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Abstract

Dysregulated TGF- signaling contributes to fibrotic liver disease and hepatocellular cancer
(HCC), both of which are associated with fatty liver disease. SIRT6 limits fibrosis by inhibiting
TGF-p signaling through SMAD2 and SMAD3 and limits lipogenesis by inhibiting SREBP1 and
SREBP2 activity. Here, we showed that, compared to wild-type mice, high-fat diet-induced fatty
liver is worse in TGF-B signaling-deficient mice (SPTBNI*/) and the mutant mice had reduced
SIRT6 abundance in the liver. Therefore, we hypothesized that altered reciprocal regulation
between TGF-p signaling and SIRT6 contributes to these liver pathologies. We found that
deficiency in SMAD3 or SPTBN1 reduced SIRT6 mRNA and protein abundance and impaired
TGF-p induction of SIRT6 transcripts, and that SMAD3 bound to the S/R76 promoter, suggesting
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that a SMAD3-SPTBN1 pathway mediated the induction of S/R76in response to TGF-p.
Overexpression of SIRT6 in HCC cells reduced expression of TGF-p-induced genes, consistent
with the suppressive role of SIRT6 on TGF-B signaling. Manipulation of SIRT6 abundance in
HCC cells altered SREBP activity and overexpression of SIRT6 reduced the amount of acetylated
SPTBNL1 and the abundance of both SMAD3 and SPTBN1. Furthermore, induction of SREBP
target genes in response to SIRT6 overexpression was impaired in SPTBN1 heterozygous cells.
Thus, we identified a regulatory loop between SIRT6 and SPTBNL1 that represents a potential
mechanism for susceptibility to fatty liver in the presence of dysfunctional TGF-B signaling.
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1. Introduction

The liver is a critical regulator of lipid metabolism. Regulation of lipid metabolism requires
a delicate balance of signals and the ability to properly respond to changes in diet

and environmental conditions. Non-alcoholic fatty liver disease (NAFLD) is a common
component of metabolic syndrome and is associated with an increased risk of fibrotic liver
disease and hepatocellular carcinoma (HCC). NAFLD and its attendant risk of HCC are on
the rise throughout the world.1: 2

Transforming growth factor p (TGF-p) is involved in hepatic responses to stress, including
the excess lipid accumulation associated with fatty liver.2 TGF-B stimulation of hepatic
stellate cells (HSCs) in mice mediates the progression of fibrosis in NAFLD.# > Mice with
global deletion of SMADS3are resistant to high-fat diet (HFD)- induced insulin resistance,
obesity, and liver steatosis.® Hepatocyte-specific deletion of 7TGFBRZ2 suppresses liver
steatosis in mice fed with a choline-deficient amino acid diet.’

SIRT1 and SIRT6 are enzymes of the sirtuin family that are associated with liver
metabolism. Activation of SIRT1 by resveratrol attenuates fatty liver in mice; S/IRT1
heterozygous mice display hepatic steatosis that is exacerbated by a HFD.8: @ Liver-specific
deletion of S/RT1 in mice results in hyperglycemia, oxidative damage, and insulin resistance
through impairment of a pathway involving mammalian target of rapamycin complex 2
(MTORC2) and AKT.10 SIRT6 inhibits cholesterol biosynthesis and fatty acid metabolism
in the liverl1: 12 and liver-specific deletion of S/RT6in mice leads to increased triglyceride
synthesis and fatty liver.13 Conversely, mice overexpressing SIRT6 exhibit lower levels

of visceral fat, plasma low-density lipoprotein (LDL)-bound cholesterol, and triglycerides
when challenged with a HFD.14. 15

SMAD?2 and SMADS3 are substrates for SIRT6-mediated deacetylation.16 Hepatic steatosis
progresses to fibrosis through a pathway involving HSC activation by SMAD2 and SMAD3
signaling in response to TGF-B.1’ Mouse studies show that SIRT6 functions through the
TGF-B-SMAD2/3 pathway to limit liver fibrosis.18 1° The abundance of SIRT6 decreases
in activated HSCs in human and mouse fibrotic livers.1® In hepatocytes, SMAD3 forms

a complex with the adaptor protein SPTBN1 in response to TGF-f signaling to maintain
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genomic stability and prevent the development of HCC.20 Mouse studies also implicate
SPTBN!I is involved in diet-induced NAFLD and NASH.2! Thus, we hypothesized that
SIRT6is a direct target of TGF- signaling through SMAD3 and SPTBNL1 and that
impairment of this regulation contributes to steatosis.

Using mouse embryo fibroblasts (MEFs) and HCC cell lines, we found that TGF-p-
stimulated SIRT6 expression through a mechanism that depended on SMAD3 and SPTBNL.
Similar to the effect of SIRT6 on SMAD3,16 we found that overexpression of SIRT6
reduced SPTBNL1 acetylation. Decreased SIRT6 abundance in mice deficient for SPTBN1
was associated with NAFLD phenotypes. Our results indicate that impaired regulation of
SIRT6 downstream of the TGF-B pathway involving SMAD3 and SPTBN1 can contribute to
the development of fatty liver disease through effects on hepatocytes.

2. Materials and methods

2.1. Bioinformatic analysis of SIRT6 promoter and spatial distribution of SIRT6 in liver

tissue

The CTCFBSDB database 2.022 was used to identify consensus sequences for CTCF
binding, potential SMAD3 binding sites were analyzed using the online tool JASPAR
(http://jaspar.genereg.net) with an 80% score threshold. The sequences 1,000 basepairs (bp)
upstream of the transcription start site (TSS) were inspected for human S/RTE6.

Human and mouse spatial distribution of S/R76transcript abundance was evaluated in
the dataset GSE146409 using the online tools developed by Hassan Massalha?3 (https:/
itzkovitzwebapps.weizmann.ac.il/webapps/home/).

2.2. ChlIP-seq and ChIP-gPCR

Chromatin immunoprecipitation (ChIP) was performed with SimpleChlP Enzymatic
Chromatin IP Kit (Cell Signaling, 9003) according to the manufacturer’s instructions.
Briefly, after overnight serum starvation, HepG2 cells were treated with 200 pM TGF-@ for
2 h and were fixed for 10 min at 25°C with 1% formaldehyde. After incubation, glycine was
added to a final concentration of 0.125 M to quench formaldehyde. Subsequently, cells were
lysed, and chromatin was harvested and fragmented using enzymatic digestion followed by
sonication. The chromatin was then subjected to immunoprecipitation with anti-SMAD3
(Cell Signaling, 9523) or anti-CTCF (Active Motif, 61311) antibody at 4°C overnight, and
was incubated with protein G magnetic beads at 4°C for 2 h. A mock immunoprecipitation
with a neutral, unrelated 1gG (Cell Signaling, 2729) antiserum was carried out in parallel.
The immune complexes were washed and eluted in 150 pl elution buffer. Eluted DNA

and input DNA were incubated at 65°C to reverse the crosslinking. After digestion with
proteinase K, DNA was purified with spin columns. The library was prepared with KAPA
library preparation kit (Kapa Biosystems) and sequenced using a HiSeq 2000 platform
(IMlumina) at the Integrated Genomics Operation of MSKCC.

The relative abundance of precipitated DNA fragments was analyzed by gPCR using Power
SYBR Green PCR Master Mix (Qiagen) and the enrichments were normalized to 1gG group.
The following primers were used for ChIP-gPCR:
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hSIRT6 SBEL1: GTAACTCTGCGTGGCATTCA (forward), GCCGCCTACGTGAGAGTTC
(reverse)

hSIRT6 SBE2: CCATTGACCTTGAGCAGGAC (forward), TTGGGTTCAAGCGATTCTC
(reverse)

ChlIP-seq reads were first trimmed using Trimmomatic (v0.33). Reads were trimmed if the
first or last 3 nucleotides had phred quality score of < 15 or at the point where a sliding
window of 4 nucleotides averaged a phred quality score < 15. lllumina adapters were also
removed. The reads were then aligned using bowtie2 (v 2.2.6). Multimapping reads were
removed after alignment. Peak calling was done using MACS2 (v2.1.0) on pooled replicates
and individual samples using a p-value cutoff of 0.01. The peaks were then filtered further
using IDR to make sure the peaks are consistent among replicates. The promoter was
annotated as region within 2,000 bp from TSS, intron was annotated as region within the
gene body but not in the promoter region, and peaks at regions outside but close to gene
body were annotated as intergenic.

2.3. Cell culture and transfection

Human liver cancer cell lines HepG2 and Huh7 and MEFs from SPTBNI1'-, SPTBNI

~, and SMAD3"~ mice were cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Sigma-Aldrich, D5671) and supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich, F2442) and 1% penicillin/streptomycin (Thermo Fisher Scientific, 15140122). For
transfection, cells were transfected with empty vector (EV) or FLAG-SIRT6 (Addgene,
13817) plasmids or FLAG-tagged wild-type (WT) or mutant SMAD3 plasmids using
Lipofectamine 3000 (Invitrogen, 11668019) according to the manufacturer’s instructions.
Flag-tagged SMAD3 and the K333R and K378R mutant SMAD3 plasmids were obtained
from Dr. X. Charlie Dong of Indiana University School of Medicine, Indianapolis, Indiana.

For siRNA experiments, 20 nM of siSMAD3 or control siRNA (Dharmacon, US) were
transfected by Lipofectamine RNAIMAX reagent (Thermo Fisher, 13778150) for 48-72 h
according to the manufacturer’s instructions.

2.4. Quantitative transcript analysis

2.5.

Total RNA was extracted from cells using Trizol, separated with chloroform, and
precipitated with isopropanol. cDNA was synthesized from 2 g of total RNA using
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, 4368814). Quantitative
reverse-transcription PCR (qRT-PCR) was performed with iTagq™ Universal SYBR Green
Supermix (Bio-Rad Laboratories, 172-5124) and specific primers for qRT-PCR (Table 1).
The reaction was run in triplicate, and the transcription of each gene was normalized to

the mean values of transcripts for ACTB (B-actin) or 18 STRNA. Transcript abundance was
determined using the 2ACT method.

Immunoblotting, immunoprecipitation, and immunohistochemical analyses

Cells were harvested, lysed with lysis buffer [(50 mM Tris-HCI, pH 7.5, 0.15 M NacCl,
1% NP-40, 1 mM EDTA), Complete Protease Inhibitor Cocktail (Sigma, 5892953001),
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1 mM PMSF, 1 mM NaF, and 1 mM sodium orthovanadate] and sonicated. Primary
antibodies against SMAD3 (9523) and acetylated-lysine (9441) were from Cell Signaling
Technologies. Antibodies against LDLR (sc-18823), B-ACTIN (sc-69879), VINCULIN
(sc-73614), and GAPDH (sc-47724) were from Santa Cruz, and anti-FLAG (F3165) was
from Sigma. The antibody against SPTBN1 was custom from Bio-Synthesis company
(Texas, US).20 The antibody against SIRT6 is from NOVUS (NB100-2522).

For immunohistochemical analyses, mouse liver tissue samples were fixed in 10% formalin
solution and stored in 70% ethanol before they were processed for embedding and
sectioning at the Research Pathology Core Laboratory of George Washington University.
Liver sections were stained with H&E. For staining of SIRT6, sections were deparaffinized
and hydrated in 1 mmol/L EDTA buffer for antigen retrieval at 100°C for 5 minutes,

and the liver sections then were incubated with normal horse serum for 1 hour. Next, the
liver sections were incubated with the SIRT6 antibody at 4°C overnight. Diaminobenzidine
was used as a chromogen for SIRT6 antibody detection, and hematoxylin was used as

the counterstain. Semi-quantitative analysis of SIRT6 staining intensity was performed as
previously described.24

2.6. Dual luciferase activity assay

2.7.

Briefly, MEFs were seeded at a density of 1 x 104 cells per well in 96-well plates, and

the cells were transfected with FLAG-SIRT6 using Lipofectamine 3000 (Thermo-Fisher,
L.3000015). The next day, the cells were transfected with Renilla (a gift from Dr. Ray-chang
Wu) and with a luciferase reporter containing the LDLR promoter region (pLDLR-luc,
Addgene, 14940) or the SCD1 promoter (pGL3-SCD1, a gift from Dr. Giovanni Sorrentino
and Dr. Giannino Del Sal) and using Lipofectamine 3000. After 48 hours of transfection,
the cells were treated with TNF-a (20 ng/ml) and cycloheximide (CHX, 10 pg/ml) for 3

h. The cells were then lysed with luciferase cell culture lysis reagent (100 ul). Luciferase
and Renilla activity were analyzed in the lysates (20 pl) using a dual luciferase assay

kit according to the manufacturer’s instructions (Promega, E1980). Luciferase activity was
normalized to Renilla activity (AU) for each sample, and fold changes were calculated.

Mouse models and histology

All animal procedures performed in this work were approved by the Institutional Animal
Care and Use Committee of George Washington University School of Medicine and Health
Sciences in accordance with the National Institutes of Health guidelines for the care and use
of laboratory animals. SPTBN1*/~ mutant mice were generated as previously described.?>
26 Genotypes were determined by PCR. For HFD-induced liver steatosis, 10- to 12-week-old
male mice were fed a normal chow diet or HFD (ENVIGO, TD.06414) for 12 to 16 weeks.
Body weight and serum total cholesterol and triglyceride concentrations were measured.
Routine tissue processing and histologic techniques were used for liver tissue sections
stained with Hoechst and eosin (H&E).

To measure food intake, water intake, and urine output, mice fed a normal chow diet or
HFD were housed individually in an MMC100 metabolic cage (Hatteras Instruments) for 24
hours. Food intake was measured by weight differences and water intake was measured by
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volume differences before and after 24 hours in the metabolic cage. The amount of urine
output in 24 hours was measured by volume.

2.8. Statistical analysis

Differences between groups were evaluated using Student t-tests. Results are presented as
mean + standard deviation. For all statistical analyses, p < 0.05 was considered statistically
significant.

3. Results

3.1. TGF-g signaling stimulates SIRT6 transcription through direct binding of SMAD3 and
CTCF to the SIRT6 promoter

Previously, we found that SMAD3 and SPTBN1 functioned with the transcriptional
regulator CCCTC-binding factor (CTCF) at promoters of genes (7TERT, MYC) relevant to
HCC.20 To evaluate if S/RT6was regulated by a similar pathway, we used bioinformatics
to identify potential SMAD3 or CTCF binding sites in the human S/RT6 promoter. We
identified two consensus SMAD-binding elements (SBEs) (SBE1 and SBE?2) and two
consensus CTCF binding sites in the S/R76 promoter (Figure 1A). CHIP-seq analysis of
HepG2 cells indicated that SMAD3 and CTCF bind to the promoter region of S/R76and
that binding increased in response to TGF-p (Figure 1B). With ChIP-qPCR assays, we
detected SMAD3 bound to the S/R7T6 promoter at both SBE1 and SBE2 in HepG2 cells
exposed to TGF-B (Figure 1C). To determine if TGF- signaling stimulated or repressed
SIRTE expression, we measured TGF-B-stimulated changes in transcript abundance in MEFs
from WT, SPTBNI~, or SMAD™~ mice (Figure 1D). Using SERPINEI as a positive
control for a TGF-B-SMAD3 target gene, we found that TGF-p-stimulated expression

of SERPINEI and S/RT6 depended on both SMAD3 and SPTBN1. Consistent with the
transcript results, SIRT6 protein abundance was decreased in SPTBNI*~ or SPTBNI~
MEFs or in HepG2 cells in which SMAD3 was knocked down (Figure 1E, Figure S1A,
S1B). These results indicated that TGF- signaling positively regulates S/RT6 transcription
in a pathway dependent on SMAD3 and SPTBNL.

Acetylation of SMAD3 occurs at Lys333 and Lys378, and SIRT6 reduces acetylation of
these residues in HSCs.18 Therefore, we evaluated if expression of K333R or K378R,
mutations that mimic deacetylated lysine, affected SIRT6 abundance when expressed in
Huh7 cells (Figure S1C). We compared cells expressing Flag-tagged SMAD3 to those
expressing the mutated forms of Flag-tagged SMAD3 with or without TGF-p treatment.
SIRT6 abundance was similar in all conditions, suggesting that deacetylation of these
residues was not necessary for SMAD3 to promote S/R76 expression in these cells (Figure
S1C).

3.2. SIRT6 reduces SPTBN1 acetylation

SPTBN1 forms a complex with SMAD3 to regulate TGF- target genes,?” and SIRT6
reduces liver fibrosis by deacetylating and suppressing SMAD2 and SMAD3 activity in
HSCs.18: 19 Here, we explored whether SIRT6 also affects SPTBN1. First, we established
that SIRT6 inhibited TGF-B-induced gene expression in hepatocytes using HepG2 cells.
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We found that overexpression of Flag-SIRT6 reduced TGF-p-stimulated transcription of
the genes MMP9, SERPINEI, SREBPI, and HMGAZ, but had no effect on the expression
of TERT (Figure 2A). SIRT6 interacts with SMAD3 to mediate deacetylation. Therefore,
we immunoprecipitated Flag-SIRT6 from HepG2 cells with or without exposure to TGF-
B and tested for the presence of SMAD3 and SPTBN1. Both SMAD3 and SPTBN1
coimmunoprecipitated with Flag-SIRT6 and TGF-f exposure increased this interaction
(Figure 2B, Figure S2A).

Acetylated SPTBNL1 is detected in proteomic studies.28-30 Thus, we tested if SPTBN1
was acetylated in Huh7 cells. We detected acetylated SPTBNL1 in these cells and found
that overexpression of Flag-SIRT6 reduced the amount of acetylated SPTBN1 (Figure

2C, Figure S2B). SIRT6 overexpression in HepG2 and Huh7 cells appeared to slightly
reduce SMAD3 and SPTBN1 abundance (Figure 2D, Figure S2C) and SIRT6 knockdown
in HepG2 cells appeared to slightly increase SPTBN1 abundance (Figure S2D). SIRT6
overexpression did not affect transcript abundance of SPTBNI and SMAD3in SNU398
cells (Figure 2E). The coimmunoprecipitation and overexpression data indicated that TGF-B
promotes an interaction between SIRT6 and SPTBN1 and reduces SPTBN1 acetylation.
These data suggested that SIRT6 regulates SPTBN1 through deacetylation to contribute to
SIRT6-mediated inhibition of TGF-B signaling.

We also examined the effect of SIRT6 overexpression and knockdown on pre-SREBP1,
mature SREBP1 (n-SREBP1), and LDLR, which is encoded by an SREBP1 target gene
(Figure 2D, Figure S2C, Figure S2D). Although the results were variable, we found that
overexpression of SIRT6 appeared to reduce the abundance of n-SREBP1 and LDLR in both
HepG2 and Huh7 cells.

3.3. SPTBNL1 heterozygous mice develop a liver phenotype resembling NAFLD that is
associated with reduced SIRT6 abundance

To explore the connection between TGF- signaling and SIRTG6 in fatty liver disease,
SPTBNI*'~ mice were fed a HFD for 12 — 16 weeks to induce a phenotype resembling
human NAFLD. WT mice and SPTBNI*'~ mice had similar food intake, water intake,

and urine output on a normal diet; these characteristics were comparable between the two
groups of mice on a HFD (Figure S3). Compared to the HFD WT mice, HFD SPTBN1*/-
mice exhibited a 20% increase in serum triglycerides concentration (p < 0.05) without a
change in body weight or serum cholesterol concentration (Figure 3A). Both WT mice and
SPTBNI*'~ mice had changes in the liver in response to the HFD (Figure 3B). However, the
changes were more severe in the livers of the SPTBNI*/~ mice: Liver architecture was more
abnormal, lipid droplets were larger, and there was evidence of inflammation (Figure 3B).

These severe liver phenotypes in the HFD SPTBN.I~ mice resemble the non-alcoholic
steatohepatitis (NASH) phenotype of mice with liver-specific S/RT6 knockout.13 We
performed immunohistochemistry to analyze the distribution and abundance of SIRT6 in
liver tissue of WT mice and SPTBN1*~ mice fed normal chow or a HFD. SIRT6 displayed
a distinct spatial distribution pattern with relatively higher abundance in the portal node
region and lower abundance in the region close to central vein (Figure 3B). This pattern
was present in livers from both WT mice and SPTBNI*~ mice. Semi-quantitative analysis
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of the intensity of SIRT6 staining throughout the liver revealed that WT mice fed either
diet had higher amounts of SIRT6 in the liver tissue than did SPTBNI*'~ mice on the
matching diet (Figure 3C). Furthermore, HFD reduced the amount of SIRT®6 in livers of
WT mice, consistent with previous report that S/R76 expression was decreased in HFD-
induced liver steatosis.3! We found that the amount of SIRT6 was already low in the
livers of the SPTBNI*'~ mice and HFD did not further reduce it, consistent with impaired
TGF-p-mediated induction of S/RT6. The spatial differences in the distribution of SIRT6
corresponded to differences in the pattern of S/R76 transcripts in the published datasets23:
32 for human and mice liver tissues (Figure 3D). These results indicated that SPTBN1*/~
mice developed a liver phenotype resembling NASH that is associated with reduced SIRT6
abundance.

3.4. Overexpression of SIRT6 inhibits lipogenesis in the context of heterozygous loss of

SPTBN1

Because the SPTBNI~ mice had reduced SIRT6 abundance and developed severe

liver steatosis phenotypes that resemble NASH and NASH is associated with stress and
inflammatory signaling,33: 34 we hypothesized that the reduction in SIRT6 contributes

to the increased lipogenesis in the context of SPTBN1 deficiency. To mimic the stress
conditions associated with NASH, we exposed WT and SPTBN.I'~ MEFs to the
inflammatory cytokine TNF-a and cycloheximide (CHX) and evaluated the effect of SIRT6
overexpression on SREBP activity. We used both reporter gene assays (Figure 4A) and
analysis of endogenous transcripts of SREBP target genes (Figure 4B). Compared with
vehicle-treated cells, stressed MEFs of both genotypes had significantly increased LDLR
and SCD1 reporter gene expression (Figure 4A).

Overexpression of SIRT6 blunted the stress-induced increase in reporter gene expression in
MEFs of both genotypes. Consistently, for FASN and SCDJ, stress induced the expression
of both genes in WT and SPTBNI*~ cells (Figure 4B). Overexpression of Flag-SIRT6
blunted the stress-induced increase in FASN and SCD1 transcripts especially in the
SPTBNI'~ MEFs. Thus, these data indicated that impaired regulation of SIRT6 in response
to stress in cells with SPTBN1 deficiency contributes to excess expression of SREBP target
genes.

4. DISCUSSION

Fibrotic liver disease can result from progression of NAFLD. Both TGF-f and SIRT6

are important regulators of fibrosis in multiple tissues, including the liver and kidney.
Whereas inhibition of TGF-B signaling by SIRT6 is established in HSCs in the liver,13:
16,35 regulation of SIRT6 by TGF-B in hepatocytes has not been reported. Furthermore,

the involvement of the SMAD3 adaptor SPTBNL1 in this process has not been investigated
previously. Our results showed that TGF-p signaling positively regulates S/RT6 expression
in hepatocytes through a mechanism that depends on SMAD3 and SPTBNL1. The finding
that TGF- signaling increase S/RT6 expression is consistent with a study of renal epithelial
cells,38 which showed that TGF- increased SIRT6 at the transcript and protein level,
SIRT6 limited TGF-pB—-induced fibrotic changes in mouse kidney cells, and increased SIRT6
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abundance occurred in experimentally induced fibrotic renal disease in mice.36 Our data
indicated that a similar reciprocal regulatory mechanism is involved in the regulation of
hepatocyte lipid metabolism.

Mouse studies indicate that both SIRT6 and TGF-p signaling play key roles in lipid
metabolism in the liver.%: 7 Lipid accumulation in the liver is the hallmark of NAFLD

and TGF-B signaling contributes to the progression to the fibrotic NASH condition, which
can result in compromised liver function and is a risk factor for HCC.1: 2 In the liver,

TGF-p signaling is complex, because multiple cells within the liver produce and respond to
TGF-B.3 Our data here indicated that paracrine or autocrine TGF- signaling in hepatocytes
stimulates S/RT6 expression through a SMAD3- and SPTBN1-dependent transcriptional
mechanism that involves binding of SMAD3 to the S/R76 promoter. These results provide a
mechanistic basis for our previous findings in fibroblasts that SMAD3 '~ MEFs, SPTBN1*!~
MEFs, and SMAD3Z =, SPTBN1*'~ MEFs had reduced S/RT6 transcripts?” and for the
TGF-B-mediated stimulation of S/RT6 expression in kidney epithelial cells and HSCs.18: 36

Finding that SIRT6 reduced SPTBN1 acetylation represents another potential mechanism
for SIRTG to limit TGF-B signaling. SIRTG is already known to deacetylate SMAD219

and SMAD318 and reduce TGF- responses. Additionally, SPTBN1 is involved in
acetaminophen-induced liver damage3’ and in diet-induced steatosis and NASH in mice.?!
Liver-specific knockout of SPTBNI protects mice from diet-induced NASH through a
mechanism involving regulation of SREBP1 activity.2 How SIRT6-mediated deacetylation
of SPTBNL1 influences these other roles of SPTBN1 remains to be investigated. Our data
suggested that a negative feedback loop between SIRT6 and SPTBN1 and that the positive
regulation of S/R7T6 by TGF-B signaling may both be important for limiting SREBP1-
dependent gene expression and liver steatosis.

The physiological relevance of this regulatory loop was demonstrated by studying

the effect of a HFD on SPTBN1 heterozygous mice. SREBP1 and SREBP2 are key
transcription factors that promote de novo lipogenesis and control cellular lipid uptake,38
and both are negatively regulated by SIRT6.1% 39 SPTBNI*~ mice developed liver
steatosis with decreased SIRT6 protein abundance, suggesting that impaired induction of
SIRTE6 contributes to the severe liver phenotype. SPTBNI*~ MEFs had less SIRT6 and
exhibited increased activity of SREBP reporter genes in response to stress. Furthermore,
overexpression of SIRT6 in SPTBNI~ MEFs subjected to stress reduced the activity of
SREBPs. Together, these findings indicated that the severe diet-induced liver steatosis in
SPTBNI*~ mice involves impaired TGF-B-mediated induction of SIRTS, resulting in a
physiologically relevant reduction in this inhibitor of de novo lipogenesis.

The role of TGF- signaling in the liver is complex. TGF- signaling is critical for the
response to stress or recovery from liver injury.*® However, TGF- signaling is implicated
in liver diseases, including NAFLD, NASH, and HCC. This pathway has distinct roles in
various stages of gastrointestinal disease and cancer.3 Reciprocal regulation by the products
of TGF- target genes provides a means to tightly control the activity of TGF-p signaling.4®:
42 Similar to the deacetylating activity of SIRT6 on SMAD2 and SMAD3,18. 19 we observed
that SIRT6 also reduced acetylated SPTBN1.
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Like SIRT6, SIRT1 is also an important inhibitor of de novo lipogenesis*3 and is implicated
in fatty liver disease.19: 44 45 Previously, we reported that SIRT1 abundance was reduced

in SMAD3 deficient MEFs or in HCC cell lines in which SPTBN1 was knocked down.2’
However, transcript abundance of S/R71 was not changed, suggesting a posttranslational
mechanism of regulation by TGF-f signaling of SIRT1.

Our results here indicate that impaired reciprocal regulation between SIRT6 and TGF-$
signaling that involves SPTBN1 contributes to diet-induced NASH. These results, along
with our previous findings of regulation of SIRT1 by a pathway involving SMAD3 and
SPTBN1,27 suggest that TGF-B signaling regulates de novo lipogenesis in the liver through
a transcriptional mechanism involving SIRT6 and a posttranslational mechanism involving
SIRTL. Future investigation of these regulatory connections, including if impairment of
the SIRT6-TGF-B pathway feedback loop occurs in human liver disease, may yield novel
opportunities to intervene and prevent NAFLD from progressing to NASH.
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NASH non-alcoholic steatohepatitis
HCC hepatocellular carcinoma

HFD high-fat diet

NC normal chow

HSC hepatic stellate cell

FASEB J. Author manuscript; available in PMC 2024 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiang et al. Page 11

TSS transcriptional start site

SBE SMAD binding element
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TNF-a tumor necrosis factor-alpha

CHX cycloheximide
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CTCF CCCTC-binding factor
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FIGURE 1. SIRT6 is a target of TGF- signaling.
(A) Schematic of the human S/R76 promoter with potential SBEs and CTCF binding sites.

(B) Representative SMAD3 and CTCF binding peaks at the S/R76 promoter and enhancer
regions from one of three ChIP-Seq experiments in HepG2 cells with or without TGF-$
treatment. The region of chromosome 19 (chr19) is indicated. (C) SMAD3 binding to SBE1
and SBE2 from ChIP-gPCR experiments is presented as the fold recruitment. Data are
presented as the mean + SEM of three independent experiments. *, p < 0.05; compared

with IgG group. (D) Relative mRNA levels of S/RT6and SERP/NEI were determined in
MEFs exposed to 200 pM TGF-g for 24 h. *, p < 0.05; compared to WT. (E) SIRT6 was
detected by Western blotting in MEFs with different genotyping (left) and HepG2 stable cell
lines with or without SMAD3 knockdown (right). GAPDH or ACTIN served as the loading
control.
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FIGURE 2. SIRT6 reduces SPTBNL1 acetylation.
(A) Relative mRNA levels of the indicated TGF-p target genes in HepG2 cells transfected

with empty vector (EV) or Flag-SIRT6 and exposed to 200 pM TGF- for 24 h. Data

are presented as mean + SEM relative to the amount in EV-transfected cells exposed to
TGF-p treatment (n = 3 -4). *, p < 0.05; compared with EV group with TGF-f treatment.
(B) Co-immunoprecipitation of SMAD3, SPTBN1, and Flag-SIRT6 was performed in
HepG2 cells with or without exposure to 200 pM TGF-p for 3 h, using an irrelevant IgG
antibody or anti-FLAG antibody. IP, immunoprecipitation. Representative data from 1 of 3
independent experiments are shown. (C) The effect of SIRT6 overexpression on SPTBN1
acetylation in Huh7 cells was determined by immunoprecipitating SPTBN1 and Western
blotting for the presence of acetylation with SPTBN1. Representative data from 1 of 3
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independent experiments are shown. (D) The effect of SIRT6 overexpression on SPTBN1,
SMADZ3, Pre-SREBP1, n-SREBP1, and LDLR abundance in HepG2 cells and Huh7 cells
was determined by Western blotting. VINCULIN served as the loading control. EV, empty
vector. Representative data from 1 of 3 independent experiments are shown. (E) Relative
mRNA levels of SMAD3and SPTBNI were determined in SNU398 cells transfected with
empty vector (EV) or Flag-SIRT6. Data are presented as mean + SEM relative to the
amount in EV-transfected cells (n = 3). No significant differences were detected with t-test,
compared to EV group.
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FIGURE 3. SPTBN1*/~ mice have reduced SIRT6 abundance and develop HFD-induced liver
steatosis.

WT or SPTBNI*~ mice (10 — 12 weeks old) were fed a normal chow (NC) diet or a

HFD for 12 — 16 weeks. (A) Body weight and serum cholesterol and serum triglyceride
concentrations are shown for mice after receiving a HFD for 12 — 16 weeks. Data are
presented as mean + SEM of 3 — 4 mice per group. *, p < 0.05 compared to WT. (B) Liver
histology and SIRT6 immunohistochemistry (IHC) results are shown for mice after 12-16
weeks on the indicated diets. Hematoxylin & eosin (H&E) and IHC images are shown at
two magnifications: 10x, scale bar = 100 um; 20x, scale bar = 50 pm. C, central vein; P,
portal tracts; arrows indicate inflammation. Representative zones between central vein and
portal tracts are marked by the black dashed line:1, indicates area close to central vein; 2,
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indicates area in the middle; 3, indicates area close to portal tracts. (C) SIRT6 abundance
was quantified from SIRT6 IHC in liver tissue from mice of the indicated genotypes (n =
3). ** p < 0.01; compared with WT group on the same diet; *, p < 0.01, compared with
WT group on NC diet. (D) Profiles of S/RT6transcripts in the regions of the liver from the
central vein to the portal node in human (left) and mouse (right). Each profile is normalized
to the maximal expression across zones. The line indicates the mean, and the shaded region
indicates the SEM.
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FIGURE 4. SIRT6 blunts stress-induced expression of SREBP target genes in SPTBN1*~ MEFs.
MEFs were transfected with empty vector (EV) or FLAG-SIRT6 and exposed to vehicle

(\Veh) or stressed with TNF-a (20 ng/ml) and cycloheximide (CHX, 10 pg/ml) for 3 h. (A) In
addition to the EV or FLAG-SIRT6, MEFs were transfected with plasmids encoding Renilla
and luciferase controlled by the indicated promoter. Luciferase activity from the LDLR
promoter or the SCDI promoter was normalized using the activity of Renilla luciferase and
the mean £ SEM relative to the vehicle-treated WT were plotted (n = 3 — 4 independent
experiments). (B) Transcript abundance of the indicated SREBP target genes is presented
relative to that in WT MEFs transfected with empty vector and exposed to vehicle. Data

are presented as the mean £ SEM (n = 3). In A and B, *, p < 0.05, compared with
vehicle-treated cells; #, p < 0.05, stressed SPTBNI~ EV versus FLAG-SIRTS.
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Primers for gRT-PCR. Human genes are preceded by h, mouse genes by m.

Table 1.

Gene Forward Primer (5" to 3") Reverse Primer (5" to 3")

mSIRT6 ATGTCGGTGAATTATGCAGCA GCTGGAGGACTGCCACATTA
hSIRT6 CCCACGGAGTCTGGACCAT CTCTGCCAGTTTGTCCCTG
hSPTBN1 ATCTAACGCACACTACAACCTG TCAAGCACCTTTCCAATTCGT
hSMAD3 CCCCAGAGCAATATTCCAGA GACATCGGATTCGGGGATAG
hSERPINEI | AGTGGACTTTTCAGAGGTGGA GCCGTTGAAGTAGAGGGCATT
hHMGAZ2 CGAAAGGTGCTGGGCAGCTCCGG | CCATTTCCTAGGTCTGCCTCTTG
hMMP9 TGTACCGCTATGGTTACACTCG GGCAGGGACAGTTGCTTCT
hSREBP1 GTTGGCCCTACCCCTCC CTTCAGCGAGGCGGCTT

hTERT GCCGATTGTGAACATGGACTACG GCTCGTAGTTGAGCACGCTGAA
MFASN CTGCGTGGCTATGATTATGG AGGTTGCTGTCGTCTGTAGT
mSCD1 GCAAGCTCTACACCTGCCTCTT CGTGCCTTGTAAGTTCTGTGGC
hi8S CTACCACATCCAAGGAAGCA TTTTTCGTCACTACCTCCCCG
m18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
hACTB CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT
mACTB CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG
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