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Abstract

Background and Aims: NAFLD is a progressive disease without known ef-
fective drug treatments. Switch-associated protein 70 (SWAP70) is a guanine
nucleotide exchange factor that participates in the regulation of many cellular
processes. However, the role of SWAP70 in NAFLD remains unclear. This
study aimed to identify the function and mechanism of SWAP70 in NAFLD.
Approach and Results: The results showed that the expression of SWAP70
was significantly increased in mice and hepatocytes after metabolic stimula-
tion. Overexpression of SWAP70 in hepatocytes suppressed lipid deposition
and inflammation, and SWAP70 knockdown created the inverse effect. Using
hepatocyte-specific Swap70 knockout and overexpression mice fed a high-
fat, high-cholesterol diet, we demonstrated that SWAP70 suppressed the
progression of nonalcoholic steatohepatitis by inhibiting lipid accumulation,
inflammatory response, and fibrosis. Mechanically, RNA sequencing analysis
and immunoprecipitation assays revealed that SWAP70 inhibited the interac-
tion between transforming growth factor p-activated kinase 1 (TAK1) binding
protein 1 and TAK1 and sequentially suppressed the phosphorylation of TAK1
and subsequent c-Jun N-terminal kinase/P38 signaling. Inhibition of TAK1
activation blocked hepatocyte lipid deposition and inflammation caused by
SWAP70 knockdown.

Abbreviations: 5Z-70x, 5Z-7oxozeaenol; aa, amino acid; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CCL2, chemokine (C-C motif)
ligand 2; Cxcl10, chemokine (C-X-C motif) ligand 10; CPT1A, carnitine palmitoyltransferase 1A; DEG, differentially expressed gene; FBG, fasting blood
glucose; GST, glutathione S-transferase; GTT, glucose tolerance test; H&E, hematoxylin and eosin; HEK, human embryonic kidney; HFD, high-fat diet; HFHC,
high-fat, high-cholesterol; HKO, hepatocyte-specific knockout; ITT, insulin tolerance test; JNK, c-Jun N-terminal kinase; LDL-C, LDL cholesterol; MAPK,
mitogen-activated protein kinase; MEKK, mitogen-activated protein kinase kinase kinase; HA, influenza hemagglutinin epitope (YPYDVPDYA); OE,
overexpression; PA, palmitic acid; PO, palmitic acid plus oleic acid; PPARA, peroxisome proliferator-activated receptor alpha; PPARG, peroxisome proliferator-
activated receptor gamma; RNA-seq, RNA sequencing; SCD1, stearoyl-coenzyme A desaturase 1; SWAP70, switch-associated protein 70; TAB, TAK1 binding
protein; TAK1, transforming growth factor p-activated kinase 1; TC, total cholesterol; TG, triglyceride.
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Conclusions: SWAP70 is a protective molecule that can suppress the pro-
gression of NAFLD by inhibiting hepatic steatosis and inflammation. SWAP70
may be important for mitigating the progression of NAFLD.

INTRODUCTION

With increased worldwide prevalence of obesity, asso-
ciated metabolic syndrome and its manifestations, in-
cluding NAFLD, have increased rapidly. NAFLD is now
the most common chronic disease in the liver, affecting
25% of the global population."? NAFLD is a progressive
disease characterized by persistent liver dysfunction,
including steatosis, inflammation, and fibrosis, accom-
panied by continuous injury that ultimately leads to liver
cirrhosis and hepatocellular carcinoma.?! According
to its pathological conditions, NAFLD can be divided
into nonalcoholic fatty liver and NASH, with the latter
becoming the main cause of liver transplants among
adults in Europe and the United States.! China also
exhibits high annual incidence, prevalence, and mor-
tality rates of NAFLD.® Moreover, NAFLD is a strong
inducer of cardiovascular events and increases cardio-
vascular risk and mortality.[7'9] The gradual increase in
the prevalence of NAFLD and the absence of effective
drug interventions have prompted investigators to ex-
plore effective drug targets for NAFLD.

As one of the two members of the SWEF family, switch-
associated protein 70 (SWAP70) is a phosphatidylinosi-
tol 3,4,5-trisphosphate-dependent guanine nucleotide
exchange factor with a unique arrangement of domains:
an exchange factor hand, a pleckstrin-homology domain,
a Dbl homology domain, and a C-terminal actin-binging
site from the N-terminus to the C-terminus. Relying on
actin cytoskeleton binding and regulation, SWAP70
widely participates in cell migration, adhesion, phagocy-
tosis, and morphogenesis.“o'm For instance, SWAP70 is
associated with the formation of cell shape in activated B
lymphocytes, the differentiation and migration of dendritic
cells, and the migration and invasion of tumor cells.[13-16]
SWAP70 has been reported to be related to the regula-
tion of osteoclast function,” and is also involved in im-
mune regulation, including maturation and differentiation
of immune cells.'>"® SWAP70 deficiency can lead to an
imbalance in the immune environment and enhance in-
flammatory responses in the body.“gl However, the func-
tion of SWAP70 in NAFLD remains unknown.

In the current study, we found that the expression of
SWAP70 was significantly increased during the devel-
opment of NAFLD. Cellular knockdown of SWAP70 and
genetic depletion of Swap70 in the liver aggravated lipid
accumulation and inflammation, ultimately leading to
the progression of NAFLD. Moreover, RNA sequencing
(RNA-seq) analysis verified that the mitogen-activated
protein kinase (MAPK) pathway was the most significantly
changed in mice model. We further explored the upstream

molecules of MAPK pathway and identified that SWAP70
interacted with transforming growth factor (-activated
kinase 1 (TAK1). Mechanically, we found that SWAP70
inhibited the interaction of TAK1 binding protein (TAB) 1
and TAK1, thus suppressing activation of TAK1 and down-
stream c-Jun N-terminal kinase (JNK)/P38 pathway. More
importantly, the regulation of SWAP70 in hepatocyte lipid
accumulation and inflammation was dependent on TAK1
activity. Inhibition of TAK1 activity blocked hepatocyte
lipid deposition and inflammation caused by SWAP70
knockdown. This study revealed that SWAP70 protected
against NAFLD by inhibiting TAK1 activity, and SWAP70
may be served as a therapeutic target for NAFLD.

MATERIALS AND METHODS
Animal experiments

C57BL/6J mice were fed high-fat diet (HFD) for 24
weeks or fed a high-fat, high-cholesterol (HFHC) diet
for 16 weeks to establish a fatty liver model or NASH
model, respectively. Mice from the control group were
provided commercial feed. All animals were received
humane care according to the Guide from the Care and
Use of Laboratory Animals published by the National
Institutes of Health, and the animal experiments were
approved by the Institutional Animal Care and Use
Committee of the Renmin Hospital of Wuhan University.

Human liver samples

Human liver samples were collected from individuals
who underwent laparoscopic vertical banded gastro-
plasty for excessive obesity and hepatic surgery at the
Renmin Hospital and Zhongnan Hospital of Wuhan
University. All human samples were obtained with writ-
ten informed consent from the patients or their relatives
and after the authorization of the Hospital Committee
for Investigation in Humans and no donor organs were
obtained from executed prisoners or other institutional-
ized person. All human studies followed the principles
of the Declaration of Helsinki.

Primary hepatocytes

Primary hepatocytes were obtained using a two-step col-
lagenase perfusion method as previously described.?’!
Detailed methods are listed in the Supporting Information.
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Cell lines

L02, human embryonic kidney (HEK) 293, and 293T cell
lines were obtained from the Type Culture Collection of
the Chinese Academy of Science. A detailed descrip-
tion is stated in the Supporting Information.

Generation of genetically modified mice

Hepatocyte-specific Swap70-knockout (Swap70-HKO)
mice were generated by mating SWAP70"" mice with
albumin-Cre transgenic mice. To generate SWAP70
overexpression (SWAP70-OE) mice, a Sleeping Beauty
transposase system was used. The generation details
are displayed in the Supporting Information.

Western blot analysis

Western blot is employed to detect the expression level
of indicated proteins, and detailed methods are dis-
played in the Supporting Information.

Real-time PCR

The mRNA level was detected by real-time PCR, and de-
tailed methods are displayed in the Supporting Information.

Mouse metabolic and liver
function assays

The fasting blood glucose (FBG) levels and body
weights of the mice were measured every 4 weeks.
After 24 weeks of HFD feeding or 16 weeks of HFHC
diet, liver weights of mouse models were assessed.
Insulin tolerance test (ITT) and glucose tolerance test
(GTT) assays were measured at indicated time. Hepatic
triglycerides (TG) level was measured by commercial
kits. Serum TG, total cholesterol (TC), LDL cholesterol
(LDL-C), alanine aminotransferase (ALT), and aspar-
tate aminotransferase (AST) levels were measured
using an ADVIA 2400 Chemistry System Analyzer.

Histopathology

The details of histopathological experiments are dis-
played in the Supporting Information.

Immunofluorescence

The details of immunofluorescent experiments are de-
scribed in the Supporting Information.

Confocal

HEK 293T cells were infected with influenza hemagglutinin
epitope (YPYDVPDYA) tagged SWAP70 (HA-SWAP70)
and Flag-TAK1 plasmids and incubated with corresponding
primary and secondary antibodies. Cells for Nile red stain-
ing were stained with 1 pM Nile red. Images were obtained
using a confocal laser-scanning microscope. The detailed
methods are performed in the Supporting Information.

Intracellular TG measurement

TG content was measured using a commercial kit
according to the manufacturer’s instructions.

Plasmid construction and viral infection

The detailed description about the plasmid construction
and viral infection is stated in the Supporting Information.

Immunoprecipitation assays

HEK 293T cells transfected with the indicated plasmids
were lysed and incubated with protein A/G agarose
beads. After washing with 300 mM and 150 mM NaCl
buffer, beads were boiled and the samples were sub-
jected to western blot analysis. The detailed methods
are performed in the Supporting Information.

Glutathione S-transferase
precipitation assays

HEK 293T cells were collected after transfection with
glutathione S-transferase (GST)-HA-tagged protein
or Flag-tagged protein and incubated together as indi-
cated. Then, beads were washed with washing buffer
and boiled for 10 min at 95°C. Finally, the samples were
subjected to western blot analysis. The detailed method
is performed in the Supporting Information.

RNA-seq and analysis

A complementary DNA library was established with the
improved RNA, and then the single-ended library was
sequenced using MGISEQ-2000. The detailed meth-
ods are performed in the Supporting Information.

Statistical analysis

All analyses were performed using SPSS software.
The Student t test and Mann-Whitney U test were used
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to evaluate differences between two groups. One-way
ANOVA was used to compare multiple groups. For data
with homogeneity or heterogeneity of variance, the
Bonferroni post hoc test or Tamhane T2 post hoc test
was applied, respectively. When data met a nonnormal
distribution, a Kruskal-Wallis nonparametric statistical
test was used. All data are expressed as mean = SD.
Differences were considered statistically significant at
p < 0.05.

RESULTS

SWAP70 expression is increased in livers
and hepatocytes under metabolic
challenge

To investigate whether SWAP70 was involved in the
pathogenesis of NAFLD, we first detected SWAP70 ex-
pression in mouse livers after HFD or HFHC treatment.
The results showed that the protein levels of SWAP70
were significantly higher in mice with HFD or HFHC
treatment than those in mice fed the normal chow diet
(Figure 1A,B). In accordance with these results, the

protein expression of SWAP70 was also increased in
both primary mouse hepatocytes and L02 cells after
stimulation with palmitic acid (PA) (Figure 1C,D).
However, in vivo and in vitro experiments showed
that the mRNA expression level of SWAP70 did not
significantly change, indicating a posttranslational
modification of SWAP70 in response to metabolic
stimulation (Figure S1). Furthermore, immunohisto-
chemical staining confirmed that the expression of
SWAP70 was up-regulated in the livers of mice after
HFD or HFHC treatment as well as in individuals with
NASH (Figure 1E,F). These findings demonstrate that
SWAP70 expression is significantly increased in livers
and hepatocytes after metabolic stimulation and may
play an important role in the development of NAFLD.

SWAP70 suppresses lipid
accumulation and inflammation in
hepatocytes after metabolic stimulation

We established SWAP70-overexpressing (SWAP70-OE)
LO2 cells and verified them by western blotting (Figure 2A).
Comparedwiththe controlgroup, SWAP70-OE significantly
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FIGURE 1 SWAP70 expression is increased in livers and hepatocytes under metabolic challenge. (A) Protein expression of SWAP70

in mouse livers after 24 weeks of normal chow (NC) or HFD treatment (n = 3/group); bar chart shows quantitative result. (B) Protein
expression of SWAP70 in mouse livers after 16 weeks of NC or HFHC diet treatment (n = 3/group); quantitative result shown on the right
side. (C) Western blotting of SWAP70 in mouse primary hepatocytes after stimulation with PA for 0, 6, 12, and 24 hours (n = 3 independent
experiments). Quantitative result shown on the right side. (D) Western blotting of SWAP70 in LO2 cells after stimulation with PA for 0, 6, 12,
and 24 hours (n = 3 independent experiments). Quantitative result shown on the right side. (E) Representative immunohistochemical staining
images of SWAP70 expression in mouse livers after HFD or HFHC diet for 24 or 16 weeks, respectively (n = 5/group). (F) Representative
immunohistochemical staining images of SWAP70 in human liver tissues with no steatosis or NASH (n = 10-11/group). Scale bar, 100 pm. All
data are shown as mean + SD. The protein expression of target genes was normalized by the expression of p-Actin. Student ¢ test (A,B,G,H)
or one-way ANOVA (C,D,l,J) with Bonferroni’s post hoc analysis or with Tamhane T2 post hoc test was used. **p < 0.01
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FIGURE 2 SWAP70 suppresses lipid accumulation and inflammation in hepatocytes after metabolic stimulation. (A) The SWAP70
protein expression in LO2 cells infected with Control or Flag-SWAP70 lentivirus. (B) Representative Nile Red staining images showing

lipid accumulation in LO2 cells followed by bovine serum albumin (BSA) or PO treatment for 12 hours. Scale bar, 50 pm (n = 3 independent
experiments). (C) Intracellular TG level in the indicated groups (n = 3/group). (D-F) Relative MRNA levels of genes related to lipid synthesis
(SCD1, CD36 molecule [CD36], PPARG), steatolysis (PPARA, carnitine palmitoyltransferase 1A [CPT1A]), and inflammation (TNF, IL-1B,
CCL2) in LO2 cells with BSA or PA stimulation in Control or SWAP70-OE (Flag-SWAP70) group (n = 3 independent experiments). (G)
Protein expression level of SWAP70 in LO2 cells infected with pLKO.1, shSWAP70 #1, and shSWAP70 #2 lentivirus. shSWAP70 #1 was
used for further study. (H,I) Representative Nile Red staining images (H) and relative intracellular TG levels (I) were assessed in L02 cells
infected with pLKO.1 or shSWAP?70 lentivirus after BSA or PO treatment. Scale bar, 50 um (n = 3/group). (J-L) Bar graph shows the relative
mRNA levels of genes related to lipid accumulation (J), steatolysis (K), and inflammation (L) in the indicated groups (n = 3 independent
experiments). All data are shown as mean + SD. Student ¢ test (B,D-H,J-L) or one-way ANOVA (C,I) with Bonferroni’s post hoc analysis or

with Tamhane T2 post hoc test was used. *p < 0.05; **p < 0.01

reduced lipid accumulation in response to palmitic acid
plus oleic acid (PO) stimulation (Figure 2B). Consistently,
the cellular TG content was also lower in the SWAP70-OE
group than in the control group (Figure 2C). Additionally,
the elevated expression of SWAP70 suppressed the ex-
pression of genes related to fatty acid uptake and synthesis
(stearoyl-coenzyme A desaturase 1 [SCD1], peroxisome
proliferator-activated receptor gamma [PPARG], and CD36

molecule [CD36]) and promoted the expression of genes
related to f-oxidation (peroxisome proliferator-activated
receptor alpha [PPARA], carnitine palmitoyltransferase
1A [CPT1A]) (Figure 2D,E). Moreover, SWAP70-OE al-
leviated the inflammatory reaction in hepatocytes under
metabolic challenge, as indicated by the down-regulation
of proinflammatory genes (TNF, IL-1B, chemokine [C-C
motif] ligand 2 [CCL2]) (Figure 2F). We further investigated
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the effect of SWAP70 knockdown on hepatocytes lipid
accumulation and inflammatory response. The results
showed that SWAP70 knockdown promoted lipid accu-
mulation in hepatocytes (Figure 2G-I). The expression of
genes related to lipid accumulation and inflammation was
significantly increased in SWAP70 knockdown hepato-
cytes, whereas the expression of genes related to  oxida-
tion was decreased (Figure 2J-L). Furthermore, consistent
results were obtained in primary hepatocytes (Supporting
Figure S2). Collectively, these results demonstrate that
SWAP70 suppresses hepatocytes lipid accumulation and
inflammatory responses under metabolic stimulation.

Hepatocyte-specific SWAP70 deficiency
exacerbates HFD-induced NAFLD
progression

To further define the effect of hepatic SWAP70 on
the pathogenesis of NAFLD in vivo, we established
hepatocyte-specific Swap70-knockout (Swap70-HKO)
mice, and Flox mice were used as the control group
(Supporting Figure S3A-C). After 24 weeks of HFD
feeding, the body weights showed no significant
changes between the Swap70-HKO and Flox groups
(Supporting Figure S3D). However, compared with
the Flox group, Swap70-HKO mice exhibited higher
FBG levels (Figure 3A), GTT (Figure 3B), and ITT
(Figure 3C) results. Moreover, under metabolic stimu-
lation, Swap70-HKO mice gained more liver weight,
higher liver to body weight ratio and TG levels in hepatic
tissues than control mice (Figure 3D-F). Additionally, we
measured the levels of circulating TG, TC, and LDL-C
in the blood and found that Swap70-HKO mice exhib-
ited higher lipid content than control mice (Figure 3G).
Representative hematoxylin and eosin (H&E) and Oil
Red O staining showed severe lipid accumulation in
the livers of Swap70-HKO mice compared with Flox
mice (Figure 3H). Consistently, Swap70-HKO mice fed
an HFD exhibited higher expression levels of genes
related to fatty acid uptake and synthesis (e.g., Cd36,
Scd1, Pparg) and lower expression of genes related to
fatty acid metabolism (e.g., Ppara, Cpt1a) (Figure 3I)
than Flox mice. Swap70-HKO mice displayed more se-
vere liver injury and higher enzyme levels (Figure 3J)
(e.g., ALT and AST) than Flox mice. This evidence in-
dicates that SWAP70 deficiency increases susceptibil-
ity to insulin resistance and exacerbates HFD-induced
NAFLD progression.

Hepatocyte-specific SWAP70 deficiency
exacerbates HFHC diet-induced NASH
progression

After HFHC diet feeding for 16 weeks, we examined
the body weights of Swap70-HKO mice and Flox mice

and found no significant difference between them
(Supporting Figure S4A). However, Swap70-HKO mice
exhibited further increases in FBG levels, liver weights,
liver to body weight ratio, and TG levels (Figure 4A-C,
Supporting Figure S4B). In the serum, the TG, TC, and
LDL-C levels were also higher in Swap70-HKO mice
than in Flox mice (Figure 4D). Histopathological stain-
ing showed increased lipid accumulation in Swap70-
HKO mice fed an HFHC diet (Figure 4E). Furthermore,
Swap70-HKO mice exhibited increased CD11b* and
Ly6G™ inflammatory cells count as well as increased
collagen deposition (Figure 4F,G). Consistently, the ac-
cumulation of liver enzymes (e.g., ALT and AST) was
increased in Swap70-HKO mice and induced increased
liver injury (Figure 4H). To further systemically evaluate
the influence of SWAP70 on the pathogenesis of NASH,
we performed RNA-seq on the livers of Swap70-Flox
and Swap70-HKO mice. Cluster analysis showed that
the two groups could be clearly separated, indicat-
ing a significant difference between them (Supporting
Figure S4C). Gene set enrichment analysis showed
that Swap70 deficiency promoted lipid metabolism-
related pathways (e.g., fatty acid biosynthetic process,
fatty acyl-CoA metabolic process, long chain fatty acid
transport, and unsaturated fatty acid biosynthetic pro-
cess) (Figure 41, Supporting Figure S4D), inflammatory
response-related pathways (e.g., activation of NF-xB in-
ducing kinase activity, positive regulation of chemotaxis,
positive regulation of cytokinesis, and positive regula-
tion of inflammatory responses) (Figure 4l, Supporting
Figure S4E), fibrosis-related pathways (e.g., complex of
collagen trimers, extracellular matrix, and positive regu-
lation of fibroblast proliferation), and gene expression
(Figure 41, Supporting Figure S4F). The heat map dis-
played the expression pattern of leading edge subsets
in livers of Swap70-HKO and Flox mice fed the HFHC
diet (Figure 4J). Then, we examined some of the rep-
resentative genes according to the leading edge sub-
sets and confirmed the up-regulation of these genes,
including genes related to lipid metabolism (e.g., Scd1,
Pparg), inflammation (e.g., Tnf, chemokine [C-X-C motif]
10 [Cxcl10], Ccl2), and fibrosis (e.g., collagen type Il
alpha 1 chain, Tgfb1) (Figure 4K-M). Collectively, these
results demonstrate that hepatocyte-specific SWAP70
deficiency promoted lipid accumulation, inflammation,
and fibrosis after HFHC treatment.

SWAP70-OE alleviates HFHC diet-induced
NASH progression

We produced Swap70-OE mice and verified them by
western blotting (Supporting Figure S5A). After 16 weeks
on the HFHC diet, we found no obvious differences in
body weight between the Swap70-OE and control groups
(Supporting Figure S5B). However, under the HFHC diet,
the Swap70-OE group exhibited lower FBG levels, liver TG
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GTT (B); ITT and corresponding AUC (C) of the indicated groups (n = 10-11/group). (D,E) Liver weight (D) and liver to body weight ratio (E)
of Swap70-Flox and Swap70-HKO mice after NC or HFD treatment (n = 10-11/group). (F) Liver TG contents of Swap70-Flox and Swap70-
HKO mice after NC or HFD treatment (n = 10-11/group). (G) Serum TG, TC, and LDL-C level of Swap70-Flox and Swap70-HKO mice with
or without HFD treatment (n = 10-11/group). (H) Representative H&E and Oil Red O staining images and quantified results of indicated
groups (n = 6/group). Scale bars, 100 um. (I) Relative expression level of genes related to lipid synthesis (Cd36, Scd1, and Pparg) and
beta oxidation (Ppara, Cpt1a) in the liver tissues from indicated groups (n = 5/group). (J) Serum ALT and AST contents of the indicated
groups (n = 10-11/group). Student ¢ test (H,l), one-way ANOVA (C-G) with Bonferroni’s post hoc analysis or with Tamhane T2 post hoc test
or Kruskal-Wallis nonparametric statistical test (A,B,J) was used. All data are shown as mean + SD. #p < 0.05; #p < 0.01 for Swap70-Flox
mice with NC diet versus HFD. *p < 0.05; **p < 0.01 for Swap70-Flox HFD group versus Swap70-HKO HFD group

levels, liver weights, liver to body weight ratio, serum TG, TC,
and LDL-C levels compared with control group (Supporting
Figure S5C-F). Decreased lipid deposition was observed by
H&E and Oil Red O staining in Swap70-OE mice, and at
the gene level, the opposite changes in lipid synthesis and
metabolism genes relative to that of the Swap70-deficient
mice were shown (Supporting Figure S5G,H). Moreover,
CD11b* and Ly6g" inflammatory cells and proinflamma-
tory genes (e.g., Tnf, Cxcl2, Cxcl10, and Ccl2) were reduced
in Swap70-OE mice fed an HFHC diet (Supporting Figure
S51,J). Compared with the control group, collagen depo-
sition and the expression of profibrotic genes were also

decreased in the Swap70-OE group (Supporting Figure
S5K,L), similar to the expression of ALT and AST in the liver
(Supporting Figure S5M). These findings demonstrate that
SWAP70-OE suppresses the progression of NASH.

SWAP70 alleviates JNK1/2-P38 pathway in
mouse livers and hepatocytes in response
to metabolic stimulation

To investigate the potential mechanism by which
SWAP70 protected against NASH during metabolic
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stress, we searched for differentially expressed genes control mice, 872 of which were up-regulated and 851 of
(DEGSs) by analyzing RNA-seq obtained from livers of  which were down-regulated (Figure 5A). Subsequently,
Swap70-Flox and Swap70-HKO mice (fold change > we performed Kyoto Encyclopedia of Genes and
1.5 and p < 0.05). The results revealed 1,723 DEGs Genomes analysis based on the DEGs and identified
in the livers of Swap70-HKO mice compared with the that the MAPK pathway was the most significantly
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FIGURE 4 Hepatocyte-specific SWAP70 deficiency exacerbates HFHC diet-induced NASH progression. (A-C) FBG (A), liver weight
(B), and liver TG content (C) of Swap70-Flox and Swap70-HKO mice after normal chow (NC) or HFHC diet (n = 9-11/group). (D) Serum
TG, TC, and LDL-C level of mice in Swap70-Flox and Swap70-HKO groups with HFHC diet (n = 9-11/group). (E) Representative H&E

and Oil Red O staining and quantified results of Swap70-Flox and Swap70-HKO mice with HFHC diet (n = 6/group). (F) Representative
immunohistochemical image of CD11b, immunofluorescence image of ly6G, and quantitative results from Image-Pro Plus (n = 4-5/group).
(G) Representative picrosirius red staining (PSR) and immunofluorescence image of alpha-smooth muscle actin (a-SMA), and quantitative
results from Image-Pro Plus (n = 4-6/group). (H) Serum ALT (left) and AST (right) contents of the indicated groups (n = 4-6/group). (l)
Gene set enrichment analysis revealed up-regulated pathways connected to lipid metabolism, inflammation, and fibrosis in livers of the
Swap70-Flox and Swap70-HKO groups. (J) Heatmap shows the leading edge subsets of genes related to lipid metabolism, inflammation,
and fibrosis. Genes with a corresponding adjusted p value less than 0.05 were considered statistically significant. (K-M) The key molecules
related to lipid metabolism (K), inflammation (L), and fibrosis (M) were validated by real-time PCR according to the RNA-seq data (n = 6/
group). Scale bar, 100 pm. Student ¢ test and Mann-Whitney U test(C-H,K-M), one-way ANOVA (B) with Bonferroni’s post hoc analysis or
with Tamhane T2 post hoc test, or Kruskal-Wallis nonparametric statistical test (A) was used. All data are shown as mean + SD. ##p <0.01
for Swap70-Flox mice with NC diet versus Swap70-Flox mice with HFHC diet. *p < 0.05; **p < 0.01 for Swap70-Flox HFHC group versus

Swap70-HKO HFHC group

changed by Swap70 deficiency (Figure 5B). We ex-
amined the activation of MAPK signaling in the liv-
ers of Swap70-HKO and Swap70-OE mice and their
respective controls and found that the activation of
JNK1/2 and P38 was increased in the livers of Swap70-
HKO mice, whereas it was suppressed in the livers of
Swap70-OE mice (Figure 5C,D). However, SWAP70
deficiency or overexpression had no effect on the ac-
tivation of ERK1/2 (Figure 5C,D). Furthermore, similar
results were obtained from the SWAP70 knockdown
and overexpression L02 cells and primary hepatocytes
in response to PA stimulation (Figure 5E,F, Supporting
Figure S6). Taken together, these results demonstrate
that SWAP70 suppresses JNK1/2-P38 activation under
metabolic stress.

SWAP70 interacts with TAK1 and inhibits
its activation

Considering that SWAP70 suppressed the activation
of JNK1/2-P38 signaling in the liver or hepatocytes
after metabolic stimulation, we further explored the
potential upstream molecules of JNK1/2-P38 signal-
ing regulated by SWAP70. We screened for classi-
cal upstream molecules (mitogen-activated protein
kinase kinase kinase [MEKK] 1, MEKK2, MEKKS,
mitogen-activated protein kinase kinase kinase 5,
TAK1, mitogen-activated protein kinase kinase kinase
8, dual specificity mitogen-activated protein kinase ki-
nase [MKK] 4, and MKK?7) of the MAPK pathway!?'-22
and found that TAK1 showed the strongest interaction
with SWAP70 (Figure 6A). Further in vivo and in vitro
experiments showed that SWAP70 suppressed TAK1
phosphorylation under metabolic stress (Figure 6B-
E). Immunofluorescence staining revealed the colo-
calization of SWAP70 and TAK1 in the cytoplasm of
HEK 293T cells (Figure 6F). Using exogenous and
endogenous immunoprecipitation and GST precipita-
tion assays, we demonstrated that SWAP70 directly
interacted with TAK1 (Figure 6G-J). To explore the in-
teraction domain between SWAP70 and TAK1, a mo-
lecular mapping assay was used, and we found that

the SWAP70 domain from amino acid (aa) 1-192 in-
teracted with aa 1-306 of TAK1 (Figure 6K,L). Taken
together, these results demonstrate that SWAP70 di-
rectly interacts with TAK1 and suppresses its activa-
tion of under metabolic stimulation.

SWAP70 regulates hepatic steatosis by
suppressing the interaction between
TAB1 and TAK1

We detected whether the regulation of SWAP70 on
TAK1 activity and hepatocyte lipid accumulation
was dependent on its interaction with TAK1. We in-
fected hepatocytes with Flag, Flag-SWAP70, or Flag-
SWAP70 aa 193-585 plasmids and found that only
the full length of SWAP70 could decrease the acti-
vation of TAK1 and downstream JNK1/2-P38 path-
way and lipid accumulation under metabolic stress
(Figure 7A,B). In addition, it is well known that TAB1
is an adaptor protein to TAK1 that binds to the N-
terminus of TAK1 and is indispensable for the acti-
vation of TAK1.128l We further investigated whether
SWAP70 could affect the interaction of TAB1 and
TAK1. The results showed that SWAP70 weakened
the interaction between TAB1 and TAK1 and ulti-
mately alleviated the activation of TAK1-JNK1/2-P38
signaling and lipid deposition enhanced by TAB1
(Figure 7C-E). This indicates that SWAP70 may sup-
press the progression of NAFLD by weakening the
interaction between TAB1 and TAK1.

Inhibition of TAK1 activity

blocked hepatocyte lipid

deposition and inflammation caused by
SWAP70 knockdown

To investigate whether the effect of SWAP70 on hepato-
cytes lipid accumulation and inflammation was depend-
ent on TAK1 activity, SWAP70 knockdown or control
LO2 cells were treated with TAK1 inhibitor 5Z-7 oxoze-
aenol (5Z-70x). The results showed that the activation
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FIGURE 5 SWAP70 inhibits JNK1/2-P38 pathway in mice liver and hepatocytes under metabolic stimulation. (A) Volcano plot showed
DEGs in the livers of Swap70-Flox or Swap70-HKO mice under HFHC treatment. (B) Kyoto Encyclopedia of Genes and Genomes analysis
identified most significantly changed pathway according to DEGs. (C) The protein levels of phosphorylated and total ERK1/2, P38, and
JNK1/2 in liver tissues from Swap70-Flox and Swap70-HKO mice with HFHC diet (n = 3/group). Quantitative result shown on the right. (D)
The protein levels of phosphorylated and total ERK1/2, P38, and JNK1/2 in liver tissues from control and Swap70-OE mice with HFHC
diet (n = 3/group). Quantitative result shown on the right. (E,F) The expression levels of phosphorylated and total ERK1/2, P38, and
JNK1/2 in SWAP70 knockdown (E) or overexpression (F) LO2 cells and their control cells under PA stimulation for 0, 3, 6, and 12 hours

(n = 3 independent experiments). Student t test was used. All data are shown as mean + SD. **p < 0.01

of TAK1 and downstream JNK1/2-P38 induced by
SWAP70 knockdown were blocked by 5Z-7ox treat-
ment (Figure 8A). As expected, elevated hepatocytes
lipid accumulation and cellular TG content caused by
SWAP70 knockdown were reversed by 5Z-7ox under
PO stimulation (Figure 8B,C). Consistently, SWAP70
knockdown-induced up-regulation of genes related to
lipid synthesis (e.g., CD36 and PPARG) and inflam-
mation (e.g., IL-6 and CCL2) was down-regulated by

5Z-7ox. Simultaneously, the down-regulation of genes
related to steatolysis (e.g., PPARA and CPT1A) in-
duced by SWAP70 knockdown was blocked by 5Z-70x
(Figure 8D-F). In addition, we silenced the expression
of TAK7 in LO2 cells and primary hepatocytes and ob-
tained consistent results with 5Z-7ox (Figure 8G-M,
Supporting Figure S7). These results indicated that
SWAP70 protects against hepatocyte lipid deposition
and inflammation mainly thorough TAK1.
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FIGURE 6 SWAP70 interacts with TAK1 and inhibits its activation. (A) Coimmunoprecipitation (CO-IP) assays performed the interaction
between Flag-SWAP70 and various upstream molecules of the MAPK pathway (n = 3 independent experiments). (B,C) The protein levels

of phosphorylated and total TAK1 in liver tissues from indicated groups with HFHC diet (n = 3/group). (D,E) Phosphorylated and total

TAK1 protein level in LO2 cells with SWAP70 knockdown (D) or overexpression (E) under PA stimulation for 0, 3, 6, or 12 hours (n =3
independent experiments). (F) Colocalization of TAK1 (red) and SWAP70 (green) in HEK 293T cells transfected with Flag-TAK7 and HA-
SWAP70 plasmids (n = 3 independent experiments). Scale bar, 10 pm. (G) CO-IP assay performed the interaction between HA-SWAP70
and Flag-TAK1 in HEK 293T cells (n = 3 independent experiments). (H) CO-IP assays performed the interaction between Flag-SWAP70
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FIGURE 7 SWAP70 regulates hepatic steatosis by suppressing the interaction between TAB1 and TAK1. (A) The expression levels of
phosphorylated and total TAK1, JNK1/2, and P38 in LO2 cells transfected with Flag, Flag-SWAP70, or Flag-SWAP70 aa 193-585 plasmids
with PA stimulation for 12 hours (n = 3 independent experiments). (B) Representative Nile Red staining of L02 cells transfected with

Flag, Flag-SWAP?70, or Flag-SWAP70 aa 193-585 plasmid and quantitative results by Image-Pro Plus (n = 3 independent experiments).
Scale bar, 50 pm. (C) Coimmunoprecipitation assay showed the interactions among TAB1 and TAK1 in LO2 cells transfected with
indicated plasmids (n = 3 independent experiments). (D) Phosphorylated and total expression levels of TAK1, P38, and JNK1/2 in L02
cells transfected with Flag, Flag-TAB1, or Flag-TAB1 plus HA-SWAP70 plasmids and stimulated with PA for 12 hours (n = 3 independent
experiments). (E) Representative Nile Red staining of LO2 cells transfected with Flag, Flag-TAB1, or HA-SWAP70 plus Flag-TAB1 (n = 3
independent experiments), quantitative result displayed on right side. Scale bar, 50 pm. One-way ANOVA (A,C) with Bonferroni’s post

hoc analysis or with Tamhane T2 post hoc test was used. All data are shown as mean + SD. **p < 0.01

DISCUSSION

Our findings revealed that SWAP70 protected against
NASH progression. In a murine model and in hepatocytes
experiments, SWAP70-OE in hepatocytes significantly sup-
pressed steatosis in response to metabolic stress. However,
this effect was reversed when the expression of SWAP70
was suppressed in hepatocytes. Further experiments
showed that SWAP70 interacted with TAK1 and reduced
the interaction of TAB1 and TAK1, ultimately suppressing the
activation of TAK1 and downstream JNK1/2-P38 signaling.
Inhibition of TAK1 activation blocked the detrimental effects
of SWAP70 knockdown on lipid accumulation and inflam-
matory responses in hepatocytes. These findings suggest
that SWAP70 may be a therapeutic target for NAFLD.
Previous studies on SWAP70 have mainly fo-
cused on the regulation of immune cells. However,

the contribution of SWAP70 to the occurrence and
progression of NAFLD is not well understood. Lipid
accumulation is an important pathological change in
the progression of NAFLD.?* Compared with convert
excess energy into carbon dioxide or very-low-density
lipoprotein, liver transformed excess energy into TG
more commonly.[25*26] An imbalance in lipid synthesis,
transport, and oxidation ultimately leads to a net ac-
cumulation of energy in the liver in the form of TGs.?"]
Resulting hepatic steatosis beyond the healthy thresh-
old can impair insulin clearance and lead to hepatic
lipogenesis and very-low-density lipoprotein overse-
cretion in patients with NAFLD.!?¥! patients with severe
steatosis may be more prone to steatohepatitis.[zg] Our
data demonstrated the role of SWAP70 in lipid metab-
olism. Under metabolic stress, Swap70-HKO mice dis-
played enhanced lipid deposition and hepatic steatosis.
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The increased expression of genes related to lipid syn-
thesis and decreased expression of genes related to
B-oxidation further demonstrated the protective role of
SWAP70 in lipid metabolism.

During the progression of NAFLD, the presence of
inflammation can be induced by excess nutrients.%
The pathogenesis of NAFLD involves the interaction
of inflammatory and immune signaling pathways, in-
cluding inflammasome activation, inflammatory cell
responses, and changes in cytokines and chemok-
ines.?! For example, the IL-1 family cytokines IL-1p,
IL-1a, IL-18, and IL-33 can promote NASH.B" Previous
studies have shown that genetic deficiency of SWAP70
can result in lupus-like symptoms and influence the
germinal center formation of B cells.’233 Additionally,
one study found that the absence of SWAP70 strongly
enhanced the differentiation of dendritic cells.!™!
Swap70-deficient mice displayed a higher risk of
lupus syndrome and accumulation of age-associated
B cells.!"! The absence of SWAP70 has been shown
to lead to an immune imbalance in the body and pro-
mote the progression of inflammation. These findings
are consistent with the inflammatory changes ob-
served in our study. /n vivo experiments showed that
Swap70-HKO mice fed an HFHC diet exhibited more
severe inflammatory response, increased inflamma-
tory cell infiltration, and increased inflammatory gene
expression than control mice. It can be concluded
that SWAP70 deficiency further aggravates the in-
flammatory response in NAFLD and thus promotes its
progression.

TAK1 mediates numerousimportantprocesses, such
as cell death, cell differentiation, immune response,
and carcinogenesis.[34*35] The potential role of TAK1
in various diseases, including cardiovascular disease,
tumors, and liver metabolic dysfunction, has been well
defined.%38 Previous studies have shown that the
suppression of TAK1 and downstream signaling could
significantly improve glycometabolic disorders, lipido-
sis, inflammation, fibrosis, and tumor formation.!3%-41!
Hyperactivation of TAK1, on the other hand, can induce
hepatic inflammation, metabolic disturbances, and
ultimately the progression of NAFLD.*® Thus, TAK1
homeostasis is vital to liver homeostasis. Recently,
TAK1 was shown to regulate the downstream MAPK
pathway to mediate the progression of NAFLD."? Our
findings revealed the interaction between SWAP70
and TAK1 in the screening of upstream molecules of
MAPK, confirming that SWAP70 may regulate the pro-
gression of NAFLD through TAK1. Consistent with pre-
vious studies,***4 our findings showed that TAK1 and
downstream JNK1/2-P38 signaling are closely interre-
lated in the progression of NAFLD. Inhibiting the acti-
vation of TAK1 and downstream JNK1/2-P38 signaling
can therefore suppress the progression of NAFLD.
In addition, the loss of aa 1-192 domain of SWAP70
did not improve lipid accumulation in hepatocytes or

the activation of TAK1-JNK1/2-P38 signaling, indicat-
ing the regulation of SWAP70 on hepatic steatosis is
dependent on the interaction between SWAP70 and
TAK1. Among the mitogen-activated protein kinase ki-
nase kinase family members, TAK1 is peculiar in its
activation mechanism and requires a combination with
specific binding proteins known as TAB1, TAB2, and
TAB3.B% As a binding partner protein, TAB1 binds to
the N-terminus of TAK1 and is indispensable for its
activation.?? In vitro expression of TAB1 can induce
autophosphorylation of TAK1 and lead to the activation
of TAK1 kinase.*?! Our data revealed that SWAP70 in-
teracts with the N-terminus of TAK1. There may exist
an inhibition between SWAP70 and TAB1 in the inter-
action to TAK1. Similar to our assumption, SWAP70
weakened the interaction between TAK1 and TAB1
and decreased the lipid metabolism and activation of
the TAK1-JNK1/2-P38 pathway stimulated by TAB1.
Overactivation of TAK1 and the downstream pathway
induced by SWAP70 knockdown, as well as lipid accu-
mulation and inflammation, could be inhibited by the
TAK1 inhibitor 5Z-70x or by silencing of TAK1. These
results indicate that SWAP70 mainly regulates the pro-
gression of NAFLD through TAK1. SWAP70 is a fa-
vorable inhibitor of TAK1 phosphorylation and shows
potential for the treatment of NAFLD.

In conclusion, the current study shows that SWAP70
may suppress inflammation, lipid storage, fibrosis, and
insulin resistance by interfering with the activation of
TAK1 and JNK1/2-P38 signaling to protect against the
progression of NAFLD. Therefore, SWAP70 may be a
potential therapeutic target for NAFLD.
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