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Abstract

Sesn3 belongs to the three-member sestrin protein family. Sestrins have been implicated
in anti-oxidative stress, AMPK and mTOR signal transduction, and metabolic homeostasis.
However, the role of Sesn3 in the development of nonalcoholic steatohepatitis (NASH) has
not been previously studied. In this work, we generated Sesn3 whole-body knockout and
liver-specific transgenic mice to investigate the hepatic function of Sesn3 in diet-induced
NASH. With only 4 weeks of dietary treatment, Sesn3 knockout mice developed severe
NASH phenotype as characterized by hepatic steatosis, inflammation, and fibrosis.
Strikingly, after 8-week feeding with a NASH-inducing diet, Sesn3 transgenic mice were
largely protected against NASH development. Transcriptomic analysis revealed that multiple
extracellular matrix related processes were upregulated including TGFp signaling and
collagen production. Further biochemical and cell biological analyses have illustrated a
critical control of the TGFB-Smad pathway by Sesn3 at the TGFp receptor and Smad3 levels.
First, Sesn3 inhibits the TGFp receptor through an interaction with Smad7; second, Sesn3
directly inhibits the Smad3 function through protein-protein interaction and cytosolic

retention.

Conclusion: Sesn3 is a critical regulator of the extracellular matrix and hepatic fibrosis by

suppression of the TGFB-Smad3 signaling.
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Nonalcoholic steatohepatitis (NASH) is one of the most common chronic liver diseases.
The incidence and prevalence of NASH is on the rise in parallel with the increasing obesity
and metabolic syndrome (1). NASH is characterized by the presence of hepatic steatosis,
inflammation, and evidence of hepatocellular damage. The disease can progress to advanced

fibrosis and cirrhosis (2).

Hepatic stellate cells (HSCs) are major contributors to fibrogenesis, a condition with
excess accumulation of extracellular matrix in the liver, as a consequence of imbalance
between its synthesis and degradation (3). Upon activation, HSCs release several profibrotic
cytokines including transforming growth factor beta (TGFp), one of the most potent inducers
of fibrogenesis. Upon activation, a TGFp dimer binds to a pair of type | and 1l TGFp receptor
(TGFBR1/2) homodimers. The ligand binding induces formation of a TGFBR1/2
heterotetramer and a productive conformation change that facilitates phosphorylation of
TGFBR1 by TGFBR2. Subsequently, the activated TGFBR1 phosphorylates Smad family
members 2 and 3 (Smad2/3) (4). The phosphorylated Smad2/3 form heterodimers or
heterotrimers with Smad4 and translocate to nucleus for transcriptional activation of
fibrogenic genes including collagen type I alpha 1 (COL1A1), collagen type | alpha 1
(COL3A1), smooth muscle alpha 2 actin (ACTA2), TGFB1, and tissue inhibitor of
metalloproteinase 1 (TIMP1) (5). Another Smad protein — Smad7 has an inhibitory role in
the regulation of the TGFBRL activity through at least two mechanisms: 1) Smad7 can recruit
ubiquitin E3 ligases such as Smurfl1/2 (Smad ubiquitination-related factor 1 and 2) to
TGFBR1 and that leads to the TGFBR1 degradation; 2) Smad7 can also recruit a protein

phosphatase PP1C and that causes TGFBR1 inactivation via dephosphorylation (6).

Sestrin 3 (Sesn3) belongs to a small unique protein family that do not share domain
structures with any other eukaryotic proteins (7). Biochemical characterization has revealed

that sestrin proteins are multifunctional as they activate AMP-activated protein kinase
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(AMPK) and mechanistic target of rapamycin kinase complex 2 (mTORC2) but inhibit
MTORC1 (7). Sesnl and Sesn2 have been suggested to be a sensor to leucine for the
regulation of mMTORCL (8, 9). Sesnl and Sesn2 also activate the nuclear factor erythroid 2-
related factor 2 (NRF2) transcriptional activity through autophagic degradation of Kelch-like
ECH-associated protein 1 (Keapl) in response to oxidative stress (10). Although Sesn1/2/3
share some common functions in the regulation of AMPK and mTOR, there are also some
differences. Sesnl has the highest and Sesn3 has the lowest affinity in leucine binding (8, 9).
To date, the role of Sesn3 in NASH has not been investigated. In this work, we developed
Sesn3 knockout and transgenic mouse models to determine the role of Sesn3 in the

pathogenesis of NASH.

Materials and Methods

Animals and diets

All animal care and experimental procedures performed in this study were approved by
the Institutional Animal Care and Use Committee at Indiana University School of Medicine
in accordance with National Institutes of Health guidelines for the care and use of laboratory
animals. Global knockout (KO) of the Sesn3 gene was generated by crossing Sesn3 floxed
mice with a CMV-Cre transgenic mouse (Jackson Laboratory, Bar Harbor, ME, USA) (11,
12). Sesn3 liver-specific knockout and transgenic (Tg) mice were generated by crossing
Sesn3 floxed or conditional transgenic mice with an Albumin-Cre transgenic mouse (Jackson
Laboratory, Bar Harbor, ME, USA) (13). Animals were backcrossed to C57BL6/J for six
generations prior to the experiments. Animals were fed with one of the following diets: (i)
regular chow (Teklad Diets 2018SX: 24% calories from protein, 18% calories from fat, and

58% calories from carbohydrate); (ii) moderately high-fat-cholesterol-cholate diet (HFCC,
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Research Diets D12109C, 20% calories from protein, 40% calories from fat, 40% calories
from carbohydrate, and 1.25% cholesterol and 0.5% sodium cholate by weight); (iii)
moderately high-fat-cholesterol diet (HFC, Research Diets D12108C, 20% calories from
protein, 40% calories from fat, 40% calories from carbohydrate, and 1.25% cholesterol by
weight); (iv) moderately high-fat-cholate diet (HFCA, Research Diets D17040301, 20%
calories from protein, 40% calories from fat, 40% calories from carbohydrate, and 0.5%
sodium cholate by weight); and (v) high-fat diet (HFD, Research Diets D12492C, 20%
calories from protein, 60% calories from fat, 20% calories from carbohydrate). In the end, the
animals were sacrificed for blood and tissue collection under anesthesia. As male mice had a
stronger phenotype than female ones, the data presented in this report were primarily from

males.

Human liver specimens

Human liver samples were obtained from control and NASH patients. Unstained liver
sections from patients with simple steatosis and those with the diagnosis of NASH with
different stages of fibrosis (FO-F4) were obtained under the IRB-approved protocol at the
Indiana University (Supplementary Table S1).

Cell culture

Human hepatic stellate cell line LX-2 (Millipore Sigma, Burlington, MA) was cultured in
DMEM (Thermo Fisher Scientific, Waltham, MA) supplemented with 2% FBS and
penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA). Prior to TGFf1 treatment
cells were cultured in serum-free medium overnight. TGFB1 (5 ng/ml) was added to the
medium during the last 3 hrs of culture for Smad3 signaling analysis, or the last 24 hrs for
transfection experiments. Mouse primary hepatocytes and other nonparenchymal cells such

as Kupffer cells and HSCs were isolated from WT, Sesn3 KO, and TgSesn3 (Alb-Cre) mice
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as previously described (14, 15). Experiments were performed from 3—4 mice in each
genotype. The cell line was verified in our laboratory and it did not have mycoplasma
contamination.
Plasmid constructs and adenoviral vector preparation

Sesn3, SMAD3, Tgfbrl, Smad7, and GFP coding sequences were cloned into pcDNA3
(Invitrogen) with a FLAG or HA tag. Sesn3 and GFP overexpression adenoviruses were
prepared in an AdEasy system (Agilent) following the manufacturer’s manual. The cloning
PCR primers for coding sequence were described in Supplementary Table S2. We used a

multiplicity of infection (MOI) of 20 for overexpression.
Real-time RT PCR and RNA-seq analysis

Total RNAs were isolated from tissues or cells using TRI reagent (Millipore Sigma,
Burlington, MA) following the manufacturer’s instructions and converted into cDNA using a
cDNA synthesis kit (Applied Biosystems, Foster City, CA). Real-time PCR analysis was
performed using SYBR Green Master Mix (Promega, Madison, WI) in an Eppendorf
Realplex PCR system (Hauppauge, NY). mRNA levels were analyzed and calculated with the
2722°T method, and all quantifications were normalized to the level of an internal control
gene, peptidylprolyl isomerase A (PPIA). Primer sequences of the mouse and human genes
used in this work were described in Supplementary Table S2. Liver RNA samples were
submitted for RNA-seq analysis at the Center for Medical Genomics at Indiana University
School of Medicine. RNA-seq data analysis was performed as previously described (16). The
RNA-seq data was deposited at NCBI GEO database with an accession number GSE130642.

Immunoblot and immunoprecipitation analysis

Mouse tissues were homogenized in the lysis buffer containing 50 mM HEPES, pH 7.5,

150 mM NacCl, 10% Glycerol, 1% Triton X-100, 1.5 mM MgCl,, 1 mM EGTA, 10 mM
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Sodium Pyrophosphate, 100 mM Sodium Fluoride, and freshly added 100 uM Sodium
Vanadate, 1 mM PMSF with cOmplete protease inhibitor cocktail tablet (Roche,
Indianapolis, IN). Cells were homogenized in the NP-40 lysis buffer containing 1% NP40, 20
mM Tris, pH 7.4, 137 mM NaCl, 2 mM EDTA, 10% Glycerol, 1 mM PMSF with cOmplete
protease inhibitor cocktail tablet. Equal amounts of protein lysates were resolved by SDS-
PAGE and transferred to nitrocellulose for western blot analysis using specific antibodies.
For gquantitative analysis, enhanced chemiluminescence (Thermo Fisher Scientific, Waltham,
MA) signals on immunoblots were analyzed by Gelpro32 Software (Media Cybernetics,
Marlow, UK). For immunoprecipitations (IP), equal amounts of protein lysates were
incubated with 1 pg of specific antibodies. After a 16-hr incubation at 4 °C, protein A/G plus
Agarose (Santa Cruz Biotechnology, Dallas, TX) was added and incubated at 4 °C for 3 hrs.
Normal rabbit 1gG or normal mouse 1gG were used as negative control. Proteins in the
immunoprecipitates were analyzed by Western blot. Antibodies used in these experiments

were listed in Supplementary Table S3.

Histology and immunohistochemistry analysis

Liver tissues were fixed in 10% formalin solution and processed for embedding and
sectioning at the Histology Core at Indiana University School of Medicine. Liver sections (5
pum thickness) were stained with hematoxylin and eosin (H&E) or Sirius Red stain (Millipore
Sigma, Burlington, MA). Immunohistochemistry analysis was performed for Sesn3,
myeloperoxidase (MPO), and F4/80. Liver sections were deparaffinized, hydrated, and heated
in 1 mM EDTA buffer for antigen retrieval at 100 °C for 5 min, and then treated with normal
horse serum for 1 hr. Next, the slides were incubated with antibodies against MPO (1:100,
Invitrogen, Carlsbad, CA), or F4/80 (1:100, Invitrogen, Carlsbad, CA) at 4 °C for overnight.
After washing with PBS buffer containing 0.05% Tween-20, the tissue sections were

incubated with a biotinylated universal pan-specific antibody included in a Vectastain ABC
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kit from Vector Laboratories (Burlingame, CA) for 2 hrs. The specimens were subsequently
exposed to avidin-biotin peroxidase complexes (Vector Laboratories, Burlingame, CA) for 1
hr. Peroxidase activity was visualized using diaminobenzidine solution (Vector Laboratories,
Burlingame, CA). Images were captured using a regular microscope (100X, 200X, or 400X
total magnification, Leica, Buffalo Grove, IL). The areas of lipid droplets, inflammatory
cells, Sirius Red-positive staining, Sesn3, MPO, and F4/80-positive signals in histological
and immunohistochemical images were quantified from randomly selected sections at least
five fields of each sample using Image J 1.52 software (NIH, Bethesda, MD). Antibodies

used in these experiments were listed in Supplementary Table S3.

Blood chemistry and lipid analysis

Lipids were extracted from liver tissues using a chloroform-methanol extraction protocol
as previously described (17). Triglyceride (TG) and cholesterol measurements were carried
out using Wako L-type TG and Cholesterol E assay kits (FUJIFILM Wako Diagnostics,
Richmond, VA), respectively. Serum alanine aminotransferase (ALT) was measured using an
assay kit from Thermo Fisher Scientific (Waltham, MA).

Immunocytochemistry

Cells grown on a coverslip were fixed with 4% paraformaldehyde for 15 mins at room
temperature, then washed 3 times with PBS and incubated overnight with primary antibodies
as described in Supplementary Table S2. After washing, cells were incubated with Alexa
Fluor-conjugated secondary antibodies (Invitrogen, 1:250) for 1.5 hrs, counterstained and
mounted with Prolong Gold antifade mountant with DAPI (Invitrogen, Carlsbad, CA), and
imaged under a fluorescent microscope (Zeiss USA, Thornwood, NY) with a total

magnification of 630X.
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Statistical analysis

All statistical data are expressed as mean £ SEM. Statistical analysis was performed using
GraphPad prism 8 software from GraphPad (La Jolla, CA). Comparisons between two groups
were performed using two-tailed unpaired Student t-test and comparisons for more than two

groups were performed using one-way ANOVA followed by Tukey post hoc test.

Results

SESN3 is decreased in human NASH livers

To examine whether SESN3 gene expression is altered in the liver of NASH patients, we
performed immunoblot analysis of normal control and NASH liver tissue samples. Our data
showed that hepatic SESN3 protein was decreased by 50% in the NASH patients compared to
controls (Fig. 1A). In addition, we also performed SESN3 immunohistochemistry analysis of
liver sections from NASH patients with varying degrees of hepatic fibrosis ranging from
stage FO to F4. The quantified SESN3 staining intensity per field was significantly decreased
from non-fibrotic (FO) to fibrotic livers (F1-F4) (Fig. 1B and 1C), suggesting that hepatic

SESN3 might be involved in the NASH pathogenesis and associated with fibrosis.

Mice deficient in Sesn3 are susceptible to diet-induced NASH

To investigate the pathophysiological function of Sesn3, we generated a whole-body
Sesn3 knockout mouse model. Sesn3 gene KO was confirmed by immunoblot analysis of the
liver and heart tissues (Supplementary Fig. 1A). To model human NASH, we challenged wild
type (WT) and KO mice with four different diets in addition to regular chow as a control.
Three diets (HFCC, HFC, and HFCA) have same amount of protein (20 kcal%), fat (40

kcal%), and carbohydrates (40 kcal%) but differ in either cholesterol (1.25%) or sodium
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cholate (0.5%). Another diet (HFD) has much higher fat content (60 kcal%) but no added
cholesterol or sodium cholate. Sesn3 KO gained more weight on the HFC and HFD diets than
WT controls (Fig. 1D). Liver weights were increased in the KO mice fed with HFCC or HFC
and liver to body weight ratios were significantly increased in HFCC-fed WT and KO mice
(Fig. 1E and 1F). Especially on the HFCC diet, KO mice had larger liver than WT mice. The
Sesn3 KO mice also showed insulin resistance and glucose intolerance on either chow or

HFCC diet (Supplementary Fig. 1B and 1C).

The Sesn3 KO mice developed more severe hepatic steatosis than WT controls when they
were fed on four types of high-fat diet with the most severe steatosis phenotype on HFCC
(Fig. 2A and 2B and Supplementary Fig. 1D). Hepatic lipid analysis also showed that liver
triglyceride and cholesterol levels were significantly elevated in the Sesn3 KO mice
compared to WT mice (Fig. 2C and 2D). Serum triglyceride and cholesterol levels were both

markedly increased in the Sesn3 KO mice (Fig. 2E and 2F).

To examine the NAFLD progression, we also analyzed hepatic inflammation and fibrosis
using histological staining. Neutrophil infiltration, indicated by myeloperoxidase (MPO), a
marker for neutrophil, was 3-fold higher in the HFCC-treated KO mice than that in the WT
mice (Fig. 3A and 3B). Similarly, the number of hepatic Kupffer cells and macrophages was
also increased by more than 3-fold in the HFCC-treated KO mice than that in the WT mice
(Fig. 3A and 3C). Hepatic fibrosis, indicated by Sirius Red staining, was increased 3-fold in
the HFCC-treated KO mice compared to WT mice (Fig. 3A and 3D). As expected, liver
injury, indicated by serum ALT, was much worse in the Sesn3 KO mice than the WT mice
(Fig. 3E). To assess whether there is any gender difference with regard to the NAFLD
phenotype, we also performed experiments in female WT and Sesn3 KO mice. Our data
showed that when challenged with HFCC diet, the NAFLD phenotype was less severe in the

female KO mice than that in the male counterparts (Supplementary Fig. 2A-F).
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Hepatic Sesn3 overexpression protects mice from diet-induced NASH

To test whether hepatic Sesn3 plays a significant role in the protection against NASH, we
generated liver-specific Sesn3 Tg mice by crossing a Sesn3 conditional transgenic line and an
Albumin-Cre transgenic line. Immunoblot analysis confirmed that the overexpression of
Sesn3 only in the liver but not other tissues (Fig. 4A). As reported recently, Aloumin-Cre also
leads to a Cre-mediated recombination in both hepatocytes and HSCs (18). To verify this in
our transgenic mice, we isolated primary hepatocytes, HSCs, and Kupffer cells from WT and
Tg mice. Indeed, Sesn3 transgene was expressed in both hepatocytes and HSCs but not
Kupffer cells after the Albumin-Cre-mediated recombination (Supplementary Fig. 3A-F). To
assess the impact of Sesn3 overexpression on NASH, we treated both WT and Tg mice with
the HFCC diet for 8 weeks. As expected, WT mice developed NASH on this diet with
remarkable hepatic steatosis, inflammation and fibrosis whereas Tg mice were largely
resistant to the development of the diet-induced NASH (Fig. 4B and 4C and Supplementary
Fig. 4). In addition, the Tg mice were also protected from the HFCC diet-induced liver injury
(Fig. 4D). Hepatic triglyceride and cholesterol levels were 2-fold lower in the Tg mice than
that in the WT mice on the HFCC diet (Fig. 4E). Serum triglyceride and cholesterol levels
were 59% and 28% lower in the Tg mice compared to the WT mice on the HFCC diet (Fig.
4F). To further verify that hepatic Sesn3 plays a major role in the regulation of triglyceride
homeostasis in the liver, we also examined hepatic triglycerides in Sesn3 liver-specific
knockout (LKO) and transgenic mice. Indeed, lipid droplets were increased in the liver of
LKO mice but decreased in the Tg mice (Supplementary Fig. 5A-C). This was also confirmed

by biochemical analysis of hepatic triglycerides (Supplementary Fig. 5D).
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Sesn3 deletion leads to upregulation of ECM genes

To understand the genome-wide impact of the Sesn3 gene knockout, we performed
transcriptomic analysis of WT and KO liver mRNAs from the HFCC-treated mice. By
filtering genes with a fold change >=2 and p value < 0.05, we found that 923 genes were
significantly upregulated and 1040 genes were significantly downregulated (Fig. 5A and
Supplementary Tables S4 and S5). Gene ontology analysis revealed that genes involved in
the ECM, fibrosis, and inflammation were among the upregulated gene set (Fig. 5B). The
downregulated genes belong to oxidation-reduction, sterol/cholesterol biosynthesis, and lipid
metabolic processes (Fig. 5C). For example, a number of fibrosis-related genes including
Collal, Colla2, and Col3al were highly induced in the KO livers (Fig. 5D). We also
performed qPCR to verify some of those differentially expressed genes. Indeed, a few
representative genes in hepatic fibrosis and inflammation were increased in the livers of KO
mice treated with HFCC but downregulated in the livers of Tg mice treated with HFCC (Fig.

6A and 6B).

To further characterize cell autonomous versus non-autonomous effects of Sesn3 on
hepatic fibrosis, we isolated primary HSCs, hepatocytes, and Kupffer cells from WT and
Sesn3 KO mice treated with chow or HFCC for 7 days and analyzed expression of a few
fibrosis and inflammation related genes. Real-time PCR data showed that expression of
Acta2, Collal, Col4al, and Timpl was increased in the chow KO HSCs and further induced
by the HFCC diet where those genes were only modestly induced by the HFCC diet
(Supplementary Fig. 6A). Expression of pro-fibrosis and pro-inflammation genes including
Tgfb, Tnf, and Ccl2 was elevated in the chow KO hepatocytes and remarkably stimulated by
the HFCC diet (Supplementary Fig. 6B). The Tgfb gene was modestly elevated in the chow
KO Kupffer cells whereas Tnf, 111b, Ccl2, and Tgfb were robustly induced by the HFCC diet

in both WT and KO Kupffer cells (Supplementary Fig. 6C). To examine the interaction
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between HSCs and hepatocytes, we performed co-culture experiments by seeding HSCs in a
6-well plate and hepatocytes on an insert membrane. Sesn3-deficient HSCs were poised for
transition to fibrosis even on the chow diet as indicated by elevated expression of Collal,
Col4al, and Timp1 genes and were further reinforced by the HFCC diet. Co-culture with
Sesn3-deficient hepatocytes did not activate WT HSCs but enhanced Sesn3-deficient HSC
activation on the HFCC diet (Supplementary Fig. 6D). In contrast, the effect of Sesn3-
deficient HSCs on hepatocytes was modest; however, expression of Tgfb, Ccl2, and Ccl5 was

highly induced by the HFCC diet in Sesn3 KO hepatocytes (Supplementary Fig. 6E).

We also analyzed multiple signaling pathways by immunoblotting. Our data showed that
many of those pathways were upregulated, including NF-xB (IkBa), Jnk, p38 Mapk, Akt,
Erk, and Stat3 (Supplementary Fig. 7), suggesting that Sesn3 has a broad impact on

inflammation, fibrosis, and growth factor pathways.

Sesn3 inhibits the TGFB-Smad3 pathway to block fibrogenesis

As the TGFp signaling pathway was significantly upregulated in the HFCC-treated KO
liver (Fig. 5B), we analyzed Smad3 phosphorylation at Ser465 and Ser467 residues, known
substrates of TGFp receptor 1. Our data showed that Smad3 phosphorylation was increased
74% in the KO livers compared to WT livers under the HFCC dietary conditions (Fig. 6C).
To confirm the Sesn3 effect on Smad3 phosphorylation, we overexpressed either control
GFP or Sesn3 in a human HSC cell line LX-2 and stimulated Smad3 phosphorylation with
TGFp. As expected, Sesn3 reduced the TGFB-stimulated Smad3 phosphorylation by 75%
(Fig. 6D). Additionally, Sesn3 also suppressed the expression of the TGFp-stimulated
fibrosis genes (Fig. 6E). To further examine the regulation of Smad3 by Sesn3, we also
performed immunofluorescence microscopy. In the absence of TGFp, there was very little

nuclear Smad3 (Fig. 7A). After TGFp stimulation, Smad3 mostly translocated to nucleus in
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the transfection with a vector control whereas Smad3 only partially localized to the nucleus in
the Sesn3-transfected LX-2 cells and there appeared to be some colocalization of Sesn3 and
Smad3 (Fig. 7B). In addition, Sesn3-transfected cells also showed less phosphorylated Smad3
in the nuclei compared to the vector-transfected cells (Fig. 7C). Co-IP analysis further
confirmed that Sesn3 interacted with non-phosphorylated but not phosphorylated Smad3
(Fig. 7D). This is not surprising as Sesn3 is mostly cytoplasmic and phosphorylated Smad3 is

nuclear localized (12, 19).

To further investigate whether Sesn3 interacts with any other Smad family members, we
also performed Co-IP between Sesn3 and Smad6 or Smad7. Our data showed that Sesn3
interacted with Smad7 but not Smad6 (Fig. 8A). Since Smad?7 interacts with Tgfbrl (20), we
also examined whether Sesn3/Smad7/Tgfbrl form a protein complex. Our protein-protein
interaction analysis suggested that this was the case demonstrated by using different baits
(Fig. 8A-C). Tgfbrl pulled down Sesn3 and Smad7 whereas Smad7 pulled down Sesn3 and
Tgfbrl (Fig. 8B and 8C). As Smad7 can be induced by the TGFp receptor signaling and also
feeds back on the TGFf receptors for ubiquitin-mediated degradation, we also assessed the
Sesn3 effect on Tgfbrl and Smad7 in vivo. We found that both Tgfbrl and Smad7 were
increased in the liver of Sesn3 KO mice but decreased in the liver of Sesn3 Tg mice (Fig. 8D
and 8E), suggesting that Sesn3 plays an inhibitory role in the regulation of the TGFp receptor

signaling.

Discussion

In this work, we have reported that Sesn3 plays a critical role in the protection against the
diet-induced NASH. It is known that NASH is a chronic progressive liver disease, often
beginning from hepatic steatosis and then progressing to hepatic inflammation and fibrosis as

an excessive accumulation of triglycerides and cholesterol leads to liver injury and
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inflammatory response (2). Repeated liver injury and inflammation events lead to ECM
remodeling. Excessive ECM production causes fibrosis in the liver (3). Sesn3 KO mice have
manifested all the characteristic features of NASH on a high-fat diet, especially the HFCC
diet. It suggests that cholesterol and cholate aggravate the NASH development at least in a
Sesn3-deficient state. Hepatic steatosis is much worse in the Sesn3 KO mice than WT
controls for all high-fat diet treatments with ranking as HFCC > HFC > HFCA = HFD. As a
signaling regulator, Sesn3 has been shown to activate AMPK and inhibit mMTORC1 (12, 21-
25). It is likely that Sesn3 regulates hepatic lipid homeostasis by increasing fatty acid
oxidation via activation of AMPK and decreasing lipogenesis through both activation of
AMPK and suppression mTORCL1 (26, 27). Regarding hepatic inflammation, Sesn3 KO mice
fed with the HFCC diet have shown the highest level of neutrophil and macrophage
infiltration in the liver, followed by HFC, HFCA, and HFD. As expected, HFCC has also
induced the most severe hepatic fibrosis in the Sesn3 KO mice even with only four weeks of
the dietary treatment. The Sesn3 gene-specific effect on the NASH pathogenesis has been
validated using the liver-specific Sesn3 transgenic mice. This suggests that Sesn3 function in

hepatocytes and HSCs is critical for maintaining hepatic homeostasis.

According to our RNA-seq data, Sesn3 is involved in the regulation of multiple biological
processes. Under Sesn3 deficient conditions, ECM and TGFp signaling pathways are among
the most significantly enriched pathways in the upregulated gene set. A number of fibrosis
and TGFp signaling genes are highly increased in the Sesn3 KO livers compared to the WT
counterparts. Remarkably, these transcriptomic changes align well with the NASH phenotype
manifested in the HFCC-treated Sesn3 KO mice. In this work, we have focused on the TGFj-
Smad3 pathway for the mechanistic study. Interestingly, we have identified a novel molecular
interaction between Sesn3 and Smad family proteins, among them Smad3 and Smad7 have

been biochemically validated (Supplementary Fig. 8). Those molecular interactions are very
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important for the modulation of the TGFB-Smad signaling pathway in fibrogenesis. Our data
also suggest a dual control mechanism by Sesn3. First, Smad3 nuclear translocation is
blocked by Sesn3 via binding and retention of the non-phosphorylated Smad3 in the
cytoplasm. Second, Sesn3 forms a tertiary protein complex with Smad7 and Tgfbrl and by
doing so it decreases the Tgfbrl protein amount and activity through the Smad7-mediated
proteasomal degradation and dephosphorylation of Tgfbrl (Supplementary Fig. 8). Certainly,

additional study will be needed to illustrate the detailed mechanism.

In summary, the findings from this work have demonstrated a critical function of Sesn3 in
the protection of the liver from developing the diet-induced NASH. The dual inhibition of the
TGFB-Smad3 signaling by Sesn3 provides a novel regulatory mechanism against hepatic
fibrosis. As NASH has become an epidemic chronic liver disease (1), identification of novel
drug targets will be crucial for the NASH early intervention and treatment. Our data suggest

that Sesn3 might be a potential therapeutic target for NASH.
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Figure legends

Figure 1. SESN3 protein expression in human NASH and characterization of Sesn3
knockout mice.

(A) Western blot analysis and quantification of SESN3 protein in the human liver samples
from NASH patients and controls. Data are presented as mean + SEM (n=3). *P < 0.05. (B,
C) Immunohistochemistry and quantification of SESN3 expression in liver sections from
human NASH patients (FO-F4). Data are presented as mean + SEM (n=3). #P< 0.05, ##P<
0.01, ##P< 0.001 vs. FO. (D-F) Body weight, liver weight, and liver to body weight ratios in
WT and Sesn3 KO male mice treated with different diets (chow groups: 5-6 months of age;

special diet groups: 4-5.5 months of age). Data are presented as mean = SEM (n=8/group). *P
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< 0.05 and ***P < 0.001 for Sesn3-KO vs. WT for the respective diet; ##P< 0.01 and ###P<
0.001 for the respective genotype treated with a high-fat diet vs. chow.

Figure 2. Sesn3 deficient mice are more susceptible to diet-induced hepatic steatosis.

(A) H&E staining of liver sections of WT and Sesn3 KO male mice fed with HFCC, HFC,
HFCA and HFD diets for 4 weeks. (B) Macroscopic images of WT and Sesn3 KO male
mouse livers. (C-F) Liver TG (C), liver cholesterol (D), serum TG (E), and serum cholesterol
(F) in WT and Sesn3 KO male mice fed with HFCC, HFC, HFCA, and HFD diets for

4 weeks (n=8/group; chow groups: 5-6 months of age; special diet groups: 4-5.5 months of
age). Data are presented as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001 for Sesn3 KO
vs. WT on the respective diet; ##P< 0.01, ###P< 0.001 for the respective genotype fed with a

high-fat diet vs. chow.

Figure 3. Sesn3 deficiency exacerbates the diet-induced hepatic inflammation, fibrosis

and injury.

(A) Immunohistochemistry analysis of MPO (for neutrophils) and F4/80 (for
macrophages) and Sirius Red staining (for fibrosis) of liver sections of WT and Sesn3
KO male mice fed with HFCC, HFC, HFCA, and HFD diets for 4 weeks. (B)
Quantitative data for the MPO-positive signals in Panel A. (C) Quantitative data for
the F4/80-positive signals in Panel A. (D) Quantitative data of the Sirius Red-positive
signals in Panel A. (E) Serum ALT levels in WT and Sesn3 KO male mice fed with
HFCC, HFC, HFCA, and HFD diets for 4 weeks (n=6/group; chow group: 5-6
months of age; special diet groups: 4-5.5 months of age). Data are presented as mean
+ SEM. *P < 0.05, **P < 0.01, ***P < 0.001 for Sesn3 KO vs. WT for the respective
diet; #P< 0.05, ##P< 0.01, ###P< 0.001 for the respective genotype fed with a high-

fat diet vs. chow.
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Figure 4. Liver-specific Sesn3 overexpression protects against diet-induced NASH.

(A) Immunoblot analysis of Sesn3 in the liver and heart tissues of WT and liver-specific
Sesn3 transgenic male mice (Tg). (B) H&E staining, immunohistochemistry analysis of MPO
and F4/80, and Sirius Red staining of liver sections of WT and Tg male mice fed with the
HFCC diet for 8 weeks. (C) Quantitative data for lipid droplet area, MPO positive signals,
F4/80 positive signals, and Sirius Red positive signals in Panel B. (D) serum ALT level in
WT and Tg male mice fed with the HFCC diet for 8 weeks (n=6/group; 6-9 months of age).
(E) Liver TG and cholesterol measurements in WT and Tg male mice fed with the HFCC diet
for 8 weeks (n=6/group; 6-9 months of age). (F) Serum TG and cholesterol measurements in
WT and Tg male mice fed with the HFCC diet for 8 weeks (n=6/group; 6-9 months of age).
Data are presented as mean = SEM. ***P < 0.001 for Tg vs. WT for the respective diet; #P<

0.05, ###P< 0.001 for the respective genotype on HFCC vs. chow.

Figure 5. Transcriptomic analysis reveals upregulated fibrosis genes in the liver of
Sesn3 KO mice.

(A) A volcano plot representation of significantly up- and down-regulated genes in the
liver of Sesn3 KO mice compared to WT mice fed with HFCC diets for 4 weeks (n=3
males/group). (B) Gene ontology analysis of significantly upregulated genes in top 11
biological processes. (C) Gene ontology analysis of significantly downregulated
genes in top 10 biological processes. (D) Heatmap presentation of significantly up-
regulated fibrosis related genes in the liver of Sesn3 KO mice compared to WT mice

fed with an HFCC diet for 4 weeks.
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Figure 6. Sesn3 inhibits hepatic inflammation and fibrosis.

(A) Real-time PCR analysis of fibrosis- and inflammation- related genes in the liver of WT
and Sesn3 KO male mice (n = 4/group). Data are presented as mean + SEM. *P < 0.05, **P <
0.01 and ***P < 0.001 for Sesn3 KO vs. WT; #P< 0.05, ##P< 0.01 and ###P< 0.001 for
HFCC vs. chow for the same genotype. (B) Real-time PCR analysis of fibrosis- and
inflammation- related genes in the livers of WT and Tg mice (n = 4/group). Data are
presented as mean £ SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 for Tg vs. WT;, #P< 0.05,
##P< 0.01 and ###P< 0.001 for HFCC vs. chow for the same genotype. (C) Western blot
analysis and quantification of total Smad3 and p-Smad3 (phosphorylated) in the livers of WT
and Sesn3 KO mice. Data are presented as mean £ SEM. **P < 0.01 for Sesn3-KO vs. WT,
##P< 0.01 and ###P< 0.001 for HFCC vs. chow for the same genotype. (D, E) LX-2 cells
were transduced with adenoviral ADGFP or AdSesn3 in the absence or presence of TGFB1 (5
ng/ml) for 3 or 24 hrs. Western blot analysis and quantification (D) were performed for total
Smad3 and p-Smad3; real-time PCR analysis (E) was performed for fibrosis-related genes.
Data are presented as mean £ SEM. *P < 0.05 and ***P < 0.001 for AdSesn3 vs AdGFP;
#P<0.05, ##P< 0.001, ###P< 0.001 for TGFp1 treatment vs. Control.

Figure 7. Sesn3 interacts with Smad3 and inhibits Smad3 nuclear translocation.

(A-C) LX-2 cells were transfected with Sesn3-HA or vector plasmid for 24 hrs.
Immunofluorescence microscopy of Sesn3 and Smad3 in absence of TGFB1 (A).
Immunofluorescence microscopy of Sesn3 and Smad3 after treatment with TGFB1 (5 ng/ml)
for 3 hrs (B). Immunofluorescence microscopy of Sesn3 and p-Smad3 after treatment with
TGFB1 (5 ng/ml) for 3 hrs (C). (D) Co-IP analysis of interactions between Smad3 or p-

Smad3 with Sesn3 in LX-2 cells with or without TGFB1 (5 ng/ml) treatment for 3 hrs.
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Figure 8. Sesn3 interacts with Smad7 and inhibits TGFp receptors.

(A-C) Co-IP analysis of interactions between Sesn3 and Smad7 or TGFBR1 in LX-2 cells
after treatment with TGFB1 (5 ng/ml) for 3 hrs. (D, E) Western blot analysis of Smad7 and
TGFBR1 in the liver of WT, Sesn3 KO, or Tg mice fed with an HFCC diet. Data are

presented as mean + SEM. *P < 0.05 for Sesn3 KO or Tg vs. WT.
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