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Abstract



Acetaminophen (APAP) overdose can cause hepatotoxicity by inducing mitochondrial
damage and subsequent necrosis in hepatocytes. Sirtuin2 (Sirt2) is an NAD'-dependent
deacetylase that regulates several biological processes, including hepatic gluconeogenesis, as
well as inflammatory pathways. We show that APAP decreases the expression of Sirt2.
Moreover, the ablation of Sirtuin2 attenuates APAP-induced liver injuries, such as oxidative
stress and mitochondrial damage in hepatocytes. We found that Sirt2 deficiency alleviates the
APAP -mediated endoplasmic reticulum stress and phosphorylation of the p70 ribosomal S6
kinase 1 (S6K1). Moreover, Sirt2 interacts with and deacetylates S6K1, followed by S6K 1
phosphorylation induction. This study elucidates the molecular mechanisms underlying the

protective role of Sirt2 inactivation in APAP-induced liver injuries.
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Introduction

Drug-induced liver injury is a leading cause of acute liver failure. Therefore, the discovery of
novel therapeutic targets for regulating the progression of liver injury is important (1).
Acetaminophen (APAP) has been widely used to understand the mechanism of drug-induced

hepatotoxicity as a major cause of liver damage.

APAP-mediated hepatotoxicity is caused by the cytochrome P450 (CYP) 1A2-, CYP2EI-,
and CYP3A4-driven conversion of APAP into hepatotoxic metabolites (2-4). Moreover,
APAP-induced hepatotoxicity is associated with oxidative stress induced by N-Acetyl-p-
benzoquinone imine, a reactive metabolite of APAP (5) or by endoplasmic reticulum (ER)

stress (6, 7).

Sirtuins are NAD"-dependent deacetylases with seven isoforms (Sirtl-7) in mammals (8).
Their functions are known to be associated with metabolic diseases, such as type Il diabetes
and obesity (9, 10). Among the seven isoforms, Sirtuin2 (Sirt2) may coordinate the regulation
of several distinct metabolic processes, including adipocyte differentiation, fatty acid
oxidation, hepatic gluconeogenesis, and insulin action, as well as the regulation of
inflammatory pathways (11). Nevertheless, the role of Sirt2 in drug-induced liver injury

remains unclear.

In this study, we investigated the role of Sirt2 in APAP-induced hepatotoxicity using mouse

models in which Sirt2 was inactivated genetically and pharmacologically.



Results

APAP decreases Sirt2 levels and Sirt2 ablation ameliorates APAP-induced liver injuries

in mice

APAP is usually deemed as a safe drug, but APAP intoxication after an overdose can cause
massive hepatocellular necrosis and acute liver injury (2, 4, 5, 12). To investigate whether
Sirt2 plays a role in APAP-induced liver injuries, we first determined Sirt2 levels in the
mouse liver following treatment with APAP for the indicated periods of time. Our results
showed that APAP treatment induced the degradation of Sirt2 isoforms 1 and 2 in the mouse
liver (Fig. 1A, 1C-1D). However, the Sirt2 mRNA levels were not changed in the same
samples (Fig. 1B). To verify whether Sirt2 degradation is regulated at the translational or
post-transcriptional level, we treated normal liver cells (AMLI12 cells) with cycloheximide to
inhibit protein synthesis and then measured Sirt2 levels in response to APAP-induced injuries.
Sirt2 degradation was partially blocked in cycloheximide-treated AMLI2 cells
(Supplementary Fig. 1A-1C), indicating that Sirt2 degradation is translationally modulated.
We further examined whether downregulation of Sirt2 by APAP is mediated by the
proteasomal or autophagic degradation pathway. AMLI2 cells were treated with an
autophagy inhibitor (chloroquine, CQ) or a proteasome inhibitor (MG132). Immunoblot
analysis showed that APAP-induced Sirt2 degradation was markedly inhibited by MG132
(Supplementary Fig. 1D-1F) and partially degraded by CQ (Supplementary Fig. 1G-11).
Taken together, these results indicate that APAP-induced downregulation of Sirt2 was
regulated at the translational level and by the proteasomal degradation pathway. To
investigate the effect of Sirt2 on APAP-induced liver injuries, we examined liver tissues from
Sirt2 wild-type (WT) and Sirt2 knockout (KO) mice treated with APAP or vehicle for 12 h.

Furthermore, B6 mice, pre-treated with AGK2, the most potent Sirt2 inhibitor (13-15), were



treated with APAP or vehicle to further examine whether the pharmacological inactivation of
Sirt2 alleviates APAP-induced liver injuries. Subsequently, standard hematoxylin-eosin (H&E)
staining and TUNEL analysis were performed. Histological analyses using H&E staining
revealed that normal liver displayed prominent liver injuries and necrotic hepatic cell death.
In contrast, histological sections from both Sirt2 KO mice (Fig. 1E) and mice treated with
AGK?2 (Fig. 11) showed a decrease in the severity of liver injuries and necrotic hepatic cell
death compared with Sirt2 WT mice in response to APAP. Moreover, TUNEL-positive
apoptotic cells were scarcely detected in the livers of Sirt2 WT and Sirt2 KO mice treated
with APAP or vehicle for 12 h. Our results showed a considerable decrease in the percentage
of TUNEL-positive cells in the liver of Sirt2 KO mice (Fig. 1F) and mice treated with AGK?2
(Fig. 1J) in response to APAP. Moreover, Sirt2 KO mice treated with APAP and mice treated
with AGK2 exhibited decreased levels of alanine transaminase (GPT) and aspartate
transaminase (GOP) in response to APAP (Fig. 1G and 1L). Correspondingly, Sirt2 KO mice
treated with APAP for 6 h showed a substantial decrease in the size of necrotic areas,
TUNEL-positive cell count, and GPT and GOP levels (Supplementary Fig. 2A-2F).
Furthermore, we found that the level of protein 3-nitrotyrosine, a marker of oxidative stress,
decreased in Sirt2 KO mice treated with APAP for 12 h (Supplementary Fig. 3A-3B) and 6 h
(Supplementary Fig. 4A-4B), and in AGK2-treated livers (Supplementary Fig. 5A and 5B),
compared to that in Sirt2 WT mice. Based on the notion that an APAP overdose significantly
induces mitochondrial damage (16), we provide evidence that the ablation of Sirt2 and
pharmacological inactivation of Sirt2 alleviate the APAP-induced mitochondrial damage,
using electron microscopy. In the same samples, we found distinctive mitochondrial
morphological changes, typical necrotic cells with swollen mitochondria, accumulation of

lipid droplets, and disruption of plasma membranes (17) (Supplementary Fig. 3C and 5C).



Collectively, our data show that the pharmacological inactivation of Sirt2 in APAP-treated
mouse livers exhibits effects similar to those of the pathology that results from the ablation of

Sirt2.

The inactivation of Sirt2 attenuates ER stress in APAP-induced liver injuries in mice

It has been reported that APAP can induce ER stress in vivo and in vitro and that these
deleterious effects can play a significant role in the APAP-induced cell death in the liver (6,
18-20). Upon acute ER stress, BiP/Grp78 dissociates from these sensors, leading to the
activation of the unfolded protein response pathway, to resolve ER stress and restore
homeostasis (21). Consistent with this report, we found that ER stress marker genes such as
BiP/Grp78, PERK, ATF4, and IREla were also upregulated in the mouse liver (Fig. 2A-2D).
To determine whether Sirt2 regulates the APAP-mediated increase in ER stress, we examined
the levels of ER stress markers in Sirt2 WT and KO mice treated with APAP. APAP enhanced
BiP/Grp78 levels and downregulated ER stress marker genes in Sirt2 KO mice (Fig. 2E-2H)
and mice treated with AGK2 (Fig. 21-2L), as assessed by qRT-PCR. Moreover, the short
APAP treatment (6 h) showed a similar effect (Supplementary Fig. 6A-6E). Consistent with
the notion that ablation of Sirt2 regulates the APAP-induced ER stress, these results suggest

that inactivation of Sirt2 ameliorates the APAP-induced ER stress in the mouse liver.

The APAP-induced S6K1 phosphorylation is inhibited in the livers of Sirt2-inactivated

mice

The mammalian target of rapamycin complex 1 (mTORCI) has been implicated in the

regulation of ER stress, and the inhibition of mMTORC1 may have potential therapeutic effects



in ER stress-related diseases (22). To investigate whether the ablation of Sirt2 ameliorates the
APAP-induced ER stress through the regulation of the mTORCI1 signaling pathway, the level
of mTOR phosphorylation induced by APAP was determined by immunoblot analysis in Sirt2
WT and KO mice. Our results indicated that mTOR phosphorylation level did not differ
between the two groups (Supplementary Fig. 7A-7D). S6K1 and ribosomal protein S6 are
downstream targets of mMTORCI1. Chronic acetaminophen treatment increased S6KI
phosphorylation in rat muscles (23). To investigate whether Sirt2 regulates the S6K1
signaling pathway, we examined the levels of APAP-induced S6K1 phosphorylation in the
livers of Sirt2 WT and KO mice and mice treated with AGK2. In accordance with the results
obtained in rats, we observed that the phosphorylation of S6K1 and that of the S6 ribosomal
protein gradually increased in a time-dependent manner following APAP treatment in the
mouse liver (Fig. 3A-3C). Moreover, S6K 1 phosphorylation was markedly decreased in Sirt2
KO mice treated with APAP for 12 h (Fig. 3D-3F), 6 h (Supplementary Fig. 6A-6B) and in
mice treated with AGK2 (Fig. 3G-3I). These results confirmed that Sirt2 inactivation

downregulates the APAP-induced ER stress by inhibiting the S6K 1 signaling pathway.

Sirt2 regulates S6K1 phosphorylation through S6K1 deacetylation in APAP-treated

mouse livers

It has been reported that S6K1 acetylation blocks the mTORCI-dependent S6KI
phosphorylation at T389, an essential phosphorylation site for S6K1 activity and that this
acetylation is inhibited by Sirt2 (24). Therefore, we explored the mechanism underlying the
Sirt2-mediated regulation of S6K1 acetylation in APAP-treated mouse livers. Firstly, to
confirm the role of Sirt2 in S6K1 deacetylation, we performed a co-immunoprecipitation

analysis on HEK293 cells transfected with expression vectors for S6K1 or HA-tagged S6K1,



together with a vector encoding a Flag-tagged Sirt2 (F-SIRT2). Consistent with the above
report, our results showed that Sirt2 interacts with S6K1 (Fig. 4A and 4C). Furthermore, to
validate that S6K1 deacetylation is mediated by Sirt2, we performed an acetylation assay
coupled with co-immunoprecipitation in HEK293 cells transfected with expression vectors
for the wild-type or a Sirt2 catalytic mutant (H187Y) and S6K1 or HA-tagged S6K1. Our
results revealed that the Sirt2 catalytic mutant did not deacetylate S6K1, as opposed to the
wild-type Sirt2 (Fig. 4B and 4D). In addition, we observed similar results using APAP-treated
livers from Sirt2 knockout mice and AGK2-pretreated mice (Fig. 4E and 4F). Taken together,
these results suggest that Sirt2 interacts with and deacetylates S6K1 to promotes its

phosphorylation.

Discussion

In this study, we found that an APAP overdose decreased the expression of two Sirt2 proteins
in the mouse liver. A sequence analysis, using the GenBank sequence database, showed that
Sirt2 has four different human splice variants. However, only transcript variants 1 and 2 have
been verified as protein isoforms of physiological relevance (25).

The observation that APAP may mediate the downregulation of Sirt2 proteins (isoforms 1 and
2) led us to investigate the role of Sirt2 in APAP-induced liver injuries. Our results revealed
that the Sirt2 deficiency renders mice less susceptible to APAP-induced hepatotoxicity.
Recent screening campaigns have identified several selective inhibitors of Sirt2, including
Sirt-rearranging ligands 1 and 2, AK-1, AK-7, and AGK2 (26, 27). Of these, AGK2 is the
most potent inhibitor of Sirt2 (13, 15). Accordingly, we found that AGK2 treatment

significantly alleviated the APAP-induced hepatotoxicity in the mouse liver.
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Excessive ER stress results in multiple pathologies, including cirrhosis, non-alcoholic fatty
liver disease, diabetes mellitus, viral inflammation, and cancer (28, 29). Previous studies have
reported that APAP is able to induce ER stress in vivo and in vitro and that this deleterious
effect could play a significant role in the APAP-induced cell death in the liver (6, 18-20). Our
observation that the Sirt2 deficiency attenuates the APAP-induced ER stress might explain

the protective role of Sirt2 inactivation in the APAP-induced hepatotoxicity.

It is widely known that mTORCI1 regulates cellular processes, protein synthesis, cell growth,
and survival through the phosphorylation and activation of S6K1 (30). Moreover, mTORC1
represents one of the upstream triggers of ER stress; hence. the inhibition of mMTORC1 may
potentially be employed in the therapy of ER stress-induced diseases (22). A previous study
reported that mTOR/S6K signaling is inhibited by acetaminophen; however, this study was
limited as primary mouse hepatocytes were used for the experiments (17, 31). On the contrary,
there are several reports that S6K1 phosphorylation is increased by chronic APAP treatment
in rats (23) and by APAP overdose in mouse livers (32, 33). Correspondingly, our results
showed that the ablation of Sirt2 downregulates the APAP-induced S6K1 phosphorylation,
resulting in an attenuation of ER stress. However, the inactivation of Sirt2 has no effect on
the phosphorylation of mTORC1 (Supplementary Fig. 7). These observations suggest that

S6K 1 may be a specific substrate of Sirt2 in this context.

A recent study has shown that the acetylation of S6K1 blocks the mTORCI-dependent
phosphorylation of S6K1 and that the acetylation of S6KI1 is inhibited by Sirt2 (24). In
agreement with this report, we also found that Sirt2 interacts with and deacetylates S6K1.
Thus, Sirt2 inhibition induces S6K1 acetylation and subsequently block S6K1

phosphorylation to downregulate the APAP-induced ER stress in the mouse liver.
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Growing evidence from recent studies indicates that the inactivation of Sirt2 has protective
roles in liver diseases. For example, it has been reported that Sirt2 deficiency might attenuate
the APAP-induced liver toxicity by downregulating c-Jun NH2-terminal kinase (JNK)
activation. Furthermore, Sirt2 aggravates the hepatic ischemia-reperfusion injury through the
deacetylation and inhibition of mitogen-activated protein kinase phosphatase-1 (34).
Moreover, Sirt2 accelerates hepatic fibrogenesis by regulating the ERK/c-MYC pathway.
Therefore, the inactivation of Sirt2 may represent an effective strategy for protecting against
the development of hepatic fibrosis (35). In addition, the ablation of the Sirt3 mitochondrial
deacetylase plays a protective role in APAP-induced hepatotoxicity through the activation of

mitochondrial aldehyde dehydrogenase 2 (36).

Furthermore, Sirt2 knockdown induces autophagy and prevents post-slippage death by
abnormally prolonging the mitotic arrest induced by microtubule inhibitors (37). Moreover,
Sirt2 leads to genetic instability and tumorigenesis by positively regulating APC/C activity

via the deacetylation of its coactivators, CDH1 and CDC20 (38, 39).

The silencing of Sirt2 significantly activates necrosis in PC12 cells but does not affect
autophagy in these cells (40). Furthermore, the inhibition of Sirt2 induces p53-dependent
apoptosis in cancer cells (41). In conclusion, Sirt2 plays different roles in various contexts,
through the deacetylation of specific substrates.

Taken together, we have elucidated the molecular mechanism underlying the protective role

of Sirt2 inactivation in APAP-induced liver injuries.

Materials and methods

See Supplementary Information for Materials and Methods.
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Figure legends

Fig. 1. APAP decreases Sirt2 levels in the mouse liver and ablation of Sirt2 ameliorates

APAP-induced liver injuries in mice

(A) The livers of mice intraperitoneally injected with vehicle or APAP (500 mg/kg) for the
indicated times were isolated, and liver homogenates were subjected to immunoblotting for
Sirt2 and [-actin (loading control). (B) qRT-PCR analysis for the determination of Sirt2
mRNA levels. (C-D) Densitometric analysis of immunoblots, similar to those in (A). Ten-
week-old WT and Sirt2 KO mice were injected with APAP (500 mg/kg). (E) Representative

images, H&E analysis (magnification, 100x). The small panel images are enlarged

photographs from the boxed areas (magnification, 200x), Quantitation of necrotic areas on

H&E-stained mouse liver sections. (F) TUNEL analysis of liver sections and quantitation of
TUNEL analysis. (G) Serum levels of alanine transaminase (=GPT). (H) Serum levels of
GOP. Investigation of the increased hepatotoxicity in mice treated with vehicle, APAP, or
AGK2 (Sirt2 inhibitor). Ten-week-old WT and Sirt2 KO mice were injected with AGK2 (1
mg/kg) 2 h prior to APAP (500 mg/kg) administration, and plasma and livers were collected
12 h after APAP injection. (I) Representative images from H&E analysis and Quantitation of

the necrotic area. (J) TUNEL analysis and Quantitation. (K) Serum levels of alanine

transaminase (=GPT). (L) Serum levels of GOP. Data represent the mean = SD from three

independent experiments. *p < 0.05, **p < 0.01, N.S, not significant.

Fig. 2. The inactivation of Sirt2 attenuates ER stress in APAP-induced liver injuries in
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mice
(A-D) The livers of mice intraperitoneally injected with vehicle or APAP (500 mg/kg) for

the indicated times were isolated, and qRT-PCR analysis for the determination of Grp78,

PERK, ATF4, and IREla mRNA levels. (E-H) Sirt2 WT or Sirt2 KO mice 12 h after an

intraperitoneal injected with vehicle or APAP (500 mg/kg). qRT-PCR analysis for the

determination of Grp78, PERK, ATF4, and IRE1a mRNA levels. (I-L) The livers of mice

intraperitoneally injected with vehicle, APAP (500 mg/kg, i.p), and AGK2 (1 mg/kg) for 12 h

were isolated, and qRT-PCR analysis for the determination of Grp78, PERK, ATF4, and

IRE1a mRNA levels. Data represent the mean + SD from three independent experiments. *p

<0.05.

Fig. 3. The APAP-induced S6K1 phosphorylation is inhibited in the livers of Sirt2-

inactivated mice

(A) The livers of mice intraperitoneally injected with vehicle or APAP (500 mg/kg) for the
indicated times were isolated, and immunoblot analysis for p-S6K 1, S6K1, p-S6, and S6. (B-
C) Densitometric analysis. (D-F) Sirt2 WT or Sirt2 KO mice 12 h after an intraperitoneal
injected with vehicle or APAP (500 mg/kg), immunoblot analysis for Sirt2, p-S6K 1, S6K1, p-
S6, and S6. Densitometric analysis (D). (G) The livers of mice intraperitoneally injected with
vehicle, APAP (500 mg/kg), AGK2 (1 mg/kg) for 12 h were isolated, and immunoblot

analyses for p-S6K1, S6K1, p-S6, and S6. (H-I) Densitometric analysis. Data represent the

mean = SD from three independent experiments. *p < 0.05.



19

Fig. 4. Sirt2 regulates the phosphorylation of S6K1 through S6K1 deacetylation in

APAP-treated mouse livers

Immunoblots of immunoprecipitates and whole-cell lysates from lysates of (A) HEK293 cells
transfected with S6K1 and Flag-Sirt2 (F-SIRT2) vectors subjected to immunoprecipitation
with an anti-S6K1 antibody. (B) HEK293 cells transfected with an S6K1, F-SIRT2, and a
Sirt2 (H187Y) catalytic dead mutant vector subjected to immunoprecipitation with antibodies
against acetyllysine, S6K1, or Flag. (C) HEK293 cells transfected with an HA-S6K1 (H-
S6K1) or a Flag-Sirt2 vector subjected to immunoprecipitation with antibodies against Flag.
(D) HEK293 cells transfected with H-S6K1, F-SIRT2, and F-SIRT2 (H187Y) vectors
subjected to immunoprecipitation with antibodies against acetyllysine, or HA. (E) Sirt2 WT
or Sirt2 KO mouse livers, following treatment with APAP for 12 h, subjected to
immunoprecipitation with an anti-S6K1 antibody. (F) Sirt2 WT mouse livers, following
treatment with APAP or AGK2 for 12 h, subjected to immunoprecipitation with an anti-S6K1

antibody.
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Inactivation of Sirtuin2 protects mice from acetaminophen-induced liver injury:

possible involvement of ER stress and S6K1 activation
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Supplementary Experimental Procedures

Animals

Ten-week-old C57BL/6J male mice were purchased from Orient Bio (Sungnam, Korea) and
Sirt2 knockout (Sirt2 KO) mice were generated as previously described (48). Sirt2 KO mice
of C57BL/6 background were kindly provided by Dr. H. S. Kim (Ewha Womans University,
Seoul, Korea) (48). The mice had free access to food and water and were maintained at a
temperature of 23 + 2 °C, a humidity of 60 + 10%, and a 12-hour light/dark cycle. Prior to
APAP and AGK2 administration, mice were fasted for 15 h but had free access to water.
APAP was dissolved in warm distilled water (60 °C) and intraperitoneally injected (500
mg/kg) into overnight-fasted mice to induce hepatitis. AGK2 was dissolved in dimethyl
sulfoxide (DMSO) and intraperitoneally injected (1 mg/kg) 2 h prior to APAP administration.
At 6 and 12 h after injection, the mice were anesthetized and killed; blood was collected via
cardiac puncture. Tissues were harvested and either snap frozen in liquid nitrogen and stored

at —70 °C or fixed in formalin and embedded in paraffin. All animal studies were approved by



the Animal Care and Use Committee of the Yonsei University College of Medicine.

Immunohistochemistry

For immunohistochemistry, sample were fixed with 4% paraformaldehyde and embedded in
paraffin. Next, 10-um sections were deparaffinized and sequentially rehydrated. Antigen
retrieval was performed using the Target Retrieval solution, pH 6 (S1699, DAKO, Glostrup,
Denmark) in a pressure cooker for 15 min. After cooling on ice for at least 1 h, the sections
were incubated in 3% H2O; for 30 min to block endogenous peroxidase activity. The sections
were washed two times with PBS and incubated with Protein block serum-free (DAKO,
X0909) for 2 h at room temperature for reducing nonspecific signals. Following incubation
with primary antibodies, overnight at 4 °C in the presence of 3-nitrotyrosine (Millipore,
Daejeon, Korea), and 3 washes in PBS, the sections were incubated with horseradish
peroxidase-conjugated rabbit secondary antibodies (DAKO, K4003) for 15 min at room
temperature. For immunohistochemistry, 3,3'-diaminobenzidine (DAKO, K3468) was used

for development and Mayer’s Haematoxylin (DAKO, S3309) was used for counterstaining.

Statistical analysis

Data in the graphs were analysed using a two-tailed Student’s t test for comparisons between
2 groups, or a one-way ANOVA with Tukey’s honest significant difference post hoc test for
multiple comparisons (SPSS 12.0K for Windows, SPSS, Chicago, IL) to determine statistical

significance. A value of P < 0.05 was considered significant.

Biochemical analyses
Serum levels of alanine aminotransferase (GPT) and aspartate aminotransferase (GOT) were

measured by ELISA (BioAssay Systems, Hayward, CA, USA).



Histological analysis

Liver tissue fixed with 4% buffered formalin solution was embedded in paraffin and
sectioned. Sections (10 wm thick) were then depleted of paraffin, subjected to H&E staining,
and examined in a blinded manner for grading the ballooning degeneration of hepatocytes. 0
=none, 1 = few balloon cells, 2 = many cells/prominent ballooning (48). The liver necrotic
area was diagnosed by a pathologist (K.T.N) and quantified with an Aperio Imagescope
(Leica Biosystems, Richmond) and the necrotic area (%) was calculated using the necrosis

area/total area of the liver section.

Immunoblotting

Cells were homogenized in a lysis buffer containing 20 mM HEPES-KOH (pH 7.9), 125 mM
NaCl, 10% glycerol, 0.3% Triton™ X-100, 1 mM EDTA, 0.5% NP-40, 10 mM -
phosphoglycerate, 1 mM Na3VOs, 5 mM NaF, 1 mM aprotinin, 1 mM leupeptin, and 1 mM
phenylmethanesulfonylfluoride. Following centrifugation, the resulting supernatants were
subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis after protein
quantification. Samples were heated at 95 °C for 5 min and separated electrophoretically on a
12% or 14% SDS-polyacrylamide gel. Subsequently, the separated proteins were transferred
to polyvinylidene fluoride membranes and incubated overnight with the indicated primary
antibodies at 4 °C. After incubation with horseradish peroxidase-conjugated secondary
antibodies, proteins were detected with enhanced chemiluminescence lighting solution

(Young in Frontier Co. Ltd, Seoul, Korea).

Immunoprecipitation (IP) analysis

For immunoprecipitation, HEK293 cells were lysed in a lysis buffer containing 50 mM Tris-



HCI (pH 7.5), 150 mM NaCl, aprotinin, leupeptin and 1% Nonidet P-40. The cell lysates
were centrifuged, and the resulting supernatants were subjected to immunoprecipitation with
antibodies against FLAG or HA, using protein G-Sepharose beads, as previously described
(Woo et al.,, 2009). For immunoblot analysis, cell lysates or immunoprecipitates were
subjected to SDS-PAGE gel electrophoresis; the separated proteins were transferred to a
polyvinylidene fluoride membrane, which was incubated first with primary antibodies and
then with horseradish peroxidase-conjugated secondary antibodies, and enhanced

chemiluminescence reagents (Young in Frontier).

Electron microscopy

Samples were fixed for 12 h in 2% glutaraldehyde-paraformaldehyde in 0.1 M phosphate
buffer (PBS, pH 7.4) and washed in 0.1 M PBS. They were post-fixed with 1% OsO4
dissolved in 0.1 M PBS for 2 h, dehydrated in an ascending gradual series of ethanol and
infiltrated with propylene oxide. Specimens were embedded using the Poly/Bed 812 kit
(Polysciences, Warrington, PA). After embedding in pure fresh resin, the sections were
polymerized at 65 °C in an electron microscopy oven (TD-700, DOSAKA, Kyoto, Japan) for
24 h. Sections of about 200~250 nm in thickness were initially cut and stained with toluidine
blue (Sigma, St Louis, MO T3260) for light microscopy. Next, 70-nm thin sections were
double stained with 6% uranyl acetate (EMS, Hatfield, PA, 22400) for 20 min and lead citrate
(Fisher, Pittsburgh, PA) for 10 min for contrast staining. There sections were cut using a
LEICA EM UC-7 (Leica Microsystems, Weltzar, Germany) with a diamond knife (Diatome)
and transferred to copper and nickel grids. All thin sections were observed by transmission
electron microscopy (JEM-1011, JEOL, Akishima, Japan) at the acceleration voltage of 80

kV using a Camera-Megaview III (Soft imaging system, Munster, Germany)



Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL)
analysis

Liver sections were subjected to TUNEL analysis using an /n Situ Cell Death Detection Kit,
TMR Red (Roche, Basel, Switzerland). Fluorescence signals were detected with a confocal
microscope (LSM 700, Zeiss, Jena, Germany), and the frequency of apoptotic cells in the
sections was quantified by determining the percentage of TUNEL-positive cells in 10 random

microscopic fields per specimen.

Antibodies and reagents

The following antibodies were used: anti-Sirt2 (Sigma S8447); anti-p70S6K (Cell Signaling,
Danvers, MS #9202); anti-phospho-p70S6K (Cell Signaling #9205); anti-S6 (Cell Signaling
22178S); anti-phospho-S6 (Cell Signaling 2211S); anti-acetylated lysine (Cell Signaling
#9441); anti-Bip/Grp78 (BD Bioscience, Franklin Lakes, NJ, 610979); anti-nitrotyrosine
(Millipore, Billerica, MS, 06-284); anti-mTOR (Cell Signaling #2972); anti-phospho-mTOR
(Cell Signaling #2971); anti-B-actin (Abclonal, Cambridge, MA, AbC-2002-1); anti-Flag
(Millipore MAB3118); anti-HA (Bethyl Laboratories, Montgomery, TX, A190-108A). APAP
and dimethyl sulfoxide (DMSO), cycloheximide (CHX), chloroquine (CQ), and MG132 were

purchased from Sigma Aldrich.

Expression Vectors
Flag-tagged human Sirt2 and the Sirt2 catalytic mutant (H187Y) cDNA were kindly provided
by Dr. Ahn. HA-tagged S6K1 cDNA was purchased from Addgene (Cambridge, MA). S6K 1

cDNA was purchased from the Korea Laboratory Accreditation Scheme (KOLAS).

Cell culture



HEK293 cells and normal liver cells (AML12 cells) were maintained under 5% CO; at 37 °C
in Dulbecco’s modified Eagle’s medium supplemented with 10% foetal bovine serum, 1%

penicillin, and 1% streptomycin.

Quantitative RT-PCR analysis

Total RNA was isolated from cultured cells using the TRIzol® reagent and reverse
transcribed with a TAKARA cDNA synthesis kit (TAKARA, Shiga, Japan). The resulting
cDNA was subjected to quantitative PCR analysis using SYBR® Green and an ABI PRISM
7700 system. Ribosomal RNA (18S) was used as an internal control (Bae et al., 2013). The
sequences of the primers for mouse cDNAs (forward and reverse, respectively) were as
follows:  Grp78  primers, 5-GAAAGGATGGTTAATGATGCTGAG-3' and 5'-
GTCTTCAATGTCCGCATCCTG-3'; PERK, 5-TCTTGGTTGGGTCTGATGAAT-3' and 5'-
GATGTTCTTGTGTAGTGGGGG-3"; ATF4, 5-ACACAGCCCTTCCACCTC-3' and 5'-
CACGGGAACCACCTGGAG-3"; IREla, 5-CTGTGGTCAAGATGGACTGG-3" and 5'-
GAAGCGGGAAGTGAAGTAGC-3"; 18S, 5-CGCTCCCAAGATCCAACTAC-3" and 5'-
CTGAGAAACGGCTACCACATC-3'. Real-time PCR conditions were as follows: pre-
denaturation at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s, and

annealing/extension at 60 °C for 1 min.

Supplementary Figure Legends

Supplementary Fig.1. APAP decreases the protein levels of Sirt2

(A) Normal liver cells (AMLI12 cells) treated with APAP (10 mM) and incubated with or
without CHX (5 pg/ml) were lysed and subjected to immumoblot analysis with antibodies
against Sirt2 and B-actin (loading control). (B-C) Densitometric analysis of Sirt2 isoforml

and 2 immunoblots obtained. (D) AMLI12 cells treated with APAP and incubated with or



without CQ were lysed and subjected to immunoblot analysis with antibodies against Sirt2
and P-actin (loading control). (E-F) Densitometric analysis of Sirt2 isoforml and 2
immunoblots obtained. (G) AML12 cells treated with APAP and incubated with or without
MG132 were lysed and subjected to immunoblot analysis with antibodies against Sirt2 and -
actin (loading control. (H-I) Densitometric analysis of Sirt2 isoforml and 2 immunoblots
obtained. Data are presented as means = SD from three independent experiments. **p<0.01,

*p<0.05, and N.S, not significant.

Supplementary Fig.2. The ablation of Sirt2 ameliorates the APAP-induced liver injury

in the mouse liver

Increased liver injury in mouse liver with treatment of APAP for 6h is determined. (A)

Representative images from H&E and Masson’s trichrome staining (magnification, x100). (B)
Quantitation of Necrosis area in H&E staining of mouse liver sections. (C) TUNEL analysis

of liver sections (D) Quantitation of TUNEL analysis. (E) Serum levels of ALT (=GPT). (F)

Serum levels of AST (=GOP). Data are mean = SD from three independent experiments.

*p<0.05.

Supplementary Fig.3. The ablation of Sirt2 alleviates APAP-induced liver injury and
mitochondrial damage in mouse liver

Increased liver injury in mouse liver with treatment of APAP for 12h is determined. (A) 3-
nitrotyrosine (3-NT) measured by immunohistochemical (IHC) stating. (B) Quantitation of
IHC analysis. (C) Mitochondrial detection using electron microscopy (EM). Data are

presented as means + SD from three independent experiments. **p<0.01.

Supplementary Fig.4. The ablation of Sirt2 attenuates APAP-induced liver in mouse



liver

Increased liver injury in mouse liver with treatment of APAP for 6h is determined. (A) 3-
nitrotyrosine (3-NT) measured by immunohistochemical (IHC) stating. (B) Quantitation of
IHC analysis. Data are presented as means + SD from three independent experiments.

*p<0.05.

Supplementary Fig.5. The pharmacological inactivation of Sirt2 alleviates APAP-
induced liver injury in mouse liver

Increased hepatotoxicity in mice with treatment of vehicle, APAP, or AGK2 (Sirt2 inhibitor)
was investigated. (A) 3-nitrotyrosine (3-NT) measured by immunohistochemical (IHC)
stating. (B) Quantitation of IHC analysis. (C) Mitochondrial detection using electron
microscopy (EM). Data are presented as means = SD from three independent experiments.

*4p<0.01.

Supplementary Fig.6. Ablation of Sirt2 attenuates ER stress in the APAP-induced liver
injury in mouse.

(A) Immunoblot analysis of Sirt2, p-S6K1, S6K1, and B-actin (loading control) in mice with

treatment of vehicle or APAP. (B) Densitometric analysis of p-S6K1/ S6K1 immunoblots was

obtained. Total mRNA isolated liver from mice treated as described in (A) was subjected to

qRT-PCR analysis for mRNAs of BiP/Grp78 (C) and ATF4 (D). Data are mean = SD from

three independent experiments. *P<0.05.

Supplementary Fig.7. Sirt2 has no effect in phosphorylation of mTOR

(A) Immunoblot analysis of p-mTOR and mTOR in mice with treatment of vehicle or APAP.



(B) Densitometric analysis of p-mTOR/mTOR immunoblots was obtained. (C) Immunoblot
analysis of p-mTOR and mTOR in mice with treatment of vehicle, APAP, or AGK2 (Sirt2
inhibitor) (D) Densitometric analysis of of p-mTOR/mTOR immunoblots was obtained. Data

are mean = SD from three independent experiments. N.S, not significant.

Supplementary Fig.8. Model for the role of Sirt2 inactivation in APAP-induced liver
injury in mouse

See text for details.
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Supplementary Fig.6.
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Supplementary Fig.7.
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Supplementary Fig.8.



