotic and inflammatory
challenges would lead to a reduction in FXR protein level.
Apoptosis was triggered by treatment of ActD/TNF«, CHX/FasL,
or TRAIL, and analyzed by CCK-8 assay and Annexin V-FITC/PI
staining (Supporting Information Fig. STA and S1B). Inflamma-
tion was induced by TNFa« treatment and indicated by elevated
cytokines (Fig. S1C). As expected, a gradual loss of FXR protein
was observed in apoptotic and inflammatory HepG2 cells
(Fig. 1C and Fig. SID)®. It is reasonable to predict that
decreased FXR level may compromise the hepatoprotective
benefits of FXR agonists in injured livers. To this end, mice were
injected with AAV Fxr shRNA to knock down hepatic FXR
expression to mimic FXR loss in liver disease (Supporting
Information Fig. S2A and S2B). These mice were then admin-
istered with CCly and OCA (Fig. 1D). In mice injected with AAV
Ctul shRNA, OCA administration showed powerful hep-
atoprotective effects against CCly, as demonstrated by serum
transaminase levels and histological analysis (Fig. 1E and F).
Since CCly treatment triggers the activation of hepatic stellate
cells (HSCs), characterized as increased collagen deposition and
elevated expression of pro-fibrotic genes, including Acta2, Tgfbl,
Collal, and Colla2. Results from Sirius red and Masson staining
(Fig. 1F) and pro-fibrotic genes expression (Fig. S2C) demon-
strated that OCA administration exhibited excellent effect in
preventing HSC activation. Conversely, in mice injected with
AAV Fxr shRNA, OCA administration was unable to trans-
activate FXR signals or protect the mice from CCly-induced
acute liver injury and HSC activation (Fig. 1E and F, and
Fig. S2B and S2C). Mice were injected with CCly to induce
overt loss of FXR (Fig. S2D) and then treated with OCA
(Fig. 1G). As expected, therapeutic administration of OCA

resulted in marginal hepatoprotection (Fig. 1H, I, Fig. S2E and
S2F). Conversely, enforced expression of FXR by Ad-Fxr in-
jection (Fig. 1J) not only enhanced FXR expression (Fig. S2G)
but also restored the hepatoprotective effects of OCA (Fig. 1K, L,
Fig. S2H and S2I), indicating that the FXR protein level is an
important determinant for the efficacy of FXR agonists. Impor-
tantly, in line with our previously findings®, enforced FXR
overexpression per se was protective against CCly-induced liver
injury, supporting an additional ligand-independent effects of
FXR in combating apoptosis. These results suggest that the FXR
protein level tends to decrease in conditions of diverse liver
diseases, which compromises the hepatoprotective benefits of
FXR agonists, and restoration of FXR protein level is important
to strengthening both the canonical and noncanonical effects of
FXR.

3.2.  Cytoplasmic CHIP mediates FXR degradation upon
apoptotic stimulation

We hypothesized that facilitated protein degradation by protea-
somal or lysosomal activities may be involved in apoptotic
HepG2 cells. Bafilomycin Al (autophagy inhibitor) treatment
resulted in little recovery of FXR loss. In contrast, MG132
(proteasome inhibitor) treatment resulted in an entire blockage
of FXR loss (Fig. 2A), accompanied by the accumulation of
ubiquitinated FXR in apoptotic HepG2 cells (Fig. 2B). This
suggests that the increased ubiquitination targets FXR in the
proteasome for degradation. We intended to identify the specific
E3 ligase that mediates the ubiquitination and degradation of
FXR. Potential E3 ligase of FXR was then searched in the
UbiBrowser (obibrowser.ncpsb.org/)*®. The data indicate that
NEDD4, MDM2, ITCH, STUBI, UBE4B, BARDI and
SMURF1 might be involved in ubiquitin-mediated degradation
of FXR (Supporting Information Fig. S3A). To explore which
ligase serves as the E3 ligase for FXR during apoptosis, Co-IP
assay was conducted to investigate the potential interactions. An
enhanced association between FXR and NEDD4, ITCH,
STUBI, BARDI, and SMURFI was observed in apoptotic
HepG2 cells (Fig. S3B). To further confirm which of these
mediated FXR degradation, specific siRNAs targeting the above
five candidates were transfected into HepG2 cells, which were
then exposed to ActD/TNFa. The results show that FXR
degradation in apoptotic HepG2 cells was abolished by STUB1
siRNA transfection (Fig. S3C), indicating that STUBI1 serves as
the E3 ligase for FXR degradation upon apoptotic stimulation.
CHIP (the carboxyl-terminus of Hsp70 interacting protein),
encoded by STIP1 homology and U-Box containing protein 1
(STUBI1), is a well-known E3 ubiquitin ligase. Additionally,
recombinant GST-FXR was able to bind to CHIP in HepG2
lysates (Fig. 2C). The direct FXR—CHIP interaction was further
validated using BLI assay (Fig. 2D). Next, we explored the
binding domain involved in this interaction. CHIP contains an
N-terminal tetratricopeptide repeat (TPR) domain, which allows
for interaction with the C-terminus of Hsp70, and a C-terminal
U-Box domain, which is responsible for E3 ubiquitination ac-
tivity. FXR protein has a typical NR structure composed of
modular domains, including the N-terminal ligand-independent
transcriptional activation AF1 domain, DNA-binding domain
(DBD), hinge region, and C-terminal ligand-binding domain
containing a transcriptional activation function domain 2. Re-
sults show that the CHIP U-Box region was required for its
interaction with FXR (Fig. 2E), whereas the FXR DBD domain
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Figure 1  Loss of hepatic FXR underlies compromised efficacies of FXR agonists in injured livers. (A, B) Reduced levels of FXR protein under
various liver injuries, including BDL-induced cholestasis, CCly-induced acute liver injury, HFHC-and MCD diet-induced NASH by IHC (A) and
Western blot (B). (C) FXR protein degradation in apoptotic HepG2 cells triggered by ActD/TNF«, CHX/FasL, and TRAIL. (D—F) Attenuated
hepatoprotective effects of OCA in FXR knock-down mice caused by specific AAV Fxr shRNA injection. (G—I) Attenuated hepatoprotective
effects of OCA in FXR down-regulated mice caused by CCly injury. (J—L) Restored hepatoprotective effect of OCA in CCly-injured mice with
reinforced injection of Ad-Fxr (D, G and J) Mouse experiment procedure schemes. (E, H and K) Serum ALT and AST levels. (F, I and L)
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Figure 2  Cytoplasmic CHIP mediates FXR degradation upon apoptotic stimulation. (A) Degradation of FXR protein in DRs-triggered

apoptotic HepG2 cells were blocked by MG132, but not bafilomycin Al. (B) Ubiquitinated FXR accumulated in ActD/TNFa-treated HepG2
cells. (C, D) Interaction between CHIP and FXR by GST pull-down assay (C) and BLI assay (D). (E) FXR bound to the U-Box region of the CHIP
protein. (F) CHIP bound to the DBD region of the FXR protein. (G, H) Knock-down of CHIP precluded the ubiquitination (G) and degradation
(H) of FXR protein in ActD/TNFa-treated HepG2 cells. (I, J) CHIP WT but not CHIP H260Q, an E3 ligase activity mutant, overexpression

enhanced poly-ubiquitination (I) and degradation (J).

was responsible for its interaction with CHIP (Fig. 2F). The role
of CHIP in the ubiquitination and subsequent degradation of
FXR was validated. As expected, suppressed FXR poly-
ubiquitylation and degradation were observed following CHIP
knockdown (Fig. 2G and H), whereas enhanced poly-
ubiquitination and degradation were observed following CHIP
overexpression (Fig. 21 and J). As with CHIP-mediated degra-
dation of FXR, the E3 ligase activity of CHIP was required this
regulation, as H260Q, an E3 ligase-defective mutant,?’ failed to
induce ubiquitination or prevent degradation of FXR (Fig. 21
and J). Collectively, these data imply that CHIP is an E3 ligase
of FXR that mediates ubiquitination and subsequent proteasomal
degradation upon apoptotic stimulation.

3.3.  Reduced KPNA3 interaction with FXR limits FXR nuclear
import in apoptotic HepG2 cells

CHIP is a cytosolic E3-ubiquitin ligase (Fig. S3D) that mediates
the ubiquitination and degradation of various substrates within the
cytoplasm®’. FXR, a well-known NR member, is generally
thought to function in the nucleus, suggesting that a nucleus-to-
cytoplasm distribution of FXR occurs upon apoptotic stimula-
tion (Supporting Information Fig. S3E). Furthermore, reduced
nuclear localization and increased cytoplasmic retention of FXR
were observed in the presence of MG132 (Fig. 3A and B). These
results suggest that apoptotic challenge may favor the nucleus-to-
cytoplasm distribution of FXR for degradation. This is supported
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Reduced KPNA3 interaction with FXR limits FXR nuclear import in apoptotic HepG2 cells. (A, B) Subcellular location of FXR in

apoptotic HepG2 cells by Western blot (A) and immunofluorescence analysis (B). (C) Alignment of the FXR region containing predicted NLS
sequences from various species. Predicted NLSs were indicated in boldface type. (D) Alignment of human FXR amino acids 101—120 and
201—220 around the predicted NLSs. Predicted NLSs were indicated in boldface type and the mutants were in red. (E) Mutation of predicted
NLS2 but not predicted NLS1 of FXR caused its cytoplasmic accumulation. (F) Mutation of FXR NLS impaired its function in nuclear import as
shown by cargo reporter. (G) Mutation of FXR NLS promoted its degradation upon apoptotic trigger. (H, I) Association between FXR and KPNA3
were detected by GST pull-down analysis (H) and BLI analysis (I). (J) Mutation of FXR NLS impaired the interaction between FXR and KPNA3
by Co-IP assay. (K) Reduced FXR-KPNA3 interaction in apoptotic HepG2 cells by PLA. (L) Knock-down of KPNA3 induced cytoplasmic
accumulation of FXR. (M) KPNA3 knock-down accelerated FXR degradation triggered by ActD/TNF«. Scale bar, 20 pm.

by the fact that nuclear import by agonist restrict FXR degradation
(Fig. S3F and S3G). Nucleocytoplasmic trafficking is an efficient
mechanism for controlling the subcellular localization of proteins
and may play an important role in orchestrating their functions
and fates’® °. These results indicate that nucleocytoplasmic
trafficking may be an important determinant of FXR degradation.
Proteins with masses that exceeding ~40 kDa (FXR, 55 kDa)
shuttle between the nucleus and cytoplasm in active and signal-
mediated pathways. Nuclear entry of a protein is determined by
NLS, which typically contains clusters of positively charged basic
amino acids of lysine (K) and arginine (R) separated by a spacer.
Examination of the FXR amino acid sequence led us to identify
two possible NLS sequences, which are highly conserved among
mammalian, chicken, zebrafish, and xenopus (Fig. 3C). To test
whether these putative sequences were FXR NLSs, amino acid

substitutions (K or L to A) were introduced into these sequences
(Fig. 3D). Results from cell fractionation assays show remarkably
enhanced cytoplasmic localization of NLS2m compared with WT,
suggesting that amino acids 210—214 (KRLRK) act as an NLS to
mediate the cytoplasm-to-nucleus travel of FXR (Fig. 3E). To
further validate whether this region is a functional NLS, we
designed a cargo reporter in which GFP is expressed as a chimera
with GST to increase its size so as to prevent passive diffusion to
the nucleus’', together with the FXR NLS fragment (amino acids
191—230), as shown in the schematic diagram (Fig. 3F). Results
reveal that this NLS-cargo reporter was mainly localized in the
nucleus, whereas amino acid substitutions (K or L to A) within the
NLS caused a cytoplasmic retention of this cargo reporter
(Fig. 3F). Importantly, mutation of this functional NLS sensitized
FXR to apoptosis-triggered protein degradation (Fig. 3G). Taken
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together, the FXR NLS motif, amino acids 210—214 (KRLRK)), is
important in mediating FXR cytoplasm-to-nucleus travel and
subsequent FXR degradation. In the classical nuclear import
pathway, the NLS motif is recognized by the adaptor protein
importin «, which is then tethered to importin § and shuttles
through the nuclear pore complex>. The importin « (also named
as karyopherin subunit alpha, KPNA) family contains six iso-
forms; results from Co-IP assays showed that all these isoforms
could interact with FXR. However, only the interaction between
KPNA3 and FXR was attenuated upon apoptotic stimulation
(Fig. S3H), suggesting that KPNA3 may be predominantly
responsible for the nuclear localization of FXR. The interaction
was validated by GST-pull down and BLI assay (Fig. 3H and I).
Mutation of NLS impaired its association with KPNA3 (Fig. 3J),
demonstrating that the FXR NLS is indeed recognized by KPNA3.
More importantly, reduced association between FXR and KPNA3
in apoptotic cells was confirmed by in situ PLA analysis (Fig. 3K).
These data suggest that KPNA3 recognizes the FXR NLS motif
and directly interacts with FXR, which is compromised in
apoptotic cells. Cell fractionation assays showed that KPNA3
knockdown promoted cytoplasmic retention and reduced nuclear
accumulation of FXR protein (Fig. 3L). Importantly, KPNA3
knockdown also accelerated FXR degradation upon apoptotic
trigger (Fig. 3M). These data suggest that KPNA3 acts as a
functional importin for FXR. Collectively, we identified the FXR
NLS motif, amino acids 210—214 (KRLRK), which is recognized
by, and interacts with, KPNA3 to determine FXR cytoplasm-to-
nucleus travel and prevent FXR degradation in the cytoplasm by
CHIP.

3.4. Enhanced CRMI/FXR interaction promotes nuclear export
of FXR in apoptotic HepG2 cells

Nucleocytoplasmic shuttling is also involved in nuclear export.
Thus, we identified the signal in the FXR sequence and the
translocator that mediates FXR export. Nuclear export of proteins
is facilitated by nuclear export signal (NES), which is character-
ized by the presence of hydrophobic residues, such as leucine (L),
and is typically sequenced as LX, 31X, 3;LXL (X means any
amino acid). We first analyzed the FXR amino acid sequence in
search of possible NESs. Two sequences including
“LQEPLLDVL” (amino acids 411—419) and “LLGRLTEL”
(amino acids 437—444) within FXR fit the feature of classical
NES, and these two motifs are evolutionarily conserved (Fig. 4A).
We examined the nuclear export activities of these putative NESs
by introducing mutations (L to A) and analyzed their subcellular
localization (Fig. 4B). Mutation of either of the predicted NESs
induced conspicuous nuclear accumulation of FXR (Fig. 4C). To
further validate that these motifs are functional NESs, we con-
structed another cargo reporter by infusing the NES fragment
(NES1: amino acids: 401—428; NES2: amino acids: 429—454) at
the C-terminal of GST tag of above NLS-cargo (Fig. 4D). As
expected, infusion of FXR NES fragments relocalized the NLS-
cargo to the cytoplasm, whereas infusion of mutant FXR NES
fragments did not (Fig. 4D). Furthermore, mutation of either NESs
prevented FXR degradation upon apoptotic challenge (Fig. 4E),
supporting that these two FXR NES motifs controlled the nucleus-
to-cytoplasm travel and the degradation of FXR. We identified
exportin, which is responsible for FXR nuclear export. Exportin
chromosome region maintenance 1 (CRM1, also named exportin
one or XPO1), the most extensively studied exportin, recognizes
the NES of proteins and interacts with the RanGTP protein to

form the target protein/CRM1/RanGTP complex to export target
proteins out of the nucleus®. The Ca®"-binding protein calreti-
culin (CRT) may participate in the nuclear export of several
NRs.* Thus, we tested the possible role of CRM1 and CRT in the
nuclear export of FXR. Co-IP assays revealed an association be-
tween FXR and CRM1 as well as CRT (Fig. 4F). Knockdown of
CRM1, but not CRT, induced an increase in FXR nuclear locali-
zation (Fig. S3I and S3J), suggesting that CRM1 may mediate the
nucleus-to-cytoplasm travel of FXR. Their association was further
validated by GST-pull down and BLI assays (Fig. 4G and H).
Mutation of lysine to alanine within the FXR NESs impaired its
association with CRM1 (Fig. 4I). In addition, treatment with
leptomycin B, which blocks the interaction between CRM1 and
NES, induced the nuclear accumulation of FXR (Fig. 4J). These
data collectively demonstrate that CRM1 recognizes FXR NESs,
directly interact with FXR, and is responsible for its export out of
the nucleus. Of interest, upon apoptotic stimulation, the interac-
tion between CRM1 and FXR was enhanced (Fig. 4K and L),
leading to enhanced nuclear export of FXR. Consistently, CRM1
knockdown prevented apoptosis-induced FXR degradation
(Fig. 4M), supporting that CRM1 controls FXR nuclear export by
recognizing its NES sequences.

3.5.  Acetylation of FXR controls its nucleocytoplasmic shuttling

Our results show that FXR interacts with importin KPNA3 and
exportin CRM1 to determine its nucleocytoplasmic shuttling and,
thereafter, the protein degradation in the cytoplasm by CHIP.
Apoptotic stress results in increased retention of FXR in the
cytoplasm amenable to proteasomal degradation, via strength-
ening FXR/CRMI1 interaction promoting nuclear export and
concomitantly impaired FXR/KPNA3 interaction preventing nu-
clear import. We asked how this nucleocytoplasmic shuttling is
tuned to adjust FXR function, and hypothesized that post-
translational modification may be involved in this process. Protein
sequence alignment around the NLS motif showed that K217 is
evolutionarily conserved (Fig. 5A). Previous studies have
demonstrated that K217 is the major acetylation site of FXR.*
Conspicuous elevated acetylation upon apoptotic stimulation
was observed in cells transfected with the FXR WT plasmid, but
not in those transfected with the FXR K217R plasmid (Fig. 5B).
Since acetylation neutralizes the positive charge of lysine residues
and acetylation of lysine within NLS often influences NLS func-
tion and cellular localization™®, we investigated whether acetyla-
tion of K217, which is closed to FXR NLS, would influence its
function. To this end, we mutated K217 to glutamine (K217Q) or
arginine (K217R). In contrast to the nuclear localization of FXR
NLS WT cargo, the acetylation mimic mutant K217Q cargo was
mainly localized in the cytoplasm, indicating that acetylation of
K217 may disrupt the FXR NLS motif (Fig. 5C). Epitope-tagged
FXR WT, K217R, or K217Q mutant was expressed in HepG2
cells, and their subcellular distribution was analyzed. Consistent
with the results from cargo reporter assays, K217R mutation led to
constitutive nuclear localization (Fig. 5D). These results suggest
that K217 acetylation impairs NLS function and FXR nuclear
translocation. As expected, FXR with the K217Q mutation abol-
ished its interaction with KPNA3, indicating that K217 acetylation
impaired the recognition of NLS by KPNA3 (Fig. 5E). To elimi-
nate the possible nonspecific effects derived from amino acid
substitution, we synthesized biotinylated peptides around the FXR
NLS motif (amino acids 191—230) containing either non-
acetylated or acetylated K217 residues. Results from BLI assays
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Enhanced CRM1/FXR interaction promotes nuclear export of FXR in apoptotic HepG2 cells. (A) Alignment of the FXR region
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showed that both K217-unacetylated and K217-acetylated pep-
tides bound to KPNA3 at K4 values of 1.74 x 10~% mol/L and
5.10 x 107 mol/L, respectively (Fig. 5F). These results indicate
that K217 acetylation impairs the affinity of FXR NLS to KPNA3,
providing a reasonable explanation for the decreased
FXR—KPNA3 interaction in apoptotic HepG2 cells. Upon
apoptotic stimulation, a reduced association between CHIP and
FXR K217R mutant and an enhanced association between CHIP
and FXR K217Q mutant were observed, compared with FXR WT
(Fig. 5E). Consistent results were obtained from the ubiquitination
assay (Fig. 5G). As a further support, the acetylation-mimetic
mutant was degraded much faster than FXR WT, whereas the
acetylation-deficient mutant was degraded more slowly upon

apoptotic trigger (Fig. 5H). Importantly, FXR acetylation
increased promptly and gradually upon apoptotic stimulation
(Fig. 5I), which was in line with the facilitated degradation of
FXR. Collectively, these results support the notion that upon
apoptotic stimulation, acetylation of FXR at K217 closed to NLS
is significantly elevated, which represses FXR NLS—KPNA3
interaction and nuclear import, and thereafter facilitates CHIP-
mediated degradation via the UPS.

We explored whether post-translational modification (PTM)
also interfered with FXR-CRMI interaction. Analysis of the
amino acids within the NES motifs (amino acids 411—419 and
437—444) revealed an evolutionarily conserved residue threonine
442 (Supporting Information Fig. S4A), which has been reported
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FXR posttranslational modification controls its nucleocytoplasmic shuttling. (A) The lysine residue (K217 in human) closed to FXR

NLS is evolutionarily conserved in vertebrates. Alignment of the FXR sequence surrounding K217 (human) from various species. The NLSs were
indicated in boldface type and the lysine residues were in red. (B) Acetylation at FXR K217 increased in ActD/TNFa-treated HepG2 cells. (C)
Subcellular distribution of FXR K217R-NLS cargo and FXR K217Q-NLS cargo compared with FXR WT-NLS cargo by fluorescence images. (D)
Subcellular location of acetylation defective mutation K217R compared with FXR WT in ActD/TNFa-treated HepG2 cells by cell fractionation.
(E) FXR K217 acetylation impaired FXR-KPNA3 interaction while promoted FXR-CHIP interaction by Co-IP analysis. (F) FXR K217 acety-
lation impaired the interaction between FXR NLS peptide and KPNA3 by BLI assay. (G) FXR K217 acetylation promoted its ubiquitination. (H)
FXR K217 acetylation accelerated its degradation caused by ActD/TNFa. (I) FXR acetylation increased promptly and gradually upon apoptotic

stimulation. Scale bar, 20 pm.

as a major phosphorylation site of FXR?’. Mutagenesis was used
to confirm that FXR phosphorylation at T442 was decreased by
ActD/TNFa treatment (Fig. S4B). Thus, we supposed that FXR
T442 phosphorylation impairs NES function and blocks its nu-
clear export. To this end, T to E (T442E) and T to A (T442A)
replacements were used to generate a phosphorylation-mimic
mutant and a phosphorylation-deficient mutant, respectively.
Similar to the cargo infused with NES WT, the cargo infused with
T442A NES motif mainly retained in the cytosol. In contrast, the
cargo infused with T442E NES motif mainly localized in the
nucleus (Fig. S4C). We next investigated whether phosphorylation
of FXR at T442 is important for nucleus-to-cytoplasm trafficking
of FXR. Compared with FXR WT, enhanced nuclear accumulation
and reduced cytoplasmic localization were observed for the
phosphorylation-mimic mutant T442E (Fig. S4D). Co-IP assays
showed that the replacement of T442 by phosphorylation-mimetic
amino acids disrupted the interaction between FXR and CRM1
(Fig. S4E). To provide a better understanding of how

phosphorylation of FXR at T442 affected its recognition by
CRM1, we performed BLI assays with biotinylated peptides
containing NES motifs (amino acids 401—454) with either non-
phosphorylated or phosphorylated T442 residues. T442-non-
phosphorylated and T442-phosphorylated peptides bind to CRM1
at K4 values of 9.01 x 107° mol/L and 1.81 x 1077 mol/L,
respectively (Fig. S4F). These data support the hypothesis that
T442 phosphorylation leads to decreased recognition of FXR
NESs by CRM1. We investigated the effect of T442 phosphory-
lation on FXR degradation induced by apoptosis. As expected,
slower degradation was observed for ectopic expression of the
phosphorylation-mimetic mutant (T442E) compared with WT
(Fig. S4G).

Our results indicate that acetylation and phosphorylation of
FXR function synergistically and culminate in increased cyto-
plasmic retention and the subsequent facilitated degradation. We
asked whether and how the acetylation was coupled with phos-
phorylation. Of interest, upon apoptotic stimulation, changes in
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FXR acetylation levels occurred earlier than the changes in
phosphorylation levels (Fig. 5I). Acetylation can either positively
or negatively regulate the phosphorylation of the same sub-
3839 and vice versa'®*'. Therefore, we were interested to
investigate whether FXR acetylation and phosphorylation work
independently or synergistically to modulate nucleocytoplasmic
shuttling. Hence, we transfected WT, acetylation-mimicking
K217Q mutant, or acetylation-resistant K217R mutant into
HepG2 cells and analyzed their phosphorylation status. Results
from Co-IP assays showed decreased phosphorylation modifica-
tion of the K217Q mutant when compared with FXR WT
(Fig. S4H). In contrast, no obvious difference in acetylation levels
was observed between ectopically expressed FXR WT, T442E
mutant, and T442A mutant (Fig. S41). These results suggest that
FXR acetylation may regulate subsequent phosphorylation but not
vice versa. Taken together, our results indicate that acetylation
may drive and orchestrate the process of nucleocytoplasmic
shuttling and protein degradation of FXR, shedding light on the
exploitation of FXR as a druggable target.
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3.6.  SIRTI deacetylates FXR and governs its nucleocytoplasmic
shuttling and degradation

Our results suggest that acetylation is a driving factor in orches-
trating FXR nucleocytoplasmic shuttling and protein degradation.
Thus, we supposed that targeting acetylation may represent a
promising strategy for strengthening FXR function. In agreement
with a previous report, an interaction between P300 and FXR was
readily detected (Fig. 6A). However, marginal alteration of this
interaction was observed upon apoptotic stimulation (Fig. 6B). It
has been well recognized that acetylation of substrate proteins is a
dynamic process that can be catalytically reversed by specific
deacetylases, including Sirtuin family (SIRT) and histone deace-
tylases. Stimulation of FXR acetylation by nicotinamide (NAM,
an inhibitor of SIRT family) rather than by trichostatin A (TSA, an
inhibitor of histone deacetylase I/II) suggests the involvement of
SIRT family deacetylases (Supporting Information Fig. S5A). We
then tested which SIRTs could specifically deacetylate FXR.
Treatment with EX527, an inhibitor of SIRT1, yielded an effect in
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SIRT1 deacetylates FXR and governs its phosphorylation, nuclear export, ubiquitination and degradation. (A) Association between

P300/SIRT1 with FXR as detected by Co-IP analysis. (B) Reduced association between FXR and SIRT1 in ActD/TNFa-treated HepG2 cells by
Co-IP analysis. (C) SIRT1 activation by SRT1720 promoted its association with FXR and inhibited FXR acetylation, and vice versa. (D) SRT1720
treatment enhanced FXR phosphorylation, and vice versa. (E) SRT1720 treatment promoted FXR—KPNA3 interaction while attenuated
FXR—CHIP interaction, and vice versa. (F) SIRT1 activation by SRT1720 increased nuclear accumulation of FXR, and vice versa. (G) SIRT1
activation by SRT1720 decreased ubiquitination of FXR, and vice versa. (H) SIRT1 activation by SRT1720 stabilized the protein expression of

FXR, and vice versa.
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stimulating FXR acetylation similar to NAM (Fig. S5B), sug-
gesting that SIRT1 controls the deacetylation of FXR. Results
from Co-IP assay confirmed the association between FXR and
SIRT1 (Fig. 6A), which is consistent with the results of a previous
study™. Importantly, this association, as well as the SIRT1 protein
expression, dramatically decreased upon apoptotic stimulation
(Fig. 6B). In support of the role of SIRT1 in FXR acetylation,
activation of SIRT1 by its activator SRT1720** promoted
FXR—SIRT1 interaction and decreased FXR acetylation, whereas
inhibition of SIRT1 by EXS527 exhibited opposite effects
(Fig. 6C). Genetic or chemical regulation of SIRT1 has marginal
effects on the mRNA expression of FXR (Fig. S5C and S5D). In
support of the acetylation-phosphorylation relay-mediated nucle-
ocytoplasmic shuttling of FXR, SIRT1 activation or over-
expression also resulted in enhanced FXR phosphorylation,
enhanced FXR—KPNA3 interaction, increased nuclear accumu-
lation, attenuated FXR—CHIP interaction, decreased ubiquitina-
tion, and decreased FXR degradation, whereas SIRT1 inhibition or
knockdown exhibited the opposite effects (Fig. 6D—H, and Fig.
S5E—S5J). Collectively, these results support that SIRT1 activa-
tion can be exploited as a strategy for retarding FXR degradation
in the injured liver.

3.7.  SIRTI activators synergize with FXR agonists in combating
acute and chronic liver injuries

Above results show that SIRT1 activation may retard FXR
degradation in HepG2 cells. Furthermore, this cascade of acety-
lation orchestrated nucleocytoplasmic shuttling and subsequent
cytoplasmic degradation of FXR was further validated in
AML12 cells, mouse normal hepatocytes (Supporting Information
Fig. S6). We supposed that SIRT1 activation may synergize with
FXR agonism in combating liver diseases. To this end, two murine
liver injury models were used to determine the potential syner-
gistic effects of SIRT1 activators and FXR agonists. Before CCly
injection, mice were injected with SRT1720, and 24 h after CCly
injection, mice were treated with OCA (Fig. 7A). Results from
Co-IP assay confirm the enhanced acetylation and decreased
phosphorylation of FXR in CCly-treated mice. What’s more, FXR
protein expression and transcriptional activity were dramatically
suppressed upon CCly injection, whereas SRT1720 treatment
largely restored all of these changes (Fig. 7B—D). Serum levels of
ALT and AST were dramatically reduced in mice co-treated with
SRT1720 and OCA, but not in those treated with either one
(Fig. 7E). Histological analysis demonstrated that co-treatment
with SRT1720 and OCA attenuated hepatocellular injury and
reduced extracellular matrix accumulation (Fig. 7F). Results from
the mRNA expression analysis of pro-fibrotic genes provide
further evidence for the powerful effect in preventing HSC acti-
vation of this combination (Fig. 7G).

The effects of this combination were validated in a murine
model of NASH. Mice were fed with an HFHC diet for 16
consecutive weeks and treated with SRT1720 and OCA from
12th week and 13th week, respectively (Fig. 8A). As
expected, SRT1720 treatment restored the FXR
acetylation—phosphorylation balance, protein expression, and
transcriptional activity (Fig. 8B—D). Results from serum amino-
transferases and histological analysis demonstrated that SRT1720
treatment significantly synergized with OCA in protecting mice
from NASH. Besides, in consistent with the results of H&E
staining of liver sections, TG and TC levels in serum and livers
further demonstrated the synergistic effect of SRT1720 and OCA

in alleviating steatosis. Furthermore, mRNA levels of pro-fibrotic
genes demonstrated that SRT1720 treatment significantly syner-
gized with OCA in preventing HSC activation (Fig. 8E—I). Since
both SIRT1 and FXR were identified as important targets in HSCs
to inhibit its activation“’“, we further evaluated the effect of
combined SIRT1 activator and FXR agonist in HSC activation.
Results show that in activated HSCs, SIRT1 activation slightly
inhibits HSC activation, while FXR agonism exerts marginal ef-
fect. Pleasantly, combined SIRT1 activator and FXR agonist
showed significant improved efficacy in inhibiting HSC activation
(Supporting Information Fig. S7). Taken together, results from
both acute and chronic liver injury models support the notion that
SRIT1 activation is a promising strategy to strengthen the phar-
macological benefits of FXR agonists.

4. Discussion

The discovery of FXR and its multiple functions has led to the
investigation of FXR agonists as promising therapies for various
liver diseases. However, the development of FXR ligands as
drugs for liver diseases, particularly for NASH, has encountered
difficulties because of their limited clinical benefits. We previ-
ously demonstrated that prophylactic but not therapeutic OCA
administration impedes hepatic stellate cells activation and
fibrosis development'’. Notably, the FXR protein level in he-
patocytes was found to gradually decrease with the development
of fibrosis*’, but without a clear mechanism. Here, we uncovered
an unexpected mechanism by which acetylation drives and or-
chestrates the nucleocytoplasmic shuttling and subsequent pro-
tein degradation of FXR in the cytoplasm by CHIP, shedding
light on the precise regulatory dynamics of FXR. Based on these
findings, we further validated that combination of SIRT1 acti-
vator and FXR agonists functions synergistically in combating
liver injury, particularly NASH. Our findings may pave the way
for the better exploitation of FXR as a target for many kinds of
liver diseases.

NRs ligands operate via an ‘“occupancy-driven” paradigm,
where pharmacologically relevant inhibition or activation is often
only achieved with high target engagement/occupancy. Thus,
sufficient protein expression of NRs is essential for the pharma-
cological effects of NR ligands. In support of this notion,
17(3-estradiol was demonstrated to be incapable of exerting sig-
nificant neuroprotection in older rats as it does in young and
middle-aged rats due to increased degradation and significant
decrease in hippocampal ER« protein, another NR member, in
older rats™®. In the present study, we demonstrated that the hep-
atoprotective effects of OCA were compromised and/or abolished
under conditions of FXR loss. Notably, a drastic decrease in he-
patic FXR protein level was observed in NASH, primary biliary
cirrhosis and fibrosis patients™'>'®, as well as in animals suffered
from various acute or chronic liver diseases. In CCly-injuried
mice, therapeutic administration of OCA exerted marginal benefits
in improving liver function, and Ad-Fxr injection restored hepatic
FXR protein expression. These results provide direct evidence that
reduced hepatic FXR protein levels in various liver diseases is the
chief culprit for the limited clinical benefits of FXR agonists; thus,
an innovative strategy to restore FXR protein level is of paramount
importance to enhance the clinical benefits of FXR agonists, given
that the mechanism of decreased FXR levels in injured liver is
being clarified.

NRs mainly localize and function in the nuclear compartment.
In addition to function fulfillment, protein degradation either by
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procedure schemes. (B) PTMs of hepatic FXR by IP analysis. (C) Protein levels of hepatic FXR by Western blot analysis. (D) Hepatic mRNA
expression of Fxr, Shp, and Bsep relative to Gapdh. (E) Serum ALT and AST levels. (F) Representative H&E, Sirius Red and Masson staining of

liver sections. (G) Hepatic mRNA expression of Acta2, Tgfbl, Collal, and Colla?2 relative to Gapdh. n =

6 biologically independent samples

within these experiments. Scale bar, 100 pm. Results are mean £ SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ns, statistically not significant,

as assessed with ANOVA.

the UPS or autophagy is conducted based on compartmentaliza-
tion'”. A previous study demonstrated that 26S proteasomes, the
core component of the UPS, are predominantly found in the nu-
cleus, which is one of the compartments for protein degrada-
tion*”**. However, a latter study found that nuclear-localized
proteasomes have drastically reduced peptidase activity
compared with cytosolic proteasomes, suggesting that the cytosol
is the prominent compartment for the degradation of intracellular
proteins, including thousands of nuclear proteins®'. In contrast to

that of aboriginal proteins, cytosolic degradation of nuclear pro-
teins poses significant topological problems. Thus, re-localization
is required for the degradation of these proteins. However, the
conserved mechanism for re-localization and cytoplasmic degra-
dation of NRs and TFs remains unclear. In this study, taking FXR
as a typical example, we revealed an unexpected mechanism that
the cascades of PTMs are coupled with nucleocytoplasmic shut-
tling and subsequent cytoplasmic degradation, which may provide
a universal mechanism for understanding the precise regulatory



Combining SIRT1 activator and FXR agonist for liver diseases 573

A o
SR'?Q;% - + + + + + + + + + + + +
HFHC diet OCA for 4 weeks e o e e + + e e & 4 e e o+ o+
'Lsucroselfructose water ‘onoelday OCA(mgkg) O 0 0 O O O 15151515 5 5 5 5 pa
{Saciifice —— X
T SRT1720 for 5 weeks FXR -  emem O mmes 0 wmew | 5
once/day [ s R e . T T——

@
O

19G IP: FXR & & m
HFHC - - 4+ o+ + + + o+ § T>; E
SRT1720 - - - + - + - + o ﬁ 2
OCA(mghkg) - O 0 0 1515 5 5 pa g 2 g
Pho-thr [T (i e S S e e & | 55 3 € E
o o o
Llays [ segmessssmgpee]|55 2 2 £
GUIETT-T T T 1 L 1o 2 E;
i FXR - S e e |55 HEHE S ok o ok & & HFHC - + + + + + + HFHC-++++++
g| SRT1720- - + - + - + SRTA720 - - + - + - + SRT1720- - + - + - +
GAPDH | = == = == === == —— |-35 (CA (mg/kg)0 0 015155 5 OCA (mg/kg)0 0 01.51.55 5 OCA (mg/kg)0 0 015155 5

E F

S, 120 FA—gttt—
& 100 Eﬁ.’—‘
3 80 :
g 60
;J 40 . H&E
£ 20
HFHC - + + + + + +
SRT1720- - + - + - + Sirius Red
OCA (ma/ka)0 0 015155 5
g ;
= Masson
w
2
2 HFHC
: SRT1720 - - + & + - +
2 OCA(mglkg) 0 0 0 1.5 1.5 5 5
E
=
2 |
DHFHC - + + + + + +
SRT1720 - - + - + - +
OCA (mg/kg)0 0 015155 5
G H -
i 0, 3 St
o =5 157 8 307 —t—
o 3 T -—"_E'-L- — —=—
E £ o2 3 r
E E 310 - . O 2 2
o ® ©°% . o= .
= = T3 ¥ L :
o 29 .t = 20 o P
E S § FMHHm =€ 10 1F].
5 5 E | \’ " £ A1
3 L3 ” L] I
HFHC - + + + + + + HFHC - + + + + + + HFHC - + + + + + + HFHC - + + + + + +
SRT1720- - + - + - + SRT1720- - + - + - + SRT1720- - + - + - +  SRT1720- - + - + - +

OCA (mg/kg)0 0 01.51.55 5 OCA (mg/kg)0 0 01.51.55 5 OCA (mg/kg) 0 0 01.51.55 5 OCA (mg/kg)0 0 01.51.55 5
I

Col1a1 Col1a2

0 L] L2 ——e ]

2 2 2 15714 2

> > > >

o2 2 2 L

s : 5 10 =

['4 o 74 74

E £ E E

E 2 2 s 2

5 © = =

& L1 € o. | € o € o.

HFHC - + + + + + + HFHC - + + + + + + HFHC - + + + + + + HFHC - + + + + + +
SRT1720 - - + - + - + SRT1720- - + - + - + SRT1720- - + - + - + SRT1720- - + - + - +

OCA (mg/kg)0 0 015155 5 OCA (mg/kg)0 0 01.51.55 5 OCA (mg/kg)0 0 01.51.55 5 OCA (mg/kg)0 0 01.561.55 §

Figure 8 SIRTI activation synergizes with FXR agonism in combating NASH via retarding FXR degradation. (A) Mouse experiment pro-
cedure schemes. (B) PTMs of hepatic FXR by IP analysis. (C) Protein levels of hepatic FXR by Western blot analysis. (D) Hepatic mRNA
expression of Fxr, Shp, and Bsep relative to Gapdh. (E) Serum ALT and AST levels. (F) Representative H&E, Sirius Red and Masson staining of
liver sections. (G, H) TG and TC levels in serum (G) and livers (H). (I) Hepatic mRNA expression of Acta2, Tgfbl, Collal, and Colla? relative to
Gapdh. n = 6 biologically independent samples within these experiments. Scale bar, 100 pm. Results are mean + SEM, *P < 0.05, **P < 0.01,
**#%P < 0.001, and ns, statistically not significant, as assessed with ANOVA.



574

Shuang Cui et al.

loop of protein compartmentalization, function, and degradation.
NRs and TFs, despite being traditionally localized in the nucleus,
can traffic between the cytoplasm and nucleus®. Additionally,
multiple cytoplasmic functions of several NRs and TFs have been
uncovered.”’”!. More recently, we demonstrated a cytoplasmic
function against hepatocellular apoptosis of FXR®, indicating that
nucleocytoplasmic shuttling is an important feature of FXR, albeit
with an unclear mechanism. Here, we found that the nucleocy-
toplasmic shuttling of FXR depends on its interaction with the
importin KPNA3 and exportin CRM1. The association between
FXR and KPNA3 was reduced, but that between FXR and CRM1
increase, upon apoptotic stimulation, culminating in excessive
retention of FXR in the cytoplasm, where FXR is subjected to
CHIP-mediated proteasomal degradation.

PTMs are crucial for the rapid adaption to cellular stress’”, and
NLSs/NESs are usually regulated by PTMs to shuttle substrates.
Acetylation of lysine(s) within the NLS motifs of S phase kinase-
associated protein  2°°,  phosphofructokinase-2/fructose-2,6-
bisphosphatase 3°® and v-interferon-inducible protein 16°* im-
pairs their activities and accumulates these proteins in the cyto-
plasm. O-GlcNAcylation of serine/arginine-rich protein kinase
two at NLS triggers its binding with importin and nuclear trans-
location®”. Protein sequence alignment around the FXR NLS
motif showed a conserved acetylation site at lysine 217. Genetic
and peptide-level studies have demonstrated that K217 acetylation
disrupted its recognition by KPNA3. Likewise, genetic and
peptide-level studies demonstrated that T442 phosphorylation
disrupts FXR recognition by CRM1. Upon apoptotic stimulation,
FXR acetylation at K217 and phosphorylation at T442 dramati-
cally increased and decreased, respectively. In addition to its
regulation of transcriptional activity, a previous study has
observed a positive correlation between FXR nuclear location and
its phosphorylation at Y67 and T442%’, but without a clear
mechanism. In the present study, we provided strong evidence that
FXR T442 phosphorylation inhibits the activities of newly iden-
tified NESs and prevents their recognition by CRM1, precluding
its nuclear export. In apoptotic cells, FXR phosphorylation is
decreased, which results in enhanced nuclear-to-cytoplasm travel
and cytoplasmic accumulation. FXR is acetylated by P300 and
deacetylated by SIRT1, and K217 in the hinge region is the major
acetylation site’°. Importantly, we observed a crosstalk between
PTMs of that acetylation in the cytoplasm may negatively regulate
FXR phosphorylation in the nucleus. The possible mechanism for
the control of phosphorylation by acetylation may lie in the spatial
availability of FXR to specific phosphatases, which requires
further investigation.

Our finding that acetylation is a driving factor in controlling
the nucleocytoplasmic shuttling and subsequent protein degrada-
tion of FXR prompted us to test the potential synergistic effects of
targeting the process of acetylation together with FXR agonists. In
support of our hypothesis, enhanced FXR acetylation and reduced
FXR protein expression caused by reduced SIRT1 expression have
been observed in ANIT-induced cholestasis’’, cadmium chloride-
induced NAFLD’®, and acetaminophen-induced liver injury”.
SIRT1 activation partially alleviates cholestatic liver diseases by
rescuing hepatic FXR hyperacetylation®. Naiara Beraza et al.
6162 also reported that SIRT1 controls liver regeneration and
cholestatic liver disease by modulating FXR. The pivotal roles of
SIRT1 in NAFLD and fibrosis have been reported. The expression
levels of SIRT1 were down-regulated in fibrotic livers as well as
activated HSCs. Inhibition of hepatic SIRT1 by E3 ligase Grail
promotes hepatic steatosis and development of NAFLD®. Loss of

SIRT1 in HSCs promote the activation and trans-differentiation of
HSCs into myofibroblasts, and then fibrosis****. Various natural
and synthetic activators of SIRT1 have shown benefits in delaying
aging, inhibiting inflammation, attenuating oxidative stress, pre-
cluding apoptosis and liver fibrosis. Some of these activators have
been evaluated in various clinical trials in recent years®*. SIRTI
exerts its multiple functions via its histone and non-histone
deacetylase activities on various protein substrates, including
various TFs (P65, P53, FoxO family, PGCla, PPARY, etc.). The
deacetylation of these TFs by SIRT1 mildly promotes their tran-
scriptional activation, and serves as a prerequisite for transcrip-
tional activation by activators and/or agonists. However, SIRT1
activators per se are insufficient for combating pathological pro-
cesses. Hence, SIRT1 activation may be necessary but not suffi-
cient for transcriptional activation and function fulfillment of these
TFs.

This study demonstrates that acetylation plays important roles
in the hepatoprotective effects of FXR. De-acetylation improves
the efficacy of FXR against acute and chronic liver diseases by
restoring its protein expression in hepatocytes. In addition to
acetylation, other PTMs also play pivotal roles in hepatoprotection
effects of FXR. Previous study demonstrated that SUMOylation of
FXR gradually elevated during activation of HSCs'’. This study
suggests that SUMOylation may largely contribute to the hep-
atoprotection effect of FXR against liver fibrosis by regulating its
transcriptional activity.

Taken together, in this study, we provided the first line of ev-
idence of that SIRT1 activators in combination with FXR agonists
represent a promising therapeutic strategy against various liver
diseases. The results obtained from this study may encourage
future research to test the combination of SIRT1 activators and
activators/agonists of TFs in diverse pathological settings.

5. Conclusions

We demonstrated in this study that SIRT1 activation synergizes
with FXR agonism for hepatoprotection via governing nucleocy-
toplasmic shuttling and degradation of FXR. Acetylation initiates
and orchestrates FXR nucleocytoplasmic shuttling and thereafter
cytoplasmic degradation by CHIP in conditions of liver injury,
which represents the major culprit for the limited therapeutic ef-
ficacy of FXR agonists in the clinic. Upon apoptotic stimulation,
enhanced FXR acetylation at K217 closed to the NLS blocks its
recognition by importin KPNA3, preventing the nuclear import of
FXR protein. Concomitantly, reduced phosphorylation at T442
within NESs promotes its recognition by exportin CRM1, and
thereby facilitating the nuclear export of FXR to the cytosol. Upon
apoptotic and inflammatory stress, the enhanced acetylation gov-
erning nucleocytoplasmic shuttling of FXR results in its excessive
cytoplasmic retention and degradation by CHIP. SIRT1 activators
that reduce FXR acetylation reverse this process and synergize
with FXR agonists in combating liver injury. Our findings reveal
an important mechanism connecting PTMs to spatial distribution
and thereby protein degradation process of FXR. We provided an
innovative strategy as combining SIRT1 activator and FXR
agonist with improved hepatoprotective benefits for liver diseases.
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