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Abstract
Fulminant hepatitis (FH) is a life-threatening disease with partially understood pathogenesis. It has been
demonstrated that myeloid-derived suppressor cells (MDSCs) are recruited into the liver during this process,
and their augmented accumulation by various strategies protects against liver injury. However, the underlying
mechanism(s) remain elusive. Receptor for activated C kinase 1 (RACK1), a multi-functional scaffold protein, is
highly expressed in normal liver and has been implicated in liver physiology and diseases, but the in vivo role of
hepatic RACK1 in FH remains unknown.
Methods: Survival curves and liver damage were monitored to investigate the in vivo role of hepatic RACK1 in
FH. The liver microenvironment was explored by microarray-based transcriptome analysis, flow cytometry,
immunoblotting, and immunohistochemistry. MDSCs were identified with phenotypic and functional
characteristics. Functional antibodies were used to target MDSCs. Co-culture techniques were used to study
the underlying mechanism(s) of protection. The interaction of RACK1 with histone deacetylase 1 (HDAC1)
and the consequent effects on HDAC1 ubiquitination were analyzed. Ectopic expression of HDAC1 with
recombinant adeno-associated virus serotype 8 was conducted to confirm the role of HDAC1 in the protective
effects of hepatic RACK1 deficiency against FH. Post-translational modifications of RACK1 were also
investigated during the induction of FH.
Results: Liver-specific RACK1 deficiency rendered mice resistant to FH. RACK1-deficient livers exhibited
high basal levels of chemokine (C-X-C motif) ligand 1 (CXCL1) and S100 calcium-binding protein A9 (S100A9),
associated with MDSC accumulation under steady-state conditions. Targeting MDSCs with an antibody against
either Gr1 or DR5 abrogated the protective effects of liver-specific RACK1 deficiency. Accumulated MDSCs
inhibited inflammatory cytokine production from macrophages and enhanced IκB kinase (IKK)/NF-κB pathway
activation in hepatocytes. Further investigation revealed that RACK1 maintained HDAC1 protein level in
hepatocytes by direct binding, thereby controlling histone H3K9 and H3K27 acetylation at the Cxcl1 and
S100a9 promoters. Ectopic expression of HDAC1 in livers with RACK1 deficiency partially reversed the
augmented Cxcl1/S100a9 → MDSCs → IKK/NF-κB axis. During FH induction, RACK1 was phosphorylated at
serine 110, enhancing its binding to ubiquitin-conjugating enzyme E2T and promoting its ubiquitination and
degradation.
Conclusion: Liver-specific RACK1 deficiency protects against FH through accelerated HDAC1 degradation
and the consequent CXCL1/S100A9 upregulation and MDSC accumulation.
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Introduction
Fulminant hepatitis (FH) is a life-threatening
disease characterized by massive destruction of
hepatocytes. Infections and/or hepatotoxic agents are

the major causes of FH. The pathogenesis of FH is
only partially understood. However, accumulating
evidence suggests that immune cell activation and
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excessive cytokine production play an important role
[1]. For example, injection of mice with hepatotoxin
D-Galactosamine (GalN) or immune cell-activating
substance concanavalin A (Con A) leads to the
inflammatory infiltration in hepatic parenchyma and
the eventual acute liver failure [2, 3]. These models
demonstrated that myeloid-derived suppressor cells
(MDSCs), a heterogeneous population of immature
myeloid cells characterized by the surface
co-expression of Gr-1 and CD11b and the inhibition of
T-cell proliferation and/or IFN-γ production [4], are
recruited into the liver. Increased accumulation of
MDSCs by various strategies has been shown to
protect against lipopolysaccharide (LPS)/GalN- or
Con A-induced explosive hepatitis [5–8]. Although
interleukin-25 has been implicated [5], the
mechanism(s) underlying the recruitment of MDSCs
remain elusive. Furthermore, it is also unclear how
MDSCs function to protect against liver injury.
Receptor for activated C kinase 1 (RACK1, initial
gene name Gnb2l1) was originally identified for its
ability to anchor activated form of protein kinase C
(PKC) [9]. RACK1 is highly expressed in normal liver
and has been implicated in the liver physiology and
diseases. For example, it has been reported that
RACK1 expression in hepatic stellate cells is
positively correlated with the clinical stage of liver
fibrosis [10–12]. RACK1 knockdown suppresses the
expression of pro-fibrogenic factors in vitro and in vivo
[10–12], and stimulation of cap-dependent translation
was proposed as the key underlying mechanism [12].
Elevated RACK1 expression has also been detected in
hepatocellular carcinoma cells and has been
demonstrated to promote oncogenic growth [13, 14].
The underlying molecular mechanisms may be
attributed to the preferential translation of the potent
factors involved in growth and survival and direct
interaction with mitogen-activated protein kinase
kinase 7 (MKK7), enhancing its activity [13, 14]. The
role of RACK1 in translation has also been implicated
in the replication of hepatitis C and E viruses in
human liver cell lines [15, 16]. As for the hepatitis B
virus, its core protein has been shown to disrupt the
interaction between MKK7 and RACK1, thereby
enhancing tumor necrosis factor-α (TNF-α)-induced
apoptosis in HepG2 human hepatoma cells [17]. We
have reported that RACK1 antagonizes TNF-αinduced apoptosis in primary murine hepatocytes
[18]. In addition, we have discovered that in a mouse
model of liver-specific RACK1 deficiency, RACK1
works as an adaptor essential for the assembly of the
autophagy-initiation complex and thereby prevents
lipid accumulation in the liver [19]. It has been shown
that viral infections and TNF-α-induced cell death
synergize to promote the development and
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progression of FH whereas autophagy protects
against LPS/GalN-induced liver injury and mortality
in mice [20–23]. Despite these findings, the in vivo role
of RACK1 in FH remains unknown.
This study reports that liver-specific RACK1
deficiency
renders
mice
resistant
to
FH.
Mechanistically, RACK1 directly interacts with and
stabilizes co-repressor histone deacetylase 1
(HDAC1). In the absence of RACK1, HDAC1 is
degraded. The consequently enhanced expression of
chemokine (C-X-C motif) ligand 1 (CXCL1) and S100
calcium-binding protein A9 (S100A9) is associated
with the accumulation of MDSCs under steady-state
conditions. The accumulated MDSCs inhibit the
production of inflammatory cytokines from
macrophages and enhance the activation of the IκB
kinase (IKK)/NF-κB pathway in hepatocytes.
Consequently, liver injury is prevented.

Materials and Methods
Mice
Rack1F/F and Rack1Δhep mice on the C57BL/6
background, reported previously [19], were
maintained under specific pathogen-free conditions.
This study was approved by local Ethics Committee.
All experiments were performed in accordance with
institutional guidelines for animal care.
Mixed sexes and littermate controls were used
for LPS/GalN- and TNF-α/GalN-induced liver
damage, because phenotypes did not show gender
dependency. 12-week-old mice were intraperitoneally
injected with 1000 mg/kg GalN (G1639, SigmaAldrich, St. Louis, MO, USA) together with 35 μg/kg
LPS (L7011, Sigma-Aldrich) or 15 μg/kg murine
TNF-α (315-01A, PeproTech, London, UK) dissolved
in 200 µl phosphate-buffered saline (PBS). For Con
A-induced liver damage, 12-week-old male mice were
intravenously injected with 25 µg/g Con A (C2010,
Sigma-Aldrich) dissolved in 200 µL pyrogen-free
saline.
To deplete MDSCs, 12-week-old mice were
randomly divided into two groups. The control group
was intraperitoneally injected once a day with 10
mg/kg IgG2b isotype control antibody (BE0090, Bio X
Cell, Lebanon, NH, USA) and the other group was
given anti-mouse Gr1 (Ly6G/Ly6C) antibody
(BE0075, Bio X Cell, Lebanon NH, USA) at the same
dose for three consecutive days. The mice were
injected with LPS/GalN 24 h after the last injection of
the antibody, as stated above. As an alternative way to
target MDSCs, an anti-mouse DR5 antibody (200
µg/mouse, BE0161, Bio X Cell) was intraperitoneally
injected 24 h before LPS/GalN administration.
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For ectopic HDAC1 expression, 8-week-old
Rack1Δhep mice were randomly divided into two
groups. One group was injected with 5 × 1011 v.g.
recombinant adeno-associated virus serotype 8
(AAV8) with CMV promoter-driven expression of
GFP in 200 µL PBS via the caudal vein, while the other
group was injected with the same dose of AAV8
expressing murine FLAG-tagged HDAC1 (AAV8HDAC1, Vigenebio, Jinan, China). Four weeks after
injection, the mice were used for further experiments.

Histological assessment
Mice were euthanised. The livers were removed
and fixed for 48 h in 4% paraformaldehyde,
dehydrated, infiltrated with paraffin, and sectioned at
5 µm. Slides were stained with hematoxylin and eosin
(H & E) for brightfield microscopy.

Measurement of transaminases
Blood samples were centrifuged at 3000 rpm for
10 min and the sera were collected. Alanine
aminotransferase and aspartate aminotransferase
levels were then assayed with commercial kits
(ab105134 and ab105135, Abcam, Cambridge, UK)
according to the manufacturer’s protocols.

Isolation of murine primary hepatocytes and
cell culture
Primary hepatocytes were obtained from mice
using an improved in situ collagen perfusion
technique [24]. In brief, mice were perfused with 37 °C
HBSS (Ca2+ and Mg2+ free, Biotopped Life Sciences,
Beijing, China) containing 0.5 mM EGTA through the
hepatic portal system for 3 min, followed by perfusion
with Dulbecco’s modified Eagle’s medium (DMEM)
containing 10 mM HEPES, 0.075% collagenase I
(C0130, Sigma-Aldrich), 100 U/mL penicillin, and
100 μg/mL streptomycin for an additional 5 min. The
livers were removed and teased gently in a petri dish
to loosen cells. Cell suspensions were transferred into
DMEM containing 12.5% liver digest medium for 15
min at 37 °C. The samples were filtered using a sterile
70 μm nylon mesh. Cell suspensions were centrifuged
at 50 × g, 4 °C for 5 min. Pellets were gently
suspended in 5 mL DMEM and overlaid on 5 mL 40%
Percoll solution in DMEM and centrifuged at 400 × g
(up 6, down 2), 4 °C for 10 min. Primary hepatocytes
were harvested from the interphase and washed twice
in pre-chilled DMEM. Cell lines were purchased from
the Shanghai Institutes for Biological Sciences. All
adherent cells were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 µg/mL streptomycin and were
maintained at 37 ºC with 5% carbon dioxide.

2250
Plasmids and small interfering RNAs (siRNAs)
Mammalian expression vectors encoding
Myc-tagged murine HDAC1 and HA-tagged human
Ube2T (MG53562-NM and HG124409-CY) were
purchased from Sino Biological Inc. (Beijing, China).
The mammalian expression vector encoding FLAGtagged human RAB40C (CH816878) was obtained
from Vigenebio (Jinan, Chian). Other mammalian or
prokaryotic expression vectors used in this study
have been described previously [13, 19]. Murine
RACK1 siRNA (GGGCAAGATCATTGTAGAT) and
the non-targeting control siRNA were purchased from
Shanghai
GenePharma
(Shanghai,
China).
Transfection was performed with Lipofectamine 2000
(11668019, Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol.

Quantitative real-time PCR
RNA was extracted by using TRIzol reagent
(15596-026, Invitrogen). First-strand synthesis was
performed using the HiFiscript gDNA Removal RT
Master Mix system (CW2582M, Markham, ON,
Canada). Quantitative real-time PCR was performed
with Fast Start Essential DNA Green Master
(43993900, Roche Diagnostics, Mannheim, Germany)
in a LightCycler® 96 System (Roche Diagnostics).
Following primers were used: mouse Cxcl1, 5’-ctggg
attcacctcaagaacatc-3’ (forward) and 5’-cagggtcaaggca
agcctc-3’ (reverse); mouse S100a9, 5’-caccctgagcaag
aaggaat-3’ (forward) and 5’- tgtcatttatgagggcttcattt-3’
(reverse); mouse Rack1, 5’-ctggctacctgaacacagtgact-3’
(forward) and 5’-ctgctggtgctgataacttcttg-3’ (reverse);
mouse Hdac1, 5’-gttgctcgctgctggacttac-3’ (forward)
and 5’-atcttcatccccactctcttcg-3’ (reverse); and mouse
β-actin, 5’-taaggccaaccgtgaaaagat-3’ (forward) and
5’-ggagagcatagccctcgtagat-3’
(reverse).
Reaction
mixtures were kept for 5 min at 95 °C, followed by 45
cycles of 15 s at 95 °C, 15 s at 60 °C, and 30 s at 72 °C.
The foldchange in Cxcl1, S100a9, Rack1, or Hdac1
expression, normalized to β-actin and relative to the
expression in control group, was calculated for each
sample as 2-∆∆CT, here ∆CT = (CT, Target - CT, β-actin) whereas
∆∆CT = (∆CT, condition x- Avg.∆CT, control) [25, 26].

Microarray analysis
RNA was labeled with Cy5 dyes (Amersham
Pharmacia, Uppsala, Sweden) and hybridized to
Mouse Whole Genome OneArray with Phalanx
hybridization buffer using Phalanx Hybridization
System (Phalanx Biotech, San Diego, CA, USA). Data
were analyzed according to the manufacturer’s
protocol, deposited in NCBI’s GEO database, and are
accessible through GEO Series accession numbers
(record
GSE164992
with
reviewer
token
cjwjockmftqbhgz).
https://www.thno.org
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Immunoblotting (IB) and co-immuno
precipitation (Co-IP)
Cells or liver tissue were homogenized in RIPA
buffer (50 mM Tris-Cl, pH 7.5, 1% NP40, 0.35%
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, supplemented with the protease and
phosphatase inhibitor cocktail) or IP lysis buffer (10
mM Tris-Cl, pH 7.5, 2 mM EDTA, 1% NP40, 150 mM
NaCl, supplemented with the protease and
phosphates inhibitor cocktail). Then, the lysates were
subjected to IB or Co-IP as previously described [13,
19]. Antibodies against phospho-signal transducer
and activator of transcription 3 (P-STAT3, Tyr705,
9134), phospho-IKKα/β (P-IKKα/β, Ser176/180,
2697), phospho-extracellular signal-regulated kinase
1/2 (P-ERK1/2, Thr202/Tyr204, 4370), phospho-c-Jun
N-terminal kinase 1/2 (P-JNK1/2, Thr183/Tyr185,
4671),
phospho-Akt
(P-Akt,
Ser473,
4060),
phospho-threonine (P-Thr, 9386), Akt (4691), PARP
(9532), and CXCL1/CXCL2 (24376) were purchased
from Cell Signaling Technology (Danvers, MA, USA).
Antibodies against RACK1 (sc-10775, for IP), IκBα
(sc-4094), Bcl-2 (sc-7382), and protein A/G-plus
agarose were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The antibody against RACK1
(610178, for IB) was obtained from BD Bioscience (San
Jose, CA, USA). MG132 (M8699) and antibodies
against FLAG tag (M2, F1804) and phospho-serine
(P-Ser, P3430) were acquired from Sigma-Aldrich.
Antibodies against Myc tag (M192-3) and GFP (598)
came from MBL International (Woburn, MA, USA).
The antibody against p50 was from Abcam. Antibody
against HDAC1 (10197-1-AP), β-actin (66009-1-Ig),
S100A9 (26992-1-AP), ubiquitin (Ub, 10201-2-AP),
mouse double minute 2 (MDM2, 19058-1-AP), HA tag
(51064-2-AP), p65 (10745-1-AP), and HDAC2
(12922-3-AP) were purchased from Proteintech
(Chicago, IL, USA).

Glutathione S-transferase (GST) pull-down
assays
GST and GST-RACK1 were expressed and
purified with glutathione-Sepharose (GSH) beads
(17-0756-01, Amersham Pharmacia), according to the
manufacturer’s instruction. Lysates of BNL CL.2 cells
expressing Myc-HDAC1 were incubated with GST or
GST-RACK1 bound to GSH beads, and the adsorbed
proteins were analyzed by IB analysis.

Immunohistochemistry (IHC)
IHC was performed using standard protocols
with citrate buffer (pH 6.0) pretreatment. Briefly,
formaldehyde-fixed and paraffin-embedded liver
sections were incubated with primary antibodies at 4
°C
overnight
and
then
with
horseradish
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peroxidase-conjugated secondary antibodies at 37°C
for 30 min. The sections were finally incubated with
diaminobenzidine
and
counterstained
with
hematoxylin for detection. The antibody against
RACK1 (610178) was ordered from BD Bioscience.
The antibodies against HDAC1 (10197-1-AP) and
S100A9 (26992-1-AP) were acquired from Proteintech.

Isolation of liver mononuclear cells and flow
cytometry analysis
Liver samples were minced and pressed through
a 70-μm cell strainer. Cell suspensions were washed
once in RPMI-1640 medium and centrifuged at 2000
rpm, 4 °C for 5 min. The pellets were suspended with
40% Percoll solution in RPMI-1640 medium and
overlaid on 70% Percoll solution in RPMI-1640
medium and centrifuged at 400 × g (up 6, down 0), 4
°C for 20 min. Hepatic mononuclear cells were
obtained from the interphase. Single-cell suspensions
were washed with FACS washing buffer (2% FBS,
0.1% NaN3 in PBS) once and incubated with
fluorescence-conjugated antibodies against cell
surface molecules for 30 min on ice in the presence of
2.4G2 monoclonal antibody to block FcγR binding.
Isotype antibodies were included as negative controls.
After washing with FACS buffer, cells were fixed with
1% (w/v) paraformaldehyde in PBS and preserved at
4 °C. Flow cytometry was performed using a Becton
Dickinson FACS Fortessa machine (East Rutherford,
NJ, USA) and data were analyzed using the FlowJo
version 10. CD45-APC (30-F11, 103112), CD11b-PECy7 (M1/70, 101216), Gr1-PE (RB6-8C5, 108408),
F4/80-FITC (BM8, 123108), Ly6C-BV605 (HK1.4,
128036), Ly6G-BV421 (1A8, 127628), DR5-PE (MD5-1,
119906), and CD3-PERCP (17A2, 100218) were
purchased from BioLegend (San Diego, CA, USA).

Transwell co-culture
Primary hepatocytes (1 × 105) were resuspended
in 500 μL DMEM medium with 10% FBS and seeded
into the bottom chamber of each well. Liver
mononuclear cells were stained with Gr1-PE in FACS
washing buffer without NaN3 for 20 min at 4 °C. Then
cells were incubated with anti-PE microbeads
(130-048-801, Miltenyi Biotech, Bergisch Gladbach,
Germany) for 20 min at 4 °C. Gr1+ cells were
harvested using an MS column (130-042-201, Miltenyi
Biotech). The purity of Gr1+ cells was > 90% as
confirmed by flow cytometry. Gr1+ cells were added
to the inside of a transwell chamber (0.4 µm pore size,
19418020, Corning) at the same number of primary
hepatocytes in the presence or absence of 50 µg/mL
paquinimod
(HY-100442,
MedChemExpress,
Monmouth Junction, NJ, USA). Twenty-four h later,
the primary hepatocytes were exposed to 10 ng/mL
https://www.thno.org
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TNF-α for various periods of time and subsequently
harvested for IB.

Carboxyfluorescein succinmidyl ester (CFSE)
dilution
CD11b+F4/80-Ly6GhiLy6Clo cells were sorted
from the liver mononuclear cells of Rack1Δhep mice
before and 2 h after LPS/GalN challenge. CD4+ T cells
in the spleen of Rack1F/F mice were isolated using a
CD4+ T cell isolation kit (130-104-454, Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the
manufacturer’s instruction. The purity of these
subsets was around 95% as confirmed by flow
cytometry. Purified CD4+ T cells were labeled with 1
μM CFSE (65-0850-84, eBioscience) at 37 °C for 20 min.
After thorough wash, CD4+ T cells were cultured with
or without two-fold number of these myeloid cells in
RPMI-1640 medium supplemented with 10% FBS, 100
U/mL penicillin, 100 μg/mL streptomycin, 2 mM
L-glutamine, and 50 μM β-mercaptoethanol in the
presence or absence of Dynabeads Mouse T-Activator
CD3/CD28 (11456D, Gibco, New York, MA, USA) at
37 °C for 72 h. T-cell proliferation was determined by
CFSE dilution.

Measurement of inflammatory cytokines
About 30 mg of the liver tissue was cut and
homogenized in 10 volumes of PBS (pH7.5) using a
pellet pestle cordless motor (SIGMA, Darmstadt,
Germany). Samples were then centrifuged at 3000
rpm for 10 min and the supernatants were collected
and stored at -80 °C until use. CD3+ T cells sorted
from the livers of Rack1F/F mice were stimulated with
1 µg/mL phorbol myristate acetate (P8139, SigmaAldrich) and 1 µM ionomycin (I3909, Sigma-Aldrich)
in the presence or absence of the same number of
CD11b+F4/80-Ly6GhiLy6Clo myeloid cells sorted from
the livers of Rack1Δhep mice, and the supernatants were
collected 4 h later. Bone marrow-derived
macrophages from Rack1F/F mice were stimulated
with 100 ng/mL LPS in the presence or absence of the
same number of CD11b+F4/80-Ly6GhiLy6Clo myeloid
cells sorted from the livers of Rack1Δhep mice, and the
supernatants were collected 4 h later. TNF-α, IL-6,
IL-17A, and IFN-γ levels in the supernatants were
assayed with commercial kits 88-7324-88, 88-7064-88,
88-7314-88, and 88-7371-88 (eBioscience, San Diego,
CA, USA), respectively, according to the
manufacturer’s protocols.

Indirect immunofluorescence
Primary hepatocytes were cultured in sterile
collagen-coated fluorescent dishes. Cells were fixed in
4% (w/v) paraformaldehyde in PBS for 30 min at
room temperature and then permeabilized with 0.5%
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Triton X-100 in PBS for 15 min. Non-specific sites were
blocked by incubation with 5% goat serum and 0.3%
Triton X-100 in PBS for 1 h at room temperature.
Samples were then incubated with an anti-RACK1
(610178, BD Bioscience) or anti-HDAC1 (10197-1-AP,
Proteintech) antibody overnight at 4℃. After washing
three times in PBS containing 0.05% Tween 20, cells
were incubated with TRITC- or FITC-conjugated
secondary antibodies for 45 min at room temperature.
Cells were rewashed as stated above, mounted with
DAPI (ZLI-9557, Origene, Rockville, MD, USA), and
then observed by laser scanning confocal microscopy
(RADIANCE 2100, Bio-Rad, Hercules, CA, USA).

Chromatin immunoprecipitation (ChIP)
ChIP was performed with a SimpleChIP Plus
Sonication ChIP kit (56383, Cell Signaling
Technology) according to the manufacturer’s
instruction. Briefly, the liver tissue was harvested and
fixed for 10 min at room temperature with 1%
formaldehyde. After shearing the genomic DNA by
sonication, Protein G Magnetic Beads and a primary
rabbit antibody or normal rabbit IgG were added to
each sample, followed by incubation at 4 °C overnight
with rotation. After reversal of protein-DNA
cross-links, DNA was purified using DNA
purification spin columns and subjected to
quantitative PCR. Antibodies against HDAC1 (34589),
acetyl-Histone H3K9 (9649), and acetyl-Histone
H3K27 (8173) were ordered from Cell Signaling
Technology.

In vivo ubiquitination assay with IP
Cells or liver tissue were solubilized in modified
lysis buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl,
10% glycerol, 1 mM EDTA, 1 mM EGTA, 1% SDS, 1
mM Na3VO4, 1 mM DTT, and 10 mM NaF)
supplemented with the protease inhibitor cocktail, as
previously described [27]. Lysates were incubated at
60 °C for 10 min, followed by 10 times dilution with
modified lysis buffer without SDS. After sonication,
samples were incubated at 4 °C for 1 h with rotation,
followed by centrifugation (14 000 rpm) for 30 min at
4 °C. The protein concentration was determined by
the Bradford assay, and appropriate amounts (0.5-1.5
mg) of protein were used for immunoprecipitation.
Immunoprecipitated proteins were washed with
washing buffer (50 mM Tris-Cl, pH 7.4, 500 mM NaCl,
10% glycerol, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 1
mM DTT, and 10 mM NaF) three times, boiled in SDS
sample buffer, and separated on SDS-PAGE.

Statistical analysis
Quantitative data are shown as mean ± standard
deviations (SD) and were assessed by one-way
https://www.thno.org
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ANOVA or Student’s t test. Survival curves of two
groups were compared using the log-rank (MantelCox) test. Statistical calculations were performed
using Prism 6. All statistical tests were two-sided, and
P values of less than 0.05 were considered statistically
significant. *p < 0.05; **p < 0.01; ***p < 0.001.

Results
Liver-specific RACK1 deficiency renders mice
resistant to FH
The in vivo role of RACK1 in FH was explored by
administering LPS/GalN in 12-week-old Rack1Δhep
mice and littermate controls. Unexpectedly, only
about 10% of Rack1F/F mice versus more than 70% of
Rack1Δhep littermates survived over 36 h (Figure 1A).
Histology revealed that LPS/GalN treatment for 5 h
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led to extensive necrosis in livers of Rack1F/F mice but
not in Rack1Δhep mice (Figure 1B). Furthermore, serum
levels of alanine aminotransferase (ALT) and
aspartate transaminase (AST), markers of hepatocyte
damage, were significantly higher in Rack1F/F mice
than in Rack1Δhep littermates 5 h after LPS/GalN
administration (Figure 1C). The decreased damage in
RACK1-deficient livers was associated with reduced
tissue levels of inflammatory factors TNF-α and IL-6
(Figure 1D). Similarly, liver-specific RACK1
deficiency led to better survival (Figure 1E), alleviated
hepatocyte necrosis (Figure 1F), and lower levels of
serum ALT and AST (Figure 1G) after TNF-α/GalN
administration. The protective role of hepatic RACK1
deficiency was also observed after the administration
of Con A (Figure 1H and 1I).

Figure 1. Liver-specific RACK1 deficiency renders mice resistant to FH. 12-week-old Rack1Δhep mice and littermate controls were injected with LPS (35 μg/kg) and
GalN (1000 mg/kg) intraperitoneally (mixed sex, A–D), TNF-α (15 µg/kg) and GalN (1000 mg/kg) intraperitoneally (mixed sex, E–G), or Con A (25 µg/g) intravenously (male
only, H, I). Survival curves (A, E, H), representative histology of liver sections (B, F, I, scale bar, 50 µm), ALT and AST levels (C, G), and inflammatory factors in the liver tissue
(D) are shown. U/L, units per liter. Error bars indicate mean ± SD. The n-value information is shown in the corresponding panel. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not
significant.

https://www.thno.org
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Liver-specific RACK1 deficiency leads to
MDSC accumulation
The role of liver-specific RACK1 deficiency in
LPS/GalN-, TNF-α/GalN-, or Con A-induced FH was
contrary to the finding that RACK1 knockdown
aggravates TNF-α-induced apoptosis of cultured
primary murine hepatocytes [18]. This paradox
suggested an altered microenvironment rather than a
cell autonomous role. We performed a microarraybased transcriptome analysis of Rack1F/F and Rack1Δhep
livers before and after LPS/GalN challenge.
Unexpectedly, Rack1F/F and Rack1Δhep livers showed
comparable levels of Tnf, Il6, and Il1b before and after
LPS/GalN challenge, suggesting that reduced
inflammatory cytokine levels in RACK1-deficient
livers might result from post-transcriptional
regulation. However, several genes involved in the
recruitment and/or local expansion of MDSCs,
especially Cxcl1 and S100a9 [28–30], were markedly
upregulated in Rack1Δhep livers even under
steady-state conditions (Figure 2A). These findings
were confirmed by quantitative RT-PCR (Figure 2B)
and IB analysis (Figure 2C). The role of RACK1 in
limiting CXCL1 and S100A9 expression was
cell-autonomous since silencing of endogenous
RACK1 expression by RACK1 siRNA in BNL CL.2
normal murine hepatocytes led to increased mRNA
levels of Cxcl1 and S100a9 (Figure 2D). It has been
reported that S100A9 was chemotactic for MDSCs,
which, in turn, produced increased S100A9 [31, 32].
Indeed, steady-state Rack1Δhep livers showed slightly
elevated S100A9 expression in hepatocytes and more
S100A9hi infiltrated immune cells, as indicated by IHC
(Figure 2E), suggesting MDSC accumulation.
Therefore, liver mononuclear cells were isolated and
subjected to flow cytometry analysis. As expected,
Rack1Δhep mice showed higher numbers of
Gr1+CD11b+ cells in the liver than their littermate
controls under steady-state conditions (Figure 2F).
MDSCs
include
two
major
subsets:
polymorphonuclear-MDSCs (CD11b+Ly6GhiLy6Clo)
and monocytic-MDSCs (CD11b+Ly6GloLy6Chi) [4].
Flow cytometry analysis revealed the accumulation of
CD11b+F4/80-Ly6GhiLy6Clo cells, but not CD11b+F4/
80-Ly6GloLy6Chi cells, in steady-state Rack1Δhep livers
(Figure 2G). MDSCs are usually described under
pathogenic conditions characterized by the inhibition
of T-cell proliferation and/or IFN-γ production [4]. To
explore whether these accumulated myeloid cells
possess immunosuppressive function under steadystate conditions, we sorted CD11b+F4/80-Ly6Ghi
Ly6Clo cells from Rack1Δhep livers before and after
LPS/GalN challenge and mixed them with CFSElabeled splenic CD4+ T cells. After co-culturing for 72
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h in the presence or absence of antibodies against CD3
and CD28, flow cytometry analysis of CFSE dilution
revealed that myeloid cells accumulated either under
steady-state conditions or under disease conditions
partially inhibited T-cell proliferation with similar
efficiency (Figure 2H). We further analyzed whether
the accumulated myeloid cells inhibited T-cell
cytokine production. We found that phorbol
myristate acetate- and ionomycin-induced IFN-γ,
TNF-α, and IL-17A production in liver CD3+ T cells
was significantly inhibited by CD11b+F4/80-Ly6Ghi
Ly6Clo cells sorted from steady-state Rack1Δhep livers
(Figure 2I). Together, these data confirmed that
liver-specific RACK1 deficiency resulted in MDSC
accumulation in this organ under steady-state
conditions.

Targeting MDSCs abrogates protective effects
of hepatic RACK1 deficiency
Locally accumulated Gr1+CD11b+ myeloid cells
have been demonstrated to exert protective function
against LPS/GalN- and Con A-induced liver damage
[5–8]. To explore whether the accumulation of MDSCs
mediates the protective role of hepatic RACK1
deficiency, we deleted MDSCs by injection of a Gr1
(Ly6G/Ly6C) neutralizing antibody. Isolation of liver
mononuclear cells followed by flow cytometry
analysis confirmed the efficacy of the depleting
antibody, compared with control antibody IgG2b
(Figure 3A). After injecting the control antibody,
Rack1F/F mice died rapidly following LPS/GalN
administration, whereas most Rack1Δhep mice survived
under the same conditions (Figure 3B), consistent
with our data as mentioned earlier (Figure 1A).
Anti-Gr1 antibody treatment resulted in rapid death
of Rack1Δhep mice (Figure 3B). Furthermore, histology
analysis (Figure 3C) and measurement of serum
transaminases (Figure 3D) showed that the protective
effects of hepatic RACK1 deficiency against
LPS/GalN-driven acute liver damage diminished
after depletion of MDSCs. Notably, anti-Gr1 antibody
treatment also showed a tendency to accelerate
LPS/GalN-induced death (p = 0.0677) (Figure 3B) and
augment LPS/GalN-induced elevation of serum ALT
(p = 0.0981) (Figure 3D) in Rack1F/F mice and was
associated with aggravated hepatocyte necrosis
(Figure 3C).
Since anti-Gr1 antibody treatment could also
deplete neutrophils [33], a more specific antibody
should be used to target MDSCs. Activation of
endoplasmic reticulum stress is a common feature of
MDSCs in both mice and humans, inducing the
upregulation of DR5, a TRAIL receptor [34, 35]. It has
been reported that targeting DR5 could specifically
induce MDSC apoptosis [35, 36]. Elevated DR5
https://www.thno.org
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expression of Ly6GhiLy6Clo, but not Ly6GloLy6Chi,
myeloid cells in RACK1-deficient livers was observed
by flow cytometry compared to their counterparts in
RACK1-sufficient livers (Figure 3E). Therefore, we
used an agonistic anti-DR5 antibody. Unexpectedly,
flow cytometry analysis indicated that anti-DR5
antibody treatment failed to deplete either Ly6Ghi
Ly6Clo or Ly6GloLy6Chi myeloid cells in steady-state
livers of both Rack1F/F and Rack1Δhep mice (Figure S1),
echoing recent reports of non-apoptotic TRAIL
signaling in immune cells [37]. Despite that, anti-DR5
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antibody treatment showed effects similar to anti-Gr1
antibody treatment for LPS/GalN-driven mortality
(Figure 3F) and hepatocyte necrosis (Figure 3G),
suggesting that these MDSC functions were blocked.
These data confirmed that MDSCs had a protective
role in LPS/GalN-induced FH which was weak in
wild-type mice. Hepatic RACK1 deficiency resulted in
MDSC accumulation in the liver under steady-state
conditions and rendered Rack1Δhep mice resistant to
FH.

Figure 2. Liver-specific RACK1 deficiency leads to MDSC accumulation under steady-state conditions. (A) 12-week-old Rack1Δhep mice and littermate controls
were injected with LPS/GalN. After the indicated time periods, livers were isolated and subjected to microarray analysis. Genes involved in the recruitment and local expansion
of MDSCs are shown in heatmaps. Mean values from two mice are shown. (B, C, E) Livers of 12-week-old Rack1Δhep mice and littermate controls were subjected to quantitative
RT-PCR (B), IB (C), and IHC (E, scale bar, 50 µm) to examine CXCL1 and S100A9 expression. (D) 48 h after transfection with siRNA against murine RACK1 or non-targeting
control (NC) siRNA, BNL CL.2 cells were subjected to quantitative RT-PCR. (F, G) Liver mononuclear cells were purified from 12-week-old Rack1Δhep mice and littermate
controls, followed by flow cytometry analysis of Gr1+CD11b+ subset in CD45+ cells (F) or Ly6GhiLy6Clo and Ly6GloLy6Chi subsets in CD45+CD11b+F4/80- cells (G).
Representative plots (left) and statistical data (right) are shown. (H) CD11b+F4/80-Ly6GhiLy6Clo myeloid cells were sorted from livers of Rack1Δhep mice before and 2 h after
LPS/GalN challenge. CFSE-labeled CD4+ T cells from spleens of Rack1F/F mice were cultured with or without two-fold number of these myeloid cells in the presence (w/) or
absence (w/o) of Dynabeads Mouse T-Activator CD3/CD28. Proliferation was assessed by flow-cytometric analysis of CFSE dilution 72 h later. (I) CD3+ T cells sorted from livers
of Rack1F/F mice were stimulated with 1 µg/mL phorbol myristate acetate (PMA) and 1 µM ionomycin (Ino) for 4 h in the presence or absence of the same number of
CD11b+F4/80-Ly6GhiLy6Clo myeloid cells sorted from livers of Rack1Δhep mice. IFN-γ, TNF-α, and IL-17A levels in the supernatants were then determined by ELISA. Error bars
indicate mean ± SD. The n-value information is shown in the corresponding panel. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant.
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Figure 3. Targeting MDSCs abrogates protective effects of hepatic RACK1 deficiency. (A) 12-week-old Rack1Δhep mice and littermate controls were
intraperitoneally injected once a day with 10 mg/kg IgG2b isotype control antibody or anti-mouse Gr1 (Ly6G/Ly6C) antibody for three consecutive days. Then, liver mononuclear
cells were purified and subjected to flow cytometry analysis of Gr1+CD11b+ subset in CD45+ cells. Representative plots (left) and statistical data (right) are shown. (B–D) After
the depletion of MDSCs, mice were injected with LPS/GalN, and their survival was monitored (B). Representative histology of liver sections (C, scale bar, 50 µm) and serum
levels of ALT and AST (D) 5 h after the injection are shown. (E) Liver mononuclear cells were purified from 12-week-old Rack1Δhep mice and littermate controls, followed by flow
cytometry analysis of DR5 mean fluorescence intensity (MFI) in Ly6GhiLy6Clo and Ly6GloLy6Chi subsets of MDSCs. (F, G) 12-week-old Rack1Δhep mice and littermate controls
were intraperitoneally injected with IgG2b isotype control antibody or anti-mouse DR5 antibody at the 200 µg/mouse dose, followed by LPS/GalN injection 24 h later and their
survival was monitored (F). Representative histology images of liver sections (G, scale bar, 50 µm) 5 h after LPS/GalN injection are shown. Error bars indicate mean ± SD. The
n-value information is shown in the corresponding panel. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant.

MDSCs inhibit inflammatory cytokine
production from macrophages and enhance
IKK/NF-κB activation in hepatocytes
Next, we explored how MDSC accumulation
prevented LPS/GalN-induced liver damage under

steady-state conditions. Excessive production of
cytokines by macrophages has been demonstrated to
play an important role in FH [1]. As liver-specific
RACK1 deficiency led to reduced levels of TNF-α and
IL-6 in this organ 5 h after LPS/GalN administration
(Figure 1D), the accumulated MDSCs very likely
https://www.thno.org
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inhibited inflammatory cytokine production from
macrophages as well as T cells. Indeed, anti-DR5
antibody treatment augmented TNF-α and IL-6 levels
in both RACK1-sufficient and -deficient livers 5 h
after LPS/GalN administration and abrogated the
differences between RACK1-sufficient and -deficient
livers (Figure 4A). Also, CD11b+F4/80-Ly6GhiLy6Clo
cells sorted from the livers of control antibodytreated, but not anti-DR5 antibody-treated, Rack1Δhep
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mice significantly inhibited TNF-α and IL-6
production from macrophages (Figure 4B). Thus,
these accumulated MDSCs exerted protective effects
by at least partially inhibiting excessive cytokine
production. These data also confirmed the notion that
anti-DR5 antibody treatment could block the function
of these MDSCs in steady-state livers, although it
failed to deplete these cells.

Figure 4. MDSCs inhibit inflammatory cytokine production from macrophages and enhance IKK/NF-κB activation in hepatocytes. (A) Mice were treated as
stated in Figure 3G, inflammatory factors in the liver tissue were measured. (B) Bone marrow-derived macrophages from Rack1F/F mice were stimulated with 100 ng/mL LPS for
4 h in the presence or absence of the same number of CD11b+F4/80-Ly6GhiLy6Clo myeloid cells sorted from livers of Rack1Δhep mice. TNF-α and IL-6 levels in the supernatants
were then determined by ELISA. (C–E) After MDSC depletion, as stated in Figure 3A (E) or left untreated (C, D), 12-week-old Rack1Δhep mice and littermate controls were
injected with or without LPS/GalN. Livers were isolated 1 h later and subjected to IB analysis with indicated antibodies. P-STAT3, phospho-STAT3; P-IKKα/β, phospho-IKKα/β;
P-JNK1/2; phospho-JNK1/2; P-p38, phospho-p38; P-ERK1/2, phospho-ERK1/2; P-Akt, phospho-Akt. (F) Primary hepatocytes and Gr1+ cells were purified from Rack1F/F and
Rack1Δhep livers, respectively. Gr1+ cells were plated above primary hepatocytes in a Transwell in the presence or absence of 50 µg/mL S100A9 inhibitor paquinimod. After
overnight incubation, 10 ng/mL murine TNF-α was added to the co-culture system for 0, 5, or 15 min. Then, primary hepatocytes were subjected to IB analysis with indicated
antibodies. (G) After Rack1Δhep mice were injected with the indicated antibody (200 µg/mouse), the liver tissue was subjected to IB analysis 24 h later to examine S100A9
expression. Error bars indicate mean ± SD. The n-value information is shown in the corresponding panel. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant.
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We also examined the signaling pathways of
inflammatory factors in Rack1F/F and Rack1Δhep livers.
IB analysis revealed that PARP1 cleavage, an
indicator of apoptosis, occurred in Rack1F/F livers 1 h
after LPS/GalN administration (Figure 4C).
Consistent with the protective role of liver-specific
RACK1 deficiency, PARP1 cleavage was reduced in
Rack1Δhep livers (Figure 4C). Furthermore, the
phosphorylation of IKKα/β, JNK1/2, and p38, but not
STAT3, ERK1/2, and Akt, was enhanced in Rack1Δhep
livers compared to Rack1F/F livers (Figure 4C).
Because the IKK/NF-κB pathway determines the
degree of liver injury [38, 39], we attempted to further
clarify its involvement. Indeed, Rack1Δhep livers
exhibited more dramatic degradation of IκBα 1 h after
LPS/GalN administration than Rack1F/F livers (Figure
4D). In addition, the levels of anti-apoptotic proteins
Bcl-2 and Bcl-XL, known NF-κB target genes [40], in
Rack1Δhep livers were significantly higher than in
Rack1F/F livers either under steady-state conditions or
after LPS/GalN administration (Figure 4D).
Consistent with the above results, deletion of
Gr1+CD11b+ myeloid cells remarkably reversed the
augmented IKKα/β phosphorylation and Bcl-2/
Bcl-XL expression both under steady-state conditions
and after LPS/GalN administration (Figure 4E).
Since the infiltrated MDSCs are S100A9hi (Figure
2D), which has been reported to induce NF-κB
activation [41, 42], Gr1+ myeloid cells purified from
Rack1Δhep livers were plated above primary
hepatocytes isolated from Rack1F/F mice in the
Transwell co-culture system. As expected, overnight
co-culturing enhanced TNF-α-induced IKKα/β
phosphorylation and IκBα degradation in primary
hepatocytes (Figure 4F). The S100A9 inhibitor
paquinimod significantly reversed augmented
IKKα/β phosphorylation and IκBα degradation in the
presence of MDSCs (Figure 4F). Thus, the
accumulation of MDSCs under steady-state
conditions prevented LPS/GalN-induced liver
damage through, at least partially, S100A9-mediated
enhancement of IKK/NF-κB activity in hepatocytes.
Also, anti-DR5 antibody administration led to
reduced levels of S100A9 in Rack1Δhep livers under
steady-state conditions (Figure 4G), suggesting that
such treatment could inhibit S100A9 expression in
these MDSCs and thereby suppress their ability to
enhance IKK/NF-κB activation in hepatocytes.

RACK1 maintains HDAC1 level in hepatocytes
It has been reported that the Cxcl1 and S100a9
promoters are repressed by p50:p50 homodimers
complexed with HDAC1 [30]. We have disclosed that
RACK1 regulates the ubiquitylation and stability of
HDAC1 and HDAC2 in the developing cerebellum
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[43]. Herein, we examined whether RACK1
maintained HDAC1 and HDAC2 protein levels in
hepatocytes. We found that silencing endogenous
RACK1 expression by RACK1 siRNA in BNL CL.2
cells led to reduced HDAC1, but not HDAC2 and p50
(Figure 5A). Maintenance of the HDAC1 protein level
by RACK1 was further confirmed in Rack1Δhep livers
by IB (Figure 5B) or IHC (Figure 5C), although livers
from Rack1Δhep mice exhibited mRNA levels of Hdac1
comparable to littermate controls (Figure 5D). We
used the ChIP assay to confirm HDAC1 recruitment
to the Cxcl1 and S100a9 promoters, which was
diminished in the absence of RACK1 (Figure 5E).
Previous reports suggested that HDAC1 induces
deacetylation of histone H3K9 and H3K27 at various
promotes, thereby repressing promoter activities [44,
45]. We also found that histone H3K9 acetylation at
the Cxcl1 and S100a9 promoters was augmented in
Rack1Δhep livers compared with Rack1F/F livers (Figure
5F). Also, histone H3K27 acetylation at the S100a9
promoter was elevated in Rack1Δhep livers, although it
remained unchanged at the Cxcl1 promoter (Figure
5F).

RACK1 maintains HDAC1 protein level by
direct binding in hepatocytes
It remains unknown how RACK1 controls the
HDAC1 protein level. Our previous study indicated
that the interaction between HDAC1 and its E3 ligase
MDM2 in the developing cerebellum was strongly
increased in the absence of RACK1 [43]. Herein, Co-IP
analysis confirmed increased MDM2 binding to
HDAC1 in Rack1Δhep livers (Figure 6A). Under
partially denaturing conditions, IP revealed that
liver-specific RACK1 deficiency resulted in enhanced
ubiquitination of HDAC1 (Figure 6B), whereas ectopic
RACK1 expression in BNL CL.2 cells led to reduced
ubiquitination of HDAC1 (Figure 6C). As RACK1 is a
multi-functional scaffold protein, we tested whether
RACK1 directly interacted with HDAC1 by
performing in vitro GST pull-down assay. We found
substantial exogenous Myc-HDAC1 in lysates of BNL
CL.2 cells precipitated specifically by GST-RACK1 but
not by GST alone (Figure 6D). We also examined the
possible co-localization of RACK1 and HDAC1.
Indirect immunofluorescence analysis revealed that
RACK1 was predominantly cytoplasmic with a
considerable portion distributed in the nucleus,
whereas HDAC1 was predominantly nuclear with a
substantial fraction in the cytoplasm of primary
hepatocytes (Figure 6E). RACK1 and HDAC1 showed
partial co-localization in the cytoplasm and nucleus
(Figure 6E). The physiological interaction of RACK1
with HDAC1 was confirmed by Co-IP analysis.
HDAC1 was present in immuno-precipitates obtained
https://www.thno.org
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from liver lysates with an antibody against RACK1,
whereas no HDAC1 coprecipitated with a control
antibody (Figure 6F). Moreover, endogenous RACK1
in the liver coprecipitated with endogenous HDAC1
(Figure 6F). Collectively, our data suggested that
RACK1 maintained the HDAC1 protein level by
direct binding in hepatocytes.

Ectopic HDAC1 expression partially reverses
the effects of RACK1 deficiency
To confirm whether reduced HDAC1 protein
level played a key role in the protective effects of
hepatic RACK1 deficiency against FH, AAV8
expressing murine FLAG-tagged HDAC1 was
injected into the tail vein of 8-week-old Rack1Δhep mice.
AAV8 preferentially infects hepatocytes, and
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transgene expression persists for over 11 months [46,
47]. Four weeks after the injection, IB analysis
confirmed exogenous HDAC1 expression, partially
reversing the reduced protein level of HDAC1 in
Rack1Δhep livers (Figure 7A). Quantitative RT-PCR
revealed that the basal levels of Cxcl1 and S100a9
expression decreased in AAV8-HDAC1-transduced
Rack1Δhep livers compared to AAV8-vector-transduced
counterparts (Figure 7B). After LPS/GalN challenge,
the upregulation of Cxcl1 was suppressed by
AAV8-HDAC1 transduction. A similar trend was also
observed with S100a9, although it failed to reach
statistical significance (p = 0.0761) (Figure 7B). IHC
revealed that the HDAC1 protein level was
heterogenous in AAV8-HDAC1-transduced Rack1Δhep
livers. In certain areas with upregulated HDAC1,

Figure 5. RACK1 maintains co-repressor HDAC1 protein level in hepatocytes. (A) BNL CL.2 cells were transfected with the indicated siRNA. Whole-cell lysates
were harvested 48 h later and subjected to IB analysis with indicated antibodies. ns, non-specific band. (B–D) Livers of 12-week-old Rack1Δhep mice and littermate controls were
subjected to IB (B), IHC (C, scale bar, 50 µm), and quantitative RT-PCR (D) analysis to examine the expression of HDAC1. (E, F) ChIP assays of HDAC1 recruitment (E) and
histone H3K9 and H3K27 acetylation (F) at the Cxcl1 and S100a9 promoters in livers of 12-week-old Rack1Δhep mice and littermate controls. Error bars indicate mean ± SD. The
n-value information is shown in the corresponding panel. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant.
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accumulation of S100A9hi cells before and after
LPS/GalN challenge was alleviated (Figure 7C). As
for the signaling, ectopic HDAC1 expression inhibited
LPS/GalN-triggered IKKα/β phosphorylation and
IκBα degradation in Rack1Δhep livers (Figure 7D).
Moreover, Bcl-2 and Bcl-XL levels were suppressed by
AAV8-HDAC1 transduction under steady-state
conditions and after LPS/GalN administration
(Figure 7D).

RACK1 is downregulated during the induction
of FH
The HDAC1 protein level in either AAV8-vector
or AAV8-HDAC1-transduced Rack1Δhep livers was
reduced after LPS/GalN challenge (Figure 7C and
7D), suggesting that HDAC1 expression was actively
downregulated during the induction of FH. As
RACK1 protein level remained unchanged in the liver
tissue (Figure 4A–C), we speculated that HDAC1
downregulation could be due to immune cell
infiltration. Therefore, we purified primary
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hepatocytes from wild-type mice before and after
LPS/GalN challenge. IB analysis revealed reduced
protein levels of HDAC1 and RACK1, but not HDAC2
and p50, after LPS/GalN challenge (Figure 8A). Rapid
reduction of HDAC1 and RACK1 during FH
induction was suggestive of ubiquitin-proteasomedependent degradation. Recent studies suggested that
RACK1 might also undergo ubiquitination under
specific circumstances [48–50]. Our quantitative
RT-PCR data also indicated that Hdac1 and Rack1
mRNA levels were unchanged under the same
conditions (Figure 8B). Furthermore, under partially
denaturing conditions, IP demonstrated enhanced
ubiquitination of HDAC1 (Figure 8C) and RACK1
(Figure 8D) after LPS/GalN challenge. To study the
regulatory relationship between HDAC1 and RACK1
downregulation, primary hepatocytes were purified
from Rack1F/F and Rack1Δhep mice and stimulated with
TNF-α or LPS for 0, 1, or 2 h. IB analysis showed that
inflammatory stimulation led to reduced protein
levels of both HDAC1 and RACK1 in primary

Figure 6. RACK1 maintains HDAC1 protein level by direct binding in hepatocytes. (A) IB analysis of the interaction between endogenous HDAC1 and MDM2 in
Rack1F/F and Rack1Δhep livers after IP with an anti-HDAC1 antibody. IgG HC, IgG heavy chain. (B) Ubiquitination of endogenous HDAC1 in Rack1F/F and Rack1Δhep livers was
analyzed by IB after IP with an anti-HDAC1 antibody. (C) BNL CL.2 cells were transfected with mammalian expression vectors as indicated. Ubiquitination of Myc-HDAC1 upon
RACK1 over-expression was analyzed by IB after IP with an anti-Myc antibody. Cells were treated with 20 µM MG132 for 6 h, and cell lysates were harvested. WCL, whole-cell
lysates. (D) GST-RACK1 or GST bound to GSH beads were incubated with lysates of BNL CL.2 cells expressing Myc-HDAC1. Precipitates were subjected to IB. (E) Primary
hepatocytes were subjected to indirect immunofluorescence analysis with antibodies against RACK1 and HDAC1, then counterstained with DAPI followed by confocal
microscopy (scale bar: 10 µm). (F) IB analysis of the interaction between endogenous RACK1 and HDAC1 in the liver after IP with an anti-RACK1 antibody (left, control
antibody: rabbit IgG) or an anti-HDAC1 antibody (right, control antibody: rabbit IgG). ns, non-specific band.
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hepatocytes from Rack1F/F but not from Rack1F/F mice
(Figure 8E). To clarify the time course of HDAC1 and
RACK1 downregulation, BNL CL.2 cells expressing
GFP-RACK1 were stimulated with TNF-α for 0, 15, 30,
and 60 min. IB analysis indicated that the
downregulation of both exogenous and endogenous
RACK1 preceded that of HDAC1 and started at 15
min after TNF-α treatment (Figure 8F). Therefore, the
downregulation of HDAC1 during FH induction
resulted, at least partially, from the reduction of
RACK1.
Next, explored the mechanism(s) underlying
RACK1 ubiquitination and degradation during FH
induction. A previous study reported that an atypical
Rab protein and small GTPase RAB40C functions as a
putative ubiquitin E3 ligase for RACK1 in HEK-293
cells [48]. Another group demonstrated that an
ubiquitin-conjugating enzyme Ube2T directly
interacts with RACK1 and induces RACK1
ubiquitination and degradation independent of the E3
ligase in gastric cancer cells [49]. We failed to detect
the interaction between RAB40C and RACK1 in BNL
CL.2 cells before and after TNF-α treatment for 15 min
(Figure 8G). By contrast, the barely detectable
interaction between Ube2T and RACK1 in BNL CL.2
cells was augmented after TNF-α treatment for 15 min
(Figure 8H), explaining the enhanced ubiquitination
of RACK1 during FH induction (Figure 8D).
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Because our previous studies indicated that
RACK1 phosphorylation could actively modulate its
adaptor function [19, 51], we speculated that RACK1
might undergo phosphorylation after inflammatory
stimulation, enhancing its binding to Ube2T. For this
purpose, GFP-RACK1 was immunoprecipitated from
BNL CL.2 cells before and after TNF-α treatment. IB
analysis revealed that TNF-α stimulated RACK1
serine
phosphorylation,
but
not
threonine
phosphorylation, in BNL CL.2 cells (Figure 8I). Based
on
our
previous
study
showing
RACK1
phosphorylation at serine 110 [51], we used sitedirected mutagenesis to replace serine 110 with
non-phosphorylatable alanine (S110A). This S100A
mutation blocked the basal and TNF-α-induced serine
phosphorylation of RACK1 and inhibited the
interaction between RACK1 and Ube2T (Figure 8J).
Intriguingly, S100A mutant remained stable under the
conditions that endogenous RACK1 and exogenous
wild-type protein rapidly underwent TNF-α-induced
degradation
(Figure
8K).
Furthermore,
overexpression of S110A mutant blocked TNF-αinduced degradation of endogenous HDAC1 (Figure
8K). Thus, inflammatory stimulation triggered
RACK1 phosphorylation at serine 110, enhancing its
binding to Ube2T and promoting its ubiquitination
and degradation.

Figure 7. Ectopic HDAC1 expression partially reverses the effects of hepatic RACK1 deficiency. 8-week-old Rack1Δhep mice were randomly divided into two
groups. The control group was injected with 5 × 1011 v.g. AAV8-CMV-GFP in 200 µL PBS via the caudal vein, while the other group was injected with the same dose of
AAV8-expressing murine FLAG-tagged HDAC1 (AAV8-HDAC1). Four weeks after injection, mice were used for the following experiments. (A) IB analysis of exogenous
HDAC1 expression. (B–D) Quantitative RT-PCR analysis of Cxcl1 and S100a9 expression (B), IHC analysis of S100A9 and HDAC1 (C, scale bar, 50 µm), or IB analysis of the
activation of the IKK/NF-κB pathway (D) in the liver tissue before and 1 h after LPS/GalN injection. Error bars indicate mean ± SD. The n-value information is shown in the
corresponding panel. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant.
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Figure 8. RACK1 is downregulated during FH induction. (A–D) 12-week-old wild-type mice were injected with or without LPS/GalN. Primary hepatocytes were purified
1 h later and subjected to IB (A), quantitative RT-PCR (B), and in vivo ubiquitination assay with IP (C, D). (E) Primary hepatocytes were purified from 12-week-old Rack1Δhep mice
and littermate controls. After stimulation with 10 ng/mL murine TNF-α or 100 ng/mL LPS for 0, 1, or 2 h, primary hepatocytes were subjected to IB analysis with indicated
antibodies. (F–K) BNL CL.2 cells were transfected with mammalian expression vectors as indicated. After 24 h, cells were stimulated with 10 ng/mL murine TNF-α for indicated
time periods. Whole-cell lysates were then prepared in IP lysis buffer and subjected to IB analysis directly (F, K) or after IP with an antibody against GFP (G–J). P-Ser,
phospho-serine; P-Thr, phospho-threonine; WT, wild-type. Error bars indicate mean ± SD. The n-value information is shown in the corresponding panel. *p < 0.05; **p < 0.01;
***p < 0.001; NS, not significant.

Discussion
RACK1 promotes autophagy and protects
against TNF-α-induced cell death, suggesting that in
vivo RACK1 loss-of-function aggravates FH. By
contrast, we observed that liver-specific RACK1
deficiency rendered mice resistant to FH. Further
exploration revealed that by directly binding to
HDAC1, RACK1 maintained the HDAC1 protein
level in hepatocytes. HDAC1 is known to bind to the
Cxcl1 and S100a9 promoters and represses promoter
activities by inducing deacetylation of histone H3K9
and H3K27 [44, 45]. In the absence of hepatic RACK1,

however, the repression by HDAC1 is lost.
Chemokines are expressed by hepatocytes, followed
by MDSC recruitment into the liver under
steady-state conditions. MDSCs are characterized by
their ability to inhibit T cells [4]. In this study, we have
shown that these myeloid cells exerted protective
effects through at least two novel mechanisms:
inhibition of inflammatory cytokine production from
macrophages and contribution to the activation of the
IKK/NF-κB pathway in hepatocytes. Consequently,
liver injury is prevented. S100A9 is a key mediator for
these MDSCs to enhance IKK/NF-κB activation in
hepatocytes. Nevertheless, how these accumulated
https://www.thno.org
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MDSCs suppress macrophages to secret inflammatory
cytokines remains unknown. Since microarray-based
transcriptome analysis revealed comparable levels of
Tnf, Il6, and Il1b in Rack1F/F and Rack1Δhep livers before
and after LPS/GalN challenge, the inhibition might
occur at the post-transcriptional level. Future studies
are required to address this issue.
Intriguingly, MDSCs failed to directly activate
IKKα/β in co-cultured hepatocytes in vitro, although
they facilitated IKKα/β activation by proinflammatory stimulus TNF-α (Figure 4D). However,
in vivo RACK1 deficiency led to higher levels of
IKKα/β phosphorylation and Bcl-2/Bcl-XL expression
in the liver under steady-state conditions that could
be reversed after MDSC depletion (Figure 4C and 4D).
Gradients from gut microbiota may trigger weak
TNF-α production from Kupffer cells under
steady-state conditions synergizing with MDSCs to
enhance the activity of the IKK/NF-κB pathway.
Even
though
RACK1
regulates
the
ubiquitylation and stability of HDAC1 and HDAC2 in
the developing cerebellum [43], RACK1 did not affect
the HDAC2 protein level in hepatocytes (Figure 5A
and 8A). The regulation of HDAC2 stability by
RACK1 may require specific component(s), which are
deficient in hepatocytes. As for HDAC1, its ectopic
expression mediated by AAV8 in RACK1-deficient
hepatocytes was not very efficient (Figure 7A) and
failed to reverse the resistance of Rack1Δhep mice to FH,
probably because exogenous HDAC1 was not stable
in the absence of RACK1. Ectopic expression of a
ubiquitination-defective mutant of HDAC1 might be
more efficient. It is also possible that other
mechanism(s) contribute to the recruitment of MDSCs
into Rack1Δhep livers.
RACK1
protein
level
was
rapidly
downregulated in wild-type mice after FH induction
associated with reduced HDAC1 (Figure 8A).
Downregulation of HDAC1 could occur in RACK1deficient livers during FH induction (Figure 7C and
7D) but not in RACK1-deficient primary hepatocytes
after stimulation with TNF-α or LPS (Figure 8E). Since
the liver microenvironment is very complicated,
especially after FH induction, HDAC1 reduction in
RACK1-deficient livers might occur in various
RACK1-sufficient cells and/or other factor(s) in the
microenvironment induce HDAC1 downregulation in
the absence of RACK1. A confirmation of these
possibilities awaits future studies. Nevertheless, our
data indicated that HDAC1 downregulation during
FH induction resulted, at least partially, from the
reduction of RACK1. Decreased HDAC1 is expected
to contribute to MDSC recruitment after FH induction
because ectopic HDAC1 expression inhibited
chemokine upregulation after LPS/GalN challenge
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(Figure 7B). However, this regulation was relatively
weak since targeting MDSCs in wild-type mice only
marginally affected the mortality (Figure 3B and 3F),
liver damage (Figure 3C, 3D, and 3G), and
inflammation (Figure 4A). Augmentation of this
process might contribute to the treatment of FH. Thus,
it is necessary to clarify the molecular mechanism(s)
underlying the rapid reduction of RACK1. Herein, we
have shown that inflammatory stimulation triggered
RACK1 phosphorylation at serine 110, enhancing its
binding to Ube2T and thereby promoting its
ubiquitination and degradation. Future studies
should be directed to identify the corresponding
kinase(s) and phosphatase(s) because targeting these
components might facilitate the interference of FH in
the clinic.
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