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SUMMARY

The calcium binding protein S100A11 is highly conserved in
vertebrates and expressed in many tissues. Autophagy is a
critical player in nonalcoholic fatty liver disease develop-
ment. Here, we show that dietary lipids up-regulate
S100A11 expression, which accelerates FOXO1-mediated
autophagy and lipogenesis via the deacetylase histone
deacetylase 6, leading to hepatic steatosis.
BACKGROUND & AIMS: Nonalcoholic fatty liver disease
(NAFLD) is becoming a severe liver disorder worldwide.
Autophagy plays a critical role in liver steatosis. However, the
role of autophagy in NAFLD remains exclusive and under
debate. In this study, we investigated the role of S100 calcium
binding protein A11 (S100A11) in the pathogenesis of hepatic
steatosis.

METHODS: We performed liver proteomics in a well-
established tree shrew model of NAFLD. The expression of
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Abbreviations used in this paper: Ac-FOXO1, acetylated forkhead box
O1; ATG7, autophagy related 7; CE, cholesterol ester; CIDEC, cell
death-inducing DFFA-like effector c; co-IP, co-immunoprecipitation;
CON, control; CRISPR/Cas9, clustered regularly interspaced short
palindromic repeats/cas9; DGAT2, diacylglycerol O-acyltransferase 2;
FOXO1, forkhead box O1; GRB2, growth factor receptor-bound protein
2; HDAC6, histone deacetylase 6; HFD, high-fat diet; HFHC, high-fat
and high-cholesterol diet; HFLC, high-fat low-cholesterol; LC3-II, LC3-
phosphatidylethanolamine conjugate; LD, lipid droplets; LDL-c, low-
density lipoprotein c; mRNA, messenger RNA; MS, mass spectrom-
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S100A11 in different models of NAFLD was detected by
Western blot and/or quantitative polymerase chain reaction.
Liver S100A11 overexpression mice were generated by inject-
ing a recombinant adenovirus gene transfer vector through the
tail vein and then induced by a high-fat and high-cholesterol
diet. Cell lines with S100a11 stable overexpression were
established with a recombinant lentiviral vector. The lipid
content was measured with either Bodipy staining, Oil Red O
staining, gas chromatography, or a triglyceride kit. The auto-
phagy and lipogenesis were detected in vitro and in vivo by
Western blot and quantitative polymerase chain reaction. The
functions of Sirtuin 1, histone deacetylase 6 (HDAC6), and
FOXO1 were inhibited by specific inhibitors. The interactions
between related proteins were analyzed by a co-
immunoprecipitation assay and immunofluorescence analysis.

RESULTS: The expression of S100A11 was up-regulated
significantly in a time-dependent manner in the tree shrew
model of NAFLD. S100A11 expression was induced consistently
in oleic acid–treated liver cells as well as the livers of mice fed a
high-fat diet and NAFLD patients. Both in vitro and in vivo
overexpression of S100A11 could induce hepatic lipid accu-
mulation. Mechanistically, overexpression of S100A11 activated
an autophagy and lipogenesis process through up-regulation
and acetylation of the transcriptional factor FOXO1, conse-
quently promoting lipogenesis and lipid accumulation in vitro
and in vivo. Inhibition of HDAC6, a deacetylase of FOXO1,
showed similar phenotypes to S100A11 overexpression in
Hepa 1–6 cells. S100A11 interacted with HDAC6 to inhibit its
activity, leading to the release and activation of FOXO1. Under
S100A11 overexpression, the inhibition of FOXO1 and auto-
phagy could alleviate the activated autophagy as well as
up-regulated lipogenic genes. Both FOXO1 and autophagy in-
hibition and Dgat2 deletion could reduce liver cell lipid accu-
mulation significantly.

CONCLUSIONS: A high-fat diet promotes liver S100A11
expression, which may interact with HDAC6 to block its binding
to FOXO1, releasing or increasing the acetylation of FOXO1,
thus activating autophagy and lipogenesis, and accelerating
lipid accumulation and liver steatosis. These findings indicate a
completely novel S100A11-HDAC6-FOXO1 axis in the regula-
tion of autophagy and liver steatosis, providing potential pos-
sibilities for the treatment of NAFLD. (Cell Mol Gastroenterol
Hepatol 2021;11:697–724; https://doi.org/10.1016/
j.jcmgh.2020.10.006)

Keywords: NAFLD; S100A11; FOXO1; Autophagy; Lipid
Metabolism.

onalcoholic fatty liver disease (NAFLD) is a chronic

etry; NAFLD, nonalcoholic fatty liver disease; OA, oleic acid; PBS,
phosphate-buffered saline; qPCR, quantitative polymerase chain re-
action; RFP, red fluorescent protein; S100A11, S100 calcium binding
protein A11; SDS, sodium dodecyl sulfate; SILAC, stable isotope la-
beling technology of amino acids in cell culture; SIRT1, Sirtuin 1; TBA,
tubastatin A; TG, triglyceride; WT, wild-type.
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Nand progressive liver disorder afflicting approxi-
mately 25% of the world’s population.1–3 It begins with the
presence of simple liver steatosis with little or even no
alcohol consumption4 and may develop further into nonal-
coholic steatohepatitis, fibrosis, and cirrhosis.5 Generally,
liver lipids are stored in lipid droplets (LDs) and maintain
homeostasis via a balanced flux of lipid uptake, synthesis,
lipolysis, and excretion. Abnormal LD accumulation occurs
when this balance is disturbed, which then ensures liver
steatosis. Although numerous studies have uncovered
distinct factors contributing to the pathogenesis of NAFLD,
the precise mechanisms underlying the progression of
NAFLD remain largely unclear owing to its highly hetero-
geneous clinical manifestations.

Autophagy has been shown to play a critical role in the
development of NAFLD. Autophagy is an adaptive response
to both extracellular and intracellular stress, such as
nutrient deprivation or damaged cytoplasmic components
including organelles and proteins.6,7 Recent studies have
linked autophagy to hepatocyte lipid metabolism. Specif-
ically, impaired hepatic autophagy causes increased LD
formation8 and liver steatosis9 via the promotion of tri-
glyceride storage in LD. Moreover, pharmacologic modula-
tion of autophagy improves nonalcoholic and alcoholic
hepatic steatosis in mouse models.10–12 In contrast, other
studies have shown that LD numbers were increased rather
than decreased under an activated autophagy condition
induced by starvation in cell models.13–15 In addition, the
inhibition of autophagy using a pharmacologic approach or
the deletion of autophagy genes decreased LD numbers14

and protected the liver from steatosis.16–19 Despite its
controversial and arguable role in NAFLD, autophagy still is
thought to facilitate LD formation and lipid accumulation in
hepatocytes, which plays a significant part in hepatic stea-
tosis development.

FOXO1, a transcription factor belonging to the forkhead
box O (FOXO) family, has been underscored as a key
mediator of autophagy in different cell types and disease
conditions.20–26 Under nutrient restriction, FOXO1 is acti-
vated to promote lipid catabolism through up-regulation of
the expression of lysosomal lipase in mammalian adipo-
cytes27 and D melanogaster,28 and the expression of adipose
triglyceride lipase in murine adipocytes.29 In contrast,
FOXO1 recently was shown to enhance autophagy to regu-
late LD growth and size via LD protein fat-specific protein
27, also known as cell death–inducing DFFA-like effector C
(CIDEC), in adipocytes.30 Overall, these studies raise the
possibility that the role of FOXO1 in regulating lipid meta-
bolism may be context-dependent. However, it is completely
unknown how FOXO1 is activated to regulate lipid
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metabolism via autophagy, and the upstream regulation of
FOXO1 during autophagy remains incompletely understood.

S100 calcium-binding protein A11 (S100A11; also
known as S100C) is highly conserved in vertebrates and
expressed in many tissues.31,32 S100A11 is involved in
many biological processes such as cell apoptosis33 and
inflammation,34 and a number of human cancers including
bladder cancer35 and prostate cancer.36 Regardless of this
involvement, the specific roles of S100A11 in lipid meta-
bolism, especially in NAFLD, have not been reported to date.
We previously successfully established a tree shrew model
of NAFLD that could mimic the progression from simple
hepatic steatosis to fibrosis within 10 weeks by feeding a
high-fat and high-cholesterol diet (HFHC).37 Based on this
animal model, we used proteomics to explore the underly-
ing mechanisms of NAFLD and found that S100A11 was up-
regulated progressively in a time-dependent manner.
In vivo and in vitro overexpression of S100A11 promoted
lipid accumulation and liver steatosis via FOXO1-induced
autophagy, suggesting that S100A11 is a novel pathogenic
factor of NAFLD.

Results
Up-regulation of the Calcium-Binding Protein
S100A11 in In Vitro and In Vivo Models of NAFLD

We previously used high-fat low-cholesterol (HFLC)
and HFHC diets to establish a tree shrew model of
NAFLD.37,38 Compared with the control group (CON), the
experimental group showed progressive steatosis with
obvious lipid accumulation in a time-dependent manner
(Figure 1A). To explore proteins contributing to the pro-
gression of NAFLD, a comparative proteomic analysis of
tree shrew livers at 3 time points was conducted using
stable isotope labeling technology of amino acids in cell
culture (SILAC). In total, 3589 proteins were identified and
quantified, of which some proteins showed differential
abundance in the HFLC and HFHC groups compared with
the matched CON in a time-dependent manner
(Tables 1–3). To further validate the proteome results, a
subset of proteins with differential abundance and
commercially available antibodies were used to perform
Western blot. Vimentin is a type III intermediate filament
protein involved in liver steatosis.39 Growth factor
receptor-bound protein 2 (GRB2) is an adaptor protein,
and the suppression of GRB2 expression was implicated in
improved hepatic steatosis.40 Long-chain acyl-CoA synthe-
tase 4 is involved in lipid metabolism and overexpressed in
African American NAFLD patients.41 In line with the pro-
teomic data, the expression of all 3 proteins was up-
regulated consistently in a time-dependent manner,
particularly in the HFHC group (Figure 1B–J).

Remarkably, the expression of 25 proteins showed a
similar tendency of either increasing or decreasing in a
time- and cholesterol-dependent manner (Figure 1K)
(Tables 1–3). We focused on these up-regulated proteins
and hypothesized that they might be involved in the pro-
gression of NAFLD because their expression was correlated
positively to the severity of liver steatosis, similar to
vimentin, GRB2, and long-chain acyl-CoA synthetase 4
(Figure 1K). Therefore, we ranked the top 10 proteins with
increased expression levels in the HFHC group at all 3 time
points. Among them, the expression level of S100A11 was
increased most prominently (Table 1). Similarly, the prote-
ome analysis showed that the expression of S100A11
gradually increased not only in a time-dependent manner,
but probably also was affected by cholesterol levels
(Figure 1L).

S100A11 has been reported to participate in various
cellular responses, however its role in NAFLD remains
completely unknown. Using Western blot (Figure 2A and B)
and quantitative polymerase chain reaction (qPCR)
(Figure 2C), respectively, we found that the S100A11 pro-
tein and transcripts indeed increased progressively in both
the HFLC and HFHC groups from weeks 3 to 10. To confirm
these observations, we measured the S100A11 expression
in multiple in vitro and in vivo models of NAFLD. Both the
messenger RNA (mRNA) and protein levels of S100A11
consistently and significantly increased in the liver of the
mouse model of NAFLD induced by a high-fat diet (35% fat
by weight) (Figure 2D–F). The treatment of Hepa 1–6 cells
with oleic acid (OA, 0.2 mmol/L) significantly promoted the
protein expression of S100A11 (Figure 2G and H).
Furthermore, a literature review showed that the mRNA
expression of S100A11 also was up-regulated in mouse
NAFLD as well as in baboon and human alcoholic fatty liver
disease42–46 (Table 4). More importantly, by searching the
published human NAFLD transcriptome data (GEO data sets,
https://www.ncbi.nlm.nih.gov/gds), we found that the liver
S100A11 level was gradually up-regulated from controls to
healthy obese (without hepatic steatosis) patients and he-
patic steatosis patients (GSE48452 in Figure 2I), and the
liver S100A11 level in advanced NAFLD patients also was
significantly higher than that in mild NAFLD patients
(GSE49541 in Figure 2I). Collectively, the lines of results
consistently showed that S100A11 may play an uncharac-
terized role in NAFLD from mice, tree shrews, and human
beings.
Hepatic Overexpression of S100A11
Exacerbated Liver Steatosis in Mice Fed an
HFHC Diet

Given the tremendous limitation of research methods
and reagents using tree shrews, we opted to use the well-
established mouse model to determine whether S100A11
is a positive causal factor in liver steatosis. A mouse
S100A11 (S100A11-flag octapeptide-green fluorescent
protein [FLAG-GFP]) expression system was generated
and subsequently packaged with adenovirus and
confirmed via Western blot (Figure 3A). The packaged
adenovirus with either S100A11-FLAG-GFP (S100A11) or
FLAG-GFP (GFP) then was injected into tail veins of the
mice (Figure 3B). The infection efficiency and specificity
were tested in vivo (Figure 3C and D). These 2 groups of
mice were fed a chow diet (CON) or HFHC diet for 2 weeks
before being killed and liver tissue was harvested
(Figure 3B).

https://www.ncbi.nlm.nih.gov/gds


Figure 1. Liver proteomics analysis and its validation in a tree shrew model of NAFLD and the screening of S100A11
from liver proteomics. (A) Experimental design (top panel), H&E staining of tree shrew liver after 10 weeks of a HFLC and
HFHC diet (bottom panel). Original magnification: 20�. Scale bars: 100 mm. (B–D) Validation of vimentin (VIM). (E–G) Validation
of GRB2. (H–J) Validation of long-chain acyl-CoA synthetase 4 (ACSL4). Top panel: proteomics results, C, CON; L, HFLC; and
H, HFHC groups. Middle panel: Western blot results of tree shrew liver proteins. Bottom panel: quantification of Western blot
results from the middle panel. The target proteins were normalized to b-actin. n ¼ 3–4 individual animals. (K) Heatmap
generated by the proteins with continuously decreased or increased expression in the HFLC and HFHC groups from 3 to 10
weeks. (L) The expression tendency of S100A11 protein. *P < .05, **P < .01, and ***P < .001.
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Table 1.Top 10 Proteins Significantly (Fold > 1.5; P < .05) Increased in the HFHC Group at All 3 Time Points Compared With
Matched Controls

Protein name Symbol

Fold change

3 weeks 6 weeks 10 weeks

S100 calcium-binding protein A11 S100A11 1.77 8.57 15.70

Vimentin VIM 2.65 9.08 14.01

Brain acid soluble protein 1 BASP1 2.34 3.15 5.44

Synaptic vesicle membrane protein VAT-1 homolog VAT1 1.65 2.93 3.86

Myosin-9 MYH9 1.81 2.29 2.88

Cytoplasmic dynein 1 heavy chain 1 DYNC1H1 1.75 2.13 2.62

Myosin light chain 6 MYL6 1.61 1.92 2.61

Myosin light chain 12A MYL12A 1.62 1.73 2.34

V-type proton adenosine triphosphatase subunit E1 ATP6V1E1 1.53 1.52 2.21

Src substrate cortactin CTTN 1.64 3.01 2.16

VIM, vimentin.
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Compared with the GFP control, overexpression of
S100A11 significantly increased the plasma levels of
aspartate transaminase and alanine transaminase in both
the CON and HFHC diet groups (Figure 4A and B), sug-
gesting an injured liver. However, no obvious effects on
body weight, food and water intake, or plasma levels of
triglycerides (TGs) and low-density lipoprotein c (LDL-c)
were observed, except a slightly increased level of plasma
total cholesterol in the HFHC group (Figure 4C–K). Although
liver histology showed that GFP and S100A11 treatments
did not lead to apparent liver lipid accumulation, lipid
analysis through gas chromatography showed that the level
of liver cholesterol esters (CEs) but not TGs was somewhat
increased in the mice fed the CON diet (Figure 3E–H).

In contrast, the HFHC diet markedly induced liver lipid
deposition, and overexpression of S100A11 further exag-
gerated this effect (Figure 3E and F). Likewise, gas chro-
matography quantification of TG (Figure 3G) and CE
Table 2.Top 10 Proteins Significantly (Fold <1/1.5, P < .05) De
Matched Control

Protein name Symbol

Glycine cleavage system H protein GCSH

NAD(P) dependent steroid dehydrogenase-like NSDHL

Superoxide dismutase SOD2

Malate dehydrogenase MDH2

Aspartate aminotransferase GOT2

Protein disulfide-isomerase A3 PDIA3

Enoyl-CoA hydratase ECHS1

Histidine triad nucleotide-binding protein 2 HINT2

Aldehyde dehydrogenase ALDH2

Signal peptidase complex subunit 2 SPCS2

NOTE. The list of the other proteins significantly changed in th
NAD(P), nicotinamide adenine dinucleotide (phosphate).
(Figure 3H) further validated the presence of steatosis in
mice bearing S100A11 overexpression and fed the HFHC
diet, suggesting that S100A11 is indeed a pathogenic factor
contributing to liver steatosis.
In Vitro Overexpression of S100A11-Induced
Lipid Accumulation

To reinforce the hypothesis in vitro, S100A11 was fused
with FLAG and red fluorescent protein (RFP) to generate a
Hepa 1–6 cell line stably expressing S100A11 (S100A11-
FLAG-RFP). Compared with the control (RFP), over-
expression of S100A11 increased the expression of S100a11
mRNA (Figure 5A) and S100A11 protein (Figure 5B). Using
Bodipy staining to visualize neutral lipids, we found that the
S100A11-overexpressing cells accumulated much more
lipids than the wild-type cells or RFP cells under both
treatments with or without OA (0.2 mmol/L) (Figure 5C).
creased in HFHC Group at All 3 Time Points Compared With

Fold change

3 weeks 6 weeks 10 weeks

0.35 0.18 0.38

0.58 0.35 0.39

0.46 0.52 0.42

0.50 0.64 0.49

0.42 0.62 0.49

0.59 0.57 0.51

0.51 0.53 0.51

0.47 0.59 0.55

0.49 0.47 0.56

0.06 0.59 0.57

e HFHC group is available upon request.



Table 3.Proteins Significantly Changed in HFLC Group at Different Time Points

Protein name Symbol

Fold change

3 weeks 6 weeks 10 weeks

Proteins significantly (fold > 1.5; P > .05) increased in the 6-week HFLC and 10-week HFLC compared with matched control
High-mobility group AT-hook 1 HMGA1 1.34 2.24 5.37
Histone H3.2 HIST2H3A 0.67 3.38 3.53
Myosin-9 MYH9 1.16 2.10 3.26
Myosin light chain 6 MYL6 1.07 1.82 2.85
Tropomyosin alpha-4 TPM4 1.03 1.51 2.77
Ras-related protein Rab-18 RAB18 1.62 2.97 2.68
Myosin light chain 12A MYL12A 1.08 1.64 2.63
Myosin light chain 1 MYL1 1.02 1.77 2.58
Carnitine O-palmitoyltransferase 2 CPT2 0.65 1.97 2.45
Charged multivesicular body protein 4b CHMP4B 1.88 1.98 2.34
Keratin 8 KRT8 0.70 1.69 2.19
Keratin 18 KRT18 0.79 1.73 2.11
FLII actin remodeling protein FLII 1.11 1.93 2.09
Charged multivesicular body protein 1A CHMP1A 0.72 1.78 1.97
Lamin A/C LMNA 0.77 1.68 1.97
Acyl-CoA synthetase long chain family member 4 ACSL4 1.10 2.15 1.72
V-type proton adenosine triphosphatase subunit d 1 ATP6V0D1 0.78 1.80 1.67
Ras-related protein Rap-1b RAP1B 0.75 1.51 1.58
G-protein subunit g5 GNG5 0.90 1.51 1.55
Vesicle-associated membrane protein-associated protein A VAPA 0.79 1.79 1.52
Mitochondrial calcium uniporter MCU 0.54 1.28 3.74

Protein significantly (fold > 1.5; P < .05) increased in the HFLC groups at all 3 time points compared with matched control
Acyl-CoA dehydrogenase very long chain ACADVL 1.52 1.75 1.93

NOTE. The list of the other proteins significantly changed in the HFLC group is available upon request.
ACSL4, long-chain acyl-CoA synthetase 4.

702 Zhang et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 3
Furthermore, quantification of the TG levels of those cells
consistently confirmed the significant consequence of
S100A11 overexpression in TG deposits, regardless of OA
administration (Figure 5D), as with Oil Red O staining
(Figure 5E and F). Similarly, we also established a human
Hep 3B cell line with S100A11 stable overexpression and
observed similar results as found in the Hepa 1–6 cells
(Figure 5G and H). Thus, these results convincingly support
that the positive role of S100A11 to enhance hepatic lipid
accumulation was mirrored both in vivo and in vitro.
Overexpression of S100A11 Induced Lipid
Biosynthesis In Vivo and In Vitro

Lipid accumulation often is derived from an imbalance
of lipid biosynthesis, lipolysis, uptake, and efflux. Because
overexpression of S100A11 promotes hepatic lipid accu-
mulation in vivo and in vitro, the expression of an array of
well-known genes involved in the biosynthesis of TG and
CE, such as acetyl-CoA carboxylase (Acc), diglyceride
acyltransferase 2 (Dgat2), and acetyl-CoA acetyltransfer-
ase 1 (Acat1), was examined. CIDEC plays a critical role in
lipid droplet growth.47 The qPCR results revealed that the
mRNA levels of acetyl-CoA carboxylase, Dgat2, Cidec, and
acetyl-CoA acetyltransferase 1 (Figure 6A), as well as Srb1,
Ppara, and Abcg8 (Figure 6B), were up-regulated signifi-
cantly in the livers of the HFHC-fed, S100A11-
overexpressing mice compared with those of the control
group. In contrast, the transcriptional expression of other
genes involved in fatty acid oxidation and very-low-
density lipoprotein secretion showed no significant
changes in the livers of the HFHC-fed, S100A11-
overexpressing mice (Figure 6C). The protein levels of
DGAT2, ACC, ACAT1, and CIDEC also consistently were
increased in the S100A11-overexpressing mice
(Figure 6D–G). Likewise, both the mRNA and protein
levels of DGAT2 and CIDEC were up-regulated signifi-
cantly in the S100A11-overexpressing Hepa 1–6 cells
(Figure 6H–L) and Hep 3B cells (Figure 7A and B). Inter-
estingly, the transcriptional and translational expression
of genes involved in CE synthesis but not TG synthesis
were increased significantly in the livers of the S100A11-
overexpression mice group compared with that of the GFP
mice group fed the CON diet (Figure 7C–E), which might
account for the increased CE level but not the TG level in
their livers (Figure 3G and H). Taken together, these re-
sults imply that the overexpression of S100A11 promotes
lipid accumulation, possibly through the up-regulation of
lipogenic genes Dgat2 and Cidec in vitro and in vivo.
Overexpression of S100A11 Activated
Autophagy Process via FOXO1

To explore the underlying mechanisms of S100A11 in lipid
accumulation via activation of lipogenesis in both mouse liver
and Hepa 1–6 cells, liver RNA sequencing initially was per-
formed between the HFHC þ GFP and HFHC þ S100A11
mouse groups. Interestingly, RNA sequencing data analysis
showed that the majority of genes involved in autophagy
showed a tendency of up-regulation in the HFHC þ S100A11



Figure 2. Up-regulation of the calcium-binding protein S100A11 in in vitro and in vivo models of NAFLD. (A) S100A11
expression detected by Western blot in tree shrew liver. (B) Quantification of Western blot results from panel A. The target
protein was normalized to b-actin. n ¼ 4 individual animals for each group. (C) Relative mRNA expression of S100A11 in tree
shrew liver detected by qPCR. b-actin was used as an internal control. n ¼ 4 individual animals for each group. (D) Protein
expression of S100A11 detected by Western blot in mouse liver induced by the HFD. (E) Quantification of Western blot results
from panel D. The target protein was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). n ¼ 4 individual
animals for each group. (F) mRNA expression of S100A11 in mouse liver detected by qPCR. GAPDH was used as an internal
control. n ¼ 4 individual animals for each group. (G) S100A11 expression detected by Western blot in Hepa 1–6 cells induced
for 24 hours by 0.2 mmol/L OA. (H) Quantification of Western blot results from panel G. The target protein was normalized to
GAPDH. (I) The GSE data showed the expression of liver S100A11 in human NAFLD. *P < .05, **P < .01, and ***P < .001. GSE,
series records of Gene Expression Omnibus database.

Table 4.Significant Up-regulation (P < .05) of S100A11 mRNA in Different Fatty Liver Models

Species Disease Fold change References

Mice NAFLD 2.89 42

Mice NAFLD 3.98 43

Mice NAFLD 2.53 44

Mice NAFLD 2.59 45

Baboon ALD 1.70 46

Human ALD 2.70 46

ALD, alcoholic liver disease.
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Figure 3. Overexpression
of S100A11 in the liver
exacerbated liver lipid
deposition in mice fed the
HFHC diet. (A) Infection ef-
ficiency of packaged
adenovirus was tested by
Western blot in vitro. (B)
Schematic diagram of the
experimental timeline and
adenovirus injection into the
veins of the mice tails. (C)
qPCR and (D) Western blot
detection of S100A11
adenovirus expression effi-
ciency in mice liver. Glycer-
aldehyde-3-phosphate de-
hydrogenase (GAPDH) was
used as an internal control
to normalize the S100a11
gene expression. n ¼ 4 in-
dividual animals for each
group. (E and F) Represen-
tative figures of Oil Red O
and H&E staining of mice
liver. Original magnification:
20�. Scale bars: 100 mm. (G
and H) Quantification of liver
TG and CE contents through
gas chromatography. n ¼ 3–
4 individual animals for each
group. *P < .05, **P < .01,
and ***P < .001.
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group compared with the HFHC þ GFP group (Figure 8A).
Previous studies showed that activation of autophagy could
increase liver lipid accumulation.16–19 We found that the
mRNA expression of several autophagy marker genes
including Atg7, Becn1, and Map1lc3a/b significantly increased
in both the liver of the HFHC-fed mice (Figure 8B) and Hepa
1–6 cells (Figure 8E) under the condition of S100A11 over-
expression. The protein levels of autophagy related 7 (ATG7)
and LC3-phosphatidylethanolamine conjugate (LC3-II), 2
widely used autophagy markers, were consistently and
notably up-regulated under S100A11 overexpression both
in vivo (Figure 8C and D) and in vitro (Figure 8F and G).
Another autophagic protein, the widely used P62,48 was
decreased significantly in the S100A11 overexpression Hepa
1–6 cells (Figure 8I and J) and Hep 3B cells (Figure 9A and B),
indicating an activated autophagic status. Similarly, the mRNA
levels of some of the autophagic genes, such as Atg5 and Atg7,
were slightly but significantly increased in the CONþ S100A11
group compared with the CON þ GFP group (Figure 9C–E).

The transcription factor FOXO1 is a direct mediator of
autophagy.21 FOXO1 can be phosphorylated by activated
Protein Kinase B to promote its degradation in proteasome49

or be acetylated by P300.50 Moreover, it recently was re-
ported that FOXO1 regulates CIDEC under autophagy con-
ditions.30 In this study, the mRNA level of FOXO1 as well as
the nonphosphorylated (but not the phosphorylated) level of
FOXO1 protein increased significantly in both the Hepa 1–6
cells and liver of the HFHC-fed mice with S100A11



Figure 4. Plasma biochemical indicators, body weight, liver weight, and food and water intake of the mice treated with
S100A11 overexpression and CON or HFHC diets. (A) The plasma level of aspartate aminotransferase (AST). (B) The plasma
level of alanine aminotransferase (ALT). (C) The plasma level of TGs. (D) The plasma level of total cholesterol (TC). (E) The
plasma level of high-density lipoprotein cholesterol (HDL-c). (F) The plasma level of LDL-c. (G) Body weight. (H) Liver weight. (I)
Liver index (liver weight/body weight � 100%). (J and K) Food and water intake. n ¼ 4–6 individual animals. *P < .05 and ***P <
.001.
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Figure 5. S100A11 over-
expression induced lipid
accumulation in Hepa 1–6
and Hep 3B cells. (A and B)
qPCR and Western blot
detection of the S100A11
expression in Hepa 1–6 sta-
ble cell lines by puromycin
selection for 2 weeks.
Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)
was used as an internal
control. (C) Bodipy staining of
the S100A11 overexpression
Hepa 1–6 cells treated with or
without 0.2 mmol/L OA for 24
hours. Original magnification:
20�. (D) TG measurement in
the S100A11 overexpression
Hepa 1–6 cells treated with or
without 0.2 mmol/L OA for 24
hours. (E) Oil Red O staining
of the S100A11 over-
expression Hepa 1–6 cells
treated with or without 0.2
mmol/L OA for 24 hours.
Original magnification: 20�.
(F) Quantification of Oil Red O
staining from panel E. (G) Oil
Red O staining of the
S100A11 overexpression
Hep 3B cells treated with 0.1
mmol/L OA for 12 hours.
Original magnification: 40�
(left two panels) and 100�
(right two panels). (H) Quan-
tification of Oil Red O staining
from panel G. *P < .05, **P <
.01, and ***P < .001.
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overexpression (Figure 8B–G). To find evidence of the acti-
vation of FOXO1, we further assessed the changes in FOXO1-
targeted genes, such as Pck1 and G6pc,51 Igfbp1,52 and Insr,53

in the HFHC-induced S100A11 overexpression mouse livers
and found that the expression of these genes increased
significantly (Figure 10), showing the activation of FOXO1.
High levels of acetylated FOXO1 (Ac-FOXO1) protein also
were detected in the HFHCþ S100A11 group (Figure 8C and
D) and S100A11-overexpressing Hepa 1–6 cells
(Figure 8F–H), as well as in Hep 3B cells (Figure 9A and B).
However, overexpression of S100A11 affected neither the
phosphorylated Protein Kinase B protein level (Figure 11A
and B) nor the P300 protein level (Figure 11C and D). This
suggests that S100A11 overexpression could up-regulate
autophagy through activated FOXO1 expression and acety-
lation by factors other than P300.



Figure 6. In vivo and in vitro S100A11 overexpression increased the expression of neutral lipid synthesis genes and LD
fusion factors. (A–C) mRNA level of genes involved in lipid synthesis, LD fusion, VLDL secretion, and fatty acid oxidation in
mice liver detected by qPCR. b-actin was used as an internal control. n ¼ 4 individual animals for each group. (D and E) Protein
level and quantification in mice liver by Western blot. The target proteins were normalized to b-actin. n ¼ 4 individual animals
for each group. (F and G) Protein level and quantification of CIDEC in mice liver by Western blot. The CIDEC protein was
normalized to b-actin. n ¼ 3–4 individual animals for each group. (H) mRNA level of genes in Hepa 1–6 cells detected by qPCR.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (I and J) Protein level and quantifi-
cation in the Hepa 1–6 cells detected by Western blot. The target proteins were normalized to b-actin. (K and L) Protein level
and quantification of the CIDEC in the Hepa 1–6 cells detected by Western blot. The CIDEC protein was normalized to GAPDH.
*P < .05, **P < .01, and ***P < .001. VLDL, very-low-density lipoprotein.
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Inhibition of Histone Deacetylase 6 Increased
Lipid Accumulation Through Increased
Expression and Acetylation of FOXO1 in
Hepatocytes

To analyze whether S100A11 could interact directly with
FOXO1 to facilitate the acetylation of FOXO1, we constructed
recombinant plasmids of S100a11-gfp and Foxo1-flag and
co-expressed them into 293T cells. However, the
co-immunoprecipitation (co-IP) experiment did not show a
direct interaction between S100A11 and FOXO1 (Figure 12A
and B). Therefore, other factors mediating S100A11 and
FOXO1 were hunted by an IP experiment using S100A11-
FLAG-RFP as a bait protein in stable S100A11 over-
expression Hepa 1–6 cells, and proteins that interacted with
S100A11 were detected by mass spectrometry (MS). Among
those proteins (the entire list of proteins is available by
request), 2 deacetylases, Sirtuin 1 and histone deacetylase 6
(HDAC6), were identified.

In further examination, the protein level of SIRT1
increased in the S100A11 overexpression Hepa 1–6 cells
(Figure 11C and D) and in the liver of the HFHC-fed mice
with S100A11 overexpression (Figure 12C and D). A pre-
vious study showed that SIRT1 could bind directly to FOXO1



Figure 7. In vitro Western
blot detection of proteins
related to lipogenesis in
S100A11 overexpression
Hep 3B cells and in vivo
qPCR and Western blot
detection of lipogenic
genes and proteins in the
liver of the CON D GFP
and CON D S100A11 mice
groups. (A) Protein level of
the lipogenic proteins in the
S100A11 stable over-
expression Hep 3B cells
treated with 0.1 mmol/L OA
for 12 hours. (B) Quantifica-
tion of the related proteins
from panel A. The target
proteins were normalized to
glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). (C)
mRNA expression of lipo-
genic genes detected by
qPCR. n ¼ 4 individual ani-
mals. b-actin was used as an
internal control. (D and E)
Western blot detection and
quantification of related pro-
teins. The target proteins
were normalized to b-actin.
n ¼ 4 individual animals. *P<
.05, **P < .01, and ***P <
.001.
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and mediate the deacetylation of FOXO1.20 To validate its
responsibility in FOXO1 deacetylation, SIRT1 activity in the
wild-type Hepa 1–6 cells was inhibited by treatment with a
specific inhibitor (EX-527, 10 mmol/L). However, the lipid
content of the cells and acetylation of FOXO1 did not change
(Figures 13A–C and 14A and B), suggesting that SIRT1 may
not be the factor mediating acetylation of FOXO1 in this
study.

Similarly, a specific inhibitor (tubastatin A [TBA], 40
nmol/L) of HDAC6 was used to treat the wild-type Hepa 1–6
cells and showed significant lipid accumulation in a time-
dependent manner (Figures 13D–F and 14A and B). This
mimicked the phenomena induced by S100A11 over-
expression (Figures 13G–I and 14A and B). Subsequently,
after treatment with 40 nmol/L TBA for 24 hours, the
protein levels of FOXO1 and Ac-FOXO1 increased signifi-
cantly (Figure 14C and D), as did ATG7 and LC3-II
(Figure 14C and D). The lipogenic protein DGAT2 also
consistently showed a markedly high expression in the 40
nmol/L TBA-treated group (Figure 14C and D). Likewise, the
expression levels of the proteins treated with TBA for 6 and
12 hours were similar but to a lesser extent (Figure 14E–H).
Collectively, these data indicated that both HDAC6 inhibition
and S100A11 overexpression in hepatocytes showed similar
phenotypes, suggesting that HDAC6 and S100A11 may
function in the same pathway.

According to these results, we hypothesized that HDAC6
may be a deacetylase of FOXO1. Because our co-IP results



Figure 8. Overexpression of S100A11 promoted FOXO1 and autophagy marker expression in vivo and in vitro.
(A) Heatmap generated by RNA sequencing data indicated that autophagy was up-regulated in the mice liver treated by
S100A11 overexpression and the HFHC diet for 2 weeks. n ¼ 3 individual animals for each group. (B) mRNA expression of
FOXO1 and autophagy marker genes in vivo detected by qPCR. b-actin was used as an internal control. n ¼ 4 individual
animals for each group. (C and D) Western blot and quantification of Ac-FOXO1, FOXO1, ATG7, and LC3-II in the liver of the
hepatic S100A11 overexpression and HFHC diet–treated mice. The target proteins were normalized to tubulin or b-actin as
indicated. n ¼ 3–4 individual animals. (E) mRNA expression of FOXO1 and autophagy marker genes in vitro detected by qPCR.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (F) Western blot detection of phos-
phorylated, acetylated, and unphosphorylated FOXO1, ATG7, and LC3-II in the S100A11 overexpression Hepa 1–6 cells. (G)
Quantification of Western blot results from panel F. The target proteins were normalized to GAPDH. (H) Quantification of
Western blot results from panel F. p-FOXO1 and Ac-FOXO1 were normalized to FOXO1. (I and J) Protein level and quantifi-
cation of P62 in the S100A11 overexpression Hepa 1–6 cells detected by Western blot. The target protein was normalized to
GAPDH. *P < .05, **P < .01, and ***P < .001. p-FOXO1, phosphorylated forkhead box O1.
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showed a direct physical interaction between S100A11 and
HDAC6, we wondered whether such an interaction also
happens between HDAC6 and FOXO1. We co-expressed the
recombinant plasmid of S100a11-gfp and Hdac6-flag, and
Hdac6-flag and Foxo1-gfp in 293T cells, respectively. The co-
IP assay showed that S100A11 and HDAC6 could be
precipitated by each other (Figure 15A and B), as could
HDAC6 and FOXO1 (Figure 15C and D). Moreover, co-
staining of FOXO1 and HDAC6 in the wild-type Hepa 1–6
cells (Figure 15E, upper panel) and co-staining of S100A11
and HDAC6 in the S100A11 overexpression Hepa 1–6 cells
(Figure 15E, lower panel) produced their strong co-
localization, further supporting a direct interaction be-
tween HDAC6 and FOXO1 and/or S100A11. Collectively, this



Figure 9. In vitro Western
blot detection of proteins
related to autophagy in
S100A11 overexpression
Hep 3B cells and in vivo
qPCR and Western blot
detection of autophagic
genes and proteins in the
liver of the CON D GFP
and CON D S100A11 mice
groups. (A) Protein level of
the autophagic proteins in
the S100A11 stable over-
expression Hep 3B cells
treated with 0.1 mmol/L OA
for 12 hours. (B) Quantifica-
tion of the related proteins
from panel A. The target
proteins were normalized to
glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). (C)
mRNA expression of auto-
phagic genes detected by
qPCR. n ¼ 4 individual ani-
mals. b-actin was used as an
internal control. (D and E)
Western blot detection and
quantification of related pro-
teins. The target proteins
were normalized to b-actin.
n ¼ 4 individual animals. *P<
.05, **P < .01, and ***P <
.001.
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evidence consistently showed an S100A11–HDAC6–FOXO1
axis coordinately regulating autophagy and lipid meta-
bolism in liver cells.

Inhibition of FOXO1 and Autophagy or Deletion
of Dgat2 Alleviated S100A11-Induced Lipid
Accumulation

Because overexpression of S100A11 activated autophagy
and FOXO1 expression, we hypothesized that FOXO1-
mediated autophagy might promote Dgat2 and CIDEC
expression and eventually lead to lipid accumulation. The
S100A11-overexpressing Hepa 1–6 cells were treated with
AS1842856, a specific inhibitor of FOXO1 and autophagy.30
Oil Red O staining results showed that AS1842856 treat-
ment led to a dramatically attenuated lipid accumulation
(Figure 16A and B). The protein levels of autophagy markers
ATG7 and LC3-II as well as lipogenic genes DGAT2 and
CIDEC significantly decreased accordingly (Figure 16C and D),
suggesting that FOXO1 is required/necessary for S100A11-
activated autophagy and lipogenesis. To further confirm the
roles of autophagy in this study, more specific autophagy in-
hibitors bafilomycin A1 and 3-methyladenine and small
interfering RNA of Atg754 were used to treat the S100A11
overexpression of Hepa 1–6 cells. We found that the lipid
accumulation in the S100A11 overexpression Hepa 1–6
cells decreased significantly (Figure 16E and F). The



Figure 10. qPCR analysis of target genes of FOXO1.
mRNA expression of FOXO1 target genes in the S100A11
overexpression mouse livers treated by the HFHC diet.
n ¼ 4 individual animals. b-actin was used as an internal
control. *P < .05 and ***P < .001.
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autophagy process and lipogenesis also were down-
regulated significantly (Figure 16G–N). Taken together,
these results consistently showed that activated auto-
phagy is required for S100A11 overexpression–induced
lipid accumulation.

Inversely, knocking out the Dgat2 gene in the S100A11
overexpressing Hepa 1–6 cells (Figure 17A and B) by clus-
tered regularly interspaced short palindromic repeats/cas9
technology decreased lipid accumulation as indicated by
Bodipy staining (Figure 17C and D), showing that the
aberrant hepatic lipid deposition caused by S100A11 over-
expression could be reversed efficiently by Dgat2 deficiency.

Discussion
NAFLD is a severe liver disease, and numerous factors

contribute to its development. Although some studies have
reported that S100A11 is an important factor in diseases
such as cancer35,36 and rheumatoid arthritis,55 its role in
lipid metabolism has not yet been addressed. Several lines
of evidence, including ours, convincingly support that
S100A11 is a pathogenic factor of NAFLD. First, our liver
proteomics of the tree shrew model of NAFLD as well as a
time-course microarray analysis of mice liver steatosis56

consistently showed that S100A11 was up-regulated
significantly in a time-dependent manner. Second, the up-
regulation of S100A11 was confirmed further in the OA-
treated mice Hepa 1–6 cells, human Hep 3B cells, liver of
the HF-induced NAFLD mouse model, and especially the
human liver transcriptome data of NAFLD (Figure 2 and
Table 4), as well as baboon and human alcoholic fatty liver
disease (Table 4). Third, overexpression of S100A11 indeed
promoted lipid accumulation in the Hepa 1–6 cells and liver
of the HFHC-treated mice. Thus, up-regulation of S100A11
definitely leads to liver steatosis, showing an uncharac-
terized role of S100A11 in NAFLD.

Autophagy has been linked to NAFLD because it can
reduce intracellular LD.8–11 Increased lipid accumulation
has been observed in autophagy-deficient hepatocytes and
Atg5 knocked-out mouse embryonic fibroblasts). Hence,
autophagy can protect the liver from steatosis.12 However,
we found that activated autophagy by the in vivo and
in vitro overexpression of S100A11 actually promoted lipid
accumulation in both cell and animal models. In addition,
inhibition of autophagy could relieve S100A11
overexpression–induced lipid metabolism. Therefore, this
study showed that S100A11 acts as a regulator of both
autophagy and lipid metabolism. Other research also
showed that starvation-induced autophagy significantly
increased the abundance of LD in mouse embryonic fibro-
blasts, which then could be blocked by the deletion of the
critical autophagy gene Atg5.15 Similarly, mice lacking
another core gene of autophagy fak-family Interacting pro-
tein of 200 kDa in hepatocytes were protected from
starvation-induced or high-fat diet (HFD)-induced lipid
deposition in the liver.18 In addition, mice lacking Atg7 in
the liver showed a marked decrease in hepatic lipids and
were protected from HFD-induced obesity and insulin
resistance.16 Moreover, knockdown of Atg5 or Atg7 in 3T3-
L1 preadipocytes lowered lipid content,57 and knockout of
Atg7 in adipose tissue also protected the mice from obesity
and insulin resistance caused by HFD.57,58 Collectively, these
studies, including ours, indicated that under certain cir-
cumstances, activated autophagy probably accelerated
metabolic diseases such as NAFLD, suggesting that its
beneficial or detrimental role may be context-dependent.

It has been widely reported that FOXO1 plays a crucial
role in the autophagic process.21–25,59 In this study, we
showed that overexpression of S100A11 significantly
increased the expression levels of FOXO1 as well as auto-
phagy markers ATG7 and LC3-II in vivo and in vitro and also
activated the expression of CIDEC and DGAT2 to promote
hepatic lipid accumulation. In support of that, a recent
report also showed that FOXO1 regulates adipogenesis and
LD growth via a FOXO1–autophagy–CIDEC axis in adipo-
cytes.30 Furthermore, inhibition of FOXO1 reduced not only
the expression of autophagy markers ATG7 and LC3-II, as
well as lipogenic proteins CIDEC and DGAT2, but also he-
patic lipid accumulation. Therefore, our study consistently
showed that FOXO1 plays synergic roles in coordinately
regulating autophagy and lipid metabolism. More impor-
tantly, we showed that S100A11 is an upstream regulator of
FOXO1, and S100A11 overexpression induces lipid deposi-
tion in a FOXO1 and autophagy-dependent manner.

Although overexpression of S100A11 could stimulate the
accumulation of Ac-FOXO1, the co-IP results failed to show a
direct interaction between S100A11 and FOXO1 (Figure 12A
and B). Furthermore, our IP-MS results showed that
deacetylase HDAC6 could interact physically with S100A11.



Figure 11. Western blot
analysis of phosphoryla-
tion and acetylation
modification-related pro-
tein expression in the
S100A11 overexpression
Hepa 1–6 cells. (A) Western
blot results of phosphory-
lated protein kinase B and
AKT. (B) Quantification of
Western blot results from
panel A. The target proteins
were normalized to glycer-
aldehyde-3-phosphate de-
hydrogenase (GAPDH). (C)
Western blot results of
P300, SIRT1, and HDAC6 in
the S100A11 over-
expression Hepa 1–6 cells.
(D) Quantification of Western
blot results from panel C.
The target proteins were
normalized to GAPDH. ***P
< .001.

Figure 12. Co-IP assays of
S100A11 and FOXO1 pro-
teins in 293T cells and
Western blot analysis of
acetylation modification-
related protein expression
in mice liver. The indicated
recombinant plasmids were
co-expressed in 293T cells
for 48 hours and then the
cell lysates were analyzed
by Co-IP assays. (A)
S100A11 did not interact
with FOXO1. (B) FOXO1 did
not interact with S100A11.
(C) Western blot results of
SIRT1 and HDAC6 in the
HFHC-fed S100A11 over-
expression mice liver. (D)
Quantification of Western
blot results from panel C.
The target proteins were
normalized to tubulin. n ¼ 3–
4 individual animals.
GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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Figure 13. Oil Red O staining of wild-type and S100A11 overexpression Hepa 1–6 cells, and Western blot analysis of
wild-type Hepa 1–6 cells treated with EX-527. (A) Results of wild-type Hepa 1–6 cells treated with 0.1 mmol/L OA and 10
mmol/L EX-527 for 12 hours. (B) Results of wild-type Hepa 1–6 cells treated with 0.1 mmol/L OA and 10 mmol/L EX-527 for 24
hours. Original magnification: 40�. Scale bars: 100 mm. (C) Western blot detection of Ac-FOXO1 in wild-type Hepa 1–6 cells
treated with 0.1 mmol/L OA and 10 mmol/L EX-527 for 12 and 24 hours. (D-F) Results of wild-type Hepa 1–6 cells treated with
0.1 mmol/L OA and 40 nmol/L TBA for 6, 12, and 24 hours, respectively. Original magnification: 40�. Scale bars: 100 mm. (G–I)
Results of S100A11 overexpression Hepa 1–6 cells treated with 0.1 mmol/L OA for 6, 12, and 24 hours, respectively. Original
magnification: 40�. Scale bars: 100 mm. DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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More importantly, inhibition of HDAC6 in the Hepa 1–6 cells
showed similar results to S100A11 overexpression,
including the accumulation of lipids, up-regulation of FOXO1
and Ac-FOXO1, activation of autophagy, and increased
expression of lipogenic pathways (Figures 13 and 14).
Coincidentally, a recent study also showed that HDAC6 can
bind and deacetylate FOXO1 in T helper 17 cells.60 Hence,
HDAC6 may act as a deacetylase to mediate the deacetyla-
tion of FOXO1. Our co-IP assay and immunofluorescence
results showed the physical interactions not only between
S100A11 and HDAC6, but also between HDAC6 and FOXO1
(Figure 15). Therefore, we speculate that S100A11 may
competitively bind with HDAC6 to modulate the accumula-
tion of Ac-FOXO1, uncovering that S100A11 acts as an up-
stream regulator of FOXO1 via HDAC6 in regulating
autophagy and lipogenesis.

Collectively, we propose that dietary lipids drive
S100A11 expression, which may interact with HDAC6 to
block its binding to FOXO1, thus releasing or increasing
the acetylation of FOXO1, which consequently activates
autophagy and lipogenesis, leading to lipid accumulation
and liver steatosis (Figure 18). In summary, our study
showed a S100A11–HDAC6–FOXO1 axis that synergisti-
cally regulates autophagy and lipid metabolism,
providing a unique insight into the pathogenies of
NAFLD.
Materials and Methods
Animal Model

The tree shrew model of NAFLD was established as
previously described.37 The mouse model of HFD-induced
NAFLD was generated as described in our previous
study.61 For S100a11 overexpression in the liver of mice,
the recombinant adenovirus gene transfer vector bearing
a mouse S100a11 coding sequence sequence combination
with 3 � FLAG and GFP was injected through the tail vein
of the mice. After injection, the mice were divided into 2
groups and fed either a control diet (D12102C, 4% fat by
weight; Research Diets, Inc, New Brunswick, NJ) or a HFHC



Figure 14. Overexpression of S100A11 or inhibition of HDAC6 increased lipid accumulation in hepatocytes. (A) Oil Red O
staining of stable S100A11 overexpression Hepa 1–6 cells treated with 0.1 mmol/L OA (left panel), wild-type Hepa 1–6 cells
treated with 10 mmol/L EX-527 and 0.1 mmol/L OA (middle panel), and wild-type Hepa 1–6 cells treated with 40 nmol/L TBA
and 0.1 mmol/L OA (right panel). All cells were treated for 24 hours. Original magnification: 100�. Scale bars: 50 mm. (B)
Quantification of the results from panel A by ImageJ. Western blot detection and quantification of P300, Ac-FOXO1, FOXO1,
ATG7, LC3-II, DGAT2, and CIDEC in the wild-type Hepa 1–6 cells treated with 0.1 mmol/L OA and 40 nmol/L TBA for (C and D)
24 hours, (E and F) 12 hours, and (G and H) 6 hours. The target proteins were normalized to GAPDH. *P < .05, **P < .01, and
***P < .001. DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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(D12109C, 20% fat, 1.25% cholesterol, and 0.5% sodium
cholate by weight; Research Diets, Inc). The mice were
treated with S100a11 overexpression and an HFHC diet for
2 weeks and then killed to collect samples.
All of the animal experiments were conducted ac-
cording to the guidelines approved by the Animal Ethics
Committee of the Kunming Institute of Zoology, Chinese
Academy of Science (approval number:



Figure 15. Co-IP
and immunofluorescence
analysis. (A and B) Co-IP
assays of S100A11 and
HDAC6 interactions as well
as (C and D) HDAC6 and
FOXO1 interactions in 293T
cells. In all of the co-IP ex-
periments, the cells were
transfected with the indi-
cated plasmids for 48 hours
and the cell lysates were
immunoprecipitated and
detected with the indicated
antibodies. (E) Immunofluo-
rescent staining of FOXO1
and HDAC6 in the wild-type
Hepa 1–6 cells (upper
panel) and HDAC6 and
S100A11 in the S100A11
overexpression Hepa 1–6
cells (lower panel). Original
magnification: 100�. Scale
bars: 20 mm. GAPDH,
glyceraldehyde-3-phosphate
dehydrogenase; IB, immuno-
blotting; WT, wild-type.
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SYDW20120105001). The animals were housed 1 animal
per cage at room temperature, maintained at 21�C ± 2�C
and 50%–70% humidity, with natural lighting and free
access to food and water.
Harvest of Blood and Liver Tissues
After the animals were killed, blood and liver samples

were harvested. Blood was harvested in an anticoagulant
tube containing heparin sodium and then centrifuged at
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3000 rpm at room temperature. The plasma levels of
aspartate aminotransferase, alanine aminotransferase,
TGs, total cholesterol, high-density lipoprotein choles-
terol, and LDL-c were measured as previously
described.38 Liver samples were fixed in 10% formalin
or snap-frozen by liquid nitrogen and then stored at
-80�C for later analysis.
Liver Proteomics
SILAC-based proteomic analysis of the livers of tree

shrews was performed as previously described.62 Briefly,
the liver tissue of each animal was homogenized and
mixed with a SILAC-labeled cell mixture consisting of HEK
293, Huh7, and human colorectal carcinoma cell line cells
to create a super-SILAC mix. The super-SILAC mix was
digested into peptides, and the peptides were analyzed by
high-performance liquid chromatography MS/MS. The MS
data were first processed using MaxQuant software
(version 1.5.1.0; http://maxquant.org), and then analyzed
using bioinformatics methods.
Histologic Analysis
Liver specimens were fixed in 10% neutral-buffered

formalin, embedded in paraffin, sectioned at 5 mm, and
stained with H&E. For Oil Red O staining, liver samples were
first embedded in an optimal cutting temperature com-
pound, sectioned at 30 mm, and then stained with Oil Red O
to identify neutral lipids (red) and counterstained with he-
matoxylin for nuclei (blue).
Lipid Measurement
The measurement method for TGs and CEs in the liver

was the same as previously described.37 A TG kit (A110-1-1;
Nanjing Jiancheng, Jiangsu, China) was used to measure the
TGs in the Hepa 1–6 cells according to the manufacturer’s
instructions. To quantify the Oil Red O staining, in some
cases, the cells were first stained with Oil Red O and washed
with phosphate-buffered saline (PBS), and then incubated
for 5 minutes with isopropanol. After incubation, the iso-
propanol absorbance was measured at 510 nm. In other
Figure 16. (See previous page). Inhibition of FOXO1 and aut
related to the autophagy process in the S100A11 overexpre
overexpression Hepa 1–6 cells after treatment with FOXO1 inh
Original magnification, 20�; scale bars: 200 mm. Right four im
Quantification of the results from panel A by ImageJ. (C and D
related proteins in the Hepa 1–6 cells after treatment with AS1
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAP
Hepa 1–6 cells treated with 10 nmol/L bafilomycin A1 (BAF) (left
RNA interference of Atg7 (right panel). Original magnification: 1
panel E by ImageJ. Western blot detection and quantification of r
treated with (G and H) 10 nmol/L BAF, (I and J) 2 mmol/L 3-M
target proteins were normalized to GAPDH. *P < .05, **P < .01, a
were cultured with a medium containing 0.1 mmol/L OA and the
the cells were first treated with a small interfering (si) RNA of Atg
hours. (M) Autophagy flux data. All cells were treated with dim
Quantification of the related proteins in panel M. The target pr
tween the control (WT þ DMSO) and a specific treatment (WT þ
< .01, and ***P < .001. Significant difference between the S100
cases, microscopic photographs of the Oil Red O staining
were analyzed by ImageJ software (National Institutes of
Health, Bethesda, MD).

Cell Culture
Hepatocyte cell lines Hepa 1–6 and Hep 3B and 293T cells

were cultured in Dulbecco’s modified Eagle medium
(C11995500CP; Gibco, Beijing, China) supplemented with
10% fetal bovine serum (10099-141; Gibco) aswell as 100U/
mLpenicillin and streptomycin in 5%CO2 at 37�C. The culture
medium was changed every 2 days unless otherwise stated.

For OA (O7501; Sigma-Aldrich, Shanghai, China) treat-
ment, 10 mmol/L OA stock solution was added to the cul-
ture medium to a final concentration of 0.1 or 0.2 mmol/L,
and then the cells were treated for either 6, 12, or 24 hours
according to the specific experimental purpose.

Bodipy and Oil Red O Staining
The cells were first seeded on coverslips in a 12-well

plate and then treated with a specific compound. After
treatment, the cells were fixed with 4% paraformaldehyde
in PBS for 1 hour at room temperature or overnight at 4�C.
The coverslips then were washed for 5 minutes � 3 times
with PBS. For Bodipy staining, the cells were stained with
20 mg/mL Bodipy (D3922; Invitrogen, Carlsbad, CA) for 20
minutes, washed 3 times with PBS, counterstained with 40,6-
diamidino-2-phenylindole (D8417; Sigma-Aldrich) for 2
minutes, and washed 3 times with PBS. For Oil Red O
staining, the cells were washed for 2 minutes with 60%
isopropanol, stained with 0.18% Oil Red O (O1391; Sigma-
Aldrich) working solution for 20 minutes, and washed 3
times with PBS. The coverslips then were mounted on glass
slides with glycerol jelly mounting medium (C0187; Beyo-
time, Jiangsu, China) to visualize lipid droplets under a mi-
croscope (BX53; Olympus, Tokyo, Japan).

Construction of S100a11 Stable Overexpression
Cell Line

A lentiviral vector was used to generate S100a11-FLAG-
RFP and control RFP lentiviral constructs, which then were
ophagy decreased lipid content and the level of proteins
ssion Hepa 1–6 cells. (A) Oil Red O staining of the S100A11
ibitor (0.25 mmol/L AS1842856) for 6 hours. Left four images:
ages: Original magnification: 100�; scale bars: 50 mm. (B)
) Results of Western blot detection and the quantification of
842856 (0.25 mmol/L) for 6 hours. The target proteins were
DH). (E) Oil Red O staining of stable S100A11 overexpression
panel), 2 mmol/L 3-methyladenine (3-MA) (middle panel), and
00�; scale bars: 50 mm. (F) Quantification of the results from
elated proteins in the S100A11 overexpression Hepa 1–6 cells
A, and (K and L) RNA interference of Atg7, respectively. The
nd ***P < .001. For the autophagy-inhibitor treatment, all cells
related inhibitor for 12 hours. For the RNA interference of Atg7,
7 for 48 hours and then incubated with 0.1 mmol/L OA for 12
ethyl sulfoxide (DMSO) or 10 nmol/L BAF for 12 hours. (N)

oteins were normalized to GAPDH. Significant difference be-
BAF, S100A11 þ DMSO, and S100A11 þ BAF): *P < .05, **P
A11 þ DMSO and S100A11 þ BAF: #P < .05.

http://maxquant.org


Figure 17. Deletion of Dgat2 decreased lipid content in the S100A11 overexpression Hepa 1–6 cells. (A) Sequencing of
Dgat2 knockout using the CRISPR/Cas9 system. Dgat2 was amplified by genomic PCR and then sequenced to verify the
changes in gene sequences. (B) Western blot detection of Dgat2 deletion in the S100A11 overexpression Hepa 1–6 cells using
the CRISPR/Cas9 method. (C and D) Bodipy staining and quantification by ImageJ of the Hepa 1–6 cells with S100A11
overexpression and Dgat2 deletion. WT, wild-type. **P < .01.
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used to package lentivirus in a well-established 293T cell
line system. Next, Hepa 1–6 cells or Hep 3B cells were
infected with the lentivirus and screened with puromycin
for 2 weeks. After screening, the positive monoclonal cells
were selected from the enriched cell mix and verified by
Western blot.
Figure 18. A working
model of S100A11 for pro-
moting autophagy and
lipid accumulation in
hepatocytes.



Table 5. Information on Antibodies Used in This Study

Antibody Supplier Product code

S100A11 Proteintech (Wuhan, China) 10237-1-AP

DGAT1 Novus (Littleton, CO) NB110-41487

DGAT2 ABclonal (Wuhan, China) A13891

ACC CST (Danvers, MA) 4190

ACAT1 Proteintech 16215-1-AP

CIDEC Novus NB100-430

FOXO1 CST 2880

p-FOXO1 CST 9461

Ac-FOXO1 Affinity Biosciences (Cincinnati, OH) AF2305

ATG7 ABclonal A0691

LC3 Proteintech 12135-1-AP

P300 Santa Cruz (Dallas, TX) sc-48343

GFP Abcam ab290

FLAG Sigma-Aldrich (Shanghai, China) F3165

ACSL4 Abcam ab110007

GRB2 BD (Lexington, KY) 610111

VIM Abcam ab8978

HDAC6 Proteintech 12834-1-AP

SIRT1 Proteintech 13161-1-AP

p-AKT CST 9271

AKT CST 9272

RFP Abcam ab62341

GAPDH Proteintech 60004-1-Ig

b-Actin Sigma-Aldrich A5441

ACSL4, long-chain acyl-CoA synthetase 4; p-AKT, Protein Kinase B; p-FOXO1, phosphorylated forkhead box O1; VIM,
vimentin.
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Plasmid Construction and Co-IP

Full-length mouse S100a11, Hdac6, and Foxo1 coding
sequences were amplified by PCR according to sequences in
the NCBI (Bethesda, MD) consensus coding sequence data-
base (S100a11, CCDS38525.1; Hdac6, CCDS40845.1; and
Foxo1, CCDS17343.1) and then cloned into pCS2þ-C-Flag or
pEGFP-N1 vectors.

The recombinant plasmids were transfected into 293T
cells using Lipofectamine 3000 (L3000015; Thermo Fisher
Scientific, Shanghai, China) according to the manufacturer’s
instructions. After 48 hours, the cells were harvested and
lysed in an IP buffer (50 mmol/L Tris-HCl, 150 mmol/L
NaCl, 1 mmol/L EDTA, 1% Nonidet P 40, and 0.25% sodium
deoxycholate) containing protease inhibitor cocktail
(P8340; Sigma-Aldrich) and phenylmethylsulfonyl fluoride.
The cell lysates were centrifuged at 13,000 � g for 10 mi-
nutes at 4�C. Immunoprecipitation was performed by add-
ing primary anti-FLAG antibody (F3165; Sigma-Aldrich) or
anti-GFP antibody (ab290; Abcam, Shangai, China) to the
cell lysates and then rocking overnight at 4�C. This then was
paired with the species-matched mouse IgG (12-371; Sigma-
Aldrich) or rabbit IgG (ab172730; Abcam) as a negative
control. The cell lysates then were incubated with protein G
agarose (20398; Thermo Fisher Scientific) or protein A
agarose (ab193255; Abcam) according to the binding
capacity of the primary antibody to protein G or A agarose
and rocked for 4 hours at 4�C. After washing 4 times with
the IP buffer, the immunoprecipitate was resuspended in a
2 � sodium dodecyl sulfate (SDS) sample buffer and boiled
at 95�C for 5 minutes for later Western blot analysis.
Immunofluorescence Analysis
Cells were washed with PBS and fixed with 4% para-

formaldehyde for 10 minutes at room temperature and
washed with PBS 3 times for 5 minutes each, then per-
meabilized with 0.2% Triton X-100 (order number:
A600198; Sangon Biotech, Shanghai, China) in PBS at room
temperature for 5 minutes. The cells then were washed 3
times and incubated in a blocking buffer (5% bovine serum
albumin in PBS) at room temperature for 1 hour. After
blocking, the cells were washed once and incubated with
either primary anti-FOXO1 (14952; CST, Shanghai, China) or
anti-HDAC6 (12834-1-AP; Proteintech, Wuhan, China) anti-
bodies in wild-type Hepa 1–6 cells or anti-S100A11 (10237-
1-AP; Proteintech) and anti-HDAC6 (GTX84377; GeneTex,
Irvine, TX) in the S100A11 overexpression Hepa 1–6 cells.
All of the primary antibodies were diluted in an antibody
dilution buffer (1% bovine serum albumin in PBS) at 1:100
and the cells were incubated with related primary anti-
bodies overnight at 4�C. The cells then were washed 3 times



Table 6. Information on Primers Used in This Study

Primer symbols

Primer sequences (5’-3’)

Forward Reverse

S100a11 GCATTGAGTCCCTGATTGCT ATCTAGCTGCCCGTCACAGT

Srebp1c GTACCTGCGGGACAGCTTAG CTGCATCTGCCTCAACACAT

Pparg AAGAGCTGACCCAATGGTTG ACCCTTGCATCCTTCACAAG

C/ebpa GCAGTGTGCACGTCTATGCT AAGTCTTAGCCGGAGGAAGC

Srebp2 CAGGTGCAGACGGTACAGG CGTGGTCAACACAAGGGAATC

Fasn ATGCACACTCTGCGATGAAG CAGTGTTCACAGCCAGGAGA

Acc GAATCTCCTGGTGACAATGCTTATT GGTCTTGCTGAGTTGGGTTAGCT

Scd1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT

Dgat1 GCTGATCCCAGGTTGTTCAT GAGACAGCTTTGGCCTTGAC

Dgat2 ACGCAGTCACCCTGAAGAAC CCCAGGTGTCAGAGGAGAAG

Cidec CGGGTAACCTTCGACCTGTA GGGTCTTCATTGCAGCATCT

Hmgcr CCGAATTGTATGTGGCACTG GGTGCACGTTCCTTGAAGAT

Acat1 TTCAGGGAGCCATTGAGAAG AGTGTTGCTTGCCTGGTAGG

Acat2 CCTGGAGGATGTTGACCTGT CCTCCATCGATGTTGACCTT

Cd36 TGCTTGCAAATCCAAGAATG AGAGAGAGCACACACCACCA

Ldlr GCCACATGGTATGAGGTTCC GCTCGTCCTCTGTGGTCTTC

Srb1 TGGACAAATGGAACGGACTC GTGAAGCGATACGTGGGAAT

Ppara CCTGAACATCGAGTGTCGAA CCAGCTTCAGCCGAATAGTT

Cpt1 CTTCCATGACTCGGCTCTTC AGCTTGAACCTCTGCTCTGC

Mttp AAAGCAGAGCGGAGACAGAG TGTCTCGAATTGCCTGAGTG

Abcg5 AGGGCCTCACATCAACAGAG GCTGACGCTGTAGGACACAT

Abcg8 CTGTGGAATGGGACTGTACTTC GTTGGACTGACCACTGTAGGT

Apob AAGCACCTCCGAAAGTACGTG CTCCAGCTCTACCTTACAGTTGA

Apoe CTGACAGGATGCCTAGCCG CGCAGGTAATCCCAGAAGC

Acadvl CTACTGTGCTTCAGGGACAAC CAAAGGACTTCGATTCTGCCC

Echs1 AGCCTGTAGCTCACTGTTGTC ATGTACTGAAAGTTAGCACCCG

Hadh GGATTCATCGTGAACCGACT TCCCAGCTTCATCGCTGTAT

Ehhadh TCTCCTCGGTTGGTGTTCTT GCTGCTTTGGGTCTGACTCT

Foxo1 TATTGAGCGCTTGGACTGTG TGGACTGCTCCTCAGTTCCT

Pck1 ATCATCTTTGGTGGCCGTAG CCTCAGATCTCATGGCTGCT

G6pc CAACAGCTCCGTGCCTATAA TGGCTTTTTCTTTCCTCGAA

Igfbp1 ATCAGCCCATCCTGTGGAAC TGCAGCTAATCTCTCTAGCACTT

Insr CCTCAGTGCCAGTGATGTGT TCGATCCGTTCTCGAAGACT

Atg5 GCGGTTGAGGCTCACTTTAT ATTCCATGAGTTTCCGGTTG

Atg7 GTTCGCCCCCTTTAATAGTGC TGAACTCCAACGTCAAGCGG

Atg12 AACAAAGAAATGGGCTGTGG GAAGGGGCAAAGGACTGATT

Atg14 GCAGCTCGTCAACATTGTGT TGCGTTCAGTTTCCTCACTG

Map1lc3a CATGAGCGAGTTGGTCAAGA TTGACTCAGAAGCCGAAGGT

Map1lc3b TTATAGAGCGATACAAGGGGGAG CGCCGTCTGATTATCTTGATGAG

Becn1 TTTGACCATGCAATGGTAGC GCTTTTGTCCACTGCTCCTC

Bnip3 TGCTCCGTTTTATCCGTTTC TCGACTTGACCAATCCCATA

Vps34 GAGACTTCAGGCCTTGCTTG CAAGTCGTCTCCATGCTTGA

Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Gapdh CAGCAACTCCCACTCTTCCAC TGGTCCAGGGTTTCTTACTC
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and incubated with related secondary anti-mouse IgG (HþL)
and F(ab0)2 fragment (Alexa Fluor 555 conjugate) anti-
bodies at 1:1000 (4409; CST) and anti-rabbit IgG (HþL) and
F(ab’)2 fragment (Alexa Fluor 488 conjugate) at 1:1000
(4412; CST) for 1 hour at room temperature in a dark and
moist environment. The cells then were washed 3 times and
stained with Hoechst 33342 (1:1000 in PBS) for 3 minutes
at room temperature in a dark and moist environment.
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Images were acquired using a Nikon A1MPþ confocal mi-
croscope system (Nikon, Tokyo, Japan).
Inhibitor Treatment and RNA Knockdown
For SIRT1 inhibition, Hepa 1–6 cells were treated for

12 and 24 hours with 0.1 mmol/L OA and 10 mmol/L EX-
527 (HY-15452; MedChemExpress, Monmouth Junction,
NJ). For HDAC6 inhibition, Hepa 1–6 cells were treated for
6, 12, and 24 hours with 0.1 mmol/L OA and 40 nmol/L
TBA (SML0044; Sigma-Aldrich). For FOXO1 inhibition, the
cells were treated for 6 hours with the specific inhibitor
AS1842856 (HY-100596; MedChemExpress) at a final
concentration of 0.25 mmol/L. For autophagy inhibition,
Hepa 1–6 cells were treated for 12 hours with 0.1 mmol/L
OA and 10 nmol/L bafilomycin A1 (HY-100558; MedChe-
mExpress) or with 0.1 mmol/L OA and 2 mmol/L 3-
methyladenine (HY-19312; MedChemExpress). For RNA
knockdown of Atg7, mouse small interfering RNA of Atg7
was ordered from Ribobio Co (Guangzhou, China) and the
related experiment was conducted according to the man-
ufacturer’s instructions.
CRISPR/Cas9-Mediated Gene Knockout
The CRISPR/Cas9 system was used to knockout the

Dgat2 gene in the Hepa 1–6 cell. The guide RNA to the
Dgat2 gene was designed using an online tool (http://
crispr.mit.edu) and inserted into the pX260a plasmid. Af-
ter construction, the recombinant plasmid was transfected
into Hepa 1–6 cells by Lipofectamine 3000 (L3000015,
Thermo Fisher Scientific, Shanghai, China), and the trans-
fected cells were enriched by puromycin selection. After-
ward, the positive monoclonal cells were selected from the
enriched cell mix and verified by Western blot and
genomic PCR. The technical details were described in a
previous study.63
Protein Extraction and Western blot Analysis
The liver tissue samples and cultured cells were lysed

in a lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 1
mmol/L EDTA, 10 mmol/L Sodium fluoride, 1% Triton X-
100, 0.1% SDS, and 0.5% sodium deoxycholate) supple-
mented with protease inhibitor cocktail and phenyl-
methylsulfonyl fluoride, followed by centrifugation at
13,000 � g for 15 minutes at 4�C. The protein concen-
trations were determined via the bicinchonininc acid
(23227; Thermo Fisher Scientific) method.

Protein samples then were mixed with a 2 � SDS
sample buffer and boiled at 95�C for 5 minutes. Proteins
were fractionated by SDS polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene difluoride
membranes. Immunoblots were blocked with 5% bovine
serum albumin in Tris-Buffered Saline containing
Tween-20 (20 mmol/L Tris-HCl, 140 mmol/L NaCl,
0.05% Tween-20, pH 7.5) and probed with primary
antibodies overnight at 4�C. Information on all of the
antibodies used in this study is available in Table 5.
mRNA Extraction and qPCR
Total RNA was extracted from liver tissues using RNAiso

Plus (9109; Takara, Beijing, China) and reverse-transcribed
to complementary DNA using a PrimeScript RT reagent kit
(RR047A; Takara). Real-time qPCR was performed on an
ABI 7900HT sequencer (Applied Biosystems, Foster City,
CA). b-actin or glyceraldehyde-3-phosphate dehydrogenase
was used as a standard control to normalize the relative
mRNA expression of a specific gene via the delta-delta cycle
threshold method. The sequences of all the primers used in
this study are available in Table 6.

Mouse Liver mRNA Sequencing
In brief, total RNA of mouse liver was first isolated,

quantified, and qualified. Second, sequencing libraries were
generated using the NEBNext Ultra RNA Library Prep Kit for
Illumina (E7530L; Ipswich, MA) following the manufac-
turer’s recommendations, and index codes were added to
attribute each sample’s sequences. Third, clustering of the
index-coded samples was performed on a cBot Cluster
Generation System using a HiSeq 4000 PE Cluster Kit
(Illumina). After cluster generation, the library preparations
were sequenced on an Illumina HiSeq 4000 platform. The
whole list of the changed genes is available upon request.

Statistical analyses
Data are presented as means ± SEM. Statistical analysis

was performed with a t test or analysis of variance followed
by least significance difference multiple comparison using
SPSS 20.0 (IBM SPSS Statistics, Armonk, NY). P < .05 was
considered statistically significant. All of the figures were
produced using GraphPad Prism 7 (GraphPad Software, La
Jolla, CA) or Photoshop CS/AI (Adobe, San Jose, CA).
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