
Contents lists available at ScienceDirect

BBA - Molecular Basis of Disease

journal homepage: www.elsevier.com/locate/bbadis

Sesn3 deficiency promotes carcinogen-induced hepatocellular carcinoma via
regulation of the hedgehog pathway

Yunjian Liua,b,1, Hyeong Geug Kimb,1, Edward Dongc, Chuanpeng Dongd, Menghao Huangb,e,
Yunlong Liud,f, Suthat Liangpunsakulb,e, Xiaocheng Charlie Dongb,d,⁎

a Department of Hepatobiliary Surgery, the Affiliated Hospital of Jiujiang University, Jiujiang, Jiangxi Province 332000, China
bDepartment of Biochemistry and Molecular Biology, Indiana University School of Medicine, Indianapolis, IN 46202, USA
c Carmel High School, Carmel, IN 46032, USA
dDepartment of BioHealth Informatics, School of Informatics and Computing, Indiana University Purdue University Indianapolis, Indianapolis, IN 46202, USA
e Division of Gastroenterology and Hepatology, Department of Medicine, Indiana University School of Medicine, Indianapolis, IN 46202, USA
fDepartment of Medical and Molecular Genetics, Indiana University School of Medicine, Indianapolis, IN 46202, USA

A R T I C L E I N F O

Keywords:
Sestrin
Liver cancer
Hepatocellular carcinoma
Hedgehog signaling
Cancer stem cell

A B S T R A C T

Sestrin 3 (Sesn3) belongs to a small protein family that has been implicated in multiple biological processes
including anti-oxidative stress, anti-aging, cell signaling, and metabolic homeostasis. However, the role of Sesn3
in hepatocellular carcinoma (HCC) remains unclear. Here we generated a Sesn3 knockout mouse model and
induced HCC development by a combination of a single dose of diethylnitrosamine and chronic feeding of a
choline deficient-high fat diet. After 6 months of the dietary treatment, Sesn3 knockout mice developed more
severe HCC with higher levels of alpha-fetoprotein, arginase 1, and cytokeratin 19, but also higher metastatic
rates than wild-type mice. Histological analysis revealed elevated extracellular matrix and cancer stem cell
markers including Acta2, Cd44, and Cd133. Signaling analysis showed activated IL6-Stat3 and Akt pathways.
Biochemical and microscopic analyses uncovered a novel inhibitory regulation of Gli2, a downstream tran-
scription factor of the hedgehog signaling, by Sesn3. Two of the Gli2-regulated genes – Pdgfrb and Cd44 were
upregulated in the Sesn3-deficient liver tissue. In conclusion, our data suggest that Sesn3 plays a critical tumor
suppressor role in the liver partly through the inhibition of the hedgehog signaling.

1. Introduction

Sestrins (Sesns) belong to a small family of evolutionally conserved
proteins that do not share domain structures with any other eukaryotic
proteins [1]. Sestrins have been implicated in multiple biological
functions including protection against oxidative and genotoxic stresses,
anti-aging, and metabolic homeostasis [1–3]. Mammals have three
sestrin genes - Sesn1/2/3 - which are regulated differently [3]. Sesn1
and Sesn2 are activated by p53 transcription factor in response to
genotoxic stress [4,5]. Sesn2 can also be induced by oxidative stress,
endoplasmic reticulum stress, starvation, and high-fat diets [4–14].
Interestingly, under certain pathophysiological conditions, SESN3 gene

expression is upregulated in leg muscle biopsies from patients with type
2 diabetes whereas it is downregulated in ethanol-treated mouse livers
and nonalcoholic steatohepatitis human livers [15–17]. Regarding the
role of Sesn3 in the liver, only alcoholic and nonalcoholic fatty liver
disease and hepatic metabolic regulation have been reported
[14,16–18]. However, it remains unknown what role of Sesn3 plays in
the development of hepatocellular carcinoma (HCC).

Liver cancer is one of the most common cancers in the world. In
2016, there were 1.0 million new cases of liver cancer and 829,000
deaths globally [19]. HCC is the most frequent primary liver cancer. In
2012, HCC was ranked as the 6th most common neoplasm and the third
leading cause of cancer death [20]. Multiple signaling pathways
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including IL6-STAT3 and hedgehog signaling have been implicated in
the development of HCC [21]. A recent report suggests that Stat3 but
not Stat1 is responsible for the obesity-triggered HCC pathogenesis
[22]. In mammals, the core components of the hedgehog signaling
pathway include: three ligands (sonic hedgehog, desert hedgehog, and
Indian hedgehog), Patched1 receptor, Smoothened (a G-protein-cou-
pled receptor), and three transcription factors GLI1, GLI2, and GLI3
[23]. The oncogenic role of GLI2 in HCC has been shown in vivo as well
[24]. Cancer stem cells (CSCs) have been identified as an early lesion of
numerous cancer types including HCC [25]. A number of cell markers
including CD44, CD133, EpCAM, and CK-19 have been used to identify
CSCs [26]. In general, those CSCs may represent early transdiffer-
entiated cells within the initial tumor lesion [25]. In this study, we
investigated the role of Sesn3 in HCC development in a preclinical
mouse model.

2. Materials and methods

2.1. HCC mouse model

Sesn3 knockout (KO) mice were generated by crossing a floxed
strain as reported previously [18] and a CMV-Cre line [27] from the
Jackson Laboratory. Mice were housed in the animal facility with
controlled temperature (22 ± 2 °C), humidity (60 ± 5%), and regular
12:12 light/dark cycle. To induce HCC, we used a protocol of combi-
nation of a single dose of diethylnitrosamine (DEN) and chronic feeding
a choline-deficient high-fat diet (CD-HFD). Wild type (WT) and Sesn3
KO mice were intraperitoneally injected with DEN at a dose of 25mg/
kg at 2 weeks of age. At 4 weeks of age, the mice were fed with a CD-
HFD (Research Diets #D05010402, containing 20 kcal% protein,
35.1 kcal% carbohydrate, and 44.9 kcal% fat) for 24 weeks. Body
weights were measured twice weekly. On the final day of experiment,
mice were sacrificed under an anesthesia condition. Blood samples
were collected and major organs including liver, lungs, and spleen were
dissected and weighed. Tissue samples were fixed in 10% neutral for-
malin or immediately frozen in liquid nitrogen for further analysis. All
animal care and experimental procedures performed in this work were
approved by the Institutional Animal Care and Use Committee of In-
diana University School of Medicine in accordance with National In-
stitutes of Health guidelines for the care and use of laboratory animals.

2.2. Liver tumor measurements

Hepatic tumor nodules were counted after the animals were eu-
thanized on the final day of experiment. The tumor nodule size cutoff
was 2mm in diameter. Tumor volumes were measured using a Vernier
caliper and calculated according to the following formula: (A×B2)/2,
where A is the larger and B is the smaller of the two-dimensional
measurements [28].

2.3. Serum biochemistry and hepatic lipid analysis

Serum alanine aminotransferase (ALT) levels were serially mea-
sured at time points of 4, 8, 12, and 24weeks of CD-HFD treatment,
respectively. Hepatic total cholesterol (TC) and triglycerides (TG) were
extracted as previously described [29], and analyzed using commercial
assay kits (Thermo Fisher and Wako USA) following the manufacture's
manuals.

2.4. Histological analysis

Liver tissue samples were fixed in 10% formalin then processed for
embedding and sectioning at the Histology Core of Indiana University
School of Medicine. Liver sections (5 μm thickness) were stained using
hematoxylin and eosin (H&E) following the standard protocol.
Immunofluorescence (IF) analysis was performed for detecting general

HCC markers including Arginase-1 (Arg1, rabbit mAb, Cat. No. 93668S,
Cell Signaling Technology), alpha-fetoprotein (AFP, mouse mAb, sc-
8399, Santa Cruz Biotechnology), and cytokeratin 19 (CK-19, rat mAb,
TROMA-III, DSHB), ECM molecules such as Collagen 1 and 3 (Col1,
rabbit anti-Collagen I antibody, #ab21286; Col3, rabbit anti-Collagen
III antibody, #ab7778, Abcam), and alpha-smooth muscle actin (α-
SMA, rabbit anti-αSMA antibody, #ab5694, Abcam), and cancer stem
cell markers like CD44 (mouse anti-CD44 antibody, #sc-7297, Santa
Cruz Biotechnology) and CD133 (rabbit anti-CD133 antibody,
#NBP244250, Novus Biologicals). Fluorescence-conjugated secondary
antibodies (Goat anti-Rabbit IgG (H+L) secondary antibody Alexa
Fluor 488, #A11034, and goat anti-mouse IgG (H&L) secondary anti-
body Alexa 594, #A11032, Invitrogen) were incubated. After washing,
tissue sections were mounted with DAPI for counterstaining.

Images for H&E were captured using a Leica DM750 microscope
equipped with an EC3 digital camera and LAS EZ software (×40 to
×100 magnification). IF images were obtained by a ZEISS fluorescence
microscope using an AxioVison Rel 4.8 software (×200 to ×640
magnification). Positive IF signals were quantified from the randomly
selected sections at least five fields per sample using Image J 1.52
software (NIH, Bethesda, MD).

2.5. Real-time PCR, RNA-seq, and bioinformatic data analysis

Total RNAs from tissues and cells were isolated using TRI reagent
(Sigma) as previously described [30]. cDNA was synthesized using a
cDNA synthesis kit (Invitrogen). Real-time PCR analysis was performed
using a SYBR Green qPCR kit (Applied Biosystems). Primer sequences
are described in the Supplementary Table S1. RNA samples were also
subjected to RNA-seq at the Center for Medical Genomics of Indiana
University School of Medicine. The sequencing data were deposited to
the Gene Expression Omnibus (GEO) database of the National Center
for Biotechnology Information. The accession number is GSE133441.
RNA-seq data analysis was performed as we previously described [17].
We also analyzed survival probability of liver cancer patients in cor-
relation with SESN3 gene expression using the Cancer Genome Atlas
(TCGA) dataset as previously described [31].

2.6. Protein analysis

Western blot, ELISA, and co-immunoprecipitation (Co-IP) were
performed as previously described [18]. For Western blot analysis,
protein samples were resolved on an SDS-PAGE gel and transferred to
nitrocellulose membrane, followed by incubation with a primary anti-
body and an HRP-conjugated secondary antibody. Antibodies used in
this work were the followings: Sesn3 (Rabbit pAb, PIPA522220, Fisher
Scientific), Actinin (Mouse mAb, sc-17,829, Santa Cruz Biotechnology),
Pdgfrb (Rabbit mAb, #3169S, Cell Signaling Technology), phospho-
Stat3 (Tyr705) (Rabbit mAb, #9145S, Cell Signaling Technology), Stat3
(Mouse mAb, #9139S, Cell Signaling Technology), phospho-Akt
(Thr308) (Rabbit mAb, #4056S, Cell Signaling Technology), phospho-
Akt (Ser473) (Rabbit mAb, #4058S, Cell Signaling Technology), and
Akt (Rabbit mAb, #4685S, Cell Signaling Technology), To measure
hepatic levels of IL-6, we used a commercial ELISA kit for mouse IL-6
(BD Biosciences) following the manufacturer's instruction. Co-IP was
performed in HEK 293 cells after co-transfection of indicated DNA
constructs. IP and immunoblots were performed using tag antibodies:
monoclonal anti-FLAG M2 affinity gel (Sigma) and HA tag antibody
(Rabbit mAb, #3724S, Cell Signaling Technology).

2.7. Immunocytochemistry analysis

Human hepatoma cell line (Huh7) was cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin
(Thermo Fisher). To monitor Gli2 localization, cells were seeded in a
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glass-bottom 35-mm dish at a density of 1×105 cells/dish. After an
overnight incubation, cells were transfected with different combina-
tions of plasmids including vector, mouse Flag-Sesn3, and mouse HA-
Gli2 (Addgene #37671, a gift from Dr. Philip Beachy [32]), in the
presence or absence of a smoothened agonist (SAG, 100 nM, Sigma). In
addition, CD44 was also analyzed using the similar imaging approach.
After 24 h of incubation, cells were washed twice with PBS, and fixed
with 4% of paraformaldehyde for 1 h at RT, then washed three times
with PBS. Blocking buffer (0.25% normal goat serum) was added to the
dish. Primary antibodies (rabbit-HA tag antibody from Cell Signaling
Technology, mouse-DYKDDDDK tag antibody (FG4R) from Invitrogen,
or mouse-CD44 antibody, sc-7297, Santa Cruz Biotechnology) were
incubated with the cells at 4 °C for overnight. Next day, primary anti-
bodies were washed out with 0.05% PBST twice and PBS once, then
secondary antibodies (Goat anti-Rabbit IgG (H+ L) secondary antibody
Alexa Fluor 488, #A11034, and goat anti-mouse IgG (H&L) goat anti-
mouse IgG (H&L) secondary antibody Alexa 594, #A11032, Invitrogen)
were incubated for 1 h. Finally, cells were washed with PBST and PBS.
Nuclei were stained with DAPI in the mounting medium. Fluorescence
images were captured using a ZEISS fluorescence microscope using an
AxioVison Rel 4.8 software (×640 magnification).

2.8. Statistical analysis

Data were presented as mean ± standard error (SEM).
Comparisons between groups were performed using two-tailed un-
paired t-test (GraphPad, La Jolla, CA). Differences with a p value <
0.05 were considered statistically significant.

2.9. Key resources table

Resource Source Identifier

Antibodies
Goat anti-mouse IgG
Goat anti-Rabbit IgG (H+L) secondary antibody Alexa

Fluor 488
HA tag antibody (Rabbit mAb)
HRP-conjugated secondary
Monoclonal anti-FLAG M2 affinity gel
Mouse anti-CD44
Mouse-DYKDDDDK tag
Phospho-Akt
Phospho-Akt (Ser473) (Rabbit mAb)
Rabbit anti-aSMA
Rabbit anti-CD133
Rabbit anti-Collagen I
Rabbit anti-Collagen III
Rabbit-HA tag

Cell Line
HEK 293
Huh7

3. Results

3.1. Sesn3 deficiency promotes carcinogen- and high-fat diet-induced HCC
development

As little is known about the role of SESN3 in liver cancer, we ana-
lyzed correlation of hepatic SESN3 gene expression with survival
probability in human liver cancer patients using the TCGA dataset. Our
analysis revealed that patients with higher hepatic SESN3 mRNA levels
had a tendency of better survival than those with lower SESN3 levels
although the p value did not reach a statistical significance (Fig. 1A). To
further investigate the pathophysiological function of Sesn3, we gen-
erated Sesn3 global knockout mice using a floxed Sesn3 strain and a
CMV-Cre line. The gene knockout efficiency was analyzed by both
Western blot and qPCR analysis (Fig. 1B–D). Hepatic Sesn3 protein and

mRNA levels were decreased to approximately 21% and 7% of the WT
liver levels, respectively, but the gene was not completely ablated due
to an incomplete deletion by the CMV-Cre (Fig. 1B–D). To assess the
role of Sesn3 in HCC development, we adopted a protocol of combi-
natory treatments with a single dose of DEN (25mg/kg) at 2 weeks of
age and chronic feeding of CD-HFD at 4 weeks of age (Fig. 1E). During
the dietary treatment, Sesn3 KO mice were consistently heavier than
control WT mice (Fig. 1F). At the end of the experiment, even though
liver weights were not different, liver to body weight ratios were sig-
nificantly lower in the Sesn3 KO group owing to heavier body weights
(Suppl. Fig. 1A, B). We also examined other tissues including spleen,
lung, and white adipose tissue, and only spleen was significantly in-
creased in the Sesn3 KO mice (Suppl. Fig. 1C–H). Biochemical analysis
of hepatic triglycerides and total cholesterol did not reveal any sig-
nificant difference between WT and Sesn3 KO mice (Suppl. Fig. 1I, J).

At the end of CD-HFD treatment, we observed a much more severe
tumor phenotype in the Sesn3 KO mice than that in the WT mice ac-
cording to both macroscopic and microscopic analyses (Fig. 1G). Total
tumor counts and tumor volumes were both significantly increased in
the Sesn3 KO mice compared to the WT group (Fig. 1H, I). Serum ALT
levels were consistently higher in the Sesn3 KO mice throughout the
CD-HFD treatment (Fig. 1J). Ascites were observed in both WT and
Sesn3 KO groups. Whereas 10% WT mice had ascites, 40% Sesn3 KO
mice had ascites (Suppl. Table S2). Additionally, metastasis from liver
to other organs including lung, stomach, and intestine also happened in
30% Sesn3 KO mice, but no cancer metastasis was observed in the WT
group (Suppl. Table S2).

3.2. Sesn3 is required to maintain normal hepatocellular status

To investigate what led to the tumorigenesis in the Sesn3 KO liver,
we first performed immunofluorescence analysis of liver sections. Our
data showed that Sesn3 KO caused a dramatic increase in ECM mole-
cules including Acta2, Col1, and Col3 (Fig. 2A, B). The upregulated
ECM genes like Acta2, Col1a1, and Pdgfrb in the KO livers were also
confirmed by either real-time PCR or immunoblot analysis (Fig. 2C, D).
We also characterized the HCC tumors by staining for a few common
HCC and CSC markers. AFP, CK-19, and Arg1 were significantly ele-
vated in the lesions of the Sesn3 KO liver. Interestingly, two CSC mar-
kers – Cd133 and Cd44 were also significantly increased in the Sesn3
KO liver sections (Fig. 2E, F).

3.3. Sesn3 regulates cancer stemness partly through the control of hedgehog
signaling

To profile gene expression changes in the Sesn3 KO liver during the
HCC development, we performed RNA-seq analysis. As compared to the
WT livers, KO livers had 155 genes upregulated and 114 genes down-
regulated shown in a volcano plot (Fig. 3A and Suppl. Tables S3, S4).
Among those upregulated genes were Col1a1, Col3a1, Cd44, Cd63,
Sgk1, and Syk whereas fatty acid and cholesterol biosynthetic genes
were downregulated (Fig. 3B and Suppl. Tables S3, S4). In the upre-
gulated genes, acute-phase response, immune pathways, and integrin-
mediated signaling pathway were among the top 10 biological pro-
cesses (Fig. 3C). In the downregulated genes, lipid metabolic processes
including cholesterol and fatty acid biosynthesis were among the top 10
biological processes (Fig. 3D).

We were particularly interested in those CSC marker genes as they
could play a significant role in the early stage of HCC development.
Thus, we performed real-time PCR and immunoblot to confirm the
upregulation of Cd133 and Cd44 genes in the liver tissue of Sesn3 KO
mice. Indeed, our data showed that both Cd44 and Cd133 genes were
highly induced in the Sesn3 KO livers (Fig. 3E, F). In addition, our
protein analysis also revealed elevated levels of Stat3 and Akt phos-
phorylation (Fig. 3F), commonly activated in cancers by cytokines in-
cluding IL-6 and growth factors, respectively. Serum IL-6 and hepatic
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IL-6 gene expression were both increased in the Sesn3 KO mice com-
pared to WT counterparts (Suppl. Fig. 2A, B).

As the hedgehog signaling has been implicated in the regulation of
CSCs [26], we tested whether Sesn3 interacts with Gli2. Our Co-IP
analysis revealed that Sesn3 indeed interacted with Gli2 in HEK 293T
cells (Fig. 3G). To further examine the functional implication of the
Sesn3-Gli2 interaction, we performed immunofluorescence analysis in

an HCC cell line Huh7 after transfection with Sesn3 and Gli2 plasmid
DNA (Suppl. Fig. 3A, B). In the absence of a Smoothened agonist SAG,
Gli2 had very little nuclear localization (Fig. 4A); however, upon sti-
mulation with SAG, Gli2 was mostly localized in the nucleus of the
empty vector-transfected cells whereas only a small fraction of Gli2 was
in the nucleus of the Sesn3-transfected cells (Fig. 4B and Suppl. Fig. 3C),
suggesting an inhibitory function of Sesn3 against Gli2 nuclear

Fig. 1. Sesn3 knockout mice are more susceptible to carcinogen-induced hepatocellular carcinoma. Kaplan-Meier survival curve was generated using the TCGA liver
cancer dataset (A). Sesn3 KO in liver tissues was confirmed by immunoblot analysis (B), protein quantification (C, n=4), and real-time PCR mRNA analysis (D,
n= 4). Experimental scheme for the pre-clinical HCC model in Sesn3 KO mice (E). Mouse body weights during the experimental period (F, n=10). Macroscopic and
microscopic analysis of tumor-bearing liver tissue (G). Tumor nodule counts (H, n=10) and tumor volume (I, n= 10) in the mouse hepatic tissue. Serum ALT
measurements at multiple time points during the HCC development (J, n=10). Data are presented as mean ± SEM. #p < 0.05, ##p < 0.01, and ###p < 0.001 for
KO vs. WT. ⁎⁎p < 0.05 for comparisons vs. 4 weeks in panel J.
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translocation. As the CD44 gene is known to be regulated by Gli2
[33,34], we also observed that CD44 expression was significantly sup-
pressed in the Sesn3-transfected cells compared to the empty vector-
transfected cells (Fig. 4C). Real-time PCR analysis also showed that
both GLI2 and CD44 mRNA levels were remarkably increased by the
SAG treatment, but the SAG inductive effect was strongly suppressed by
the Sesn3 overexpression (Fig. 4D, E), suggesting an inhibitory effect on
the hedgehog signaling by Sesn3.

4. Discussion

In this work, we have reported that Sesn3 may serve as a tumor

suppressor for the liver cancer development, especially HCC. To gen-
erate a useful preclinical HCC mouse model, we have taken advantage
of the combinatory treatment with a single dose of DEN and chronic
feeding with CD-HFD. This model has allowed us to investigate the
molecular pathogenesis of HCC and the role of Sesn3 in the liver cancer
development. From this study, we have revealed several Sesn3 func-
tions in the primary HCC development. First, Sesn3 plays a significant
role in ECM remodeling. Deficiency of Sesn3 leads to the accumulation
of ECM and the impairment of tissue repair in the liver. Second, Sesn3 is
required to restrict CSCs. When Sesn3 becomes deficient, the number of
CSCs in the liver tumors has expanded significantly. Third, Sesn3 in-
hibits the IL6-Stat3 signaling. Fourth, Sesn3 inhibits Gli2 activity by

Fig. 2. Sesn3 deficiency promotes HCC by
enhancing the production of ECM and in-
duction of CSC markers. Representative
immunofluorescence analysis of Acta2 (α-
SMA), Col1, and Col3 (A). Analysis of
fluorescence intensity for Acta2, Col1, and
Col3 (B). Hepatic mRNA levels of Pdgfrb,
Col1a1, and Acta2 (C). Immunoblot analysis
of hepatic Acta2 and Pdgfrb (D).
Representative immunofluorescence ana-
lysis of hepatic AFP, CK-19, Arg-1, Cd133,
and Cd44 (E). Analysis of fluorescence in-
tensity of hepatic AFP, CK-19, Arg1, Cd133,
and Cd44 (F). Data are expressed as
mean ± SEM (n=4 to 6 each group).
#p < 0.05 and ##p < 0.01 for KO vs. WT.
Immunofluorescence image analyses were
performed using a fluorescence microscope
(ZEISS, ×200 magnification).
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blocking its nuclear translocation.
Although Sesn3 has been shown to regulate hepatic glucose and

lipid metabolism via activation of AMPK and mTORC2, inhibition of
mTORC1, and stimulation of autophagy [2,14–16,18,35–38], the tumor
suppressor role of Sesn3 in HCC has not been previously reported. The
tumor phenotype in the Sesn3 KO mice represents the overall con-
sequence of whole-body Sesn3 deficiency. Future study on cell-type-

specific Sesn3 function will be needed to dissect the contribution of cell
types involved in the HCC development, including hepatocytes, hepatic
stellate cells, and Kupffer cells and other immune cells circulated to the
liver. Previously, we have reported that Sesn3 activates Akt via
mTORC2 in the mouse liver under the physiological conditions [18]. In
this work, we have shown that Akt phosphorylation is increased in the
Sesn3 KO livers during the HCC development. This suggests that Sesn3

Fig. 3. Sesn3 deficiency induced multiple cancer signaling pathways including the hedgehog pathway. Differentially expressed genes (DEGs) from the RNA-seq
analysis of WT and Sens3-KO livers were presented by the volcano plot (A). A selected list of DEGs were presented in the table (B). Top 10 biological processes were
over-represented in the significantly upregulated (C) and downregulated (D) genes. Hepatic Cd44 and Cd133 mRNA analysis by real-time qPCR (E). Immunoblot
analysis of cancer signaling-related proteins in the liver of WT and Sesn3 KO mice (F). Co-IP analysis of Sesn3 and Gli2 interaction in HEK 293T cells (G). Data are
expressed as mean ± SEM (n=4 for the immunoblot analysis, n= 10 for ELISA, n=6 for qPCR analysis, respectively). #p < 0.05 and ##p < 0.01 for KO vs. WT.
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might play a different role in the regulation of Akt under tumorigenic
conditions or different microenvironments. In addition, it is likely that
the Sesn3 function in anti-oxidative stress and mTORC1 inhibition also
plays a role in the tumor suppressor activity.

In general, hepatocytes have been thought to be the main source of
early HCC lesions as they are often insulted by both endogenous and

exogenous harmful molecules including carcinogens [39]. Tumor mi-
croenvironment also makes a significant contribution to the HCC de-
velopment [39]. In our data, elevated ECM markers support the ECM
effect on the tumor development. Upregulated Pdgfrb gene expression
may play a significant role in the ECM production. With regard to
cancer cell signaling, we have identified IL6-Stat3 and hedgehog

Fig. 4. Sesn3 suppressed the Gli2 nuclear localization and CD44 gene expression. Representative immunofluorescent images of Sesn3 and Gli2 after vector, Flag-
Sesn3, and HA-Gli2 plasmid DNAs were transfected to Huh7 cells in the absence or presence of 100 nM SAG. Sesn3 and Gli2 were detected using anti-Sesn3 or anti-
HA antibody followed by Alexa 594 and Alexa 488 secondary antibody, respectively (A, B). Vector or Flag-Sesn3 plus HA-Gli2 were transfected to Huh7 cells in the
presence of 100 nM SAG. Sesn3, Gli2, and CD44 were detected using anti-Flag, anti-HA, and anti-CD44 antibody followed by Alexa 594, Alex 488, and Cy5 secondary
antibody, respectively (C). Fluorescence images were captured using a Zeiss fluorescence microscope at ×640 magnification. Real-time PCR analysis of endogenous
GLI2 and CD44 mRNAs in vector or Sesn3 transfected Huh7 cells treated with vehicle or SAG (100 nM) for 24 h (D, E). Data are expressed as mean ± SEM (n=3).
###p < 0.001 for vehicle vs. SAG for vector or Sesn3 transfection, and ***p < 0.001 for vector vs. Sesn3 transfection after the SAG treatment.
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pathways as potential contributors to the HCC tumorigenesis as they
both have been implicated in the regulation of CSCs [21,26,40]. As
Sesn3 is primarily a cytosolic protein, physical interaction between
Sesn3 and Gli2 may hinder the Gli2 nuclear translocation. However, we
do not know the exact fate of the Sesn3-Gli2 complex. They could ra-
pidly degrade as we have observed low levels of Gli2 cytosolic staining.
Those are intriguing questions to be answered in future studies.

In summary, we have demonstrated a tumor suppressor role of
Sesn3 in a preclinical HCC mouse model. Our data suggest that Sesn3
deficiency makes the liver more susceptible to carcinogen and diet-in-
duced HCC. Mechanistically, regulation of ECM and the IL6-Stat3 and
hedgehog signaling underlies some of the Sesn3 tumor suppressor
function.
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