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Abstract

Hepatic fibrosis occurs in response to prolonged tissue injury in the liver, which
results in abnormal accumulation of extracellular matrix. Hepatic stellate cells
(HSCs) have been suggested to play a major role in liver fibrosis. However, the
molecular mechanisms remain incompletely understood. Sirtuin 6 (SIRT6), an
NAD*-dependent deacetylase, has been previously implicated in the regulation
of the transforming growth factor § (TGFf)-SMAD3 pathway that plays a signifi-
cant role in liver fibrosis. In this work, we aimed to identify other important play-
ers during hepatic fibrogenesis, which are modulated by SIRT6. Yes-associated
protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ or
WWTR1), key players in the Hippo pathway, have been implicated in the promo-
tion of hepatic fibrosis. Our data show that HSC-specific Sirt6 knockout mice
are more susceptible to high-fat-cholesterol-cholate diet-induced hepatic fibrosis
than their wildtype counterparts. Our signaling analyses suggest that in addi-
tion to the TGFB-SMAD3 pathway, YAP and TAZ are also highly activated in the
SIRT6-deficient HSCs. As it is not clear how SIRT6 might regulate YAP and TAZ,
we have decided to elucidate the mechanism underlying the regulation of YAP
and TAZ by SIRT6 in HSCs. Overexpression or knockdown of SIRT6 corroborates
the role of SIRT6 in the negative regulation of YAP and TAZ. Further biochemi-
cal analyses reveal that SIRT6 deacetylates YAP and TAZ and reprograms the
composition of the TEA domain transcription factor complex to suppress their
downstream target genes, particularly those involved in hepatic fibrosis. In con-
clusion, our data suggest that SIRT6 plays a critical role in the regulation of the
Hippo pathway to protect against hepatic fibrosis.

Abbreviations: ACTA2, smooth muscle actin alpha 2; ANKRDI, ankyrin repeat domain 1; COL1A1, collagen type 1 alpha 1; COL3A1, collagen type
3 alpha 1; CTGF, connective tissue growth factor; CYR61, cysteine-rich angiogenic inducer 61; GFP, green fluorescent protein; HFCC, high-fat-
cholesterol-cholate diet; HSC, hepatic stellate cell; IHH, Indian hedgehog; IP, immunoprecipitation; KO, knockout; LRAT, lecithin retinol
acyltransferase; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; PBS, phosphate-buffered saline; PCR, polymerase
chain reaction; sgRNA, single guide RNA; SIRT®6, Sirtuin 6; SMAD3, SMAD family member 3; TAZ, transcriptional co-activator with a PDZ-binding
motif; TEAD, TEA domain transcription factor; TGF-f1, transforming growth factor p-1; VGLLA4, vestigial-like family member 4; WT, wild type;
WWTR1, WW domain containing transcription regulator 1; YAP, yes-associated protein.
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1 | INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a very
common chronic liver disease that begins with simple
deposition of fat, known as steatosis, and can progress
into an inflammatory and fibrotic manifestation called
non-alcoholic steatohepatitis (NASH), or eventually cir-
rhosis or liver cancer."* Hepatic fibrosis is a hallmark of
the transition from simple steatosis to NASH.> Hepatic
stellate cells (HSCs) have been shown to play a major
role in liver fibrosis by contributing to the majority of
the extracellular matrix buildup during liver fibrosis
pathogenesis.*

The evolutionarily conserved Hippo pathway has
recently been implicated in liver fibrosis.”"” Regulated
primarily by a kinase cascade, the major effectors of the
Hippo pathway—Yes-associated protein (YAP) and WW
domain containing transcription regulator 1 (WWTR1)
or PDZ-binding motif (TAZ)—shuttle between cyto-
plasm and nucleus according to their phosphorylation
status. Upon stimulation by multiple factors, STE20-
like serine/threonine kinases (MST1/2) and large tumor
suppressor kinases 1/2 (LATS1/2) are activated, YAP
and TAZ are phosphorylated at Ser127 and Ser89, re-
spectively, and sequestered to the cytoplasm by binding
to 14-3-3 proteins. In a non-stimulated state, unphos-
phorylated YAP/TAZ is localized to the nucleus and
exert coactivation of TEA domain transcription factors
(TEADs)."® YAP/TAZ actions in the hepatocytes have
been implicated in the development of NASH.**!>1?
Elevated TAZ levels are positively correlated with the ex-
pression and secretion of Indian hedgehog (Ihh) ligands,
which promote HSC activation and fibrosis."” Targeting
hepatocyte TAZ using small interfering RNA has been
shown to improve hepatic fibrosis in a diet-induced
NASH mouse model.'! Moreover, YAP is also activated
in fibrotic livers of hepatitis C patients, as well as in
CCl,-treated mouse livers.'” YAP has also been shown to
promote HSC activation.'**!7

Sirtuin 6 (SIRT6), an NAD*- dependent deacetylase/
deacylase, plays a crucial role in the maintenance of he-
patic function and health by regulating glucose and lipid
metabolism and protecting against the development of
steatosis and inflammation.?’ Furthermore, SIRT6 also
protects against liver fibrosis by deacetylating key lysine
residues on SMAD family members 2 and 3 (SMAD2 and
SMAD3).2"*2 However, it is unclear whether SIRT6 has a
role in the regulation of the Hippo signaling pathway in

HSCs. In this study, we explored the relationship between
SIRT6 and YAP/TAZ and the related biochemical mecha-
nism in HSCs.

2 | MATERIALS AND METHODS

2.1 | Animal experiments

All animal experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC)
of Indiana University School of Medicine in consist-
ence with the guidelines for the care and use of labora-
tory animals by the National Institutes of Health (NIH).
HSC- and liver-specific Sirt6 knockout (HSC-KO and
LKO, respectively) mice were generated using a lecithin
retinol acyl-transferase (Lrat)-Cre or albumin-Cre line
as previously described.”*** Four to 6weeks old Sirt6
KO and wild-type (WT) mice were housed in ventilated
cages at ambient temperature (22 +2°C) and humidity
(60% + 5%) with 12:12h light/dark cycles and fed ad li-
bitum with a high-fat-cholesterol-cholate diet (HFCC;
Research Diets D12109C, New Brunswick, NJ) contain-
ing 20% calories from protein, 40% calories from fat, 40%
calories from carbohydrates, and 1.25% cholesterol and
0.5% sodium cholate by weight.** At the end of the ex-
periments, animals were euthanized for tissue and blood
collection.

2.2 | DNA constructs

Mouse Sirt6, catalytically inactive Sirt6 H133Y, Smad3,
vestigial-like family member 4 (Vgll4), Wwtrl/Taz, and
green fluorescent protein (GFP) coding sequences were
cloned into a pcDNA3 vector with a FLAG or hemagglu-
tinin (HA) tag. Human YAP1 was a gift from Yosef Shaul
(Addgene, Cambridge, MA; plasmid # 18881; http://
n2t.net/addgene:18881; RRID:Addgene_18881). Single
guide RNAs (sgRNAs) against human YAP1, WWTR1/
TAZ, SIRT6, and SMAD3 coding sequences were gener-
ated with the assistance of the GPP sgRNA Designer on
the Broad Institute website and were cloned into a lentiC-
RISPRv2 vector as a gift from Dr. Feng Zhang (Addgene,
Cambridge, MA; #52961; http://n2t.net/addgene:52961;
RRID:Addgene_52961). Multiple human YAP1 and
mouse Wwtrl/Taz lysine residues were mutated to ar-
ginine residues using a Q5-site-directed mutagenesis kit
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(New England Biolabs, Ipswich, MA). The oligonucleo-
tide sequences were described in Table S1.

2.3 | Cell culture

Human HSC line, LX-2 (MilliporeSigma, Burlington,
MA) was cultured in Dulbecco’'s modified Eagle me-
dium (DMEM, Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum and 1% penicillin/strepto-
mycin (Thermo Fisher Scientific). Cells were kept in an
incubator with 5% CO, at 37°C. Prior to treatment with
transforming growth factor p1 (TGF-p1, R&D Systems),
cells were cultured in serum-free media overnight, and
after 5 ng/ml TGF-p1 was added the cells were incu-
bated for 24 h. For some experiments, cells were treated
with 0.25 or 0.5 pM verteporfin (Cayman Chemical) for
25 h.

2.4 | Isolation and culture of mouse
primary HSCs

Primary mouse HSCs were isolated from mouse livers
using the density gradient centrifugation technique as
previously described.”® Mouse livers were digested using
collagenase I and passed through a 70-pm strainer. HSCs
were isolated using Optiprep (MilliporeSigma) gradi-
ent.”®*” HSCs were collected and cultured in DMEM con-
taining 10% fetal bovine serum, 10% horse serum, and 1%
penicillin/streptomycin antibiotics.

2.5 | Histologic analysis

Mouse liver tissue specimens were fixed by formalin
and sent for paraffin embedding and sectioning at the
Indiana University Histology Core. Tissue sections (5-pm
thick) were deparaffinized in xylene and rehydrated in a
graded series of ethanol concentrations. Deparaffinized
liver tissue sections were further processed for hematox-
ylin and eosin (H&E) staining and Sirius Red staining
(MilliporeSigma). Liver tissue specimens were also pre-
pared in an embedding medium or O.C.T. Compound
(Thermo Fisher Scientific) for cryosections. Oil Red O
(MilliporeSigma) staining was performed on these sec-
tions using a standard protocol. Images for H&E, Sirius
Red, and Oil Red O were captured using a Leica DM750
microscope equipped with an EC3 digital camera and
LAS EZ software. Images for immunofluorescence (IF)
analysis were obtained using a ZEISS fluorescence mi-
croscope with an AxioVision Rel 4.8 software. IF im-
ages were quantified from randomly selected fields from
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each sample using ImageJ 1.52 software (NIH, Bethesda,
MD).

2.6 | Immunocytochemistry

LX-2 cells grown on a glass-bottom dish were fixed with 4%
paraformaldehyde for 15 min at room temperature, then
washed 3 times with phosphate-buffered saline (PBS) and
incubated overnight with primary antibodies as described
(Table S2). After washing, cells were incubated with Alexa
Fluor-conjugated secondary antibodies (Thermo Fisher
Scientific, 1:250) for 1.5h, counterstained, and mounted
with 50% glycerol with 4',6-diamidino-2-phenylindole
(DAPI, Thermo Fisher Scientific), and imaged under a
fluorescent microscope (Zeiss USA, Thornwood, NY).

2.7 | Immunoblotting and
immunoprecipitation (IP)

Total protein from tissue lysates was prepared using a lysis
buffer containing 50mM HEPES, pH 7.5, 150mM NaCl,
10% glycerol, 1% Triton X-100, 1.5mM MgCl,, 1mM EDTA,
10mM sodium pyrophosphate, 100mM sodium fluoride,
and freshly added 100mM sodium vanadate, 1 mM phenyl-
methylsulfonyl fluoride, and 1x cOmplete protease inhibi-
tor cocktail (Roche, Indianapolis, IN). Total cellular protein
was prepared with lysis buffer containing 1% NP-40, 20 mM
Tris, pH 7.4, 137mM NaCl, 2mM EDTA, 10% glycerol,
1mM phenylmethylsulfonyl fluoride, and 1x cOmplete
protease inhibitor cocktail. Protein samples were resolved
by 10% SDS-PAGE and transferred to nitrocellulose mem-
branes (Bio-Rad). For immunoblotting, the membrane
was blocked with 5% non-fat dry milk in PBS with 0.1%
Tween-20 for 1h, followed by incubation with the specific
primary antibody at 4°C overnight and with horseradish
peroxidase-conjugated secondary antibody for 2h at room
temperature. Signals were detected by chemiluminescence
with Pierce ECL Western Blotting substrate and scanned
with a ChemiDoc MP System (Bio-Rad Laboratories,
Hercules, CA, USA). Images were analyzed using ImageJ
software for quantitative analysis. For immunoprecipita-
tion experiments, equal amounts of protein lysates were
incubated with 1 pg of specific antibodies. For some immu-
noprecipitation experiments, FLAG beads (MilliporeSigma)
were used to pull down overexpressed proteins. After a 16-h
incubation at 4°C, protein A/G plus agarose (Santa Cruz
Biotechnology, Dallas, TX) was added and incubated at 4°C
for 3h. Normal rabbit immunoglobulin G (IgG) or normal
mouse IgG was used as a negative control. Proteins were
analyzed by immunoblotting. Antibodies used in the exper-
iments were described in Table S2.
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2.8 | Gene expression analysis

Total cellular RNA was extracted with TRI reagent
(MilliporeSigma) and cDNA was synthesized from 1 pg
of total RNA using a cDNA synthesis kit (Thermo Fisher
Scientific) in a final volume of 20pul. Real-time PCR
was performed using SYBR green Master Mix (Thermo
Fisher Scientific) in a Realplex PCR system (Eppendorf
North America, Hauppauge, NY). Gene expression was
normalized with the expression of the internal control
gene peptidylprolyl isomerase A (PPIA) by the AAC,
method. The PCR primer sequences were described in
Table S1.

2.9 | Statistical analysis

All statistical data are expressed as mean + SEM. Statistical
analysis was performed using GraphPad Prism 9 software
from GraphPad (La Jolla, CA). Comparisons between
two groups were performed using a two-tailed unpaired
Student t-test, and comparisons for more than two groups
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were performed using a one-way analysis of variance fol-
lowed by a Tukey post hoc test.

3 | RESULTS

3.1 | SIRT6 regulates SMAD3-dependent
and -independent pathways in hepatic
stellate cells

Previously, we have identified SIRT6 as a key epigenetic
factor that protects against fibrogenesis by deacetylat-
ing SMAD3.* To examine the role of SMAD3-dependent
and -independent pathways that mediate the SIRT6 effect
on HSCs, we first knocked down the SMAD3 gene using
CRISPR sgRNAs against the coding sequence of SMAD3
in human HSC LX-2 cells and treated with 5 ng/ml of
TGF-p1 (Figure 1A). We observed a significant decrease
in the expression of COL1AI and COL3A1 genes, markers
of fibrosis, in the SMAD3 knockdown cells as compared
to the control sgGFP group, indicating the significance
of SMAD3 in fibrogenesis (Figure 1B). To assess whether
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FIGURE 1 SIRT6 regulates both SMAD3-dependent and -independent pathways in HSCs. (A) Immunoblot and quantification analysis
of SIRT6 and SMAD3 in LX-2 cells transfected with sgGFP, sgSMAD3, sgSIRT6, or sgSMAD3+sgSIRT6 CRISPR/Cas9 plasmids in the
presence of 5 ng/ml of TGF-p1 for 24 h (n = 3). Actinin (ACTN) was used as a loading control. (B) Real-time PCR analysis of COL1A1,
COL3A1, CTGF, and CYR61 in the LX-2 cells transfected with sgGFP, sgSMAD3, sgSIRT6, or sgSMAD3+sgSIRT6 in the absence (—) or
presence of 5 ng/ml of TGF-f1 for 24 h (n = 4). Data are presented as mean +SEM. *p <.05, **p < .01, and ***p <.001, and ***p <.001 for

sgSMAD3+sgSIRT6 versus sgSMAD3.
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SMAD3-independent pathways also mediate the SIRT6
function in HSCs, we simultaneously knocked down the
SIRT6 and SMAD3 genes. Both COL1A1 and COL3A1 were
significantly downregulated in the SIRT6 and SMAD3
dually deficient HSCs but not to the level in the control
sgGFP transfected HSCs (Figure 1B), suggesting that other
pathways other than SMAD3 also play a significant role in
the downstream of SIRT6. To examine which pathways
might be involved in the SIRT6-regulated hepatic fibrosis
in HSCs, we analyzed several key factors that have been
implicated in liver fibrosis,* including Smad3, platelet-
derived growth factor receptor beta (Pdgf-§), catenin
beta 1 (Ctnnbl), and Yap in WT and Sirt6 HSC-KO liv-
ers. As we previously reported,” Smad3 phosphorylation
at Ser423/425 was significantly increased (Figure S1A,B).
While Pdgfr-p protein was not significantly changed,
Ctnnb1 protein was significantly increased and Yap phos-
phorylation at Ser127 was significantly decreased (indicat-
ing more active) in the Sirt6 HSC-KO livers as compared
to WT livers (Figure S1A,C-E). Connective tissue growth
factor (CTGF or CCN2) and cysteine-rich angiogenic in-
ducer (CYR61 or CCN1), two known target genes in the
Hippo pathway, were also induced in the SIRT6-deficient
LX-2 cells (Figure 1B). As regulation of Ctnnb1 by Sirt6 in
renal fibrosis has been reported,zs‘30 we decided to further
investigate a potential regulation of the Hippo pathway by
SIRT6 in HSCs.

3.2 | YAP and TAZ drive fibrogenesis
in HSCs

Next, we examined the role of the Hippo pathway
effectors—YAP and TAZ in HSCs. We knocked down
YAP and TAZ in LX-2 cells using the CRISPR/Cas9 ap-
proach. We observed 64% and 85% decreases in YAP pro-
tein levels and 70% and 67% decreases in TAZ protein
levels in single and double knockdown cells, respectively.
Smooth muscle actin alpha 2 (ACTA?2) protein levels were
also decreased by 55%, 46%, and 66% in YAP, TAZ, and
YAP+TAZ knockdown cells, respectively (Figure 2A,B).
PCR analysis also showed a decrease of 50%, 49%, and 53%
of COL1IA1 mRNAs and 24%, 40%, and 57% of COL3A1I
mRNAs in the YAP, TAZ, and YAP+TAZ knockdown
cells, respectively (Figure 2C). Moreover, we overex-
pressed YAP, TAZ, or YAP+TAZ in LX-2 cells, and we
observed that ACTA2 protein levels were increased by
222%, 361%, and 233% in YAP, TAZ, or dual overexpres-
sion cells, respectively (Figure 2D,E). Next, we assessed
lysine acetylation in YAP, TAZ, and VGLL4 in the pres-
ence or absence of TGF-p1. To do this, we overexpressed
YAP, TAZ, or VGLL4 in LX-2 cells and treated them with
5 ng/ml of TGF-p1. Here, we used SMAD3 as a positive

s 50f17
FASEB "

control as we previously reported.”? Interestingly, YAP,
TAZ, SMAD3, and VGLL4 had higher acetylation levels
after the TGF-f1 treatment (Figure 2F).

3.3 | YAP and TAZ activities are
modulated by SIRT6 in HSCs

To examine whether YAP is regulated by SIRT6, we per-
formed SIRT6 overexpression or knockdown in LX-2
cells. Our data showed that SIRT6 overexpression in-
creased phosphorylated YAP (Ser127) levels, suggesting
that YAP is less active (Figure 3A,B). This was supported
by a decrease in the CTGF and CYR61 gene expression
(Figure 3C). Moreover, when SIRT6 was knocked down,
YAP phosphorylation was barely detectable, indicative of
increased YAP activity (Figure 3D,E). As expected, expres-
sion of the COL3A1, COL1IAI, ACTA2, CTGF, and CYR61
genes was increased after the SIRT6 gene knockdown
(Figure 3F). We also observed a 126% increase in p-YAP
levels when SIRT6 was overexpressed and a 31% decrease
in p-YAP after SIRT6 was knocked down in the absence
of TGF-f1 (Figure S2). Moreover, we analyzed hepatic fi-
brosis and the Hippo pathway in primary HSCs from Sirt6
HSC-KO mice. We observed an increase in expression of
fibrotic genes of Collal, Acta2, and Tgfbl by 206%, 126%,
and 437% and the Hippo target genes of Ctgf, Cyr61, and
Ankrd1 by 48%, 200%, and 176% in the primary HSCs from
the HSC-KO mice compared to that from the WT mice,
respectively (Figure 3G).

To corroborate the Hippo pathway involvement in the
SIRT6-regulated HSC activation, we chose a pharmaco-
logical approach for inhibition of the YAP coactivation of
TEAD transcriptional activity using verteporfin, a well-
validated inhibitor for YAP.'” To do so, we treated control
and SIRT6 knockdown LX-2 cells with 0.25 or 0.5 pM
verteporfin in the presence or absence of 5 ng/ml TGF-
B1. As a readout for fibrosis, COLIAI gene expression
was increased in the SIRT6 knockdown cells in the ab-
sence and presence of TGF-p1 but remarkably decreased
by verteporfin, especially at 0.5 pM (Figure S3A). We also
analyzed the expression of SMAD7, a downstream target
of SMAD3, and found that SMAD7 was highly induced by
TGF-B1 in both control and SIRT6 knockdown cells; how-
ever, verteporfin had no significant effect on the SMAD7
gene expression (Figure S3B). To monitor the Hippo path-
way activity, we also analyzed two downstream target
genes—CTGF and CYR61. Our data showed that CTGF
had a much stronger response to TGF-f1 than CYR61, but
the expression of both genes was significantly suppressed
by verteporfin as expected (Figure S3C,D).

To further investigate the role of YAP/TAZ in the devel-
opment of fibrosis, we generated a mouse model deficient
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FIGURE 2 YAP and TAZ activate fibrogenesis in HSCs. (A,B) Immunoblot and quantification analysis of knockdown of YAP, TAZ, or
YAP+TAZ and effect on the ACTA2 expression in LX-2 cells treated with 5 ng/ml of TGF-p1 for 24 h (n = 3). (C) Real-time PCR analysis of
COL1A1 and COL3AI mRNAs in LX-2 cells with the knockdown of YAP, TAZ, or YAP+TAZ by the CRISPR/Cas9 approach (n = 4). (D,E)
Immunoblot and quantification analysis of overexpression of YAP, TAZ, or YAP+TAZ and effect on the ACTA2 expression in LX-2 cells treated
with 5 ng/ml of TGF-f1 for 24 h (n = 3). (F) YAP, TAZ, VGLL4, and SMAD3 acetylation analysis in LX-2 cells transfected with the indicated
constructs in the presence or absence of 5 ng/ml TGF-p1 for 24 h. Data are presented as mean + SEM. *p <.05, **p < .01, and ***p <.001.
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FIGURE 3 SIRT6 suppresses YAP in HSCs. (A,B) Immunoblot and quantification analysis of YAP and phosphorylated YAP in LX-2
cells transfected with either control GFP or SIRT6 in the presence of 5 ng/ml TGF-B1 (n = 3). (C) Real-time PCR analysis of COL3A1,
COLI1AI, ACTA2, CTGF, and CYR61 mRNAs in the LX-2 cells transfected with either control GFP or SIRT6 in the presence of 5 ng/ml
TGF-f1 (n = 6). (D,E) Immunoblot and quantification analysis of YAP and phosphorylated YAP in LX-2 cells transfected with either sgGFP
or sgSIRT6 in the presence of 5 ng/ml TGF-B1 (n = 3). (F) Real-time PCR analysis of COL3A1, COL1A1, ACTA2, CTGF, and CYR61 mRNAs
in the LX-2 cells transfected with either sgGFP or sgSIRT6 in the presence of 5 ng/ml TGF-p1 (n = 3). (G) Real-time PCR analysis of fibrotic
marker genes (Collal, Acta2, and Tgfbl) and YAP/TAZ downstream target genes (Ctgf, Cyr61, and Ankrdl) in primary HSCs from WT and
Sirt6 HSC-KO mice (n = 5). Data are presented as mean +SEM. *p <.05, **p <.01, and ***p <.001.
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FIGURE 4 YAP isactivated in Sirt6-deficient HSCs in mouse livers. (A) Confirmation of the Sirt6 gene knockout in HSC-KO and

LKO mouse livers by immunostaining. (B) Immunostaining of Desmin and Yap in liver sections of WT, HSC-KO, and LKO mice. (C)
Quantification analysis of Sirt6"Desmin* and nuclear Yap*Desmin™ cells in Panels A and B, respectively. Representative images are shown
at 630x magnification. Scale bar = 25pm. Data are presented as mean +SEM. ***p <.001 versus WT.
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in Sirt6 in HSCs as previously described.?> HSC-specific NASH. The Sirt6 HSC-KO mice developed more severe

Sirt6 knockout was verified by immunofluorescence mi- liver fibrosis as observed by Sirius Red staining of liver
croscopy and albumin-Cre-mediated Sirt6 knockout livers sections, compared to their WT counterparts (Figure S4).
were used as a negative control (Figure 4A). We sub- ~ We further corroborated the fibrotic condition by staining

jected the mice to 4 or 6 weeks of the HFCC diet to induce collagen type 1 in the liver sections (Figure S4). There was
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FIGURE 5 SIRT6 suppresses YAP activation and fibrosis in cultured HSCs. (A,B) Immunostaining and quantification analysis of
SIRT6, YAP, and ACTA2 in LX-2 cells transfected with either vector control or SIRT6 plasmids in the absence (non-treated, NT) or presence
of TGF-B1. (C,D) Immunostaining and quantification analysis of SIRT6, YAP, and ACTA2 in LX-2 cells transfected with either sgGFP or
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no difference in body weight but liver weight and liver-
to-body weight ratios were significantly lower in the Sirt6
HSC-KO mice compared to WT mice (Figure S5).
Immunofluorescence staining of the liver sections
from the HFCC diet fed Sirt6 HSC-KO mice and LKO
mice showed increased nuclear Yap in the desmin-
positive HSCs: 66% and 57% nuclear Yap-positive HSCs
in the HSC-KO and LKO liver sections, respectively
(Figure 4B,C). Next, we verified the role of SIRT6 in the
regulation of YAP in LX-2 cells by overexpression or

(A)
HSC-KO WT
Yap | D GG Sy sow
|70 kDa
L 50 kDa
Sirté T 10Da
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YAP EEy GEEED TNy eE—— 70 kDa
IP: a-YAP
YAP | Gt @D S o
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Ac-K - . ’
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vap | = i 70 kDa
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knockdown of SIRT6 in the presence or absence of TGF-
B1. Upon SIRT6 overexpression, there were fewer nu-
clear YAP-positive cells and lower expression of ACTA2,
whereas knockdown of SIRT6 led to an increase in nu-
clear YAP-positive cells and increased ACTA2 expression
compared to controls (Figure 5A-D).

In addition to the modulation of Yap nuclear translo-
cation, we also analyzed the acetylation levels of Yap and
Taz in primary HSCs isolated from the Sirt6 HSC-KO mice
and WT mice. Yap or Taz protein was immunoprecipitated
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— 70 kDa
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FIGURE 6 YAP and TAZ acetylation is modulated by SIRT6 in HSCs. (A) Yap and Taz acetylation analysis in primary HSCs from WT
and HSC-KO mice (n = 2). (B) YAP and TAZ acetylation analysis in LX-2 cells transfected with either vector control or SIRT6 plasmids and

treated with TGF-p1 (n = 2).
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FIGURE 7 SIRT6 interacts with YAP, TAZ, and VGLL4 in HSCs. (A) Co-IP analysis of interactions between Flag-tagged YAP, TAZ,
VGLLA4, or SMAD3 and HA-tagged SIRT6 in LX-2 cells treated with or without 5 ng/ml TGF-B1. SMAD3 was used as a positive control. (B)
Co-IP analysis of interactions between Flag-tagged WT-SIRT6 or mutant SIRT6 (H133Y) and YAP or TAZ in LX-2 cells treated with 5 ng/ml
TGF-p1. (C) Co-IP analysis of interactions between endogenous YAP or TAZ and SIRT6 in LX-2 cells treated with TGF-f1.
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FIGURE 8 SIRT6 deacetylates YAP and TAZ and alters the TEAD protein complex composition in HSCs. (A-C) YAP, TAZ, and SMAD3
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in the presence of 5 ng/ml TGF-f1.

using specific antibodies and total acetylation levels were
analyzed using acetylated lysine antibodies. Our data
showed an increase in Yap and Taz acetylation in the Sirt6-
deficient HSCs as compared to WT HSCs (Figures 6A and
S6A,B).

Moreover, we overexpressed SIRT6 and analyzed YAP
and TAZ acetylation in LX-2 cells. Our data showed that
the acetylation levels in YAP and TAZ were both down-
regulated by the SIRT6 overexpression (Figure 6B).
Additionally, we analyzed Yap and Taz acetylation in
the liver of WT and Sirt6-LKO mice. Our data showed
that both Yap and Taz were hyperacetylated and Yap was

hypophosphorylated in the LKO livers compared to the
WT controls (Figure S7A,B).

3.4 | SIRT6 physically interacts with
YAP and TAZ

As we observed a decrease in acetylation levels of YAP and
TAZ by the SIRT6 overexpression, we hypothesized that
SIRT6 might directly interact and deacetylate YAP and
TAZ.To test this hypothesis, we co-transfected Flag-tagged
YAP, TAZ, VGLL4, and SMAD3 along with HA-tagged
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SIRT6 into LX-2 cells with or without 5 ng/ml TGF-p1
treatment. We pulled down protein complexes using Flag
antibodies and analyzed the immunoprecipitated proteins
by immunoblotting. Our data showed that SIRT6 indeed
interacted with YAP, TAZ, and VGLL4 (SMAD?3 served as
a positive control), and those interactions were increased
under the TGF-p1 stimulatory conditions (Figure 7A).
Next, we examined whether the catalytic activity of SIRT6
is required or not for its interaction with YAP or TAZ by
overexpressing WT SIRT6 or catalytically inactive SIRT6
(H133Y) in LX-2 cells in the presence of 5 ng/ml TGF-p1.
The data showed that the H133Y mutant did not interfere
with the SIRT6 interaction with YAP or TAZ (Figure 7B).
Moreover, we also verified protein-protein interactions
between endogenous YAP or TAZ and SIRT6 in LX-2 cells
treated with TGF-p1. For this experiment, we used PCNA
as a negative control and SMAD3 as a positive control.
Our data showed that the endogenous SIRT6 also inter-
acted with YAP or TAZ (Figure 7C).

13 of 17
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3.5 | SIRT6 deacetylates YAP and
TAZ and alters the TEAD protein
complex composition

To assess whether SIRT6 directly regulates YAP or TAZ
acetylation, we overexpressed WT or mutant SIRT6
(H133Y) in the presence of TGF-B1. Our data showed
that overexpression of WT SIRT6 but not mutant SIRT6
decreased YAP and TAZ acetylation levels (Figure 8A,B).
SMAD3 was used as a positive control (Figure 8C). These
data suggest that the catalytic activity of SIRT6 is required
for the deacetylation of YAP and TAZ. As YAP and TAZ
normally coactivate TEAD transcription factors, we ex-
amined whether SIRT6 alters the TEAD protein complex
formation. We performed Co-IP analysis using TEADI1
antibody in vector control or SIRT6 transfected LX-2 cells
in the presence of TGF-p1. Our data showed that SIRT6
overexpression remarkably reduced the TEADI-YAP
interaction and moderately decreased the TEAD1-TAZ
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FIGURE 9 SIRT6 deacetylates YAP1 at multiple lysine residues. (A) A diagram of human YAP1 domain structure and several known
acetylated lysine residues. (B) Real-time PCR analysis of CYR61, CTGF, and ANKRD1 mRNAs in the LX-2 cells transfected with either WT
or mutant human YAP1 plasmids in the presence of 5 ng/ml TGF-f1 (n = 3). (C) YAP1 acetylation analysis in LX-2 cells transfected with
WT or mutant human YAP1 plasmids together with vector or SIRT6 plasmids in the presence of 5 ng/ml TGF-p1. Data are presented as
mean +SEM. *p <.05, **p < .01, ***p < .001 versus vector control, and *p <.05, *p <.001, **p <.001 versus WT YAP.
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interaction while the TEAD1-VGLL4 interaction was dra-
matically increased (Figure 8D). This suggests that SIRT6
suppresses the interaction of TEAD1 with coactivators
YAP/TAZ and promotes the interaction with corepressor
VGLLA4.

To further investigate the deacetylation of YAP by SIRT6,
we first checked several lysine residues that have been pre-
viously reported to be acetylated (Figure 9A).* Using site-
directed mutagenesis, we generated single, double, or triple
mutations of lysine (K) to arginine (R) in human YAP1. Next,
we transfected these mutants into LX-2 cells and analyzed
three downstream target genes including CYR61, CTGF,
and ankyrin repeat domain 1 (ANKRDI). Our data showed
that the K102R mutant had the largest negative effect on the
YAP1 activity, followed by K90R, K440R, K97R, and K76R
(Figure 9B). The relative contribution of these lysine resi-
dues to the overall acetylation levels was analyzed by im-
munoblotting (Figure 9C). According to the YAP and TAZ
amino acid sequence alignments for the conserved lysine

residues,* we examined two lysine residues in the mouse
Taz TEAD-binding domain, and our data showed that K39R
exerted a more negative effect than K54R on the Taz activity
and acetylation levels (Figure 10A-C).

4 | DISCUSSION

In this work, we have uncovered a critical regulatory
pathway in which SIRT6 suppresses the Hippo down-
stream effectors including YAP, TAZ, and TEAD. YAP
and TAZ have been implicated in the development of he-
patic fibrosis.”*” In a chemically induced fibrosis mouse
model and human fibrotic livers, hepatic YAP is acti-
vated.!” Chemical inhibition of YAP using verteporfin has
been shown to suppress the HSC activation in mice.'”*
Interestingly, overexpression of YAP in hepatocytes also
induces hepatic inflammation and fibrosis.” YAP can be
activated by free fatty acids in hepatocytes, and this can
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FIGURE 11 A working model for the role of SIRT6 in the regulation of YAP/TAZ and hepatic fibrogenesis.When SIRTS® is sufficiently
active, YAP and TAZ are suppressed in HSCs. This promotes a quiescent state of HSCs. Under pathogenic conditions, SIRT6 activity is

markedly reduced, and this leads to highly acetylated YAP and TAZ that promote HSC activation and fibrogenesis.

be reversed by inhibition of p385 MAPK.® YAP can be ac-
tivated by Hedgehog signaling, and both drive the HSC
transdifferentiation and proliferation through the regula-
tion of glutaminolysis."* TAZ protein levels are elevated in
the animal and human NASH livers.”>'’ TAZ can be ac-
tivated by elevated cholesterol levels in the liver through
a PKA-Ca**-RHOA pathway.® Hepatocyte TAZ has been
shown to induce expression of Indian Hedgehog ligands
that promote activation of HSCs and hepatic fibrosis."®

Based on amino acid sequence alignments of YAP and
TAZ across different species including human, mouse,
and zebra fish, K76 of YAP and K39 of TAZ are the only
conserved lysine residue in the TEAD binding domain
between YAP and TAZ proteins.** Our data suggest that
acetylation at K39 in TAZ but not K76 in YAP plays a more
important role in the regulation of their respective protein
activity. However, K102 of YAP, which aligns with G59 of
TAZ, has the most significant role in the regulation of the
YAP activity among the six lysine residues analyzed in this
study. In addition, K443 of YAP in the transactivation do-
main also plays a significant role in the regulation of the
YAP activity.

As SIRT6 is an NAD*-dependent deacetylase, our data
suggest that the catalytic activity of SIRT6 is required to
regulate the acetylation levels and activities of YAP and
TAZ in HSCs. Our site-directed mutagenesis data support
the significance of deacetylation of YAP and TAZ at mul-
tiple lysine residues, especially K102 of YAP and K39 of
TAZ. Previous studies have reported that SIRT1 also mod-
ulates YAP acetylation.’"** Hata et al. have reported that
in response to the Sy2 alkylating agents such as methyl

methanesulfonate (MMS), YAP1 acetylation at the two
conserved C-terminal distal lysine residues K494/K497
(corresponding to K440 and K443 in our study) are in-
creased in HEK293T and HeLa cells by CBP/p300, which
can be decreased by SIRT1. It is interesting to note that
our K—R mutations of those two residues lead to reduced
YAP coactivator activity in response to the TGF-p1 treat-
ment whereas Hata et al. have shown that the double
494/497K—R YAP mutant leads to increased luciferase
reporter activities in response to MMS. In another report,
Mao et al. have shown that YAP2 can be acetylated by
CBP/p300 and deacetylated by SIRT1 in HEK293T and
HepG2 cells. The authors have also used aggregated K—R
mutations to suggest that four lysine residues in the TEAD
binding domain—K?76/K90/K97K102 and two C-terminal
distal lysine residues K494/K497 can be both deacetylated
by SIRT1 but the four lysine residues in the TEAD binding
domain play a more significant role in the coactivation of
TEAD transcription factors. In contrast, our study has pin-
pointed that the deacetylation of K102 in YAP1 by SIRT6
has the strongest negative effect on the YAP1 coactivation
activity in HSCs. We believe that besides the differences
in cell type and signaling context, specific lysine deacetyl-
ation and protein complex dynamics also significantly
contribute to the overall outcome of the YAP function.
When SIRT6 is abundant and active, YAP and TAZ are
hypoacetylated and less engaged with TEAD transcrip-
tion factors in HSCs, and this promotes a quiescent state
of HSCs. Under pathogenic conditions such as NAFLD,
either SIRT6 amount or activity may be significantly de-
creased, and this leads to YAP/TAZ hyperacetylation,
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active engagement with TEAD transcription factors, ex-
clusion of VGLL4 from the TEAD protein complex, and
subsequently HSC activation (Figure 11).

In summary, our data have shown a critical role of
SIRT6 in the regulation of the Hippo pathway during he-
patic fibrogenesis. SIRT6 interacts with and deacetylates
YAP and TAZ at multiple conserved lysine residues. In ad-
dition, SIRT6 also reprograms the TEAD protein complex
by removing the YAP and TAZ coactivators and recruit-
ing the VGLL4 corepressor. In doing so, SIRT6 suppresses
HSC activation and liver fibrosis. These findings support
the therapeutic potential of SIRT6 in the prevention and
treatment of hepatic fibrosis.
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