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Sirt6 Alleviated Liver Fibrosis by 
Deacetylating Conserved Lysine 54 on 
Smad2 in Hepatic Stellate Cells
Jinhang Zhang,1,2* Yanping Li,2* Qinhui Liu,2 Ya Huang,1,2 Rui Li,1,2 Tong Wu,1,2 Zijing Zhang,1,2 Jian Zhou,1,2 Hui Huang,1,2  
Qin Tang,1,2 Cuiyuan Huang,1,2 Yingnan Zhao,1,2 Guorong Zhang,1,2 Wei Jiang,3 Li Mo,4 Jian Zhang,5 Wen Xie,6 and Jinhan He1,2

BaCKgRoUNDS aND aIMS: Activation of hepatic stel-
late cells (HSCs) is a central driver of fibrosis. This study 
aimed to elucidate the role of the deacetylase sirtuin 6 (Sirt6) 
in HSC activation and liver fibrosis.

appRoaCH aND ReSUltS: Gain-of-function and loss-
of-function models were used to study the function of Sirt6 
in HSC activation. Mass spectrometry was used to determine 
the specific acetylation site. The lecithin retinol acyltransferase–  
driven cyclization recombination recombinase construct 
(CreERT2) mouse line was created to generate HSC-specific 
conditional Sirt6-knockout mice (Sirt6△HSC). We found 
that Sirt6 is most abundantly expressed in HSCs as com-
pared with other liver cell types. The expression of Sirt6 
was decreased in activated HSCs and fibrotic livers of mice 
and humans. Sirt6 knockdown and Sirt6 overexpression in-
creased and decreased fibrogenic gene expression, respectively, 
in HSCs. Mechanistically, Sirt6 inhibited the phosphorylation 
and nuclear localization of mothers against decapentaplegic 
homolog (Smad) 2. Further study demonstrated that Sirt6 
could directly interact with Smad2, deacetylate Smad2, and 
decrease the transcription of transforming growth factor β/
Smad2 signaling. Mass spectrometry revealed that Sirt6 dea-
cetylated conserved lysine 54 on Smad2. Mutation of lysine 
54 to Arginine in Smad2 abolished the regulatory effect of 
Sirt6. In vivo, specific ablation of Sirt6 in HSCs exacerbated 
hepatocyte injury and cholestasis-induced liver fibrosis in 

mice. With targeted delivery of the Sirt6 agonist MDL-800, 
its concentration was 9.28-fold higher in HSCs as compared 
with other liver cells and alleviated hepatic fibrosis.

CoNClUSIoNS: Sirt6 plays a key role in HSC activation 
and liver fibrosis by deacetylating the profibrogenic transcrip-
tion factor Smad2. Sirt6 may be a potential therapeutic target 
for liver fibrosis. (Hepatology 2021;73:1140-1157).

Liver fibrosis is the excessive accumulation of 
extracellular matrix (ECM) proteins, includ-
ing collagen. Liver fibrosis can occur in many 

types of chronic liver diseases that may lead to cir-
rhosis, liver failure and hepatocellular carcinoma.(1-3) 
Transdifferentiated (or “activated”) hepatic stellate 
cells (HSCs) represent the major cellular source of 
ECM-secreting myofibroblasts and the central driver 
of liver fibrogenesis.(4,5) HSCs exist in the space of 
Disse and normally are maintained in a quiescent 
state.(6) When stimulated by external factors, HSCs 
change from their quiescent state to an activated state, 
secreting a large amount of ECM and leading to its 
deposition and causing liver fibrosis.(5)

Transforming growth factor β (TGF-β) is a major 
profibrogenic cytokine for HSC activation and 
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induction of the fibrotic response.(7,8) TGF-β binds to 
its receptor and leads to the phosphorylation of moth-
ers against decapentaplegic homolog (Smad) 2 and 
Smad3. The phosphorylation of Smad2/3 is required 
for their nuclear translocation and transcriptional reg-
ulation of their fibrotic target genes.(9) Recent stud-
ies suggested that acetylation of Smad2 may affect 
its transcriptional activity. For instance, it has been 
reported that p300/CREB-binding protein (CBP) can 
acetylate Smad2 and enhance its ability to mediate 
TGF-β signaling.(10) Acetylation of Lysine(Lys)19 on 
Smad2 induced a conformational change in the MH1 
domain, so its DNA binding domain was accessible for 
interacting with DNA.(11) Acetylation is reversible, but 
which deacetylase is responsible for the deacetylation 
of Smad2 and whether the Smad2 deacetylase plays a 
role in HSC activation and liver fibrosis remain unclear.

Sirtuin 6 (Sirt6) is a member of the sirtuin family of 
NAD+-dependent deacetylases, with diverse roles in aging, 
metabolism and disease.(12) Sirt6 whole-body knockout 
mice have a shortened lifespan and phenotypes associ-
ated with aging, cancer, and metabolic disorders.(12-15) 
Such mice also showed the progression of chronic liver 
inflammation and fibrosis.(12-16) By using hepatocyte-  
specific Sirt6-knockout mice, Ka and colleagues showed 
that the observed liver fibrosis may be a secondary effect 
due to injury to hepatocytes.(17) In Sirt6 whole-body 
knockout mice, TGF-β signaling was up-regulated and 

led to collagen deposition and ECM remodeling.(16) In 
humans, the expression of Sirt6 was significantly lower 
in fibrotic livers than healthy livers.(17) These studies sug-
gest that Sirt6 may play an important role in regulating 
hepatic fibrosis. However, the direct role of Sirt6 in HSC 
activation and liver fibrosis remains unknown.

In the present study, we found that Sirt6 is most 
highly expressed in HSC among all liver cell types. 
Sirt6 expression was decreased in activated HSCs 
(aHSCs) and fibrotic livers. Sirt6 played an import-
ant role in preventing HSC activation by inhibiting 
TGF-β signaling. Sirt6 physically interacted with 
Smad2, deacetylated the conserved lysine 54 resi-
due, and regulated Smad2 transcriptional activity. 
The lecithin retinol acyltransferase (Lrat)-CreERT2 
mouse line was created to specifically delete Sirt6 in 
HSCs. HSC-specific deletion of Sirt6 exacerbated 
mouse models of liver fibrosis. Conversely, pharma-
cological activation of Sirt6 protected mice against 
liver fibrosis. Our results suggest that Sirt6 may be a 
promising therapeutic target for liver fibrosis.

Materials and Methods
aNIMal eXpeRIMeNtS

Animal protocols were approved by Sichuan 
University Animal Care and Use Committee. Floxed 
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Sirt6f/f and mT/mG mice, a lineage-tracking mouse 
line, were purchased from the Jackson Laboratory (Bar 
Harbor, ME). Lrat-CreERT2 knock-in mice were 
created by integrating an inducible cyclization recom-
bination (Cre) recombinase construct (CreERT2) in 
the 3′ untranslated region of the endogenous mouse 
Lrat gene. Lrat-CreERT2 mice were crossed with 
Sirt6f/f mice to generate HSC-specific conditional 
Sirt6-knockout mice (Sirt6△HSC). Lrat-CreERT2 
mice were also bred with mT/mG mice to track 
the expression of CreERT2 recombinase. To induce 
the recombination, mice were injected with tamoxi-
fen (100 mg/kg) every other day 5 times. C57BL/6J 
mice were injected with Carbon tetrachloride (CCl4) 
(0.75 mL/kg, Sigma-Aldrich, St. Louis, MO) twice a 
week for 8 weeks to induce liver fibrosis. In another 
model, C57BL/6J mice were fed a standard (control) 
diet or the standard diet supplemented with 0.1% 
5-diethoxycarbonyl-1,4-dihydrocollidine (DDC; 
Sigma-Aldrich, Vienna, Austria) for 4 weeks.

Cell lINe tReatMeNt
The human HSC line LX-2 was provided by Lieming 

Xu from Shuguang Hospital, Shanghai University of 
Traditional Chinese Medicine. LX-2 cells and human 
embryonic kidney 293 (HEK293) cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) 
supplemented with 10% fetal bovine serum (FBS; 
Hyclone) and incubated at 37℃ with 5% CO2.

ISolatIoN aND CUltURe oF 
pRIMaRy HSCs

Mouse HSCs were isolated by collagenase diges-
tion followed by centrifugation in an OptiPrep gra-
dient, as described,(18) and then cultured in DMEM 
containing 10% FBS overnight, and the medium was 
changed every 2 days.

lUCIFeRaSe aSSay
HEK293 cells were seeded in 48-well plates and 

transiently cotransfected with Smad binding element 
(SBE) luciferase reporter and Smad2 with or with-
out Sirt6. After 48  hours of transfection, HEK293 
cells were stimulated with TGF-β1 (2  ng/mL) for 
1 hour, and cells were harvested to detect luciferase. β-  
galactosidase activity was used to normalize transfec-
tion efficiency.

CoIMMUNopReCIpItatIoN
Nuclear extracts were prepared from HEK293 

cells by using a cytoplasmic and nuclear protein iso-
lation kit (Beyotime, P0028). For coimmunoprecipi-
tation, cells were lysed with nondenaturing Nonidet 
P40 lysis buffer (50  mM trishydroxymethylamino-
methane [Tris], pH 7.5, 150  mM sodium chloride, 
1  mM ethylene diamine tetraacetic acid, 0.25% 
sodium deoxycholate) supplemented with 1  mM 
phenylmethylsulfonyl fluoride, protease inhibitor 
cocktail, and phosphatase inhibitor cocktail (Sigma). 
An amount of 500  μg protein was immunoprecip-
itated with anti-Sirt6 or anti-total-Smad2/3 anti-
body and Protein A/G PLUS-Agarose (sc-2003, 
Santa Cruz Biotechnology) overnight at 4°C. Beads 
with the immune-precipitated complex were washed 
with lysis buffer three times before denaturing in 
lysis buffer (0.1M Tris-hydrochloric acid [HCl] pH 
6.8, 4% SDS, 20% glycerol, sodium pyrophosphate, 
1  mM sodium orthovanadate [Na3VO4], sodium 
fluoride [NaF]) at 97°C for 10  minutes. Nuclear 
extracts and immunoprecipitated protein were 
resolved by SDS-PAGE.

CHRoMatIN 
IMMUNopReCIpItatIoN

LX-2 cells were infected with adenovirus 
(Ad)-Sirt6 for 48  hours and then treated with 
TGF-β1 (2  ng/mL) for 4  hours. The next steps 
were performed with the EZ-Magna Chromatin 
Immunoprecipitation (ChIP) G Kit (Millipore, 
Billerica, MA). Purified DNA was subjected to 
RT-PCR.

MaSS SpeCtRoMetRy 
IDeNtIFICatIoN oF 
aCetylatIoN SIteS

HEK293 cells were transfected with Smad2 with 
or without Sirt6 and then 48 hours later were treated 
with TGF-β1, and the nuclear fraction was prepared 
by using a kit (Beyotime, P0028). The nuclear protein 
was immunoprecipitated with antiacetylation antibody 
and Protein A/G PLUS-agarose (sc-2003, Santa Cruz 
Biotechnology) overnight at 4°C. Immunoprecipitated 
protein was resolved by 10% SDS-PAGE gels for 
Coomassie blue staining. The gels were used for mass 
spectrometry (MS).
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IMMUNoFlUoReSCeNCe 
StaININg

Samples of cells and liver sections were fixed in 4% 
paraformaldehyde for 10  minutes, then incubated in 
0.2% Triton X-100 1× phosphate-buffered saline for 
15 minutes for permeabilization of the cytomembrane. 
Cell and tissue samples were incubated with primary 
antibodies at 4°C overnight. All antibodies used are in 
Supporting Table S1.

HyDRoXypRolINe aSSay
Total collagen content was tested by measuring 

the amount of hydroxyproline in liver tissue by using 
commercially available hydroxyproline detection kits 
(Nan Jing Jan Cheng Biochemical Institute, Nanjing, 
China) according to the manufacturer’s instructions.

HIStology
Livers were fixed in 10% formalin, embedded in 

paraffin, sectioned at 4  μm, and stained with hema-
toxylin and eosin, Sirius red, and Masson to examine 
the extent of inflammation and liver fibrosis. Images 
were captured under a microscope (Nikon, Tokyo).

WeSteRN Blot aNalySIS
Cells and tissues were lysed in lysis buffer (0.1  M 

Tris-HCl pH 6.8, 4% SDS, 20% glycerol, sodium pyro-
phosphate, 1 mM Na3VO4, NaF) and applied to 10% 
SDS-PAGE gels and probed with antibodies. Blots 
were visualized by using the LI-COR Odyssey System 
(Lincoln, NE). Quantitative determination of band 
intensity involved using Image Studio v4.0 (LI-COR). 
Antibodies are listed in Supporting Table S1.

QUaNtItatIVe Real-tIMe pCR
Total RNA extracted from liver or cells by using 

Trizol reagent (Applygen, Beijing, China) and 
reverse-transcribed into complementary DNA 
(RR037A; TaKaRa, Kyoto, Japan). Quantitative real-
time PCR involved the SYBR green-based assay with 
the CFX96 Real-Time system (Bio-Rad, Hercules, 
CA). The sequences of primers for real-time PCR are 
in Supporting Table S2.

StatIStICS
All quantitative data are expressed as mean ± SEM. 

All studies were repeated at least three times with 
similar results. Student t test was used to compare two 
groups. One-way ANOVA followed by the Dunnett 
post-hoc test was used for multiple comparisons 
(GraphPad Software). P < 0.05 was considered statis-
tically significant.

Results
Sirt6 IS HIgHly eXpReSSeD IN 
HSCs, aND tHe eXpReSSIoN oF 
Sirt6 IS DeCReaSeD IN aHSCs aND 
FIBRotIC lIVeR

To explore the potential role of Sirt6 in liver fibro-
sis, we first compared the expression of Sirt6 in differ-
ent types of cells isolated from the liver. Surprisingly, 
among the cell types evaluated, HSCs had the most 
abundant expression of Sirt6 (Supporting Fig. S1A). 
Freshly isolated HSCs were considered quiescent 
HSCs (qHSCs), and when cultured for 7 days, qHSCs 
become aHSCs.(18) With the onset of HSC activation, 
the protein expression of Sirt6 was greatly decreased 
(Fig. 1A, left and right panels). In mouse models of 
liver fibrosis induced by CCl4 or DDC, the expres-
sion of Sirt6 was also markedly decreased (Fig. 1B, left 
panel, and Fig. 1C, left panel). With the colocaliza-
tion of Sirt6 and desmin, the expression of Sirt6 was 
reduced in HSCs (Fig. 1B, right panel, and Fig. 1C, 
right panel). Similarly, we found the expression of Sirt6 
in HSCs isolated from fibrotic livers was also decreased 
(Supporting Fig. S1C,D, left panels). The purity of 
isolated HSC was estimated to be higher than 95% 
(Supporting Fig. S1C,D, right panels). The valida-
tion of the Sirt6 antibody is shown in Supporting Fig. 
S1E,F. Aging is known to be a major risk factor for 
the development of liver fibrosis in healthy individuals. 
Isolated HSCs from old mice (12 months old) showed 
lower expressions of Sirt6 compared with young mice 
(3  months old) (Supporting Fig. S1B). Also, the 
hepatic expression of Sirt6 in HSC was decreased in 
patients with liver fibrosis (Fig. 1D). Taken together, 
these results suggest that Sirt6 may play a role in HSC 
activation and liver fibrosis.
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FIg. 1. The expression of Sirt6 was decreased in aHSCs and fibrotic livers of mice and humans. (A) Sirt6 expression was decreased by 
HSC activation. Primary HSCs were isolated from WT mice and cultured for 1 day (qHSCs) or 7 days (aHSCs). Left panel: western blot 
analysis of α-SMA, Col1a1, and Sirt6 expression. Right panel: immunofluorescent staining of α-SMA accumulation and Sirt6 expression 
in qHSCs and aHSCs. (B) Sirt6 expression was decreased in the fibrotic liver of CCl4-treated mice. WT mice were injected with CCl4 
or vehicle for 8 weeks. Sirt6 expression were detected by western blot analysis, immunofluorescence staining, and quantification of Sirt6 
fluorescent signal. (C) Sirt6 expression was decreased in fibrotic liver of mice induced by DDC. WT mice were fed with or without a 
0.1% DDC diet for 4 weeks. Sirt6 expression were detected by western blot analysis, immunofluorescence staining, and quantification of 
Sirt6 fluorescent signal. (D) Liver sections were collected from normal individuals or patients with liver fibrosis and stained with Sirt6 
and desmin. Right panel: quantification of Sirt6 fluorescent signal. Data are mean ± SEM. *P < 0.05, **P < 0.01. Abbreviation: DAPI, 
4′,6-diamidino-2-phenylindole.
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KNoCKDoWN oF Sirt6 SeNSItIZeS 
HSCs to aCtIVatIoN

To directly evaluate the role of Sirt6 in HSC acti-
vation, we isolated primary HSCs from Sirt6f/f mice 
and infected them with Ad-Cre to knock down Sirt6 
expression. The adenoviral infection efficiency was esti-
mated to be more than 98% (Supporting Fig. S2A). 
Knockdown of Sirt6 increased the activation-responsive   
mRNA expression of fibrotic genes such as alpha-
smooth muscle actin (α-SMA), collagen type I alpha 1 
chain (Col1a1), collagen type I alpha 2 chain (Col1a2), 
and collagen type III alpha 1 chain (Col3a1) (Fig. 2A). 
Western blot analysis confirmed the elevated protein 
expression of α-SMA and Col1a1 when Sirt6 was 
knocked down (Fig. 2B). Immunofluorescent staining 
revealed α-SMA signal more detectable in Sirt6 knock-
down HSCs than other cells (Fig. 2C). In LX-2 cells, a 
human HSC cell line, Sirt6 knockdown, enhanced the 
TGF-β-stimulated mRNA expression of the fibrotic 
genes α-SMA, COL1A1, COL1A2, and COL3A1  
(Fig. 2D). The increased protein expression of α-SMA 
and/or COL1A1 in TGF-β–treated LX-2 cells with 
Sirt6 knockdown was verified by western blot analysis 
(Fig. 2E) and immunofluorescent staining (Fig. 2F).

oVeReXpReSSIoN oR 
pHaRMaCologICal aCtIVatIoN 
oF Sirt6 INHIBItS HSC 
aCtIVatIoN

The loss-of-function study prompted us to deter-
mine whether overexpression of Sirt6 could inhibit 
the activation of HSCs. In culture-activated pri-
mary HSCs, Sirt6 overexpression greatly reduced the 
mRNA expression of fibrotic genes such as α-SMA, 
Col1a1, Col1a2, and Col3a1 (Fig. 3A and Supporting 
Fig. S2B). The decreased protein expression of 
α-SMA and Col1a1 was confirmed by western blot 
analysis (Fig. 3B). Immunostaining also showed the 

lower expression of α-SMA (Fig. 3C). Overexpression 
of Sirt6 also inhibited TGF-β–induced activation of 
LX-2 cells (Fig. 3D-F).

We next determine whether pharmacologi-
cal activation of Sirt6 would have a similar effect 
on inhibiting the activation of HSCs. ML-800 
is a selective agonist of Sirt6.(19) In this experi-
ment, we used an HSC-specific drug delivery sys-
tem by modifying sterically stable liposome (Lip) 
with Cyclo [Arg-Gly-Asp-DTyr-Lys] (cRGDyK), 
RGD-Lip, a pentapeptide that binds to aHSCs.(20) 
We loaded RGD-Lip with MDL-800 to produce 
RGD-Lip/MDL-800. The schematic illustration, 
particle size, morphology, and entrapment efficiency 
of the RGD-Lip delivery system are in Supporting   
Fig. S3A-D. The specificity of the drug delivery 
system was confirmed by the uptake of RGD-Lip 
loaded with the fluorescent dye DiD in different 
types of cells isolated from the liver (Supporting 
Fig. S3E,F). RGD-Lip/MDL-800 significantly 
suppressed the expression of fibrotic genes includ-
ing, α-SMA, Col1a1, Col1a2, and Col3a1, in primary 
HSCs (Supporting Fig. S4A-C). In LX-2 cells, 
RGD-Lip/MDL-800 had a similar inhibitory effect 
on the activation of LX-2 cells induced by TGF-β 
(Supporting Fig. S4D,E). All these results suggest 
that Sirt6 plays an inhibitory role in HSC activation.

Sirt6 INHIBIteD HSC aCtIVatIoN 
By INHIBItINg tgF-β SIgNalINg

TGF-β plays a key role in HSC activation and 
fibrosis by including the phosphorylation and 
nuclear translocation of Smad2/3.(21) To understand 
the mechanism by which Sirt6 inhibits fibrogene-
sis, we first measured the TGF-β signaling path-
way. Sirt6 overexpression could significantly inhibit 
the phosphorylation of Smad2 induced by TGF-β 
(Fig. 4A). The phosphorylation of Smad2 leads to 
translocation from cytoplasm to nucleus.(22) Sir6 

FIg. 2. Knockdown of Sirt6 promoted TGF-β–induced HSC activation. (A-C) Mouse primary HSCs were isolated from Sirt6f/f mice, 
cultured for 2 days, and then infected with Ad-green fluorescent protein or Ad-Cre to knock down Sirt6 for 48 hours. (A) Real-time 
quantitative PCR analysis of the mRNA expression of fibrotic genes. (B) Western blot analysis of the protein expression of α-SMA, 
Col1a1, and Sirt6. (C) Immunofluorescence staining of α-SMA. (D-F) Human LX-2 cells were transfected with Sirt6 small interfering 
RNA (siRNA) to knock down Sirt6 expression under 2% FBS condition and then treated with TGF-β (2  ng/mL). (D) Real-time 
quantitative PCR analysis of the mRNA expression of fibrotic genes. (E) Western blot analysis of the protein expression of α-SMA, 
Col1a1, and Sirt6. (F) Immunofluorescence staining of α-SMA expression. Data are mean ± SEM. n = 3 experiments, each in triplicate. 
*P < 0.05, **P < 0.01. Abbreviations: Ctrl, control; DAPI, 4′,6-diamidino-2-phenylindole; KO, knockout; Veh, vehicle.
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overexpression significantly inhibited the TGF-β–
induced Smad2 translocation from cytoplasm 
to nucleus (Fig. 4B-C). Coimmunoprecipitation 
showed that Sirt6 could interact with Smad2, which 
was further enhanced by TGF-β stimulation (Fig. 
4D, upper left and right panels). We determined 
whether Smad2 is the direct substrate for the 
deacetylase activity of Sirt6 by deacetylation assay 
in HEK293 cells. TGF-β treatment increased the 
acetylation of Smad2, which was abolished by the 
overexpression of Sirt6 (Fig. 4D, lower left and right 
panels). Luciferase reporter assay further showed 
that cotransfection of Sirt6 decreased the transcrip-
tional activity of Smad2 (Fig. 4E). Finally, ChIP 
assay demonstrated that Sirt6 reduced the recruit-
ment of Smad2 to promoter regions of Col1a1 and 
Col1a2 genes (Fig. 4F). Together, these results sug-
gest that Sirt6 could deacetylate Smad2 and regu-
late its transcriptional activity.

Sirt6 DeaCetylateS Smad2 oN  
K54

To map the deacetylation site of Smad2 by Sirt6, 
we used MS of Smad2-overexpressing HEK293 cells 
with or without Sirt6. Lysine 54 of Smad2 was the 
only amino acid found deacetylated by Sirt6 (Fig. 5A, 
left panel). Lysine 54 in Smad2 is highly conserved 
among different species from Mnemiopsis leidyi to 
Homo sapiens (Fig. 5A, right panel), which indicates 
an important role of K54 in Smad2. The mutation 
of lysine to Arginine at this position decreased the 
acetylation level of Smad2 and abolished the regula-
tory effect of Sirt6 (Fig. 5B, left and right panels). At 
the functional level, mutation of lysine 54 decreased 
TGF-β–induced phosphorylation of Smad2 (Fig. 
5C, upper panel). The nuclear-localized Smad2 
was consistently decreased by mutation of lysine 54 
(Fig. 5C, lower panel). Immunofluorescence staining 

exhibited reduced nuclear accumulation of Smad2 
when lysine 54 was mutated (Fig. 5D, left panel). 
Luciferase assay showed the lower transcriptional 
activity of mutant Smad2 (Fig. 5D, right panel). 
Lysine 54 appeared to be required for the effects 
of Sirt6 on cellular localization and transcriptional 
activity of Smad2 because mutation of lysine 54 
abolished the effect of Sirt6 on decreasing the phos-
phorylation and nuclear localization of Smad2 (Fig. 
5E, upper panel and lower panel, and Fig. 5F, left 
panel) and transcriptional activity of Smad2 (Fig. 
5F, right panel). Together, Sirt6 may regulate the 
deacetylation of lysine 54 on Smad2, playing an 
important role in Smad2 phosphorylation, nuclear 
translocation, and transcriptional activity.

geNeRatIoN oF HSC-SpeCIFIC 
Sirt6-KNoCKoUt MICe

To explore the HSC-specific function of Sirt6 in 
liver fibrosis in vivo, we created a tamoxifen-inducible 
Lrat-driven CreERT2 mouse line. Lrat is known as 
an HSC-specific gene.(23) We also found that Lrat is 
expressed in HSCs but not in other liver cell types 
(Supporting Fig. S5A). CreERT2 was knocked into 
the downstream of Lrat connected by 2A (Lrat-
CreERT2) (Fig. 6A). To track the expression of 
CreERT2 recombinase, Lrat-CreERT2 mice were 
bred with mT/mG mice, a lineage-tracking mouse 
line. In tamoxifen-treated normal mice, the expres-
sion of Cre overlapped with the fluorescent signal of 
α-SMA (Supporting Fig. S5B). In tamoxifen-treated 
fibrotic mice induced with CCl4, the expression of 
Cre was strong and was confined to α-SMA–positive 
HSCs (Supporting Fig. S5B). The expression of Cre 
was barely detectable in cells positive for hepatocyte 
nuclear factor 1β, CD31, Cytokeratin 19 (CK19), 
and F4/80, which are markers of hepatocytes, biliary 
cells, endothelia cells, and Kupffer cells, respectively 

FIg. 3. Overexpression of Sirt6-ameliorated TGF-β–induced HSC activation. (A-C) Mouse primary HSCs were isolated from WT 
mice and cultured for 7 days under 10% FBS condition and then infected with Ad-Sirt6 to overexpress Sirt6. (A) Real-time quantitative 
PCR analysis of the mRNA expression of fibrotic genes. (B) Western blot analysis of the protein expression of α-SMA, Col1a1, and Sirt6. 
(C) Immunofluorescence analysis of α-SMA expression. (D,E) Human LX-2 cells were infected with Ad-green fluorescent protein or 
Ad-Sirt6 under 2% FBS condition and then treated with TGF-β (2 ng/mL) for 48 hours. (D) Real-time quantitative PCR analysis of 
the mRNA expression of fibrotic genes. (E) Western blot analysis of the protein levels of α-SMA and Col1a1. (F) Immunofluorescence 
staining of α-SMA expression. Data are mean ± SEM. n = 3 experiments, each in triplicate. *P < 0.05, **P < 0.01. Abbreviations: Ctrl, 
control; DAPI, 4′,6-diamidino-2-phenylindole; Veh, vehicle.
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FIg. 4. Sirt6 inhibited HSC activation by modulating the TGF-β signaling pathway. (A-C) LX-2 cells were infected with Ad-green 
fluorescent protein (GFP) or Ad-Sirt6 and then treated with or without TGF-β (2 ng/mL) for the indicated time. (A) Western blot 
analysis of the protein expression of phosphorylated (p-)Smad2 and Smad2. (B) Immunofluorescent staining of cellular Smad2 and (C) 
nuclear and cytoplasm fraction of Smad2. (D) HEK293 cells were transfected with Smad2 and then treated with or without TGF-β1 (2 ng/
mL). Upper left and right panel: whole cell lysates were immunoprecipitated with anti-Sirt6 or anti-Smad2 antibodies, and precipitated 
proteins were detected by anti-Smad2 or anti-Sirt6 antibodies. Lower left and right panel: western blot detection of nuclear acetylation 
levels of Smad2 in HEK293 cells with or without TGF-β treatment. (E) HEK293 cells were transfected with the Smad reporter (SBE 
reporter) and Smad2 with or without Sirt6 and then treated with or without TGF-β1 for 18 hours. Luciferase activity was normalized 
to β-galactosidase. (F) ChIP assay of LX-2 cells infected with Ad-GFP or Ad-Sirt6, then treated with or without TGF-β. Data are 
mean ± SEM. n = 3 experiments, each in quadruplicate. *P < 0.05, **P < 0.01. Abbreviations: Ctrl, control; DAPI, 4′,6-diamidino-2-
phenylindole; IB, immunoblotting; IP, immunoprecipitation; Veh, vehicle.
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(Supporting Fig. S5C-F). Lrat-CreERT2 mice 
were bred with Sirt6f/f mice to generate Sirt6△HSC  
(Fig. 6A). On tamoxifen treatment, Sirt6 was specifi-
cally knocked out in HSCs but not in other liver cell 
types of Sirt6△HSC mice (Fig. 6B, upper panel, and 

Supporting Fig. S6A-C). The endogenous expres-
sion of Lrat was not affected by tamoxifen or Sirt6 
deletion (Fig. 6B, upper panel). These results demon-
strated successful creation of an HSC-specific Sirt6 
knockout mouse line.
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D
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HSC-SpeCIFIC KNoCKoUt oF  
Sirt6 eXaCeRBateS CCl4-INDUCeD 
aND DDC-INDUCeD lIVeR 
FIBRoSIS

To test the in vivo function of Sirt6 in liver fibro-
sis, we used two fibrotic models: the CCl4 causes liver 
fibrosis by damaging hepatocytes, and DDC induces 
liver fibrosis because of cholestasis.(24,25) The CCl4 
model is illustrated in Fig. 6B (lower panel). CCl4 
causes significant hepatic fibrosis in Sirt6f/f mice as 
assessed by Sirius red and Masson staining and the 
quantification of hydroxyproline (Fig. 6C). As com-
pared with Sirt6f/f mice, Sirt6△HSC mice showed much 
worse liver fibrosis (Fig. 6C, left panel). Consistently, 
the level of hydroxyproline was significantly higher in 
Sirt6△HSC than Sirt6f/f mice (Fig. 6C, right panel). 
The mRNA expression of fibrotic markers α-SMA 
and collagens was higher in liver of Sirt6△HSC than 
Sirt6f/f mice after CCl4 treatment (Fig. 6D,E). The 
protein levels of α-SMA and Col1a1 were also greatly 
increased in CCl4-treated Sirt6△HSC mice (Fig. 6F, 
left panel). Consistent with the in vitro data, the 
acetylation and phosphorylation of Smad2 was further 
elevated in the livers of CCl4-treated Sirt6△HSC mice 
(Fig. 6F, right panel). The deletion of Sirt6 in HSC 
appeared to have little effect on CCl4-induced liver 
injury because the serum levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) 
were comparable between Sirt6f/f and Sirt6△HSC mice 
(Supporting Fig. S7A,B).

In another independent model of DDC diet-  
induced liver fibrosis, the hepatic collagen deposition 
was higher in Sirt6△HSC than Sirt6f/f mice, as shown 
by Sirius red and Masson staining and quantification 
of hydroxyproline (Supporting Fig. S8A-C). DCC-
treated Sirt6△HSC mice also showed increased mRNA 
expression of the fibrotic genes α-SMA, collagens, 

tissue inhibitor of metalloproteinase 1/2 (Timp-1/2), 
and matrix metalloproteinase 9 (MMP9) (Supporting 
Fig. S8D,E) and the protein levels of α-SMA and 
Col1a1 (Supporting Fig. S8F). The phosphorylation 
of Smad2 was also higher in the livers of Sirt6△HSC 
mice (Supporting Fig. S8F). Sirt6 deletion had no 
effect on DDC-induced liver injury, as indicated by 
similar serum levels of ALT and AST (Supporting 
Fig. S9A,B). Therefore, Sirt6 ablation in HSC con-
ferred susceptibility to CCl4-induced and DDC-
induced hepatic fibrosis.

pHaRMaCologICal aCtIVatIoN 
oF Sirt6 alleVIateS lIVeR 
FIBRoSIS

Next, we explored the therapeutic potential of the 
Sirt6 agonist MDL-800 for liver fibrosis. Mice were 
injected with CCl4 for 4 weeks and then treated 
with RGD-Lip/MDL-800 (10  mg/kg) once every 
3 days (Fig. 7A). To demonstrate the specificity of 
the drug delivery system in vivo, our FACS analysis 
showed that the fluorescent intensity in HSCs was 
markedly higher than that in hepatocytes, Kupffer 
cells, liver sinusoidal endothelial cells (LSECs), 
and biliary cells from livers of CCl4 mice treated 
with RGD-Lip/DiD (Supporting Fig. S10A,B). 
Immunofluorescence staining also confirmed that 
RGD-Lip–delivered DiD was localized in α-SMA–
positive cells, which were aHSCs (Supporting Fig. 
S10C). HSC-specific delivery of MDL-800 was 
further confirmed by liquid chromatography–MS, 
showing the concentration of ML-800 was more 
than 9.28 times higher in HSCs than hepatocytes, 
Kupffer cells, biliary cells, and endothelial cells 
(Supporting Fig. S10D). Treating wild-type (WT) 
mice with RGD-Lip/MDL-800 attenuated CCl4-
induced liver fibrosis, as shown by Sirius red and 

FIg. 5. Sirt6 regulated TGF-β signaling by deacetylating lysine 54 on Smad2. (A) MS identified Sirt6 deacetylated lysine 54 in Smad2. 
Lysates from HEK293 cells with or without Sirt6 treatment were resolved by SDS-PAGE. Right panel: conservation of Smad2 lysine 54 
in different species. (B) Sirt6 deacetylated Smad2 through lysine 54. Lysine 54 in Smad2 was mutated to alanine. Western blot analysis 
of acetylation level of WT Smad2 with Sirt6 treatment. (C,D) Role of Smad2 deacetylation at lysine 54 in TGF-β signaling. HEK293 
cells were transfected with WT Smad2 or mutant Smad2, followed by TGF-β treatment. (C) Upper panel: the phosphorylation of Smad2. 
Lower panel: the cellular localization of Smad2. (D) Left panel: immunofluorescent staining of Smad2. Right panel: transcriptional 
activity of WT and mutant Smad2. HEK293 cells were cotransfected with WT Smad2 or mutant Smad2, followed by Sirt6 treatment. 
(E,F) Lysine 54 on Smad2 is required for Sirt6-regulated TGF-β signaling pathway. (E) Upper panel: phosphorylation of Smad2. Lower 
panel: cellular localization of Smad2. (F) Left panel: immunofluorescent staining of Smad2. Right panel: transcriptional activity of WT 
and mutant Smad2. Data are mean ± SEM. n = 3 experiments, each in quadruplicate. **P < 0.01. Abbreviations: Ctrl, control; DAPI, 
4′,6-diamidino-2-phenylindole; GFP, green fluorescent protein; IP, immunoprecipitation; n.s., not significant; Veh, vehicle.
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Masson staining and quantification of hydroxypro-
line (Fig. 7B-C). The induction of fibrotic genes 
such as α-SMA, collagens, Timp1/2, and MMP9 was 
also decreased (Fig. 7D,E). Western blot analysis 
confirmed the reduced protein levels of Col1a1 and 
α-SMA (Fig. 7F, left panel). Consistently, activa-
tion of Sirt6 suppressed the acetylation and phos-
phorylation level of Smad2 (Fig. 7F, right panel). 
Sirt6 agonist did not alleviate liver injury induced 
by CCl4, as shown by similar serum ALT and AST 
levels (Supporting Fig. S11A,B).

Treating WT mice with RGD-Lip/MDL-800 also 
alleviated DDC-induced liver fibrosis (Supporting 
Fig. S12A-C). The DDC-responsive expression of 
fibrotic genes was suppressed in RGD-Lip/MDL-
800–treated mice (Supporting Fig. S12D,E). The 
protein levels of Col1a1, α-SMA, and phosphorylated 
Smad2 were also decreased (Supporting Fig. S12F). 
Again, the activation of Sirt6 had little effect on liver 
injury (Supporting Fig. S13A,B).

Discussion
Liver fibrosis can be a common outcome of differ-

ent chronic liver injuries, and HSCs play a central role 
in its development.(4,26,27) In the present study, Sirt6 
was most abundantly expressed in HSCs compared 
with other liver cell types, and Sirt6 expression was 
decreased during the activation of HSCs. By using 
both loss-of-function and gain-of-function models, 
we revealed that Sirt6 plays a key role in HSC activa-
tion. Mechanistically, Sirt6 inhibited TGF-β signaling 
by antagonizing Smad2 activity. Sirt6 physically inter-
acted with Smad2 and regulated its acetylation level. 
MS revealed that lysine 54 in Smad2 was deacetylated 
by Sirt6. Mutation of lysine 54 to Arginine in Smad2 
decreased the acetylation of Smad2 and lowered its 
transcriptional activity. More importantly, mutation 
of Smad2 on lysine 54 abolished the regulatory effect 
of Sirt6 on Smad2 transcriptional activity. In vivo 

results showed that HSC-specific deletion of Sirt6 
exacerbated CCl4-induced and DDC-induced liver 
fibrosis. Pharmacological activation of Sirt6 by tar-
geted delivery of a Sirt6 agonist into HSCs protected 
mice against CCl4-induced and DDC-induced liver 
fibrosis.

The TGF-β signaling pathway has been established 
as an important profibrogenic factor that induces the 
transdifferentiation of HSCs to myofibroblasts and 
ECM accumulation.(7,28,29) TGF-β binds to its recep-
tor, causes phosphorylation of Smad2/3, and triggers 
transcription of downstream factors. Recent studies 
revealed that acetylation of Smad2/3 also plays an 
important role in this pathway.(9,30,31) Smad2/3 can 
interact with the transcriptional coactivators p300/
CBP. p300/CBP could acetylate Smad2 and resulted 
in enhanced Smad-mediated transcription.(9,21,32,33) 
A major acetylation site of Smad2 by p300/CBP is 
Lysine 378 in the MH2 domain known to be critical 
for regulating transcriptional activity.(34) For Smad2, 
lysine 19, lysine 20, and lysine 39 are also required 
for efficient acetylation, and the acetylation of these 
lysines is required for the ability of Smad2 to medi-
ate activin and TGF-β signaling.(10) In this study, 
MS revealed an acetylation of Smad2. Although both 
Smad2 and Smad3 are the major downstream media-
tors of TGF-β signaling, our MS analysis found that 
Sirt6 only regulated the acetylation of Smad2, but it 
had little effect on the acetylation of Smad3. Future 
studies are necessary to understand the differential 
targeting of Smad2 by Sirt6.

Lysine 54 on Smad2 resides in the MH1 domain, 
which was thought to be the major acetylation domain 
in Smad2.(11) Mutation of lysine 54 to arginine greatly 
decreased TGF-β–induced acetylation of Smad2. The 
acetylation of lysine 54 appeared to be required for 
the phosphorylation and nuclear translocation of 
Smad2. Mutation of lysine 54 abolished the regula-
tory effect of Sirt6 on the acetylation, phosphoryla-
tion, nuclear localization, and transcriptional activity 
of Smad2. The relationship between acetylation and 

FIg. 6. HSC-specific ablation of Sirt6-exacerbated CCl4-induced liver fibrosis. (A) Schematic showing the strategy for generating 
the Lrat-2A-CreERT2 knock-in line by homologous recombination. (B) Upper panel: western blot analysis of the deletion of Sirt6 in 
HSCs. Lower panel: regimen of Sirt6f/f and Sirt6△HSC mice receiving olive oil or CCl4 (0.5 mL/kg) for 8 weeks after tamoxifen-induced 
deletion of Sirt6. (C) Left panel: fibrosis assessed by Sirius red and Masson staining. Right panel: quantification of hepatic hydroxyproline. 
(D,E) Real-time quantitative PCR analysis of mRNA levels of fibrotic genes in livers of 4 groups. (F) Western blot analysis of protein 
levels of α-SMA, Col1a1, acetyl, phosphorylated (p-)Smad2 (Ser465), and Smad2/3. Data are mean ± SEM. n = 7. *P < 0.05, **P < 0.01. 
Abbreviations: Col5a1, collagen type V alpha 1 chain; IP, immunoprecipitation; Tax, tamoxifen; UTR, untranslated region.
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phosphorylation has been reported in several previ-
ous studies. p53 phosphorylation of Ser46 leads to 
the acetylation of Lys382, which is necessary for p53-  
mediated apoptosis.(35) Our study found that mutation 
of lysine 54 on Smad2 decreased the phosphorylation 
level, thereby confirming that Smad2 acetylation can 
affect its phosphorylation.

Studies used collagen-driven Cre, desmin-Cre, 
human glial fibrillary acidic protein (hGFAP)-Cre, and 
glial fibrillar acidic protein (GFAP)-Cre to track HSCs 
and study the function of different genes in liver fibro-
sis.(36) However, these Cre lines failed to specifically 
label HSCs.(23,36) Lrat-Cre transgenic mice were con-
firmed to specifically label HSCs and have been used to 
study the HSC function of genes.(23,37) However, this 
Lrat-Cre transgenic mouse line can only pass the Cre 
transgene to female descendants,(23) and the expression 
of Cre is constitutive, which limits its utility. In this 
study, we generated a tamoxifen-inducible CreERT2 
mouse line by knocking in the CreERT2 right after 
exon 2 of Lrat connected by 2A. Characterization of 
the Lrat-CreERT2 mouse line showed that CreERT2 
was specifically expressed in HSCs but not in other 
liver cell types. When crossed with Sirt6f/f mice, HSC-
specific Sirt6-deficient mice (Sirt6△HSC) were created. 
Sirt6△HSC mice showed specific deletion of Sirt6 in 
HSCs under the control of tamoxifen. Therefore, the 
Lrat-CreERT2 mouse line allows for cell type–specific 
and spatial-specific deletion of genes in HSCs for a 
powerful tool in the field of HSC study.

MDL-800 was reported as a selective agonist of 
Sirt6.(19) MDL-800 activates Sirt6 by increasing the 
binding affinities of acetylated substrates and cofac-
tors as well as increasing the catalytic efficiency of 
Sirt6.(19) However, systemic MDL-800 treatment 
may cause side effects and potential toxicity. To 
overcome these problems, we loaded MDL-800 into 
RGD-guided Lip (RGD-Lip/MDL-800). RGD 
is a pentapeptide that binds with high affinity to 
integrin αV and β3, which are highly expressed in 
aHSCs. We showed that RGD-Lip can specifically 

target aHSCs in vivo.(20,38) Indeed, we found that 
RGD-Lip–delivered MDL-800 showed a 10.5-
fold higher concentration of MDL-800 in HSCs 
than in other liver cell types isolated from the same 
mice. Moreover, targeted delivery of MDL-800 to 
HSCs decreased Smad2 phosphorylation and pro-
tected mice against CCl4-induced and DDC diet-  
induced liver fibrosis (Fig. 7 and Supporting  
Fig. S9). Targeted delivery of MDL-800 to activate 
Sirt6 in HSCs by RGD-Lip may be a promising 
treatment to manage liver fibrosis.

Sirt6 has been reported as an inhibitor of cardiac 
fibroblast differentiation and a negative regulator 
of angiotensin II–mediated myocardial remodeling, 
fibrosis, and injury.(39,40) In kidney fibrosis and other 
diseases, Sirt6 protects against fibrosis and injury by 
epigenetic regulation of histones in proximal tubules or 
podocytes.(16,41,42) Sirt6 also acts as a key modulator in 
the epithelial to mesenchymal transition by inactivat-
ing TGF-β1 and nuclear factor-κB signaling pathways, 
which suggests that Sirt6 may be an attractive ther-
apeutic target for idiopathic pulmonary fibrosis.(43,44) 
Although reports suggested that Sirt6 may play a 
role in liver fibrosis,(13,15,17,45) whether the liver fibro-
sis observed in Sirt6-null mice was a direct or indi-
rect result of Sirt6 ablation was unclear. The cell type 
responsible for liver fibrosis in Sirt6 null mice was also 
not clear. By using HSC-specific Sirt6-knockout mice, 
we demonstrated a direct role of Sirt6 in HSC acti-
vation and liver fibrosis. Although our study demon-
strated that the Sirt6 in HSCs plays an important role 
in liver fibrosis, the contribution of Sirt6 in hepato-
cytes to liver fibrosis should not be ignored. Several 
studies showed that Sirt6 in hepatocytes protected 
against hepatic steatosis, insulin resistance, and inflam-
mation.(17,46-48) Because steatosis and inflammation are 
risk factors for HSC activation and liver fibrosis, it is 
possible that Sirt6 in hepatocytes may also participate 
in the initiation or progression of liver fibrosis.

In summary, we have established Sirt6 as an anti-
fibrogenic factor in HSC activation and liver fibrosis. 

FIg. 7. Target delivery of Sirt6 agonist, MDL-800, to HSCs protected against CCl4-induced liver fibrosis. (A) The regimen of targeted 
delivery of Sirt6 agonist MDL-800. WT mice were treated with olive oil or CCl4 (0.75 mL/kg) for 8 weeks. During the last 4 weeks, mice 
were given RGD-Lip or RGD-Lip/MDL-800 (10 mg/kg) every 3 days by tail-vein injection. (B) Fibrosis was assessed by Sirius red and 
Masson staining. (C) Level of hepatic hydroxyproline. (D,E) Real-time quantitative PCR analysis of mRNA levels of fibrotic genes in 
liver. (F) Western blot analysis of protein levels of α-SMA, Col1a1, acetyl, phosphorylated (p-)Smad2 (Ser465), and Smad2/3. Data are 
mean ± SEM. n = 7. *P < 0.05, **P < 0.01. Abbreviations: Col5a1, collagen type V alpha 1 chain; Ctrl, control; IP, immunoprecipitation; 
Veh, vehicle.
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Sirt6 agonists and strategies that preferentially acti-
vate Sirt6 in HSCs may represent approaches to pre-
vent and treat liver fibrosis.
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