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Liver injuries induced by various stimuli share in common an acute inflammatory response, in which circulating
macrophages home to the liver parenchyma to participate in the regulation of repair, regeneration, and fibrosis.

Transcriptional regulation
Chemokine
Epigenetics

In the present study we investigated the role of hepatocyte-derived C-C motif ligand 7 (CCL7) in macrophage
migration during liver injury focusing on its transcriptional regulation. We report that CCL7 expression was up-
regulated in the liver by lipopolysaccharide (LPS) injection (acute liver injury) or methionine-and-choline-
deficient (MCD) diet feeding (chronic liver injury) paralleling increased macrophage infiltration. CCL7 expres-
sion was also inducible in hepatocytes, but not in hepatic stellate cells or in Kupffer cells, by LPS treatment or
exposure to palmitate in vitro. Hepatocyte-specific deletion of Brahma-related gene 1 (BRG1), a chromatin
remodeling protein, resulted in a concomitant loss of CCL7 induction and macrophage infiltration in the murine
livers. Of interest, BRG1-induced CCL7 transcription and macrophage migration was completely blocked by the
antioxidant N-acetylcystine. Further analyses revealed that BRG1 interacted with activator protein 1 (AP-1) to
regulate CCL7 transcription in hepatocytes in a redox-sensitive manner mediated in part by casein kinase 2
(CK2)-catalyzed phosphorylation of BRG1. Importantly, a positive correlation between BRG1/CCL7 expression
and macrophage infiltration was identified in human liver biopsy specimens. In conclusion, our data unveil a

novel role for BRG1 as a redox-sensitive activator of CCL7 transcription.

1. Introduction

Inflammation is a key process and a driving force of liver injuries
[1-5]. Macrophages represent a heterogenous population of cells that
play versatile roles modulating liver injuries [6,7]. During liver injury,
there is an expansion of hepatic macrophage population typically par-
alleling the initiation and perpetuation of inflammatory response and
contributing to the loss of hepatic functions [8-10]. Congruently,
macrophage depletion has been observed to confer hepatoprotection in
animal models of both acute and chronic liver injuries. Zeng et al. have

reported that macrophage depletion via clodronate injection attenuates
LPS induced liver injury by suppressing hepatic inflammation and he-
patocyte necrosis in mice, which is presumably mediated by the
signaling lymphocyte activating molecule (SLAM) family of receptors
[11]. Similarly, clodronate-mediated macrophage depletion attenuates
liver injury induced by bile duct ligation (BDL), ischemia-reperfusion
challenge, high-fat diet feeding, and excessive alcohol consumption
[12-15].

Navigation of circulating monocytes/macrophages to the liver to
promote inflammation is guided by chemokines [16,17]. C-C motif
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ligand (CCL) family of polypeptides, currently comprising 28 members,
plays predominant roles steering macrophages to their destinations
[18]. CCL proteins exert the immunomodulatory roles by binding to
their cognate receptors (CCR) structurally related to the G-protein
coupled receptor (GPCR) superfamily [19]. Genetic manipulation or
pharmacological blockade of CCRs has been reported to ameliorate liver
injury in model animals. For instance, deletion of CCR1 [20], CCR2 [21],
CCR5 [22], CCR8 [23], or CCR9 [24], in mice is associated with reduced
liver injury and improved liver function. Concordantly, administration
of the dual CCR2/CCRS5, to which CCL2 and CCL5 bind, inhibitor cen-
icriviroc alleviates alcoholic liver injury in mice [25]. Mono-
cyte/macrophage chemoattractant proteins, which include MCP-1
(CCL2), MCP-2 (CCL8), and MCP-3 (CCL7), can be categorized into the
same sub-family of CCL chemokines owing to structural similarities
[26]. CCL2 expression is up-regulated during liver injury and has a
well-documented role in promoting macrophage infiltration to sustain
the pro-inflammatory response [27-29]. The role of CCL7 in this process
is not well understood.

Brahma related gene 1 (BRG1) and the closely related BRM are core
components of the mammalian SWI/SNF chromatin remodeling com-
plex [30]. Encoded by Smarca4, BRG1 plays a wide range of roles
regulating cellular proliferation, differentiation, migration, and death
by orchestrating lineage- and cue-specific transcriptional programs
[31]. Mice with hepatocyte-conditional ablation of BRG1 are pheno-
typically indistinguishable from their wild type littermates [32,33]
suggesting that BRG1 is dispensable for normal liver functions probably
due to compensation by BRM. Under stress conditions, however, the
hepatocyte BRG1-null mice are more resistant to liver injury than the
WT littermates [34-37]. In the present study, we investigated the
regulation of CCL7 transcription by BRG1 and the implication in
macrophage infiltration during liver injury. Our data indicate that
activation of CCL7 by BRG1 in hepatocytes may contribute to macro-
phage infiltration during liver injury.

2. Materials and methods
2.1. Animals

All animal experiments were reviewed and approved by the intra-
mural Nanjing Medical University Ethics Committee on Humane
Treatment of Experimental Animals. Hepatocyte conditional BRG1
knockout (LKO) mice were obtained by crossing the Smarca4”f mice
[38] with the AIb-Cre mice [39]. Hepatocyte conditional BRG1
over-expression mice (LKI) were obtained by crossing the Rosa®®!/*
mice [40] with the Alb-Cre mice. To induce liver injury, 8-week male
mice were fasted overnight before receiving a single injection of LPS
(Sigma) at 15 mg/kg [41]. Alternatively, 8-week male mice were fed a
methionine- and choline-deficient (MCD) diet (A02082002B, Research
Diets) for 4 consecutive weeks as previously described [42,43].

2.2. Cell culture, plasmids, and transient transfection

Human hepatoma cells (HepG2) and mouse macrophage-like cells
(RAW264.7) were maintained in DMEM supplemented with 10 % fetal
bovine serum (FBS, Hyclone). Primary hepatocytes were isolated and
cultured as previously described [44]. Human CCL7 promoter-luciferase
constructs [45] and BRG1 expression constructs [46] have been previ-
ously described. Small interfering RNAs were purchased from Dharma-
con. Transient transfections were performed with Lipofectamine 2000.
Luciferase activities were assayed 24-48 h after transfection using a
luciferase reporter assay system (Promega) as previously described
[47-50]. For conditioned media (CM) collection, the cells were switched
to and incubated with serum-free media overnight. The next day, the
media were collected, centrifuged at 4000xg for 30min at 4 °C using
3-kDa MW cut-off filter units (Millipore) and sterilized through a 0.4-pm
filter.
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2.3. Protein extraction and Western blot

Whole cell lysates were obtained by re-suspending cell pellets in
RIPA buffer (50 mM Tris pH7.4, 150 mM NaCl, 1 % Triton X-100) with
freshly added protease inhibitor (Roche) as previously described
[51-54]. Western blot analyses were performed with anti-BRG1 (Santa
Cruz, sc-10768), anti-c-Jun (Santa Cruz, sc-1694), anti-Fos (Santa Cruz,
sc-166940), anti-Phospho-CK2 substrate (Cell Signaling Tech, 8738),
anti-CK2a1 (Proteinch, 10992-1), anti-CK2a2 (Proteinch, 10606-1),
anti-CK2p (Proteintech, 20234-1), and anti-f-actin (Sigma, A2228)
antibodies.

2.4. RNA isolation and real-time PCR

RNA was extracted with the RNeasy RNA isolation kit (Qiagen).
Reverse transcriptase reactions were performed using a SuperScript
First-strand Synthesis System (Invitrogen) as previously described
[55-58]. Real-time PCR reactions were performed on an ABI Prism 7500
system with the following primers: human CCL7, 5'-GACAAGAAAACCC
AAACTCCAAAG-3’ and 5-TCAAAACCCACCAAAATCCA-3’; human
BRG1, 5'-TCATGTTGGCGAGCTATTTCC-3' and 5'-GGTTCCGAAGTCT-
CAACGATG-3’; mouse Ccl7, 5-GCAGTCTGAAGGCACAGCAA-3' and
5'-GGTTGGCACAGACCTGGAAC-3’. Ct values of target genes were nor
malized to the Ct values of house keekping control gene (18s,
5-CGCGGTTCTATTTTGTTGGT-3' and 5-TCGTCTTCGAAACTCCGAC
T-3' for both human and mouse genes) using the AACt method and
expressed as relative mRNA expression levels compared to the control
group which is arbitrarily set as 1.

2.5. Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) assays were performed
essentially as described before [50,51,59-75]. In brief, chromatin in
control and treated cells were cross-linked with 1 % formaldehyde. Cells
were incubated in lysis buffer (150 mM NaCl, 25 mM Tris pH 7.5, 1 %
Triton X-100, 0.1 % SDS, 0.5 % deoxycholate) supplemented with pro-
tease inhibitor tablet and PMSF. DNA was fragmented into ~200 bp
pieces using a Branson 250 sonicator. Aliquots of lysates containing 200
ug of protein were used for each immunoprecipitation reaction with
anti-BRG1 (Santa Cruz, sc-10768), anti-c-Jun (Santa Cruz, sc-1694),
anti-Fos (Santa Cruz, sc-166940), or pre-immune IgG. For re-ChIP, im-
mune complexes were eluted with the elution buffer (1 % SDS, 100 mM
NaCO3), diluted with the re-ChIP buffer (1 % Triton X-100, 2 mM EDTA,
150 mM NaCl, 20 mM Tris pH 8.1), and subject to immunoprecipitation
with a second antibody of interest. Precipitated DNA was amplified by
the following primers: human CCL7 promoter (—266/-65),
5'-ACTTTGGTATCCCTGATTCCTTCC-3' and 5-ATGGAAGCAGAGAGGA
TGAATC-3’; human GAPDH promoter (—197/+39), 5-GGGTTCCT
ATAAATACGGACTGC-3' and 5'-CTGGCACTGCACAAGAAGA-3’.

2.6. Macrophage migration assay

Macrophage migration was measured using the Boyden chamber
inserts (5 pm, Corning) as previously described [58,64]. Briefly,
RAW264.7 cells were added to the upper chamber whereas the condi-
tioned media collected from endothelial cells were added to the lower
chamber. The number of migrated macrophages in the lower chamber
was counted in five randomly chosen fields using an inverted micro-
scope. In certain experiments, recombinant human CCL7 (20 ng/ml,
R&D) was directly added to the conditioned media. Migrated macro-
phages were counted in at least 5 different fields for each well. All ex-
periments were performed in triplicates and repeated three times.

2.7. Enzyme-linked immunosorbent assay

Secreted CCL7 levels were examined by ELISA using commercially
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available kits according to vendor’s recommendations (for human CCL7,
ab193769, Abcam, and for murine CCL7, ab205571, Abcam).

2.8. Luminescence ROS assay

Quantitative measurements of intracellular ROS were performed
with a ROS-Glo system (Promega). Briefly, a luminescence substrate
solution was added to and incubated with cultured cells for 6 h followed
by the addition of the diction solution. Luminescence was measured
using a microplate reader. Data were expressed as relative ROS levels
compared to the control group.

2.9. Human specimen collection

Liver biopsies were collected from patients with NASH referring to
Nanjing Drum Tower Hospital. Written informed consent was obtained
from subjects or families of liver donors. All procedures that involved
human samples were approved by the Ethics Committee of Nanjing
Drum Tower Hospital and adhered to the principles outlined in the
Declaration of Helsinki.
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2.10. Histology

Histological analyses were performed essentially as described before.
Briefly, the paraffin embedded sections were blocked with 10 % normal
goat serum for 1 h at room temperature and then incubated with an anti-
CD68 (Proteintech, 66231-2) antibody or an anti-Ly6C antibody
(Novus, NBP2-11784). Staining was visualized by incubation with anti-
rabbit secondary antibody and developed with a streptavidin-
horseradish peroxidase kit (Pierce) for 20min. Pictures were taken
using an Olympus IX-70 microscope.

2.11. Statistical analysis
One-way ANOVA with post-hoc Scheff’e analyses were performed by

SPSS software (IBM SPSS v18.0, Chicago, IL, USA). Unless otherwise
specified, values of p <0.05 were considered statistically significant.
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3. Results

3.1. Up-regulation of CCL7 accompanies macrophage infiltration in the
murine livers

We first evaluated the relationship between CCL7 expression and
macrophage infiltration in two different animal models of liver injury. In
the first model of acute liver injury in which the mice were injected
peritoneally with LPS, it was observed that there was massive infiltra-
tion of CD68™ macrophages in the murine livers 12 h following the in-
jection of LPS compared to the livers injected with saline as examined by
immunohistochemical staining (Fig. 1A). QPCR (Fig. 1B) and ELISA
(Fig. 1C) experiments showed that CCL7 mRNA and protein levels were
robustly up-regulated in the murine livers by LPS injection compared to
saline injection. In the second model of (chronic) steatotic injury in
which the mice were fed an MCD diet for 4 weeks, immunohistochem-
ical staining detected marked increase in the number of CD68"
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macrophages in the murine livers fed with the MCD diet compared to
those fed the control diet (Fig. 1D). Consistently, qPCR (Fig. 1E) and
Western (Fig. 1F) confirmed that CCL7 expression was dramatically up-
regulated in the MCD-fed murine livers compared to the chow diet-fed
livers. When hepatic expression levels of several other C-C motif
ligand chemokines were examined, we noted that CCL2, CCl5, and CCL8
were significantly up-regulated to various extents in either the LPS
model or the MCD model whereas CCL3 and CCL4 were not altered
(Fig. S1).

3.2. CCL7 expression is up-regulated by injurious stimuli in hepatocytes

Next, we determined the cellular origin(s) in which CCL7 levels were
most significantly up-regulated by injurious stimuli. To this end, pri-
mary hepatocytes, hepatic stellate cells (HSCs), and F4/807CD11b*
liver resident macrophages (Kupffer cells) were isolated from the murine
livers by either gradient centrifugation or FACS sorting. As shown in
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Fig. 2. Hepatocyte-specific BRG1 deficiency represses CCL7 expression and dampens macrophage infiltration. (A-C) BRG1 conditional knockout (LKO) mice and wild type
littermates were injected with LPS for 12 h. CCL7 expression was examined by qPCR and ELISA. Macrophages were stained with anti-CD68. (D-F) BRG1 conditional
knockout (LKO) mice and wild type littermates were fed an MCD diet for 4 weeks. CCL7 expression was examined by qPCR and ELISA. Macrophages were stained
with anti-CD68. (G, H) HepG2 cells were transfected with siRNA targeting BRG1 or scrambled siRNA (SCR) followed by treatment with LPS for 6 h. CCL7 expression
was examined by qPCR and ELISA. (I, J) HepG2 cells were transfected with siRNA targeting BRG1 or scrambled siRNA (SCR) followed by treatment with palmitate
for 12 h. CCL7 expression was examined by qPCR and ELISA. (K, L) Primary hepatocytes were isolated from WT or LKO mice and treated with or without LPS for 6 h.
CCL7 expression was examined by qPCR and ELISA. (M, N) Primary hepatocytes were isolated from WT or LKO mice and treated with palmitate for 12 h. CCL7

expression was examined by qPCR and ELISA.
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Fig. 1G, CCL7 expression was up-regulated in both hepatocytes and in hepatocytes in vitro. LPS treatment markedly stimulated CCL7
Kupffer cells but not in HSCs following LPS injection. However, CCL7 expression in HepG2 cells; BRG1 depletion by siRNA attenuated CCL7
expression was up-regulated by more than 6-fold in hepatocytes whereas induction by LPS as assessed by both qPCR (Fig. 2G) and ELISA
it was only up-regulated by just over 2-fold in Kupffer cells. Similarly, in (Fig. 2H). Similarly, exposure to palmitate (PA) also led to robust in-

the model of steatotic liver injury, more than 7-fold increase in CCL7 duction of CCL7 in HepG2 cells whereas BRG1 knockdown suppressed
expression was detected in hepatocytes isolated from the MCD diet-fed PA-induced CCL7 expression (Fig. 21 and J). Primary hepatocytes iso-
mice compared to those from the chow diet-fed mice. On the contrary, lated from the LKO mice exhibit reduced sensitivity to LPS treatment by
less than 2-fod increase in CCL7 expression was recorded in Kupffer cells producing less CCL7 at the mRNA level (Fig. 2K) and the protein
whereas no significant changes in CCL7 expression were found in HSCs (Fig. 2L) level than those isolated from the WT mice. Finally, PA treat-
(Fig. 1H). Therefore, it appears that hepatocyte might be the major ment up-regulated CCL7 expression less potently in primary hepatocytes
source from which CCL7 is derived in the injured liver. isolated from the LKO mice than from the WT mice (Fig. 2M, N).

3.4. BRGI-dependent hepatocyte-derived CCL7 promotes macrophage
3.3. Hepatocyte-specific BRG1 deficiency represses CCL7 expression and migration

dampens macrophage infiltration in the murine livers
To determine whether induction of CCL7 by BRG1 might contribute
We have previously shown that BRG1, a chromatin remodeling to macrophage migration, we performed Boyden chamber transwell
protein, is a key mediator of liver injury [34-37,76]. We asked whether assay. Conditioned media (CM) collected from HepG2 cells treated with
BRG1 might be involved in CCL7 induction and macrophage infiltration LPS (Fig. 3A) or PA (Fig. 3B) exhibited strong chemotacic activity to
during liver injury. Hepatocyte-specific BRG1 knockout (LKO) mice and promote macrophage migration. BRG1 knockdown in HepG2 cells dul-

wild type (WT) littermates were injected with LPS or saline and sacri- led the response of macrophages to the conditioned media following
ficed 12 h after the injection. Compared to the LPS-injected WT livers, either LPS (Fig. 3A) or PA (Fig. 3B) treatment, which could be fully
there was a significant reduction in the number of infiltrated macro- restored by the addition of recombinant CCL7. In a similar set of ex-

phages in the LPS-injected LKO livers (Fig. 2A). In addition, BRG1 periments, conditioned media were collected from primary hepatocytes
deficiency down-regulated CC7 induction by 51 % as measured by QPCR  jsolated from the BRG1 LKO mice and the WT mice. The WT CM pro-
(Fig. 2B) and by 44 % as measured by ELISA (Fig. 2C). In the second moted the migration of macrophages better than the LKO CM; recom-
model wherein liver injury was induced by MCD diet feeding, BRG1 binant CCL7 revitalized the ability of the LKO CM bringing it up to the
deficiency likewise dampened macrophage infiltration (Fig. 2D) and level of the WT CM (Fig. 3C and D). On the contrary, BRG] over-
repressed CCL7 induction (Fig. 2E and F). Because CCL7 has also been expression enhanced the ability of LPS- or PA-treated CM to promote
noted for its role in monocyte chemotaxis, immunohistochemical macrophage migration whereas an anti-CCL7 neutralizing antibody

staining was performed with an antibody that recognizes the monocyte completely blocked the effect of BRG1 over-expression (Fig. 3E-H).
surface marker Ly6C. The results indicated that BRG1 deficiency

attenuated monocyte infiltration in the liver in both the LPS model and
the MCD model (Fig. S2).
Next we examined the effect of BRG1 deficiency on CCL7 induction
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Fig. 3. BRG1-dependent hepatocyte-derived CCL7 promotes macrophage migration. (A) HepG2 cells were transfected with siRNA targeting BRG1 or scrambled siRNA
(SCR) followed by treatment with LPS for 6 h. Conditioned media were collected and chemotaxis assay was performed as described in Methods. (B) HepG2 cells were
transfected with siRNA targeting BRG1 or scrambled siRNA (SCR) followed by treatment with palmitate for 12 h. Conditioned media were collected and chemotaxis
assay was performed as described in Methods. (C) Primary hepatocytes were isolated from WT or LKO mice and treated with or without LPS for 6 h. Conditioned
media were collected and chemotaxis assay was performed as described in Methods. (D) Primary hepatocytes were isolated from WT or LKO mice and treated with
palmitate for 12 h. Conditioned media were collected and chemotaxis assay was performed as described in Methods. (E) HepG2 cells were infected with BRG1
adenovirus (Ad-BRG1) or the control adenovirus (Ad-GFP) followed by treatment with LPS for 6 h. Conditioned media were collected and chemotaxis assay was
performed in the presence or absence of a CCL7-neutralizing antibody. (F) HepG2 cells were infected with BRG1 adenovirus (Ad-BRG1) or the control adenovirus
(Ad-GFP) followed by treatment with palmitate for 12 h. Conditioned media were collected and chemotaxis assay was performed in the presence or absence of a
CCL7-neutralizing antibody. (G) Primary hepatocytes were infected with BRG1 adenovirus (Ad-BRG1) or the control adenovirus (Ad-GFP) followed by treatment with
LPS for 6 h. Conditioned media were collected and chemotaxis assay was performed in the presence or absence of a CCL7-neutralizing antibody. (H) Primary he-
patocytes were infected with BRG1 adenovirus (Ad-BRG1) or the control adenovirus (Ad-GFP) followed by treatment with palmitate for 12 h. Conditioned media
were collected and chemotaxis assay was performed in the presence or absence of a CCL7-neutralizing antibody.
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3.5. BRGI-mediated CCL7 induction and macrophage infiltration is
redox-sensitive

Mounting evidence suggests that BRG1 is involved in redox-sensitive
regulation of cellular pathophysiological events. To verify whether
BRG1-mediated CCL7 induction and macrophage infiltration is a func-
tion of cellular redox status, we generated a hepatocyte-specific BRG1
over-expression mouse strain (LKI) by crossing the RosaP™8/* strain
[40] with the Alb-Cre strain. Compared to the control mice injected with
LPS, more infiltrated macrophages were detected in the BRG1 LKI mice
injected with LPS; injection with an antioxidant NAC neutralized the
augmentative effect of BRG1 over-expression (Fig. 4A). Congruently,
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CCL7 expression was enhanced by BRG1 over-expression but dampened
by NAC injection (Fig. 4B and C). Similar observations were made in the
MCD model (Fig. 4D-F). In addition, over-expression of BRGI1 in
cultured hepatocytes potentiated the induction of CCL7 by LPS treat-
ment (Fig. 4G-I) or PA treatment (Fig. 4J-L), which was attenuated by
the addition of NAC.

3.6. BRG] interacts with AP-1 to activate CCL7 transcription

To further explore the mechanism whereby BRG1 contributes to the
redox-sensitive induction of CCL7 transcription, a CCL7 promoter-
luciferase construct (—300/+26) was transfected into HepG2 cells.

Fig. 4. BRGI1-mediated CCL7 induction and macro-
phage infiltration is redox-sensitive. (A-C) BRG1 con-
ditional knock-in (LKI) mice and wild type
littermates were injected with LPS for 12 h with or
without NAC. CCL7 expression was examined by
qPCR and ELISA. Macrophages were stained with
anti-CD68. (D-F) BRG1 conditional knock-in (LKI)
mice and wild type littermates were fed an MCD diet
for 4 weeks with or without NAC. CCL7 expression
was examined by qPCR and ELISA. Macrophages
were stained with anti-CD68. (G-I) Primary hepato-
cytes were infected with BRG1 adenovirus (Ad-
BRG1) or the control adenovirus (Ad-GFP) followed
by treatment with LPS and/or NAC. CCL7 expression
was examined by qPCR and ELISA. Conditioned
media were collected and chemotaxis assay was
performed as described in Methods. (J-L) Primary
hepatocytes were infected with BRG1 adenovirus
(Ad-BRG1) or the control adenovirus (Ad-GFP) fol-
lowed by treatment with palmitate and/or NAC.
CCL7 expression was examined by qPCR and ELISA.
Conditioned media were collected and chemotaxis
assay was performed as described in Methods. Scale
bar, 100 pm.
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BRG1 over-expression in the presence of LPS treatment or PA treatment
greatly potentiated the CCL7 promoter activity (Fig. 5A). ChIP assay
confirmed that LPS treatment or PA treatment promoted the association
of BRG1 with the proximal CCL7 promoter but not the GAPDH promoter
(Fig. 5B). Several binding motifs were identified within the CCL7 pro-
moter and mutagenesis studies found that disruption of the most prox-
imal AP-1 site completely abrogated the response of the CCL7 promoter
to LPS or PA treatment whereas neither the ETS1 site nor the GATA site
contributed to the induction of the CCL7 promoter activity (Fig. 5A).
Indeed, depletion of endogenous AP-1 by siRNA blocked BRG1 recruit-
ment to the CCL7 promoter (Fig. 5B). Of note, NAC treatment largely
blocked the binding of BRG1 to the CCL7 promoter without altering AP-
1 binding (Fig. 5C), suggesting that the interaction between BRG1 and
AP-1 might be dependent on cellular redox status. Co-
immunoprecipitation showed that NAC treatment dampened the asso-
ciation of BRG1 with AP-1 in both cultured hepatocytes (Fig. 5D) and in
the murine livers (Fig. 5E and F). Importantly, treatment with LPS or PA
promoted the formation of an AP-1-BRG1 complex on the CCL7 pro-
moter, as judged by Re-ChlIP assay, which became disassembled by the
addition of NAC (Fig. 5G).

3.7. CK2-mediated BRG1 phosphorylation promotes its interaction with
AP-1

Several reports suggest that BRG1 can be phosphorylated by casein
kinase 2. Of interest, expression of CK2A1, encoding one of the CK2
catalytic subunits, was up-regulated in the injured livers compared to
the control livers whereas NAC administration suppressed CK2A1 in-
duction (Fig. 6A-D). Inducible CK2A1 expression by injurious stimuli
was also attenuated by NAC treatment in cultured hepatocytes (Fig. 6E
and F). Of note, NAC treatment dampened ROS accumulation in the cells
consistent with the changes in CK2A1 expression (Fig. S3). In keep with
these observations, BRG1 phosphorylation levels appeared to be oscil-
lating with CK2 expression in the liver (Fig. 6B and D). We therefore
hypothesized that redox-sensitive CK2 induction may regulate BRG1
phosphorylation and its interaction with AP-1. A string of evidence
supported this hypothesis: 1) CK2 knockdown inhibited BRG1 phos-
phorylation and disrupted the interaction between BRG1 and AP-1
(Fig.6G); 2) CK2 knockdown blocked the recruitment of BRG1 to the
CCL7 promoter (Fig.6H); 3) CK2 knockdown interfered with the BRG1-
AP-1 complex formation on the CCL7 promoter (Fig. 61); and 4) CK2
knockdown repressed CCL7 expression and antagonized macrophage
migration (Fig. 6J-L).

3.8. Silmitasertib attenuates CCL7 expression and macrophage
infiltration

Next, we sought to determine whether inhibition of CK2 activity by
administration of a specific CK2 inhibitor silmitasertib could influence
CCL7 expression and macrophage infiltration in mice. To this end, sil-
mitasertib was administered in C57/BL6 mice via oral gavage (Fig. 7A).
Measurements of plasma ALT (Fig. 7B) and AST (Fig. 7C) levels indicate
that CK2 inhibition slightly but significantly mitigated liver injury. More
importantly, macrophage infiltration as evidenced by CD68 staining
(Fig. 7D) as well as monocyte infiltration as evidenced by Ly6C staining
(Fig. S4A) was attenuated by silmitasertib administration. This could be
explained, at least in part, by a reduction in CCL7 expression (Fig. 7E
and F). The effect of CK2 inhibition was also evaluated in a second model
of liver injury induced by MCD feeding (Fig. 7G). Similar observations
were made to suggest that CK2 inhibition by silmitasertib administration
ameliorated liver injury (Fig. 7H and I), and blockaded macrophage
infiltration (Fig. 7J) and monocyte infiltration (Fig. S4B), which were
possibly attributable to repression of CCL7 expression (Fig. 7K, L).
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3.9. Correlation between BRG1 expression, CCL7 expression and hepatic
macrophage accumulation in humans

We finally verified the pathophysiological relevance of our model in
which BRG1 induced CCL7 expression promotes macrophage recruit-
ment in liver biopsy specimens of non-alcoholic steatohepatitis (NASH)
patients. As shown in Fig. 8A, immunohistochemical staining showed
that there generally appeared to be a trend where more macrophage
infiltration was detected in the liver that exhibited stronger CCL7
expression. Linear regression analysis revealed a significant positive
correlation between CCL7 expression, BRG1 expression, and CD68™
macrophage accumulation in the NASH livers (Fig. 8B-D).

4. Discussion

Macrophage infiltration is a hallmark event in a wide range of liver
pathologies that encompass viral hepatitis [77], steatohepatitis [78],
cholestasis [79], and ischemia-reperfusion injury [80]. Chemokines play
a crucial role in navigating macrophages to the liver to participate in the
modulation of liver injuries. Here we report that the chromatin
remodeling protein BRG1 interacts with AP-1 to activate the transcrip-
tion of CCL7, which in turn promotes macrophage accumulation in the
liver. The present study leaves open several key questions with regard to
the regulation of macrophage behavior by CCL7. First, it remains to be
determined whether CCL7 is mandatory for macrophage infiltration in
the process of liver injury. CCL7-null mice are viable and can be
distinguished from their WT littermates by the dramatic decrease in
peripheral 7/4°Ly-6G™ leukocytes [81]. Further analyses have revealed
an essential role for CCL7 in macrophage recruitment in mouse models
of obstructive nephropathy [82], cutaneous leishmaniasis [83], and
colitis [84]. Future studies should employ a CCL7 knockout strain,
ideally spatiotemporally controllable, to investigate its role in hepatic
macrophage trafficking. Second, it is unclear whether immune cell lin-
eages other than macrophages can be modulated by CCL7 induction in
liver injury. Mercer et al. have demonstrated that intranasal adminis-
tration of recombinant CCL7 promotes pulmonary neutrophil infiltra-
tion in a mouse model of acute lung injury [85]. Zhang et al. have
observed that CCL7 may play a role in eosinophil recruitment to the
nasal mucosa in a model of allergic rhinitis [86]. Intratumoral CCL7
over-expression is also implicated in the recruitment of T lymphocytes,
dendritic cells, and natural killer (NK) cells [87]. A comprehensive
profiling of immune cell sub-populations in the CCL7-null livers in the
setting of liver injury would help clarify its role in hepatic immunity.

Mounting evidence suggests that BRG1 exerts immunomodulatory
effects in the pathogenesis of human diseases. Whereas it is abundantly
clear that BRG1 can directly regulate the autonomous behaviors of im-
mune cells, BRG1 can also influence the phenotype of immune cells non-
autonomously via cell-cell crosstalk by producing and releasing immu-
nomodulatory substances from non-immune cells [88-90]. We have
previously demonstrated that BRG1 activates two different
endothelium-derived chemokines, colony stimulating factor 1 (CSF1)
and migration inhibitory factor-related protein 8 (MRP8), to regulate
macrophage migration in the context of aortic aneurysm [91] and car-
diac hypertrophy [58], respectively. More recently, Liu et al. have
discovered that intestinal epithelial cell (IEC) conditional BRG1
knockout mice develop spontaneous colitis owing to augmented
expression of chemokines in IECs and increased intestinal infiltration of
macrophages/lymphocytes/neutrophils [40]. While our finding here
that BRG1-induced CCL7 in hepatocyte is associated with macrophage
recruitment in liver injury certainly adds another layer of regulation by
which BRG1 contributes to immune cell trafficking, it begs for far more
questions than it intended to answer. For instance, whether these
BRG1-induced chemoattractive substances, CCL7 included, act in tan-
dem or in parallel is not clear. Whether these proteins act redundantly
and can substitute for one another is equally ambiguous and needs
further clarification.



M. Kong et al.

Redox Biology 46 (2021) 102079

A
Reporter luciferase activity
0 1 2 3 4 5 6 7 8
o ERED
-300 — S HOT ] +26 =
e M I =
O Vector
-300 |_|: 6 5 LPS+BRG1
=t 1 0 PA+BRG1
B _— GAPDH promoter ChIP
| £ 004
£ £ 0.035
S $% 003 ik
= = o un
5 gE 06052 (a5kd)
3 .g 2‘10.615 c»Fos (60kd)
K} s 0.01 e ———
& & 0.005 —
0
SCR + + - + - + - + -
siAP1 — - + - 4+ - + - 4+
LPS — 12h 12h 24h 24h — — —  —
PA — — — — — 12h 12h 24h 24h
c D :
GAPDH promoter ChIP —)
£ 03 £ 005
£ 025 £ B W S| c-Jun (45kd)
£ 0s S0 BRG1 (220kd)
5 £015 § £ 008 ——
2R 94 2 R 0.02 : c-Fos (60kd)
=] £ = Sl—
S 005 5 oo 2 Ecuun(ukd)
[ 4 £
. :
LPS — 4+ + — — — + + — — — + + — — LPS — + + — — — + + — — — + + — — LPS++__BRG1(22°kd)
PA— — — 4+ + — — —+ +— — — + + PA— — —+ +———++———++
NAC — — 4 — 4 — — 4 — 4 — — 4 — 4 NAC — — 4 — 4 — — 4 — + — — 4 — 4 PA — — + +
BRG1 c-Jun c-Fos BRG1 c-Jun c-Fos NAC — + — +
E F
IP: a-BRG1 IP: a-BRG1
@ c-Fos (60kd) e E ®= = = |c-Fos (60kd)
© ©
I e ol Jun 45
o c-Jun ( ) o - . |c-Jdun ¢ )
BRG1 (220kd) &..‘: BRG1 (220kd)
- -
2| R e -Jun (45ka) 3| S ] c-un (a5ka)
< <
= BRG1 (220kd) n m BRG1 (220kd)
LPS LPS+NAC MCD MCD+NAC
G
CCL7 promoter ChIP GAPDH promoter ChIP 015 IP: BRG1; 2% IP: IgG
0.018 . — 0:005 B 15t IP: BRG1;2 IP: c-Jun
- - st |P: = 2nd |P: c-f
g E o0 @ 15 IP: BRG1; 2" IP: c-FOS
£ E_
S S5 0.002
H £ g
G - S = 0.001
2 2Z
= £ o001
Q Q
x € 0.000!
0
[ + + - - s — + + = -
PA  — - - + + PA  — - - + +
NAC — - + - + NAC — - + - +
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Fig. 6. CK2-mediated BRG1 phosphorylation promotes its interaction with AP-1. (A, B) C57/BL6 mice were injected with LPS in the presence or absence of NAC for
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qPCR and ELISA. Conditioned media were collected and chemotaxis assay was performed as described in Methods.
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Our data suggest that the ability of BRG1 to control CCL7 production
and, by extension, hepatic macrophage trafficking relies on CK2-
mediated phosphorylation. This observation, however, does not fore-
close the possibility that other post-translational modifications may
regulate this process. Adenuga et al. have reported that CK2 can directly
phosphorylate HDAC2 to target HDAC2 for proteasomal degradation,
which unleashes pro-inflammatory response in the lungs in response to
cigarette smoking [92]. Alternatively, Cho et al. have shown that
CK2-mediated repression of Ikaros leads to up-regulation of iNOS, a
prototypical inflammatory mediator [93]. There is also evidence to
suggest that phosphorylation of liver X receptor (LXR) by CK2 contrib-
utes to altered expression of CCL24, a remote sibling of CCL7, in mac-
rophages [94]. A phosphoproteomics-based approach applied in beige
adipocytes has uncovered key CK2 substrates that may contribute to
thermogenesis [95]. Similar strategies should be considered to system-
ically examine the dynamic spectrum of CK2 substrates involved in the
regulation of hepatic inflammation.

Here we show that CK2 inhibition is associated with diminished
macrophage infiltration in the murine livers likely owing to reduced
CCL7 expression (Fig. 7). This observation echoes previous reports that
point to a key role for CK2 in the regulation of liver homeostasis. Choi
et al. have reported that obesity induced CK2 promotes SIRT1 phos-
phorylation and its nuclear exclusion thereby leading to steatosis [96].
CK2-mediated phosphorylation of farnesoid X receptor (FXR), a master
regulator of hepatic metabolism, couples FXR SUMOylation to its
ubiquitination and degradation thus skewing bile acid metabolism and
liver regeneration [97]. It is of intrigue to note that there appears to be a
striking similarity in terms of the pathobiological processes that BRG1
and CK2 seem to co-regulate although no prior study has ever linked one
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to the other. BRG1 and CK2 can both regulate SREBP-dependent lipo-
genesis [35,98], liver regeneration [32,99], and hepatocellular carci-
noma [100,101]. Further studies are warranted to address whether there
is a universal co-dependency between BRG1 and CK2 in liver diseases.

There are several major limitations regarding the present study.
First, hepatic macrophages could be derived from circulating monocytes
as well as from in situ proliferation of resident macrophages (Kupffer
cell). Because the method used in the present study (CD68 immuno-
staining) does not differentiate between myelomonocytic cell-derived
and Kupffer cell-derived macrophages, the contribution of these two
sub-populations of cells to hepatic inflammation cannot be ascertained.
Equally, the effect of CCL7 on the phenotype and function of these cells
remains ambiguous. Second, the conclusion that newly synthesized
CCL?7 in the course of liver injury mainly originates from hepatocytes is
based on the freshly isolated primary murine hepatocytes. Many pri-
mary cells undergo rapid transcriptomic and phenotypic alterations
once detached from the in vivo microenvironment. Therefore, more
accurate techniques (e.g., lineage tracing or in situ hybridization) should
be employed to confirm this finding. Third, no effort was made in the
present study to place this BRG1-CCL7 axis in a broader context. Recent
investigations harnessing next-gen sequencing techniques have gener-
ated a plethora of datasets encompassing a wide range of liver pathol-
ogies [102,103]. Mining these publicly available datasets may bring
novel perspective to the model as proposed here. Fourth, several other
C-C motif ligand chemokines, in addition to CCL7, were up-regulated in
the animal models examined. Whether these chemokines are similarly
regulated by BRG1 in a redox-sensitive and CK2-dependent manner re-
mains to be investigated. Until and unless this issue is clarified, the
assertion that CCL7 trans-activation alone is sufficient to account for
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hepatic inflammation cannot be ascertained. Finally, it was also
observed that infiltration of monocytes in the liver was similarly influ-
enced by BRG] deficiency (Fig. S2) and CK2 inhibition (Fig. S4) as
macrophages, pointing to the possibility that multiple different immune
cell populations may be influenced by BRG1 and/or CK2 collectively
contributing to the dynamic composition of hepatic inflammatory
milieu. A comprehensive profiling of the immune cell makeup in the
liver under these experimental conditions would be of great help to
determine the precise role of BRG1 and/or CK2 in the modulation of
hepatic inflammation.

In summary, we identify CCL7 as a novel transcriptional target for
BRG] in hepatocytes. Dual targeting of the CCL7 siblings CCL2 and CCL5
has been proved effective in pre-clinical models of liver injury [25]. Our
data likely fuel renewed incentive for screening small-molecule CCL7
inhibitors/antagonists in the attempt to rein in hepatic inflammation
and ameliorate liver injury.
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