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Deacetylation of nuclear AIF provides a
braking mechanism for caspase-
independent chromatinolysis and necrotic

brain injury
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Programmed necrosis involves three consecutive stages: initiation, propagation, and execution. The
initiation of necrosis has been widely studied, but due to the diversity and pleiotropy of the initiating
pathways, it is difficult to identify ideal targets for necrosis inhibition from upstream necrosis
pathways. Genetic evidence suggests that caspase-independent chromatinolysis, an execution
process in multiple forms of necrosis, could be targeted to inhibit necrosis, but its regulatory
mechanisms remain unclear. Previous studies suggest that the apoptosis-inducing factor AlF
promotes chromatinolysis and caspase-independent necrosis, and its cytosol-to-nucleus
translocation induces irreversible chromatinolysis. Here we report that AIF acetylation at lysine 295 is
required for its cytosol-to-nucleus translocation and conduction of caspase-independent
chromatinolysis upon necrotic stimuli, the SIRT1 deacetylase blocks necrotic chromatinolysis via
deacetylating AlF, and pharmacological activation of SIRT1 inhibits AIF-dependent chromatinolysis
and necrotic brain injury. Our results reveal a reversible blocking mechanism for AlF-dependent
chromatinolysis and caspase-independent necrosis, supporting that targeting the late necrosis stage
is a promising therapeutic strategy for treatment of necrosis-associated diseases.

Necrosis was previously viewed as accidental and unregulated cell death;
however, accumulating evidence indicates that many types of necrotic cell
death (e.g, necroptosis, pyroptosis, parthanatos, ferroptosis, NETosis, and
pyronecrosis) can be regulated. These types of necrosis are defined as pro-
grammed necrosis'”. Programmed necrosis has attracted attention for its
critical role in various pathological conditions, such as stroke, neurode-
generative diseases, organ ischemia-reperfusion injury, microbial infections,
inflammation, and autoimmune diseases' . The mechanistic steps of dif-
ferent programmed necrosis pathways can be classified into four levels:
triggers, initiators, mediators, and executioners'. Accumulating research
reveals that programmed necrosis exhibits greater mechanistic redundancy

and diversity at the trigger and initiation levels compared to downstream
levels. For example, PARP-1 activation is essential for initiating
parthanatos’, and its inhibition has been shown to suppress parthanatos’.
However, PARP-1 also plays a critical role in sensing DNA breaks and
facilitating DNA repair through multiple pathways’, which may induce
cytotoxicity and potential long-term adverse effects when targeting PARP-1
to suppress parthanatos. Thus, targeting downstream executioners will be
more efficient to treat programmed necrosis-associated diseases.

On the other hand, growing evidence indicates that inhibiting the
execution process of specific forms of programmed necrosis can effectively
suppress this type of cell death™. Therefore, targeting downstream
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executioners could offer a more precise and effective therapeutic strategy for
inhibiting programmed necrosis, with reduced off-target effect. The
apoptosis-inducing factor AIF serves as a pivotal executioner of pro-
grammed necrosis, which is induced by factors such as alkylating DNA
damage, hypoxia/ischemia, and NMDA/glutamate exposure*”'*"*. Upon
release from the mitochondria into the cytosol in response to necrotic stress,
AIF translocates to the nucleus, where it initiates irreversible
chromatinolysis"’. Inhibition of the AIF-associated PAAN/MIF nuclease
suppresses programmed necrosis and neurodegeneration induced by a-
synuclein preformed fibrils (PFFs), adeno-associated virus (AAV)-medi-
ated a-synuclein overexpression, and MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) intoxication in vivo'. Therefore, focusing on the
execution stage of programmed necrosis may be a more effective strategy for
inhibiting programmed necrosis and its associated diseases. However, the
molecular mechanisms regulating this execution stage are not yet fully
understood.

SIRT1,an NAD"-dependent deacetylase, plays crucial roles in multiple
cellular processes, including stress responses, cellular metabolism, and gene
transcription' ™. For instance, SIRT1 deacetylates p53", E2F1%, and
FOXO1", thereby repressing apoptosis and promoting cell survival. Our
previous study identified several SIRT1-interacting proteins, including
E2F1%, PABP1”, and REGy (PA28y)* through mass spectrometry analysis
of the proteins co-precipitated with SIRT1. Interestingly, we also observed
that the mitochondrial protein AIF is a potential SIRT1-binding protein.
ATF is known to be essential in PARP-1-dependent cell death (parthanatos).
PARP-1 and SIRT1 are two enzymes that rely on NAD and are pivotal in
determining whether a cell survives or dies under stress. Previous research
has reported the interplay between these two proteins™. SIRT1 inhibits
PARP-1 activity upon DNA damage, and SIRT1 deficiency leads to PARP-1
overactivation-induced ~ AIF-mediated apoptosis following H,0,
treatment™. SIRT1 may downregulate PARP-1 activity both through dea-
cetylating PARP-1 and by repressing the synthesis of the PARP-1 protein via
its gene promoter”. Additionally, SIRT1 might contribute to parthanatos by
initiating NAD depletion, resulting in the upregulation of NOX2 and
NAT10*. However, neither the evidence for direct interaction between
SIRT1 and PARP-1 nor the significance of this effect in vivo was found.
Additionally, various studies have revealed that AIF participates in the
regulation of necroptosis, parthanatos, and ferroptosis™'*”, and its nuclear
translocation leads to irreversible chromatinolysis and necrotic cell
death™?*. Upon the induction of cell death, AIF is released from the
mitochondria and translocates to the nucleus from the cytoplasm™.
Cyclophilin A (CypA) regulates the cytosolic-nuclear transition of AIF*,
while HSP70, as an inhibitor of this process, facilitates the anti-apoptotic
effect”. In the nucleus, AIF participates in chromatin condensation and
DNA degradation by interacting with DNA in a sequence-independent
manner”’. Since AIF lacks intrinsic nuclease activity, it primarily recruits
non-specific endonucleases, such as CypA*, MIF*, to cleave DNA. Con-
currently, AIF interacts with YH2AX to form a DNA degradation complex
with CypA or MIF within the chromatin, thereby facilitating
chromatinolysis***. Given that SIRT1 is mainly distributed in the nucleus,
we propose that SIRT1 may interact with the nuclear-translocated AIF and
thus provide a braking mechanism for AIF-mediated irreversible chroma-
tinolysis. An in-depth study of the mechanisms controlling the late execu-
tion stage of necrosis is imperative for the identification of drug targets for
necrosis-related diseases.

Results

SIRT1 blocks necrotic stress-induced chromatinolysis

To determine whether SIRT1 participates in the regulation of necrosis
in vivo, wild-type and Sirtl knockout mice were subjected to unilateral
middle cerebral artery occlusion (MCAO) without reperfusion as previously
reported”, in which necrosis plays a significant role in neuronal cell
death®™. A previous study reported that occlusion only causes slight
ischemic cell change after 1 h, whereas occlusion for >3 h could cause severe
ischemic lesions™”. In this study, the wild-type (Sirt1-WT) and Sirtl

knockout (Sirt1-KO) mice were exposed to MCAO (Fig. 1A). The infarct
volume ratio following MCAO in Sirt1-KO mice increased by about 50%
(p<0.01) compared to their wild-type (WT) counterparts (Fig. 1B-D).
Subsequently, brain tissues obtained from the occluded hemispheres of both
wild-type and Sirt1-KO mice subjected to MCA O were extracted for further
analysis. The brain tissues of wild-type mice exhibited minimal terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining
and negligible alterations in nuclear morphology, whereas the tissues of
Sirt]-KO mice displayed pronounced TUNEL staining and chromatin
condensation (Fig. 1E), indicative of heightened cell death in Sirt1-KO mice
under conditions of ischemic stress. Consistently, a significant increase in
large-scale DNA fragmentation (~50kb), a hallmark of AIF-mediated
programmed cell death'*”’, was observed in brain samples of SirtI-KO mice
(Fig. 1F). Notably, previous studies have shown that the outcome of the
MCAO mouse model is sex-dependent™. Thus, we conducted additional
experiments involving both male and female wild-type and Sirt1-KO mice
subjected to MCAO. The findings indicate that Sirt] depletion results in a
larger infarct volume in both male and female mice compared to their wild-
type counterparts of the same sex (p < 0.01; Fig. S1). Of note, the female Sirt1
knockout mice exhibit a slight decrease in brain injury following MCAO
treatment compared to the male Sirt1-KO mice. Subsequently, to validate
the involvement of SIRT1 in AIF-mediated necrosis, we examined the levels
of cell death in SIRT1 knockdown and control cell lines treated with N-
methyl-N’-nitro-N-nitrosoguanidine (MNNG) (20 min incubation, fol-
lowed by removal), a DNA alkylating agent known to induce large-scale
DNA fragmentation and programmed necrosis in a caspase-independent
manner”' ™. PI/Annexin V, cell viability, and TUNEL assays demonstrated
that the knockdown of SIRT1 resulted in a significant increase in cell death
and reduction in cell viability following MNNG treatment (Fig. 1G-L). It
has been established that programmed necrosis induced by DNA alkylating
agents, such as MNNG, is caspase-independent and characterized by large-
scale DNA fragmentation’**. Therefore, we hypothesized that SIRT1
negatively regulates caspase-independent chromatin degradation. Con-
sistently, pulsed-field gel electrophoresis showed that SIRT1 knockdown
markedly increased the level of large-scale DNA fragmentation (~50 kb) ina
time-dependent manner following MNNG treatment (20 min incubation,
then removed) (Fig. IM). Moreover, the direct inhibition of SIRT1 using its
specific inhibitor, Sirtinol, resulted in a significant increase in cell death and
a decrease in cell viability following MNNG treatment (Fig. 1N-P). Taken
together, these results suggest that SIRT1 inhibits chromatinolysis and
programmed necrosis in response to necrotic stimuli.

SIRT1 interacts with AIF in the nucleus upon necrotic stimuli

AIF facilitates necrotic chromatinolysis by mediating DNA degradation
complex formation'*"*******, As a mitochondrial flavoprotein, AIF plays an
essential role in healthy mitochondrial metabolism through its NADH
oxidoreductase activity and its ability to maintain respiratory chain
assembly and stability****. Upon necrotic stimuli (such as with alkylating
DNA damage agents, hypoxia/ischemia, NMDA/glutamate), AIF is released
from the mitochondria and translocates into the nucleus, inducing necrotic
chromatinolysis and cell death by activating the nuclear DNA degradation
complex composed of AIF, MIF, CypA, and yH2AX"*. Necrotic stimuli,
such as MNNG, trigger programmed necrosis through the activation of
PARP-1, which redistributes AIF from the mitochondria to the nucleus to
promote chromatinolysis®. Oxygen and glucose deprivation (OGD) treat-
ment also induces the nuclear translocation of AIF”. Given that SIRT1 is
predominantly localized in the nucleus, we postulate that necrotic stress
may prompt its interaction with AIF in the nucleus. As expected, we
observed the co-localization of AIF with SIRT1 in defined nuclear areas
following treatment with MNNG or OGD (Fig. 2A). Additionally, results
from endogenous immunoprecipitation experiments indicated that AIF
interacts with SIRT1 in the nuclear fraction after exposure to MNNG or
OGD (Fig. 2B-C). Meanwhile, following treatment with MNNG or OGD,
SIRT1 binds to yH2AX but not to MIF (Fig. S2). In addition, the GST
(glutathione S-transferase) pull-down assay confirmed the direct binding of
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SIRT1 and AIF in vitro (Fig. 2D). Furthermore, we used SIRT1 and AIF
deletion mutants to confirm the SIRT1-AIF interaction. The results showed
that the region (amino acids 214-541) within the catalytic domain of SIRT1
is essential for its interaction with AIF, and that both the NADH (amino
acids 263-400) and FAD (amino acids 400-480) binding domains of AIF are
necessary for its interaction with SIRT1 (Fig. 2E, F). These data presented

0
MNNG (day) 0

above demonstrate that treatment with MNNG or OGD induces nuclear
translocation of AIF and leads to its interaction with SIRT1.

Next, we tested whether SIRT1 inhibits MNNG- or OGD-induced cell
death in an AIF-dependent manner using transient knockdown of AIF and
SIRT1, either singly or in combination, in SK-N-SH cells. The results
showed that SIRT1 knockdown significantly increased MNNG-induced cell
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Fig. 1 | SIRT1 blocks necrotic stress-induced chromatinolysis. A Strategy for
establishing middle cerebral artery occlusion (MCAO) in wild-type (WT) mice and
Sirtl knockout (KO) mice. B Effect of genetic depletion of SirtI on the infarct volume
after 1 h MCAO. The infarct size was measured by triphenyl tetrazolium chloride
(TTC) staining demonstrate a significant increase of infarcted brain tissue in SirtI-
KO mice compared with Sirt]-WT littermate controls. C Western blot analysis of
SIRT1 protein in the brain of WT and SirtI knockout (KO) mice. D Infarct size was
evaluated histomorphometrically on consecutive TTC-stained brain sections
throughout the infarct. The data represent the means of five independent experi-
ments (n=5) + SD and are shown in each column. ***p < 0.01. E Representative
images of TUNEL (green) and DAPI (blue) staining in the brain penumbra area
from sham and MCAO-exposed mice after ischemia. Scale bars indicate 20 um. On
the right panel, the frequency of TUNEL-positive labeling (% cell death) in (E) was
counted and plotted as a percentage of total cells. The data represent the means of
five independent experiments (n = 5) + SD and are shown in each column.

*#%p < 0.01. F Large-scale DNA fragmentation (~50 kb) was determined by gel
electrophoresis in the penumbra area after 1 h of MCAO surgery in Sirt1-WT and
Sirt1-KO mice. G-IScramble siRNA (Mock-si) or siRNA against human SIRT1
(SIRT1-si) was transfected into SK-N-SH cells. 48 h after the indicated transfection,
the cells were treated with DMSO or MNNG (4 h), labeled with Annexin-FITC and
PI, and analyzed by flow cytometry (G), western blot analysis of SIRT1 expression in
the scramble siRNA (Mock-si) and specific siRNA (SIRT1-si) against SIRT1 (H),
and the frequency of double-positive labeling cells was recorded and expressed as a
percentage (I). The data represent the means of five independent experiments
(n=5) + SD and are shown in each column. ***p < 0.01. J Scramble siRNA (Mock-
si) or siRNA against human SIRT1 (SIRT1-si) was transfected into SK-N-SH cells.
48 h after the indicated transfection, the cells were treated with DMSO or MNNG. A

CCK-8 assay was performed to measure cell viability after the treatment as indicated
time. The data represent the means of five independent experiments (n =5) + SD
and are shown in each column. ***p < 0.01. K-L Indicated siRNA-transfected SK-
N-SH cells were untreated (0 h) or treated with MNNG, stained for the detection of
3’-OH DNA breaks (TUNEL, red), and visualized using fluorescent microscopy.
DAPI (blue) was used to visualize the nuclei. Representative overlay images are
shown in (K), scale bars indicate 50 pm. And the frequency of TUNEL-positive
labeling (% cell death) was counted and plotted as a percentage of total cells. The data
represent the means of five independent experiments (n = 5) + SD and are shown in
each column (L). ¥***p < 0.01. M Large-scale DNA fragmentation induced by
MNNG. SK-N-SH cells were transiently transfected with siRNA for 2 days, then
treated with MNNG and subjected to nuclear DNA extraction. Pulsed-field gel
electrophoresis was used to visualize large-scale DNA fragments. For MNNG
treatment, cells were incubated with a culture medium containing 500 uM MNNG
for 20 min, then washed three times with PBS and re-cultured for a further 4 or 8 h in
fresh medium without MNNG. N-O SK-N-SH cells were pre-treated with SIRT1-
specific inhibitor Sirtinol (50 pM) for 12 h. Then, cells were subjected to DMSO or
MNNG treatment. 4 h after treatment, cells were labeled with Annexin V-FITC and
PIand subsequently analyzed via flow cytometry (N), and the frequency of Annexin
V and PI-positive labeling (% cell death) was recorded by flow cytometry and
illustrated in the figure (O). The data represent the means of five independent
experiments (n = 5) + SD and are shown in each column. ***p < 0.01. P SK-N-SH
cells were pre-treated with the SIRT1-specific inhibitor Sirtinol (50 uM) for 12 h.
Then, cells were subjected to DMSO or MNNG treatment. After the treatment, a
CCK-8 assay was performed to measure cell viability as indicated time. The data
represent the means of five independent experiments (n = 5) + SD and are shown in
each column. **¥p < 0.01.

death, whereas double knockdown of AIF markedly downregulated this
effect (Fig. S3A-C). Similar results were observed under OGD-treated cells
(Fig. S3D-E). Moreover, inhibition of SIRT1 with Sirtinol significantly
increased MNNG-induced cell death, while transient knockdown of AIF by
siRNA mitigated this effect (Fig. S3F-G). These results indicate that SIRT1
inhibits MNNG- or OGD-induced cell death in an AIF-dependent manner.
By integrating the aforementioned data with the observation that the
depletion or inhibition of SIRT1 leads to increased necrotic stress-induced
large-scale DNA fragmentation and cell death (Fig. 1), we conclude that
SIRT1 functions as a nuclear protector against AIF-mediated necrosis under
necrotic conditions.

AIF is acetylated under stress conditions

Given that SIRT1 functions as an NAD"-dependent deacetylase, the
interaction between AIF and SIRT1 prompts us to examine if AIF is a target
of SIRT1. To explore this possibility, we initially investigated whether AIF
could be modified by acetylation. As expected, MNNG or OGD treatment
induced ATF acetylation (Fig. 3A, B). Furthermore, the overexpression of
p300 or CBP acetyltransferases in 293 T cells led to an increase in AIF
acetylation under normal or MNNG treatment conditions (Fig. 3C). Next,
we examined the spatio-temporal dynamics of AIF acetylation under
necrotic conditions. SK-N-SH cells were challenged with MNNG for 0-12 h
or subjected to OGD for 0-24 h, and then cell extracts were separated into
nuclear (N) and post-nuclear (PN) fractions and analyzed by western
blotting. Results showed that MNNG or OGD treatment promoted cyto-
solic and nuclear acetylation of AIF in a time-dependent manner
(Fig. 3D-E), suggesting that AIF acetylation is associated with its nuclear
translocation.

SIRT1 deacetylates AIF under necrotic stress conditions

Next, we examined whether endogenous SIRT1 deacetylates AIF under
necrotic conditions. Results showed that transient knockdown of SIRT1
increased MNNG- and OGD-induced AIF acetylation in the nucleus
(Fig. 3F). Moreover, the SIRT1 activator SRT1720 treatment markedly
inhibited acetylation of AIF after MNNG or OGD treatment, whereas
inhibition of SIRT1 by Sirtinol increased AIF acetylation (Fig. 3G). To
confirm that the deacetylase activity of SIRT1 is required for AIF deacety-
lation, we co-transfected AIF with either SIRT1-WT or a catalytic-deficient

mutant of SIRT1 (SIRT1-H363A) in 293 T cells. Results showed that
overexpression of SIRT1-WT, but not SIRT1-H363A, markedly repressed
MNNGe-induced AIF acetylation (Fig. 3H). Next, we used purified E. coli-
expressed GST-tagged SIRT1 protein and FLAG-tagged AIF protein, which
immunoprecipitated from the 293 T cells, to perform In vitro deacetylation
assays. Results showed that SIRT1-WT, but not SIRT1-H363A, deacetylates
AIF in an NAD-dependent manner (Fig. 3I). Collectively, these data suggest
that SIRT1 deacetylates AIF under necrotic stress.

AIF-K295 acetylation is required for chromatinolysis and
programmed necrosis

To identify potential acetylation sites on AIF, we transiently trans-
fected 293 T cells with AIF-Flag overexpression plasmids. Approxi-
mately 24 h post-transfection, the cells were treated with or without
MNNG for an additional 12 h. Subsequently, the cells were harvested
and subjected to immunoprecipitation using FLAG-M2 beads
(Fig. 4A). The immunoprecipitated samples were then analyzed via
mass spectrometry. We found that the AIF lysine 295 (K295) is a
potential acetylation site after MNNG treatment (Fig. 4B). Notably,
acetylation data recorded in the protein modification database Phos-
phoSitePlus suggest that AIF has four potential acetylation residues:
K231, K232, K295, and K593. Therefore, we mutated each lysine
residue to arginine (K231R, K232R, K295R, or K593R) and deter-
mined the acetylated residue under MNNG treatment. The results
showed that the AIF-K295R mutant, but not the other K to R mutants,
lost most of its acetylation ability (Fig. 4C). These results suggest that
lysine 295 is the major acetylation site of AIF. Moreover, lysine 295 of
AIF is evolutionarily conserved among mammals (Fig. 4D).

Next, we generated an antibody specific for recognizing the acety-
lated lysine 295 of AIF(AIF-K295™). To test the specificity of this anti-
body, the ectopically expressed wild-type AIF, acetylation-deficient
K295R or acetylation-mimicking K295Q AIF were immunoprecipitated
from the MNNG-treated 293 T cells, and then subjected them to western
blot analysis using the AIF-K295™ antibody. Results showed that only the
wild-type AIF (acetylated upon MNNG treatment), but not the K295R
and K295Q mutants of AIF, was recognized by this antibody (Fig. 4E),
indicating that the antibody is highly specific to AIF-K295%. To test the
role of endogenous SIRT1 in deacetylation of AIF-K295, we examined
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the ATF-K295™ in SK-N-SH cells that were treated with MNNG or OGD.  predominantly localized in the cytosol; however, it can transiently
These cells included control shRNA (shN) and SIRT1-specific ShRNA  translocate to the nucleus in a cell cycle-dependent manner®, we
stable-expressing (shR) variants. We observed that stable ablation of therefore also examined the possibility of SIRT2 in the regulation of AIF-
SIRT1 markedly enhanced stress-induced AIF-K295* in the nucleus K295%. The results showed that SIRT2 is unable to deacetylate AIF-
(Fig. 4F). This indicates that SIRT1 is required for nuclear deacetylation =~ K295* following MNNG treatment (Fig. S4), supporting the notion that
of AIF-K295* under stress conditions. Of note, SIRT2 deacetylase is  SIRT1 specifically deacetylates AIF-K295 under stress conditions.
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Fig. 2 | SIRT1 interacts with AIF in the nucleus. A SK-N-SH cells treated with
MNNG (12 h) or OGD (12 h) were stained for AIF (green) and SIRT1 (red) and
viewed using confocal fluorescence microscopy. Nuclei were stained with DAPI
(blue). Scale bars indicate 10 um. Magnification scale bars indicate 1 pm.

B, C Binding of AIF and SIRT1 under MNNG or OGD treatment. For MNNG
treatment, cells were incubated with a culture medium containing 500 uyM MNNG
for 20 min, then washed three times with PBS and re-cultured for an additional 12 h
in fresh medium without MNNG. For OGD treatment, cells were placed in an
I-CONIC hypoxic chamber (95% N,; 5% CO,) with a culture medium lacking
glucose for 12 h. The post-nuclear (PN) and nuclear fractions (N) of SK-N-SH cells
after MNNG or OGD treatment were prepared, followed by immunoprecipitation of
SIRT1 and immunodetection of SIRT1 and AIF as indicated. a-tubulin (the post-
nuclear marker) and histone H3 (the nuclear marker) were used to control the

quality of fractionation. D SIRT1 physically binds to AIF. Bacterially purified GST or
GST-SIRT1 was incubated with His-AIF isolated from E. coli, and the GST pull-
down assays were performed, followed by anti-GST and anti-His western blotting
analysis. E SIRT1 deacetylase catalytic domain interacts with AIF. The schematic
diagrams of SIRT1 full-length (FL) and its deletion mutants are shown in the upper
panel. The indicated SIRT1 full-length plasmid and its deletion mutant plasmids
were co-transfected with AIF-HA in 293 T cells, followed by anti-Flag immuno-
precipitation and subsequent anti-HA western blotting analysis (lower panel). F The
NADH and FAD domain of AIF binds to SIRT1. The schematic diagrams of AIF full-
length and its deletion mutants are shown in the upper panel. The indicated vector
and AIF plasmids were co-transfected with HA-SIRT1 in 293 T cells, and anti-Flag
immunoprecipitation was performed followed by anti-HA western blotting (lower
panel). The input of HA-SIRT1 is shown in the bottom panel.

It has been well established that AIF serves as an executioner of pro-
grammed necrosis under various necrotic stresses, and its nuclear translo-
cation leads to irreversible chromatinolysis and necrotic cell death. Since
AIF-K295 is highly conserved among species (Fig. 4D) and is acetylated in
response to MNNG and OGD treatments (Fig. 4F), we hypothesized that
AIF acetylation at K295 may affect AIF-mediated cell death. To test this
hypothesis, we generated cell lines with AIF knockdown (AIF-shR) and
subsequently established cell lines with stable re-complementation of AIF-
WT and the ATF-K295R or AIF-K295Q mutants. Stable cell lines subjected
to MNNG treatment were evaluated for cell viability utilizing the CCK-8
assay. The findings demonstrated that, in comparison to control cells (shN),
AIF knockdown significantly increased cell viability. In contrast, com-
plementation with AIF-WT or AIF-K295Q, but not AIF-K295R, resulted in
a reduction of cell viability following MNNG exposure (Fig. 4G). Further-
more, FACS analysis revealed that complementation with ATF-WT or AIF-
K295Q, unlike AIF-K295R, reinstated cell death in the context of AIF
knockdown (Fig. 4H, I). The above data suggest that AIF acetylation at K295
essential for AIF-mediated cell death. Given that nuclear condensation and
large-scale DNA fragmentation (~50 kb) are the most discernible pheno-
types associated with AIF function in the nucleus”, we subsequently
investigate whether acetylation of AIF at K295 could modulate these pro-
cesses under stress conditions. The results of the fluorescence microscopy
assay showed that AIF knockdown decreased MNNG-induced nuclear
condensation, and re-complementation of AIF-WT or AIF-K295Q (but not
AIF-K295R) led to nuclear condensation (Fig. 4], K). Pulsed-field gel elec-
trophoresis analysis demonstrated that re-complementation with AIF-WT
or AIF-K295Q (but not AIF-K295R) restored MNNG-induced large-scale
DNA fragmentation (~50 kb) under MNNG treatment (Fig. 4L). Taken
together, our results indicate that AIF-K295* is required for AIF-mediated
caspase-independent chromatinolysis and programmed necrosis, and
SIRT1 plays a key role in deacetylating stress-induced AIF-K295.

SIRT1 blocks AIF-CypA interaction via AIF-K295 deacetylation

Upon necrotic stresses, AIF associates with CypA in the cytosol and
migrates into the nucleus, where it cooperates with yH2AX to trigger DNA
degradation and nuclear condensation'******. The suppression of CypA by
siRNA or the abrogation of the AIF-CypA interaction by synthetic peptides
could inhibit AIF-mediated chromatinolysis and cell death'>*****. Since
ATF-K295 is located near the CypA binding domain of the AIF protein
(Fig. 5A), we next examined whether AIF acetylation is required for stress-
induced AIF-CypA interaction. The results showed that the AIF-K295R
mutant exhibits a reduction in its association with CypA compared to AIF-
WT under MNNG or OGD treatment (Fig. 5B, C). In addition, we per-
formed an in vitro GST pull-down assay and observed that the acetylation-
mimic mutant ATF-K295Q interacted with CypA with higher efficiency
than either ATF-WT or ATF-K295R (Fig. 5D). These results support the idea
that AIF-K295 acetylation facilitates the binding of AIF to CypA. We also
examined whether SIRT1 inhibits the association between AIF and CypA
under stress conditions. The results showed that overexpression of wild-type
SIRT1, but not of a catalytic-deficient mutant of SIRT1 (SIRT1-H363A),

markedly reduced the ATF-CypA binding under MNNG or OGD treatment
(Fig. 5E). Moreover, knockdown of SIRT1 significantly increases MNNG-
induced endogenous AIF-CypA binding (Fig. 5F). These data suggest that
the deacetylase activity of SIRT1 is crucial for inhibiting AIF-CypA
association.

A prior study demonstrated that the AIF-CypA interaction is essential
for the nuclear translocation of AIF*’. We next explored the impact of AIF-
K295 acetylation on its nuclear translocation. Results of the immuno-
fluorescence assay and mitochondrial separation experiments showed that
both AIF-WT (wild-type) and ATF-K295 mutants (K295R, K295Q) localize
in the mitochondria under normal culture conditions, and MNNG treat-
ment led to a significant nuclear distribution of AIF-WT and AIF-K295Q,
whereas a substantial portion of AIF-K295R was observed in the cytoplasm
(Fig. 5G, H). These findings suggest that acetylation at ATF-K295 is required
for the MNNG-induced translocation of AIF from the cytoplasm to the
nucleus.

Previous research has demonstrated that AIF plays a crucial role in
mediating programmed necrosis by forming a DNA degradation complex
with CypA and yH2AX in the nucleus™. To further elucidate the role of
SIRT1 in regulating the AIF-mediated programmed necrosis, we investi-
gated whether SIRT1 could inhibit the formation of the DNA degradation
complex. Results showed that overexpression of wild-type SIRT1 (WT), but
not the SIRT1-H363A mutant, resulted in a reduction of the ATF/yH2AX/
CypA complex formation under conditions of MNNG treatment (Fig. 5I).
We also conducted an immunostaining assay to examine the co-localization
of wild-type AIF or ATF-K295R with yH2AX and CypA following MNNG
treatment. Results showed that MNNG treatment induced CypA/AIF/
YH2AX complex formation in the nucleus, whereas expression of the AIF-
K295R mutant resulted in reduced formation of this complex (Fig. 5]). This
conclusion was further confirmed by co-immunoprecipitation analysis
(Fig. 5K). Collectively, the results support that SIRT1 blocks the nuclear
ATF/CypA/yH2AX complex formation under stress conditions through
deacetylation of AIF-K295.

SRT1720 suppresses AlF-mediated chromatinolysis and
necrotic brain injury

Previous research indicated that AIF-mediated programmed necrosis
plays a crucial role in neuronal cell death after middle cerebral artery
occlusion™**". Thus, we next investigated the protective function of the
SIRT1 activator SRT1720 in preventing necrotic brain injury. Prior to
this investigation, we assessed the ability of SRT1720 to prevent AIF-
mediated cell death in SK-N-SH neuroblastoma cell lines. The results
indicated that SRT1720 led to a reduction in the percentage of TUNEL-
positive cells (Fig. 6A, B) and PI/Annexin V double-positive cells
(Fig. 6C, D). This effect was associated with decreased levels of AIF-
K295* (Fig. 6E). Furthermore, activation of SIRT1 by SRT1720 resulted
in a significant increase in cell viability following MNNG treatment
(Fig. 6F). Next, we evaluated whether the pharmacological activation of
SIRT1 by SRT1720 inhibits programmed necrosis in vivo. A previous
study reported that occlusion for >3h could cause severe ischemic
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lesions™”. In this study, mice were pre-treated with vehicle or SRT1720
for 12h and then subjected to 4 h of MCAO treatment. Results showed
that, relative to vehicle-treated mice, mice pre-treated with
SRT1720 showed a marked decrease in both the volume of cerebral
infarct and the level of large-DNA fragmentation under MCAO (Fig. 6G-
H). Consistently, a reduction in AIF-K295 was observed in SRT1720
pre-treated mice (Fig. 6I), and SRT1720 treatment affects the distribution

of AIF between nuclear and post-nuclear (Fig. 6]). In brains of mice
model, although SIRT1 localizes to nucleus primarily, it shows nucleus
and cytoplasmic localization after MCAO treatment, which was first
reported by Jesus M. Pradillo group™. Therefore, our data also support
the idea that, in brain cells, SRT1720 may increase cytoplasmic SIRT1
activity to deacetylate AIF-K295%, thereby limiting AIF nuclear trans-
location in vivo. These results suggest that pharmacological activation of
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Fig. 3 | SIRT1 deacetylates AIF. A SK-N-SH cells were harvested 12 h after MNNG
or OGD treatment. For MNNG treatment, cells were incubated with a culture
medium containing 500 uM MNNG for 20 min, then re-cultured for another 12 hin
fresh medium. The whole-cell lysates were then prepared and immunoprecipitated
with anti-AIF antibody and blotted with anti-acetylated lysine antibody as indicated.
The acetylation of AIF was analyzed by western blot. B SK-N-SH cells were harvested
12 h after MNNG treatment, then the whole-cell lysates were prepared and
immunoprecipitated with anti-acetylation antibody (Ac-K IP) as indicated. The
acetylation status of AIF following MNNG treatment was analyzed by western blot
using anti-AIF antibody. C 293 T cells were transiently transfected with AIF-Flag,
HA-CBP, or Myc-p300 plasmids for 24 h, cells were harvested 12 h after MNNG
treatment, then cell lysates were immunoprecipitated with FIAG-M2 beads, followed
by western blotting with anti-acetylated lysine, anti-HA, and anti-Myc antibodies.
D-E SK-N-SH cells were harvested at the indicated times after MNNG or OGD
treatment. The post-nuclear and nuclear extracts from the cells were immunopre-
cipitated with an anti-AIF antibody and analyzed by western blotting with anti-
acetylated lysine and anti- AIF antibodies, respectively. Histone H3 (nuclear marker)
and a-tubulin (post-nuclear marker) were used to control for fraction quality and
protein loading. F Scramble siRNA (Mock-si) or siRNA against human SIRT1

(SIRT1-si) was transfected into SK-N-SH cells. About 48 h after transfection, cells
were treated with MNNG or OGD for another 12 h. Then, cells were harvest and
nuclear extracts were immunoprecipitated with an anti-AIF antibody, and acety-
lated AIF in the nucleus was detected (upper panel). SIRT1 expression was examined
by western blotting (lower panel). G 293 T cells were transfected with either a vector
or AIF-Flag plasmids were pre-treated with DMSO, SRT1720 (10 uM) or Sirtinol
(50 uM) for 12 h followed by 20 min of treatment with 500 uM MNNG. The cells
were then maintained in fresh medium for another 12 h. Cell lysates were immu-
noprecipitated with Flag-M2 beads, followed by western blotting with an anti-
acetylated lysine antibody. H 293 T cells co-transfected with indicated plasmids were
treated with 500 uM MNNG for 20 min, then the cells were maintained in fresh
medium for another 12 h. Cells were lysed and immunoprecipitated with FLAG-M2
beads, followed by western blot analysis. AIF acetylation (ac-AIF) was detected using
anti-acetylated lysine or anti-Flag antibodies. I In vitro deacetylation of AIF by
SIRT1. Purified AIF from 293 T cells was incubated with recombinant E. coli-
expressed GST-SIRT1 wild-type (WT) or GST-SIRT1-H363A protein in the absence
or presence of nicotinamide adenine dinucleotide (NAD) (50 mM) or NAM

(200 mM) for 2 h at 30 °C. The ac-AIF level was detected using an anti-acetylated
lysine antibody.

SIRT1 could be a potential clinical strategy against necrotic stimuli-
induced chromatinolysis and brain injury.

Based on the findings of this study and existing literature’
we present a theoretical framework for the role of AIF acetylation and SIRT1
in regulating AIF-dependent chromatinolysis and programmed necrosis.
Under normal circumstances, AIF is localized in the mitochondria. How-
ever, in response to necrotic stimuli (such as MNNG, OGD, hypoxia-
ischemia), AIF is released from the mitochondria, then AIF undergoes
acetylation at K295 (AIF-K295™) within the cytosol and thus interacts with
CypA to aid in its translocation to the nucleus. Given SIRT1 is present not
only in the nucleus but also in the cytoplasm in brain cells”, therefore SIRT1
may use two pathways to restrict AIF-mediated necrotic chromatinolysis in
the brain: the cytoplasmic SIRTI inhibits AIF cytoplasm-to-nucleus
translocation by deacetylating AIF-K295%, the nuclear SIRT1 deacetylates
ATF-K295™ to hinder the assembly of the ATF/CypA/yH2AX chromatino-
lysis complex, ultimately inhibiting AIF-mediated caspase-independent
chromatinolysis and programmed necrosis (Fig. 6K).

,10,11,35,42,44,53,54
>

Discussion

The complexity and abundance of initiation and propagation factors
present challenges in pinpointing optimal drug targets for pro-
grammed necrosis'. Previous studies have demonstrated that upon
activation of PARP-1, AIF is released into the cytosol, subsequently
translocating to the nucleus and triggering irreversible chromatino-
lysis, which leads to necrotic cell death'”. Consequently, prior
investigations have primarily concentrated on inhibiting the
sequential activation of PARP-1, calpains, Bid, and BAX, as well as
the liberation of AIF from the mitochondria*. PARP-1 helps main-
tain cellular balance and genetic integrity by repairing DNA damage
through base-excision repair. Excessive activation of PARP-1 can
lead to the release of AIF from the mitochondrion®. The transloca-
tion of AIF from the mitochondria to the nucleus results in chro-
matin condensation and DNA fragmentation, leading to necrotic cell
death. Thus, PARP-1 inhibitors may be effective in treating diseases
related to the overactivation of PARP-1°. However, the long-term use
of PARP-1 inhibitors may give rise to adverse effects due to the
inhibition of PARP-1 activity, which is essential for maintaining
genomic stability’. Our study found that necrotic stress leads to the
production of AIF-K295%, which then associates with CypA and
translocates into the nucleus. Moreover, SIRT1 inhibits AIF-mediated
programmed necrosis by deacetylating AIF-K295* in the nucleus.
The SIRTI activator SRT1720 reduces necrotic brain injury by low-
ering AIF-K295% levels. These results support the idea that AIF-
mediated programmed necrosis can be regulated by acetylation and

deacetylation modifications. Additionally, AIF-mediated caspase-
independent chromatinolysis and programmed necrosis can be
switched off in the nucleus. This indicates that directly targeting of
the execution stage of necrosis is a promising approach for the
treatment of necrosis-related diseases.

Previous studies have identified the major components of the
caspase-independent chromatin DNA degradation complex, includ-
ing AIF, CypA*”, MIF* and yH2AX'". However, the regulatory
mechanisms inhibiting AIF-mediated DNA degradation remain
unclear. Previous research has demonstrated the necessity of the AIF-
CypA interaction for AIF nuclear translocation® and
chromatinolysis™. Recent studies have demonstrated the molecular
assembly of AIF/CypA/yH2AX and the collaborative interactions
among its protein constituents in the degradation of genomic DNA
into large-scale fragments™. Our results showed that acetylation of
AJF-K295 functions as a critical posttranslational modification
mechanism that enhances stress-induced AIF-CypA interaction. The
deacetylation of AIF-K295 by SIRT1 hinders AIF nuclear translo-
cation and chromatinolysis under necrotic stress conditions, indi-
cating that precise control of AIF-K295 is vital for AIF-mediated
programmed necrosis. Notably, it has been observed that macro-
phage migration inhibitory factor (MIF) plays a role in AIF-mediated
chromatinolysis in mammalian cells. Biochemical analyses have
revealed that CypA and MIF display distinct preferences for DNA
cleavage’*, suggesting a potential collaborative contribution to AIF-
mediated chromatinolysis. Recent research has also highlighted that
the deacetylation of MIF at K78 by histone deacetylase HDAC6
disrupts its interaction with AIF, and HDACG6 regulates brain injury
following ischemic stroke™. Thus, it is attractive to further study the
role of protein posttranslational modifications in regulating AIF-
associated proteins and their roles in mediating chromatinolysis and
necrotic cell death.

SIRT1 has protective effects in a range of pathological condi-
tions, including cardiovascular diseases, neurodegeneration, inflam-
mation, metabolic diseases, and aging-related conditions'®. The
neuroprotective functions of SIRT1 in cerebral ischemia has been
extensively documented, primarily through its modulation of various
downstream pathways such as mitochondrial function, antioxidation,
DNA repair, synaptic function, blood flow regulation, and
neuroinflammation®. Moreover, the nuclear translocation of AIF has
been documented in numerous pathological conditions linked to
neurodegeneration, including Alzheimer’s disease® and Parkinson’s
disease brain samples™, neuronal cells expressing expanded poly-
glutamine repeats in Huntingtin proteins®, and motor neurons of
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symptomatic SOD1-G93A transgenic mice’'. These studies suggest a
role for AIF-mediated cell death in chronic neuropathology. Our
study elucidated a function of SIRT1 as a safeguard against necrotic
stimuli-induced brain injury by suppressing AIF-mediated caspase-
independent chromatinolysis within the nucleus, and SRT1720
markedly blocked MCAO-induced necrosis and brain injury. We

DMSO MNNG

suggest that pharmacological activation of SIRT1 may also be benefit
for chronic neuropathology diseases. Further study of the activity of
the pharmacological SIRT1 allosteric activators such as STAC-5 and
STAC-8% in regulating caspase-independent chromatinolysis and
programmed necrosis may bring more advancements in the treat-
ment of diseases associated with necrosis.
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Fig. 4 | AIF-K295 acetylation is required for chromatinolysis and programmed necrosis. A Representative SDS-PAGE and Coomassie blue staining of Flag-
immunoprecipitants (Flag IP) obtained from AIF-Flag overexpressing 293 T cells untreated (NT) or treated with MNNG for 20 min and then replaced with fresh medium for
12 h. The purified AIF-Flag (indicated by the square) samples were cut from the SDS-PAGE gel and submitted for mass spectrometry analysis. B AIF acetylation was analyzed
by mass spectrometry, and the acetylation of AIF lysine 295 was detected in the MNNG-treated sample. C 293 T cells transfected with the indicated AIF-Flag or its mutant
plasmids were lysed and immunoprecipitated using FLAG-M2 beads, followed by western blotting with an anti-acetylated lysine antibody. Total AIF was detected using an
anti-AIF antibody. D Sequence alignment of the region containing the acetylation site in AIF from different species. The schematic diagram shows that lysine 295 of AIF is
highly conserved across multiple species. E293 T cells transfected with the indicated wild-type AIF-Flag or AIF-K295R, AIF-K295Q as indicated. 24 h after transfection, cells
were treated with MNNG for 20 min and then replaced with fresh medium for another 12 h. Then, the cell lysates were immunoprecipitated using FLAG-M2 beads and
blotted with an anti-AIF-K295* antibody. F Control shRNA (shN) or SIRT1-specific shRNA stable-expressing (shR) SK-N-SH cells were treated with MNNG or OGD. For
MNNG treatment, cells were treated with 500 uM MNNG for 20 min, then cells were maintained in fresh medium for another 12 h. For OGD treatment, cells were placed in
an I-CONIC hypoxic chamber (95% N»; 5% CO,) with a culture medium lacking glucose for 12 h. Subsequently, cells were lysed, and the nuclear fractions were
immunoprecipitated using an anti-AIF antibody, followed by AIF-K295* blotting. G Control shRNA (shN) or AIF-specific ShRNA stable-expressing (shR), AIF-specific
shRNA stable-expressing (shR) rescued with AIF-Flag (WT, K295R, or K295Q) SK-H-SH cells, were treated with DMSO or 500 uM MNNG for 20 min, then, cells were
maintained in fresh medium for another 2 days. A CCK-8 assay was performed to measure cell survival rate. The data represent the means of five independent experiments
(n=5) £ SD and are shown in each column. ***p < 0.01 (left panel). The AIF expression was examined by western blot using anti- AIF and anti-Flag antibodies, actin was
used as a loading control (right panel). H, I Control shRNA (shN) or AIF-specific sShRNA stable-expressing (shR), AIF-specific sShRNA stable-expressing (shR) rescued with
Flag-AIF (WT, K295R, or K295Q) SK-N-SH cells were treated with DMSO or 500 uM MNNG for 20 min, then cells were maintained in fresh medium. 4 h after MNNG
treatment, cells were labeled with Annexin V-FITC and PI and analyzed by flow cytometry. Representative cytofluorometric plots are shown (H), and the frequency of
Annexin V and PI positive labeling was recorded and expressed as a plot (I). The data represent the means of five independent experiments (n = 5) + SD and are shown in
each column. ***p < 0.01. J, K Control shRNA (shN) or AIF-specific sShRNA stable-expressing (shR), and AIF knockdown (shR) rescued with AIF-Flag (WT, K295R,
K295Q) SK-N-SH cells were untreated or exposed to 500 uM MNNG for 20 min. Subsequently, the cells were incubated in fresh medium for an additional 12 h. Following
this, the cells were stained with DAPI and examined using fluorescence microscopy, with a scale bar indicating 10 um. Condensed nuclei were identified with yellow arrows
(J). Statistical analysis of the condensed nuclei was conducted as described (K). The data represent the means of five independent experiments (n = 5) + standard deviation
(SD) and are presented in each column. Statistical significance was determined at ***p < 0.01. L Control shRNA (shN), AIF-specific sShRNA stable-expressing (shR), and
ATF-specific shRNA stable-expressing (shR) rescued with AIF-Flag (WT, K295R, K295Q) SK-N-SH cells treated with DMSO or 500 uM MNNG for 20 min. The cells were

then maintained in fresh medium for another 8 h and subjected to nuclear DNA extraction and pulsed-gel electrophoresis to visualize DNA fragments (~50 kb).

Materials and methods

Cell Lines, plasmids, and reagents

HEK293T and SK-N-SH cell lines were obtained from Cell Bank/Stem Cell
Bank of Chinese Academy of Sciences. The AIF knockdown plasmid was
generated by inserting the sequence: CGGCCCACAGTGGAATTGGCAA
ACCTCGAGGTTTGCCAATTCCACTGTGGGTTTTTG, which con-
tains the 3' UTR region of AIF (underlined), into the Agel and EcoRI
restriction sites of pLKO.l. The SIRT1 knockdown plasmid was
generated by inserting the sequence: CCGGGTTGGATGATATGAC
ACTGCTCGAGCAGTGTCATATCATCCAACTTTTTG, which con-
tains the CDS region of SIRT1 (underlined), into the Agel and EcoRI
restriction sites of pLKO.1. This sequence has already been verified and used
in our previous publication”. Stable knockdown or control cell lines were
established by lentivirus infection and selected with puromycin. The
expression plasmids of HA-SIRT1, Flag-SIRT1, and Flag-SIRT1 deletions
were described in our previous publications. The expression plasmids of
C-terminal Flag, HA, and His-tagged AIF were generated by PCR using
cDNA obtained from 293T cells as a template, along with two primers: AIF
forward (5-GGAATTCATGTTCCGGTGTGGAGGCCT-3'), which con-
tains an EcoRI site (underlined), and AIF reverse (5-ATTTGCGGCCGC
ACAGTCTTCATGAATGTTGAATAGT-3'), which contains a NotI site
(underlined). A lentiviral-based AIF expression plasmid was constructed by
inserting an AIF cDNA fragment into the Smal restriction site of a lentiviral
empty vector. The AIF cDNA fragment was produced by PCR using a full-
length AIF-Flag plasmid described above as the template, along with two
primers: AIF forward: 5-TCCCCCGGGACTAGTCCAGTGTGGTGG
AATT-3', which contains the Smal site (underlined), and AIF reverse: 5'-
TCCCCCGGGAACAGATGGCTGGCAACTAG-3, which also contains
the Smal site (underlined). The AIF site mutants K231R/K232R, K295R,
K593R, and K295Q plasmids were generated using wild-type AIF-Flag as a
template via PCR. The primers for these constructions are as follows:
K231R/K232R forward: 5-GGCTGTCCTCACTGGGAGGAGGGTAGT
ACAGCTGG-3; K231R/K232R reverse: 5-CAGCTGTACTACCCTCC
TCCCAGTGAGGACAGCC-3'; K295R forward: 5-GACTTTAGAAGCT
TGGAGAGGATTTCACGGGAAGTCAAA-3;K295R reverse: 5-TTTGA
CTTCCCGTGAAATCCTCTCCAAGCTTCTAAAGTC-3; K295Q for-
ward: 5-ACTTCCCGTGAAATCTGCTCCAAGCTTCTAAAGTCTC-3}
K295Q reverse: 5-ACTTTAGAAGCTTGGAGCAGATTTCACGGGAA
GTCA-3'; K593R forward :5-TGCTCACCGTCCCTAATGATCTTCCTT

GCTATTGGC-3; K593R reverse: 5'-GCCAATAGCAAGGAAGATC
ATTAGGGACGGTGAGCA-3'. The siRNA against SIRT1 (5-GUUGG
AUGAUAUGACACUGtt-3"), siRNA against AIF (5-CACGUGGAA
UUGGCAAACtt-3), and control siRNA (5-UUCUCCGAACGUGUC
ACGUtt-3") were synthesized by Shanghai GenePharma. Double-stranded
siRNA was transiently transfected into cells using Lipofectamine 3000
(Invitrogen). anti-Flag M2 Affinity Agarose Gel, anti-HA Agarose, Flag
peptide, HA peptide, Thiazolyl Blue Tetrazolium Blue (MTT), and TTC
(2,3,5-Triphenyl-tetrazolium chloride solution) were purchased from
Sigma. Cell Counting Kit-8 (C0038), Anti-Fade Mounting Medium
(P0126), one-step TUNEL assay kit (C1090), and Cell Mitochondria Iso-
lation Kit (C3601) were obtained from Beyotime Biotechnology. The
Plasmid Prep Kit (DP103) and DNA Purification Kit (DP204) were pur-
chased from TIANGEN BIOTECH Co., Ltd. The FITC Annexin V/PI
detection kit (556547) was obtained from BD Biosciences. ECL western
blotting Substrates (32106), Lipofectamine 3000 (L3000001), Goat anti-
Mouse Secondary Antibody conjugated with Alexa Fluor™ 488, Goat anti-
Rabbit Secondary Antibody with Alexa Fluor™ 568, Goat anti-Mouse Sec-
ondary Antibody with Alexa Fluor™ 633, and DNA restriction enzymes were
obtained from Thermo Fisher Scientific. The anti-CypA antibody (ab41684)
was obtained from Abcam. The anti-SIRT1 (H-300) antibody, anti-Histone
3 (FL-136) antibody, anti-AIF (E-1) (sc-13116) antibody, and Protein A/G
PLUS-Agarose (sc-2003) were purchased from Santa. Anti-Acetylated-
lysine (Ac-K*-100) MultiMab™ Rabbit mAb, acetylated-lysine Mouse mAb
(Ac-K-103), and anti-HA-tag (C29F4) rabbit mAb were obtained from Cell
Signaling Technology. anti-AIF (A2568), anti-SIRT1 (A19667) rabbit mAb,
anti-Flag rabbit mAb (AE092), anti-PARP-1 (A0942) rabbit mAb, and anti-
MIF (A1391) rabbit mAb were obtained from ABclonal.

Cell culture and cell death induction

SK-N-SH cells were cultured in MEM Alpha Basic medium (Gibco) sup-
plemented with 10% FBS, 1 mM Sodium Pyruvate, MEM NEAA, Gluta-
MAX, and 100 U/ml penicillin/streptomycin (Sangon Biotech). HEK293T
was cultured in DMEM supplemented with 10% FBS and 100 U/ml peni-
cillin/streptomycin (Sangon Biotech), and maintained at 37 °Cin a 5% CO,
atmosphere. To induce cell death and AIF release, cells were treated with
MNNG or OGD (oxygen-glucose deprivation). The MNNG experiments
were carried out as described previously'’. In detail, the SK-N-SH and
HEK293T cells were maintained in culture medium with MNNG (500 pM)
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for 20 min before the culture medium was removed. Following this, the cells
were washed with PBS three times and cultured in fresh medium without
MNNG for the indicated time periods. OGD was carried out after the SK-N-
SH cells had been seeded for 24 h. The cells were placed in an [-CONIC
hypoxic chamber (Baker Ruskinn) after the culture medium was replaced
with oxygen-glucose-free medium. The chamber was then sealed and

flushed with a mixture of 95% N, and 5% CO,. Finally, the chamber was set
to 37 °C for the indicated duration of OGD.

Acetylation specific antibodies
Rabbit antiserum against AIF acetylation at K295 was raised using the
peptide (CRDPSLRK[Ac]SGV), where K295 is acetylated and indicated as
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Fig. 5 | SIRT1 inhibits the AIF-CypA complex formation through deacetylating
AIF-K295. A The schematic representation of AIF illustrates its structural domains
and binding motifs. The full-length AIF comprises a Mitochondrial Localization
Sequence (MLS, depicted in green), a putative Transmembrane Domain (TM, also in
green), a flavin adenine dinucleotide (FAD)-bipartite domain (colored orange), an
NADH-binding motif (blue), and a C-terminal domain (red). The TM is bordered by
two proteolytic cleavage sites: a mitochondrial processing peptidase (MPP) cleavage
site at residue 54 and a calpain/cathepsin cleavage site at residue 102. Various
proteins, including Hsp70, Cyclophilin A (CypA), phosphorylated H2AX (yH2AX),
and Macrophage Migration Inhibitory Factor (MIF), interact with AIF at distinct
regions. The numerical annotations correspond to specific amino acid positions.
Additionally, the SIRT1-binding motif on AIF is located between residues 262 and
480. B, C GFP-tagged CypA was co-transfected with AIF-Flag or AIF-Flag K295R
expression plasmids, followed by treatment with MNNG (12 h) or OGD (12 h). For
MNNG treatment, cells were treated with 500 pM MNNG for 20 min, and then cells
were maintained in fresh medium for another 12 h. Cells lysates were immuno-
precipitated with FLAG-M2 beads followed by western blotting with anti-GFP and
anti-AIF antibodies. D Binding of GST-AIF and GST-AIF-mutants to His-CypA
in vitro. Bacterially purified GST, GST-AIF, and its mutants were incubated with
His-CypA isolated from E. coli, and the GST pull-down assays were performed,
followed by anti-GST and anti-His western blotting analysis. E 293 T cells co-
transfected with the indicated plasmids were treated with or without MNNG (12 h)
or OGD (12 h). The cells were then lysed and immunoprecipitated with FLAG-M2
beads, and the co-precipitated CypA was blotted for GFP antibody. F Control
shRNA (shN) and SIRT1-specific shRNA stable-expressing (shR) SK-N-SH cells
were treated with 500 uM MNNG for 20 min. The cells were maintained in fresh
medium for another 12 h. After that, the cells were lysed and immunoprecipitated
using an anti-AIF antibody (AIF IP), and co-precipitated proteins were blotted with
anti-CypA and anti-SIRT1 antibodies (upper panel). CypA and SIRT1 expression

levels were examined by western blot (lower panel). G SK-N-SH AIF stable
knockdown (shR) cells rescued with Flag-AIF (WT, K295R/Q) were treated with or
without MNNG as indicated. For MNNG treatment, cells were treated with 500 uM
MNNG for 20 min, after which they were maintained in fresh medium for another
12 h. Subsequently, the cells were co-stained with anti-Flag antibody (green), DAPI
(blue), and visualized using a fluorescence microscope (scale bars indicate 10 pm).
H SK-N-SH AIF stable knockdown (shR) cells rescued with Flag-AIF (WT, K295R/
Q) used in (G) were treated with or without MNNG as described above. The
mitochondrial, cytosolic, and nuclear extracts were analyzed by western blotting for
the presence of AIF. COX IV (mitochondrial marker), a-tubulin (cytosolic marker)
and histone H3 (the nuclear marker) were used to control fractionation quality and
protein loading. I SK-N-SH cells were transfected with either SIRT1 or the SIRT1-
H363A mutant, as specified. Subsequently, cells were treated with 500 uyM MNNG
for 20 min, then cells were maintained in fresh medium for another 9 h. Following
treatment, cell lysates were prepared and subjected to immunoprecipitation using an
AITF antibody. The co-precipitated proteins, CypA and yH2AX, were analyzed by
western blot. J SK-N-SH cells were transfected with GFP-CypA, AIF-Flag, and AIF-
Flag K295R, as indicated. Cells were treated with 500 uM MNNG for 20 min, then
cells were maintained in fresh medium for another 9 h, after which they were fixed
and stained for Flag (red), GFP-CypA (green), and yH2AX (magenta). Confocal
fluorescence microscopy was employed to visualize the stained cells. The nuclei were
counterstained with DAPI (blue). Scale bars indicate 2 um. Magnification scale bars
indicate 0.25 um. K SK-N-SH cells were transfected with GFP-CypA, AIF-Flag, and
AIF-Flag K295R, as specified. Cells were treated with 500 uM MNNG for 20 min,
then cells were maintained in fresh medium for another 9 h, then the cells were
harvested and subjected to immunoprecipitation using GFP Magnetic Beads. The
co-precipitated proteins were analyzed by western blotting with anti-Flag and anti-
yYH2AX antibodies (upper panel).

K[Ac]. The antiserum was pre-cleaned by affinity chromatography using
the corresponding non-acetylated peptide (CRDPSLRKSGV) coupled to
Sulfolink coupling resin (Thermo Scientific) and further purified by affinity
chromatography using acetylated peptide (CRDPSLRK[Ac]SGV).

Flow cytometry

Cell viability was measured using an Annexin V-FITC/PI detection kit. Cell
death was recorded in a BD Accuri™ C6 Flow Cytometer (BD Biosciences)
for a total population of 8000 cells, with manual adjustment of color com-
pensation based on the negative control. The detailed operational proce-
dures can be found in the “Technical Data Sheet” accompanying the reagent
kit. Data were exported using BD Accuri™ C6 software and further analyzed
with Flow]Jo software.

Immunoprecipitation and In Vitro binding

Celllysate preparation and protein immunoprecipitation were performed as
previously described’"”. For the in vitro binding assay, GST-fusion and His-
fusion constructs were introduced into E. coli BL21 (DE3), and the fusion
proteins were induced with 0.1 mM IPTG for 8 hat 18 °C. The proteins were
purified using glutathione-Sepharose 4B resin or Ni-NTA agarose beads.
For the binding assay, GST or GST-SIRT1 was incubated with His-AIF in
binding buffer (100 mM NaCl, 50 mM Tris-HCI pH 7.5, 15 mM EGTA,
1 mM DTT, 1 mM PMSF, 0.2% Triton X-100) for 2 h at 4 °C. The protein
complex was pulled down with glutathione-agarose beads, washed, and
subjected to western blot analysis.

Immunofluorescence staining

Immunofluorescence was performed as previously described””. Briefly,
cells were fixed in 4% paraformaldehyde for 10 min at room temperature
and washed three times with PBS. Then, cells were incubated with per-
meabilization buffer (0.3% Triton X-100 in PBS) for 10 min at room tem-
perature, followed by blocking with 2% BSA. After that, cells were incubated
with the primary antibody for 2 h at room temperature or overnight at 4 °C
followed by incubation with fluorescently conjugated secondary antibodies
(Alexa Fluor 488-tagged anti-rabbit, Alexa Fluor 594-tagged anti-mouse

and Alexa Fluor 633-tagged anti-mouse secondary antibodies) for 1h at
room temperature.

Subcellular fractionation
The adherent cells were harvested and suspended in hypotonic buffer
(10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM EDTA, and 0.1 mM EGTA
with protease inhibitors) and left on ice for 15 min. They were then
homogenized by 15 strokes with a 1 mL needle, followed by centrifugation at
10,000 g for 1 min at 4 °C. The supernatant was retained. The nuclear
extraction buffer (20 mM Hepes, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM
EGTA, and 1% Triton X-100 with protease inhibitors) was added to the cell
pellets. The sample was left on ice for 30 min and vortexed for 3-5 s every
5 min, followed by centrifugation for 5 min at full speed (10,000 g) at 4 °C.
The resultant supernatant was the nuclear fraction. Triton X-100 was added
to the supernatant obtained from the first centrifugation to reach a final
concentration of 1%, followed by sonication and centrifugation at 10,000 g
for another 10 min. The supernatant was then considered the post-nuclear
fraction. The integrity of nuclear and post-nuclear fractions was verified by
detecting a-tubulin (cytoplasmic marker) and histone H3 (nuclear marker).
The Cell Mitochondria Isolation Kit was used for mitochondrial iso-
lation. Briefly, wash the cells with PBS once. Then, digest the cells with
trypsin-EDTA Solution and centrifuge at room temperature for 5-10 min to
collect them. Add 1 ml of mitochondrial separation reagent to 20 million
cells before use, gently suspend the cells, and let them sit in an ice bath for
10-15 min. Next, transfer the cell suspension to a glass homogenizer and
homogenize for about 10-30s. After ~20 rounds of homogenization, add
5 ul of the cell suspension to 30 pl of trypan blue staining solution. After
mixing, observe the proportion of trypan blue-positive (blue) cells under a
microscope. When the positive ratio exceeds 50%, the homogenization can
be stopped, and the process can proceed to the next step. The mixture is then
centrifuged at 600 g at 4 °C for 10 min. The nuclear fraction is found in the
precipitate. After that, carefully transfer the supernatant to another cen-
trifuge tube and centrifuge it at 11,000 g at 4 °C for 10 min. The supernatant
contains the cytoplasmic proteins, while the precipitate contains the isolated
cell mitochondria.
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In Vitro deacetylation assay

The In vitro deacetylation assay was performed as previously
described”*". Briefly, 293 T cells overexpressing C-terminal Flag-tagged
ATF were harvested about 12 h after MNNG treatment. The cells were
then lysed and immunoprecipitated with Anti-FLAG M2 agarose
(Sigma), and the enriched AIF proteins were eluted with FLAG peptide.

HAT:
A AT,
Cytoplasmic
SIRTI (Brain) .
AIF
Inhibition or o
d ? q Activation
epletion
, % : P aterd
~50kb ~50kb = ;;:F
Large DNA-fragmentation Cell Survival
Necrosis
Nucleus

/

The eluted proteins were incubated with GST-SIRT1 or GST-SIRT1-

H363A in deacetylation buffer (50 mM Tris-HCI, PH 7.0, 50 mM NaCl,
10 mM ZnCl,, 0.5 mM DTT, 0.1 mM PMSF, 5% glycerol, 0.02% NP-40,
and protease inhibitors) in the presence or absence of 50 mM NAD" or
200 mM NAM for 2h at 30 °C. The reactions were subjected to SDS-
PAGE and analyzed by western blot.

Communications Biology | (2025)8:813

13


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08255-w

Article

Fig. 6 | SRT1720 suppresses AIF-mediated chromatinolysis and necrotic brain
injury. A, B SK-N-SH cells were pre-treated with DMSO or SIRT1 activator
SRT1720 (10 uM) for 12 h as indicated. Then, the cells were untreated or treated with
MNNG and stained 3’-OH DNA breaks (TUNEL, red) and analyzed using a
fluorescence microscope. DAPI (blue) was used to visualize the nuclei. For MNNG
treatment, cells were treated with 500 uM MNNG for 20 min, then cells were
maintained in fresh medium for another 8 h. Representative overlay pictures are
shown (A). Scale bars indicate 20 um. And the frequency of TUNEL-positive
labeling (% cell death) in (A) was counted and plotted as a percentage of total cells
(B). The data represent the means of five independent experiments (n = 5) + SD and
are shown in each column. ***p < 0.01. C-E SK-N-SH cells were pre-treated with
DMSO or the SIRT1-specific activator SRT1720 at a concentration of 10 uM for 12 h.
Subsequently, the cells were untreated or exposed to MNNG. Following treatment,
the cells were stained with Annexin V-FITC and propidium iodide (PI) and sub-
sequently analyzed using flow cytometry 9 h after treatment. Representative cyto-
fluorometric plots are presented (C). The percentage of cell death, indicated by
Annexin V and PI-positive labeling, was quantified by flow cytometry and is
depicted (D). The data represent the means + standard deviation (SD) of five
independent experiments (n = 5) and are displayed in each column. Statistical sig-
nificance was determined, with *** indicating p < 0.01. The acetylation level of AIF
was analyzed by western blot using an anti-AIF-K295* antibody (E). F SK-N-SH
cells were pre-treated with DMSO or the SIRT1-specific activator SRT1720 at a
concentration of 10 uM for 12 h. Subsequently, the cells were untreated or exposed to

MNNG. A CCK-8 assay was performed to measure cell viability as indicated time.
The data represent the means of five independent experiments (n = 5) + SD and are
shown in each column. ***p < 0.01. G Effect of pharmacological modulation of
SIRT1 on the infarct volume after MCAO was assessed. SIRT1 activator SRT1720
(200 mg/kg) dissolved in PBS or PBS (vehicle) was administered by intraperitoneal
route 12 h before MCAO. The size of the MCAO-induced infarct was measured by
triphenyl tetrazolium chloride (TTC) staining after MCAO (4 h). The infarct size
was evaluated histomorphometrically on consecutive TTC-stained brain sections
throughout the infarct (right panel). The data represent the means of five inde-
pendent experiments (1 = 5) + SD, as shown in each column. ***p <0.01. (H) DNA
fragmentation was determined by gel electrophoresis in the brains of mice from
sham and penumbra groups after MCAO treatment with or without SRT1720 pre-
injection. I The acetylation levels of AIF-K295 in brain tissue samples after MCAO
were analyzed by western blot using anti- AIF-K295* and anti-AIF antibodies.

J Immunoblots of nuclear translocation of AIF after MCAO. The post-nuclear (PN)
and nuclear fractions (N) of samples after MCAO from (G) were prepared, a-tubulin
(post-nuclear marker) and histone H3 (nuclear marker) were used to control frac-
tionation quality and protein loading. The quantification of nuclear and post-
nuclear AIF was conducted using Image] software. For the quantification of post-
nuclear AIF, a-tubulin was used as a control, whereas Histone H3 served as the
control for nuclear AIF quantification. K Model illustrating the role of AIF-K295
acetylation and the SIRT1-AIF axis in regulating chromatinolysis and caspase-
independent programmed necrosis.

Cell viability assay

Cell viability was measured using the Cell Counting Kit-8 (CCK-8). Five
thousand cells were seeded in quintuplicate (five replicates) in 96-well plates.
The detailed operational procedures can be found in the “Instructions for
Use” accompanying the reagent kit. Treatment was performed ~24 h after
seeding, and the vehicle control was added. At the indicated time points,
cells were incubated with CCK-8 solution for 2 h. The absorbance of the
treated cultures was measured using a multi-well spectrophotometer at
450 nm (Mini Max™ 300 Imaging Cytometer). The results were presented as
a percentage of absorbance relative to the vehicle control cultures.

Pulsed-field gel electrophoresis

Samples were prepared as previously reported”. Following the incubation of
cells treated with necrosis inducers, the cultures were easily pelleted by
centrifugation from the medium. Monolayer cells were harvested and sus-
pended in TEEN buffer (10 mM Tris-HCI, pH 9.5, 25 mM EDTA, 5 mM
EGTA, 10 mM NaCl) with 0.1% SDS and 1 mg/ml proteinase K. For tissue
analysis, brain tissue was homogenized and suspended in TEEN buffer as
described above. The samples were then incubated in TEEN buffer at 55 °C
overnight. Following incubation, the genomic DNA was extracted using an
improved Phenol-Chloroform protocol. Briefly, an equal volume of phenol:
chloroform: isoamyl alcohol (25:24:1) was added to the tube and shaken
gently by hand to avoid breaking the genomic DNA. Centrifuge at 4 °C for
15 min at 500 g. Carefully remove the upper aqueous phase of the cen-
trifuged sample and transfer it to a fresh tube, ensuring that no phenol is
carried over during pipetting. Then, add an equal volume of isopropanol
and 1/10 volume of 3 M NaOAc based on the volume of the sample to the
tube. Place the tube at —20 °C for atleast 4 h to precipitate the DNA from the
sample. Centrifuge the sample again at 4 °C for 15 min at 500 g to pellet the
genomic DNA. Wash the genomic DNA with 70% ethanol twice. Then, dry
the DNA at room temperature and dilute the genomic DNA with 25 mM
Tris-EDTA buffer at 4 °C overnight. Pulsed-field gel electrophoresis was
performed using the CHEF-DR® III Pulsed Field Electrophoresis System
(Bio-Rad) with the following settings: Agarose: 0.8%; Buffer: 0.5X TBE;
Temperature: 18 °C; Voltage: 6 V/cm; Switch time: 3 sec; Run times: 7 h,
Angle: 120°. After that, the gel was stained with SYBR Green.

Mice

Sirt] knockout CD-1 mice were described in our previous research’. All
experiments were conducted with Sirt 1" and Sirt1”" littermates. Mice were
housed in a specific pathogen-free animal facility on a 12 h light-dark cycle
with free access to food and water.

Ethics statement

Animal use and care protocols, including all operational procedures, were
approved by the Institutional Animal Care and Use Committee of Shan-
dong University of Technology. We have complied with all relevant ethical
regulations for animal use. The research team conducted continuous
monitoring of the mice post-surgery. Upon the mice regaining conscious-
ness, observations were conducted at 20 min intervals. Health assessments
were based on metrics such as food and water consumption, general activity
levels, respiratory patterns, and fur condition.

Ischemic stroke model

The Common carotid artery and middle cerebral artery (MCA) were
exposed and permanently occluded by ligation, as previously described™.
Cerebral ischemia was induced by 60 min of middle cerebral artery occlu-
sion (MCAO) following an intraperitoneal injection of chloral hydrate at a
dose of 400 mg/kg. Rectal temperature was maintained at 36.5+0.5°C
during surgery using an automated temperature control feedback system. A
midline ventral neck incision was made, and unilateral MCAO was per-
formed by inserting a 0.14 mm monofilament into the right internal carotid
artery, 4 mm from the internal carotid/pterygopalatine artery bifurcation
via an external carotid artery stump. Sham-operated animals underwent the
same surgical procedure, but the suture was not advanced into the internal
carotid artery. Mouse brain matrices were used to partition mouse brain
tissue into coronal sections. Infarct size was measured by TTC (2,3,5-tri-
phenyltetrazolium chloride) staining at 37°C for 15min. The infarct
volume ratio was then determined for each coronal section using the for-
mula: Infarct volume ratio = (sum of white ischemic area in each section) /
(sum of brain slice area in each section) x 100%. We selected a small sample
size (n =5) because the Sirt] knockout or its activation through SRT1720
was evaluated in vivo for the first time in the present study, and therefore, the
initial intention was to gather basic evidence regarding the use of these data
in more complex experimental designs. The animals were included in the
study if they underwent successful middle cerebral artery occlusion
(MCAO), characterized by a reduction in cerebral blood flow of 60% or
more, as measured by laser Doppler flowmetry. Animals were excluded if
the insertion of the thread resulted in perforation of the vessel wall, if the
silicon tip of the thread became dislodged during surgery, or if the animal
died prematurely, preventing the collection of histological data. The
experiment was conducted using a randomized design. Following geno-
typing, healthy 6-8 weeks old wild-type (WT) and SirtI knockout (KO)
mice of the same sex were assigned to one of four groups: male-WT, male-
KO, female-WT, and female-KO. The mice in each group were assigned
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identification numbers and subsequently divided into sub-groups through
randomization using the RAND () function in Microsoft Excel. According
to the above random number, MCAO were performed. Animals of the same
sex in the same cage and with similar body weight were used as the com-
patibility group. After the allocation, the number of animals in each group
was equal, the weight of each group was similar, so as to minimize potential
confounders. Different investigators were involved as follows: a first
investigator administered grouping and the treatment. A second investi-
gator performed the surgical procedure, while a third investigator assessed
TTC staining and sample collection. Humane endpoints were established to
include continuous bleeding, irregular respiration, sustained body tem-
perature below 34 °C, and ongoing tonic seizures occurring during or after
the surgical procedure. The evaluation and data analysis results were entered
according to the corresponding numbers of each group.

Statistics and reproducibility

All statistical analyses were performed using two-tailed Student’s ¢-tests in
Microsoft Excel. The results are expressed as mean + standard deviation
(SD), as indicated in the figure legends. The “n” represents the number of
experimental replications, as shown in the figure legends. p-values are
indicated in figure legends, with p < 0.01 considered statistically significant.
To ensure adequate power to detect the effect, at least 5 independent tests
were performed for all molecular biochemistry studies, and at least 5 dif-
ferent litters were used for animal studies. Experiments for quantification
were performed in a blinded fashion. No data points were excluded. All data
points were collected based on successful experiments. Data from animal
model assumptions were checked using the Shapiro-Wilk normality test for
homogeneity of variance and by visual inspection of residual and fitted value
plots. If the assumptions were not met, we will revise experimental design:
repeated measures or clustered data would require advanced methods (e.g.,
mixed-effects models in R/SPSS).

Reagent availability
All reagents generated in this study will be distributed upon request.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All relevant data are included in the manuscript and its Additional files. No
data have been deposited in public databases. Uncropped and unedited blot/
gel images are shown in Supplementary Figs. S5-S13. All numerical source
data for graphs and charts are included in Supplementary Data 1. Gating
strategy for all flow cytometry plots are included in Supplementary Data 2.
All other data are available from the corresponding author on reasonable
request.
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