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ARTICLE INFO ABSTRACT

Keywords: Sirtuin-1 (SIRT1) is a critical nuclear deacetylase that participates in a wide range of biological processes. We

SIRT1 hereby employed quantitative acetyl-proteomics to globally reveal the landscape of SIRT1-dependent acetylation

Inauhzin in colorectal cancer (CRC) cells stimulated by specific SIRT1 inhibitor Inauhzin (INZ). We strikingly observed
xﬁgchon dria that SIRT1 inhibition enhances protein acetylation levels, with the multisite-acetylated proteins (acetyl sites >4/
Acetylation protein) mainly enriched in mitochondria. INZ treatment increases mitochondrial fission and depolarization in
Calcium CRC cells. The acetylation of mitochondrial proteins promoted by SIRT1 inhibition prevents the recruitment of

ubiquitin and LC3 for mitophagic degradation. We then found that, SIRT1 inhibition increases the acetylation of
mitochondrial calcium uniporter (MCU) at residue K332, resulting in mitochondrial Ca?* overload and depo-
larization, and ultimately CRC apoptosis. Arginine substitution of the K332 (K332R) dramatically decreases the
mitochondrial Ca?* influx, mitochondrial membrane potential loss and ROS burst induced by INZ. This finding
uncovers a non-canonical role of SIRT1 in regulating mitochondrial function and implicates a possible way for
anticancer intervention through SIRT1 inhibition.

1. Introduction

Lysine acetylation is an important post-translational modification
that regulates a variety of molecular processes in mammalian cells.
Nuclear acetylation mainly occurs on histone that is linked to gene
transcriptional regulation. However, accumulated studies supported
that mitochondria are the acetylation-enriched place in extranucleus
[1-3], since acetyl coenzyme A (Acyl-CoA) is highly abundant in mito-
chondria for participation in tricarboxylic acid (TCA) circle. Proteins in
mitochondria appear to be acetylated easily through a non-enzymatic
mechanism. Three members of sirtuin family, SIRT3, SIRT4, and
SIRT5S are specific deacetylases in mitochondria [2,4,5]. In contrast,

SIRT1 is a conservative NAD'-dependent deacetylase that mainly lo-
cates in nucleus, playing important functions in energy metabolism,
inflammation, oxidative stress and life span prolonging [6-9] by
deacetylating many nuclear transcriptional factors, such as p53, E2F1,
p65 and FOXO3 [10,11]. Interestingly, many extranuclear targets of
SIRT1 were recently identified [9,12], suggesting a critical need to
better understand the landscape of SIRT1-mediated acetylome. We
herein found that SIRT1 inhibition significantly increases acetylation
level of mitochondria, indicating a new horizon of SIRT1 functioning in
deacetylation regulation in mitochondria.

Mitochondria are highly dynamic organelles in mammalian cells that
play important roles in energy production, biogenesis and calcium

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; CO-IP, co-immunoprecipitation; CRC, colorectal cancer; DAPI, 4',6-diamidino-2-phenylindole;
Drpl, dynamin-related protein 1; FIS1, mitochondrial fission 1 protein; INZ, Inauhzin; K-Ac, lysine acetylation; KO, knockout; LC3, microtubule-associated protein 1
light chain 3 beta; LC-MS, liquid chromatography-mass spectrometry; MAPs, multisite-acetylated proteins; MCU, mitochondrial calcium uniporter; MFN1, mitofusin
1; MFN2, mitofusin 2; MIM, mitochondria inner membrane; MMP, mitochondrial membrane potential; MOM, mitochondria outer membrane; PARP, poly (ADP-
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maintenance [13]. They are switching between fission and fusion to
guarantee requisite number of functional mitochondria to meet the de-
mands of the cell. Upon cellular stress, overload of mitochondrial cal-
cium induces loss of mitochondrial membrane potential (MMP) and
reactive oxygen species (ROS) burst. It has been reported that the
elevated mitochondrial Ca?' is able to increase the activity of
calcium/calmodulin-dependent protein kinase II (CaMKII), which
phosphorylates the dynamin-related protein 1 (Drpl) at Ser616 for
mitochondrial fission [14]. Damaged mitochondria can be fragmented
and ubiquitinated, recruiting autophagy receptor proteins, like LC3, to
deliver them to the autophagosome for autophagic degradation
[15-17]. However, it remains unclear whether the elevated acetylation
level on mitochondria influences their ubiquitination and autophagic
degradation when mitochondria are in injury.

In this study, we observed that SIRT1 inhibition promotes mito-
chondrial acetylation and damage. Globally acetylated mitochondrial
proteins prevent their LC3-labeling and mitophagy-associated clear-
ance, aggravating cell apoptosis. Particularly, SIRT1 inhibition results in
the specific acetylation of mitochondrial calcium uniporter (MCU) at
residue K332, which increases the mitochondrial Ca®* influx, leading to
the mitochondrial dysfunction of tumor cells.

2. Materials and methods
2.1. Cell culture and chemical reagents

Human colorectal cancer cell lines HCT116 and DLD1 were obtained
from ATCC (MD, USA) and cultured in RPMI 1640 medium (Gibco, MD,
USA) supplemented with 10% fetal bovine serum (Gibco) at 37 °C in 5%
CO4 atmosphere. Inauhzin (INZ), from Targetmol (MA, USA), was dis-
solved in dimethyl sulfoxide (DMSO, Sigma, MO, USA). Carbonyl cya-
nide m-chlorophenylhydrazone (CCCP) was purchased from Sigma. The
Mitochondria Isolation Kit was obtained from Beyotime (Jiangsu,
China).

2.2. Plasmids and transfections

Full-length human MCU and SIRT1 were generated by PCR ampli-
fication using HCT116 cDNA cloned into the pLVX-puro vector (Trans-
heepBio, Shanghai, China) with HA-tag or flag-tag, respectively. Human
LC3B was generated by PCR amplification using HCT116 c¢cDNA and
constructed on the pcDNA3.1 vector (Invitrogen, CA, USA) after fusion
with GFP. For the generation of plasmids pLVX-HA-MCU-K332R, the
ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China) was
employed using pLVX-HA-MCU as a template. The primer sequences for
MCU-K332R were: FOR 5'- GGACCTTAgGAGACTGAGAGACCCATTA-
CAAGTACA-3’; REV 5-TCAGTCTCcTAAGGTCCATTTCTGCCTGAGCA-
3’. The sgRNA sequences of SIRT1 were cloned into lentiCRISPR v2
vector (addgene #52961) to knockout relevant genes. SIRT1
sgRNA#1:5'-GTTGACTGTGAAGCTGTACG-3’; SIRT1 sgRNA#2: 5'-
AACAGGTTGCGGGAATCCAA-3’. For cell transfection and infection, the
established pLVX vector or lentiCRISPR v2 vector was co-transfected
with two helper plasmids pSPAX2 and pMD2.G (addgene #12259 and
addgene #12260) into 293T cells (ATCC) for 48 h by using Lipofect-
amine™3000 reagent (Invitrogen), and the supernatant was collected to
infect CRC cells to establish stable cells via puromycin selection [18].

2.3. WST-1 assay

The cell viability was determined by WST-1 (Beyotime). CRC cells
were inoculated in 96-well plates (3 x 10° cells/well in 100 pL) and
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treated with 0, 0.8, 3.2 and 12.8 uM of INZ for 48 and 72 h, respectively.
The WST-1 reagent was added to each well and incubated at 37 °C for
1.5 h, then the absorbance was measured at 450 nm using an automated
microplate spectrophotometer (BioTek Instruments, Vermont, USA).

2.4. Colony formation assay

Both CRC cells were seeded in 6-well plates (1 x 102 cells/well) and
cultured with 0, 0.8, 3.2 and 12.8 pM INZ for 14 days. Cells were
immobilized with methanol for 15 min, and stained with 0.5% crystal
violet for 10 min. The number of colonies was calculated by ImageJ
software (version 1.44I).

2.5. Detection of apoptotic cell death

HCT116 and DLD1 cells were treated with INZ (up to 12.8 pM) for 48
h and detected with Annexin V-FITC/PI staining, followed by detection
of apoptosis with Annexin V-FITC/PI Apoptosis Detection Kit (KeyGen,
Jiangsu, China). Cells were collected and stained with Annexin V-FITC
and PI according to the manufacturer’s protocol. The apoptotic cells
were assessed and analyzed by flow cytometer (BD Biosciences, CA,
USA).

2.6. Measurement of the ROS level and MMP

Intracellular ROS levels of CRC cells were measured by DCFH-DA
(Beyotime). MMP was measured by JC-1 assay kit (Beyotime). After
treated with INZ (up to 12.8 pM) for 48 h, HCT116 and DLD1 cells were
stained with DCFH-DA or JC-1 according to their manufacturer’s
manual and analyzed by flow cytometer (BD Biosciences), respectively.

2.7. Immunoblotting and immunoprecipitation

For immunoblotting, the cell lysates were extracted by cell lysis
buffer (Cell Signaling Technology, MA, USA), dissolved for 30 min on ice
and centrifuged at 12,000xg for 30 min at 4 °C. The concentration of
protein samples was detected by BCA kit (Thermo Fisher Scientific, MA,
USA). Protein samples were subjected to sodium dodecyl sulfate (SDS)-
PAGE gels, followed by polyacrylamide gel electrophoresis. Electro-
transfer was then performed to transfer the proteins into PVDF mem-
brane (Bio-Rad, CA, USA). After blocking with 5% skim milk for 1.5 h,
the membrane was enriched with primary antibody for 2 h at room
temperature (RT) and washed 3 times for 10 min each with 1 x Tween
Tris Buffered Saline (TBST). The washed membranes were incubated
with the corresponding secondary antibody for 1-2 h at RT or overnight
at 4 °C. After 3 times of TBST washing, the membranes were imaged by
using Clarity Western ECL substrate (Bio-Rad) and the signal was ob-
tained by a Tanon 5200-Multi (Tanon Science & Technology Co.,Ltd,
Shanghai, China). If the same samples were used to blot for different
proteins with similar molecular weight, the “loading controls” were run
on separate gels. Antibodies including PARP, cleaved PARP, caspase-3,
cleaved caspase-3, OPA1l, Drpl, MFN1 and MFN2 were purchased
from Cell Signaling Technology, and Tom20, SIRT1, Tubulin, GAPDH,
Actin, HA, Flag, ubiquitin and FIS1 were obtained from Proteintech
(Hubei, China). Antibody acetyl-p53-K382 and MCU were purchased
from ABclonal (Hubei, China).

For immunoprecipitation, HCT116 were transiently transfected with
Flag-SIRT1 and HA-MCU for 48 h. Cells were dissolved in cell lysis buffer
for Western and IP (Beyotime) for 30 min on ice, and centrifuged at
12,000xg for 30 min at 4 °C. Anti-HA-tag antibody was added to the
supernatant and incubated under low rotation overnight at 4 °C, then
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Fig. 1. SIRT1 inhibition promotes mitochondrial acetylation. (A) Western blot analysis of lysine-acetylation (K-Ac) expressions in whole-cell lysates of HCT116 and
DLD1 cells treated with increasing concentrations of INZ (up to 12.8 uM) for 48 h. (B) Schematic representation of experimental workflow for the identification of
acetyl-lysine-modified peptides regulated by SIRT1 inhibition. Lysates from HCT116 cells incubated with or without INZ (0.8 pM) were subjected to trypsin digestion
and acetylation antibody-based enrichment, and followed by MS analysis. (C) Venn diagram showing the overlap of protein numbers in DMSO-treated and INZ-
treated groups. (D) The number of SIRT1 up-regulated proteins and their subcellular distribution as determined by the COMPARTMENTS database. (E) Ingenuity
Pathway Analysis (IPA) of the acetylated proteins regulated by SIRT1 (fold change >1.5, P < 0.05). The bar graphs showing the top 15 canonical pathways enriched
by IPA. (F) Description of the SIRT1-regulated acetylation sites and their subcellular distribution. (G) Histogram showing the distributions of the number of acet-
ylation sites (left) and SIRT1-regulated sites (right) per protein. Multisite-acetylated proteins (MAPs) with more than 4 acetylation sites are indicated in red pane. (H)
DAVID Gene Ontology (GO) analysis of hyperacetylated proteins regulated by SIRT1 inhibition. Significantly enriched pathways (FDR <0.01) were categorized by
GO different modules for visualization (BP: biological process; CC: cellular component; MF: molecular function). (I) Pie chart showing the proportion of MAPs in
mitochondrial, nuclear and cytoplasmic fractions according to cellular component analysis, as well as the distribution of MAPs in mitochondria inner membrane
(MIM), mitochondria outer membrane (MOM) and matrix. (J) The acetylation level of mitochondria extracted from HCT116 cells treated with 0.8 and 3.2 pM of INZ.
Tom20 and Tubulin were used as markers for mitochondria and cytoplasma, respectively. (K) The expression level of SIRT1 in different cellular components
extracted from HCT116 cells, respectively. Nuc, nucleus; mito, mitochondria; cyto, cytosol. (L) Western blot analysis confirming the effect of SIRT1 knockout in
HCT116 cells. (M) Western blot analysis of the acetylation level of mitochondria in HCT116 cells after knockout of SIRT1. (For interpretation of the references to
Solor in this figure legend, the reader is referred to the Web version of this article.)

the protein A/G Sepharose beads (Santa Cruz, CA, USA) were added to
the lysate and incubated for another 4 h at 4 °C. Finally, the mixture was
eluted with 2 x SDS/PAGE loading buffer after 5 times of washing with
IP-lysis buffer. Finally, the boiled samples were separated by 10% or
12% SDS-PAGE.

2.8. Confocal assay

HCT116 cells transiently transfected with pcDNA3.1-GFP-LC3 vector
for 48 h was treated with DMSO or INZ (12.8 pM) for 24 h, the cells were
respectively incubated with or without 10 pM CCCP for 2 h. The mito-
chondria were stained with 100 nM Mito-Tracker Red (Thermo Fisher
Scientific) for 20 min and then subjected to confocal laser scanning
microscope (LSM 880 with AiryScan, Carl Zeiss) for analysis. For
colocalization of mitochondria and lysosome, the mitochondria were
stained with Mito-Tracker Green (100 nM, Beyotime) for 15 min; lyso-
some was stained with Lyso-Tracker Red (50 nM, Beyotime) for 10 min.

For determination of mitochondrial Ca?*, cells were loaded with
Rhod-2AM (1 pM) at 37 °C for 30 min. Subsequently, the treated cells
were loaded with Mito-Tracker Green (Beyotime) at 37 °C for 15 min.
After fixing with 4% paraformaldehyde, the cells were stained with 2-(4-
Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPIL, 1 pg/mL,
Beyotime) for 10 min, and observed with confocal microscope (LSM 880
with AiryScan, Carl Zeiss).

2.9. Transmission electron microscope (TEM)

After treatment with INZ (up to 12.8 pM), DLD1 cells were fixed with
TEM fixer in 4 °C for 4 h. Then pre-embed the treated samples in 1%
agarose and immobilized in 1% Osmium Tetroxide. After dehydration
with ethanol at RT, the cells were embed in Poly/Bed 812 resin and
polymerized at 65 °C. Ultrathin sections were stained with 2% uranium
acetate saturated alcohol solution and stain with 2.6% lead citrate.
Morphological analysis was performed using transmission electron mi-
croscope (Tecnai G2 Spirit, Fei Czech Co., Ltd.).

2.10. Quantitative acetyl-proteomics and bioinformatics analysis

For mass spectrometry (MS) analysis, the cells from different treat-
ment were dissolved in cell lysis buffer. After trypsinization using the
filter-assisted sample preparation (FASP) method, peptides were vac-
uum lyophilized. Enrichment of Kac peptides from different fractions
was carried out using anti-acetyllysine antibody conjugated agarose
beads (PTM Biolabs Inc., Hangzhou, China) according to the

manufacturer’s manual. The iRT-Standard (Biognosys, MA, USA) was
added into each sample and data-dependent acquisition (DDA)/data-
independent acquisition (DIA) MS were collected by Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific). The DDA raw data
were processed and searched with Proteome Discoverer, version 2.1
(Thermo Fisher Scientific). All the data were searched against UniProt
Human protein database (http://www.uniprot.org). Carbamidomethy-
lation (C) was specified as fixed modification. Oxidation (M), protein N-
terminal acetylation, and lysine acetylation were specified as variable
modifications. The FDR thresholds of peptide, protein and modification
site identification were specified at 1%. We quantified the protein and
peptide expression levels by Spectronaut software (Omicsolution Co.,
Ltd, Shanghai, China) for DIA raw data. FDR was set to 1% for protein
identification. Differentially expressed proteins were filtrated by the
power law global error model and analyzed by Ingenuity Pathway
Analysis (Ingenuity Systems, Redwood City, CA, USA). The Gene
Ontology (GO) analysis was determined using DAVID Bioinformatics
Resources 6.8 [19]. Subcellular distribution was annotated by COM-
PARTMENTS database [20].

2.11. Tumor xenograft experiments and histologic staining

Tumor xenograft experiment was performed according to our pre-
vious study [21]. BALB/c nude mice aged 5-6 weeks (Guangdong
GemPhamatech Co., Ltd, Guangdong, China) were maintained under
standard conditions at the Animal Experiment Center of the College of
Medicine (SPF grade) of Jinan University according to the institutional
guidelines for animal care. All the animal experiments were approved by
the Animal Ethics Committee of Jinan University. The nude mice were
subcutaneously inoculated with HCT116 cells (1 x 10° cells/injection).
When solid tumor reached about 5 mm in diameter, the mice were
divided into three groups (6 mice/group) randomly. The treatment
groups received oral gavage of INZ (15 mg/kg) or INZ (30 mg/kg) dis-
solved in corn oil every 2 days for 14 days, whereas the control group
received the vehicle only. The tumor size and body weight were moni-
tored every two days, and the tumor volume was calculated by the
following equation: V = (length x width?)/2. At the end of the study,
tumors were harvested for TUNEL assay, and several organs (liver,
kidney, lung, and heart) were harvested for histologic analyses by He-
matoxylin and Eosin (H&E) staining as previously described [22].
Briefly, the paraffin-embedded tissues fixed by paraformaldehyde were
stained. After sectioning, the tumors were stained with TUNEL Bright-
Green Apoptosis Detection Kit (Vazyme).
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Fig. 2. Inhibition of SIRT1 leads to mitochondrial dysfunction and mitophagy suppression. (A) Western blot analysis of the expression of mitochondrial dynamics-
related proteins, MFN1, MFN2, Tom20, Drpl and FIS1, in HCT116 and DLD1 cells treated with different concentration of INZ (0, 0.8, 3.2 and 12.8 pM) for 48 h. (B)
Mitochondrial morphology of HCT116 and DLD1 with or without INZ treatment (3.2 pM, 48 h) was determined by confocal microscope (n = 3). Cells were labeled
with Mito-tracker (red) for visualization, mitochondria in tubular, short tubular and fragment were statistically analyzed. Scale bars, 10 pm for HCT116 and 5 pm for
DLD1. (C) Representative TEM images of DLD1 treated with INZ (up to 12.8 uM) for 48 h, and the mitochondrial morphology with tubular and fragment were
statistically analyzed (n = 3). Scale bars, 1 pm and 2 pm. (D) Western blot determining the ubiquitin level of mitochondria from HCT116 and DLD1cells treated with
INZ (for 48 h) or CCCP (for 2 h, positive control). (E) The localization of mitochondria and lysosome in HCT116 cells treated with INZ (12.8 pM, 48 h) was visualized
by confocal microscope (n = 3). Green, Mito-tracker; Red, Lyso-Tracker. Scale bars, 10 pm and 20 pm. (F) Confocal microscopy determining the recruitment of LC3 to
mitochondria in HCT116 with indicated treatment (n = 3). Green, LC3-GFP; Red, Mito-Tracker. Scale bars, 5 pm and 20 pm. (G, H) Effects of CCCP-induced
ubiquitination of MFN2 and Tom20 with or without INZ treatment. HCT116 cells were pretreated with 12.8 uM INZ for 24 h and then treated with CCCP (10
pM) for 6 h, then the ubiquitination of MFN2 and Tom20 was analyzed. Bars, SD; **P < 0.01; ***P < 0.001. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

2.12. Statistical analysis

All in vitro experiments were performed in 3 independent replicates,
and all values are expressed as mean + standard deviation. GraphPad
Prism software (San Diego, CA, USA) was used, and tests were per-
formed using the Student’s t-test. All statistical tests were two-sided, and
p < 0.05 was considered statistically significant. Significance levels * P
< 0.05; **P < 0.01; ***P < 0.001.

3. Results

3.1. Acetyl-proteomics reveals that SIRT1 inhibition promotes
mitochondrial acetylation

SIRT1 is a nuclear deacetylase [23]; however, increasing extranu-
clear targets of SIRT1 were recently identified, suggesting that SIRT1
may have extranuclear function in acetylation. To systematically depict
SIRT1-associated deacetylation, we employed a specific SIRT1 inhibitor
Inauhzin (INZ) [24] to study the alteration of protein acetylation upon
INZ treatment. As expected, treatment of INZ in both HCT116 and DLD1
cells globally increased the acetylation level of proteins in a
dose-dependent fashion (0-12.8 pM) (Fig. 1A). And the effect was
confirmed by the increased acetylation of p53-K382 used as the positive
control (Fig. S1A). We then selected 0.8 pM of INZ treatment for
acetyl-proteomic analysis based on an affinity-directed mass spectrom-
etry (MS) method (Fig. 1B). Lysates from HCT116 cells with or without
INZ treatment (48 h) were subjected to tryptic digestion, Kac peptides
enrichment and DIA-based LC-MS/MS analysis (Fig. 1B). With three
biological experimental repetitions, a total of 5888 unique Kac sites on
2555 proteins were identified, and a total of 2285 proteins were overlaid
in both control and INZ-treated groups (Fig. 1C).

We next performed the power law global error model (PLGEM) to
analyze differentially expressed proteins (DEPs), determining the pro-
tein abundance with a slope of 0.93 and an adjusted r? of 0.995 (Pearson
r = 0.826; Fig. S1B). The model showed that the residual standard de-
viations of the data fitted normal distribution and the residuals
distributed evenly, independent of the rank of mean abundances
(Fig. S1B). As compared to the control group, 350 proteins were up-
regulated in the INZ group (P-value < 0.05, fold change >1.5) and
thus considered as SIRT1 up-regulated proteins (Supplementary
Table 1). Cellular component analysis of these proteins showed that
mitochondrial proteins occupied a higher proportion than nuclear and
cytoplasmic fractions (Fig. 1D). Ingenuity Pathway Analysis (IPA) on the
350 SIRT1-related acetylated proteins showed that TCA cycle, mito-
chondrial dysfunction and sirtuin signaling pathways were all enriched
(Fig. 1E).

We also analyzed the lysine-acetylated peptides (5385 acetylated
sites) and found that INZ-regulated acetylation sites (1019 sites, Sup-
plementary Table 2) determined by PLGEM (Fig. S1C) did not show
significant subcellular distribution (Fig. 1F). Though the majority of
proteins were bearing 1-4 acetylated sites, a number of INZ-regulated
proteins (n = 42) had more than 4 acetylated sites (Fig. 1G), and we
here name these proteins as “multisite-acetylated proteins (MAPs)”.
Upon GO analysis, these SIRT1-regulated MAPs were significantly
enriched in mitochondria-associated biological progress (BP) and
cellular component (CC) (Fig. 1H). Note that among the 42 MAPs,
mitochondrial proteins account for 73.81%, while only 11.9% are nu-
clear proteins (Fig. 1I). To confirm the acetylation of mitochondria
regulated by SIRT1 inhibition, we isolated mitochondria from HCT116
cells with 48 h of INZ treatment (0.8 and 3.2 pM). The immunoblotting
assay showed that lysine-acetylation in mitochondria fraction was up-
regulated by INZ in a dose-dependent manner (Fig. 1J). We next
determined the subcellular distribution of SIRT1, and found that a
portion of SIRT1 was detected in mitochondria, though it was predom-
inantly located in nucleus (Fig. 1K). To further ask whether the acety-
lation was directly regulated by SIRT1, we generated the SIRT1
knockout (KO) cell line of HCT116 (Fig. 1L) by CRISPR/Cas9 and found
that the mitochondrial acetylation was globally increased after SIRT1
deletion (Fig. 1M). These results implicate a non-canonical role of SIRT1
in mitochondrial function, by which SIRT1 inhibition induces the pro-
motion of mitochondrial acetylation.

3.2. Inhibition of SIRT1 leads to mitochondrial dysfunction but prevents
mitophagy

The balance of mitochondrial dynamics is a principal procedure to
sustain cellular homeostasis [25]. We determined the effect of SIRT1
inhibition on mitochondrial dynamics. Immunoblotting assay of the
markers related to mitochondrial dynamics demonstrated that, the
expression level of fusion indicators (MFN1 and MFN2) was remarkably
increased, whereas the expression of fission indicators (Drpl and FIS1)
was significantly reduced in HCT116 and DLD1 cells upon INZ treatment
(Fig. 2A). Meanwhile, we determined the mitochondria morphological
characteristics by laser scanning confocal microscope and electron mi-
croscope, and found that the mitochondria were broken from tubular to
point-like morphology after INZ stimulation (Fig. 2B). The regulation of
INZ on mitochondrial morphology was also consistently detected by
transmission electron microscope (TEM), showing that the overall
shapes of the mitochondria were fragmented and grossly distorted
(Fig. 2Q).

Fission of mitochondria subsequently recruits ubiquitin and LC3 for
autophagic degradation and clearance [16,26]. However, our isolated
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Fig. 3. Inhibition of SIRT1 induces mitochondrial calcium influx and ROS burst. (A) JC-1 assay evaluation of the mitochondrial membrane potential level of HCT116
and DLD1 cells treated with the indicated concentrations of INZ (up to 12.8 uM) for 48 h. (B) The alteration of mitochondrial calcium level in HCT116 and DLD1 cells
treated with different concentrations of INZ (0, 0.8, 3.2 and 12.8 uM) for 48 h was determined by flow cytometry with Rhod-2AM staining. (C, D) Confocal images of
mitochondrial calcium in HCT116 and DLD1 cells treated with INZ (up to 12.8 uM) for 48 h (n = 3). Red, Rhod-2AM; Green, Mito-Tracker. The location overlap
between Rhod-2 AM and mitochondria was determined by the correlation R (Pearson’s correlation coefficient). Scale bars, 5 pm and 20 pm. (E) Representative flow
cytometric analysis of ROS production in HCT116 and DLD1 treated with INZ (up to 12.8 pM) for 48 h. Bars, SD; *P < 0.05; **P < 0.01; ***P < 0.001. (For
i‘nterpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

<

mitochondrial fraction did not show significant ubiquitination after INZ
treatment in HCT116 and DLD1, as compared to CCCP treatment
(Fig. 2D). Meanwhile, our confocal results showed that fragmented
mitochondria after INZ treatment did not co-localize with lysosomes
(Fig. 2E), indicating that SIRT1 inhibition-induced enhancement of
mitochondrial acetylation prevents mitophagic removement of
damaged mitochondria. With the CCCP-mediated mitophagy cell model,
we also found that LC3 was not significantly recruited to the mito-
chondria of INZ-treated HCT116 cell (Fig. 2F), showing the rapid ag-
gregation of LC3 punctate dots on mitochondria in response to CCCP (10
pM) stimuli. This result suggests that SIRT1 inhibition-mediated fission
prevents CCCP-induced mitophagy. Mitochondrial outer membrane
(MOM) proteins, such as MFN2 and Tom20, are well recognized as the
substrates of ubiquitination in response to CCCP [27-30]. Here, we
measured the effect of INZ on the ubiquitination level of MFN2 and
Tom20 treated with CCCP and observed that INZ pretreatment abolished
CCCP-induced ubiquitination in MFN2 and Tom20 (Fig. 2G-H). These
data demonstrate a dynamic balance between acetylation and ubig-
uitination in mitochondria, showing that SIRT1 inhibition results in
mitochondrial acetylation and fission but prevents mitochondrial
ubiquitination and mitophagic degradation.

3.3. Inhibition of SIRT1 induces mitochondrial calcium overload and
ROS burst

To further explore the effect of SIRT1 inhibition on mitochondria, we
determined the mitochondrial membrane permeability (MMP) by using
JC-1 assay. Both HCT116 and DLD-1 cells treated with elevating dosages
of INZ (up to 12.8 uM) showed significant decreases of MMP in a dose-
dependent manner (Fig. 3A). We next explored the mechanism for how
SIRT1 inhibition induces loss of MMP. It was reported that mitochon-
drial calcium overload caused by calcium influx leads to the loss of
MMP, oxidative damage and ultimate apoptosis [31]. Therefore, we
determined the mitochondrial Ca?* content and the ROS level in CRC
cells upon SIRT1 inhibition. Rhod-2 AM is an effective probe that is
widely used to determine the mitochondrial calcium ions [32]. Our
confocal result showed that Rhod-2 AM labeled mitochondrial Ca®* was
increased and co-localized with mitochondria after histamine stimuli,
while the Rhod-2 AM fluorescence was hardly improved in the presence
of MCU inhibitor MCU-i4 [33] (Fig. S2), suggesting Rhod-2 AM is spe-
cific to mitochondrial calcium ions in our experimental system. By using
the Rhod-2/AM staining and flow cytometry analysis, we found that
INZ-treated CRC cells markedly increased mitochondrial Ca®* in a
dose-dependent manner (Fig. 3B). The confocal imaging also confirmed
that Ca®" was increased in the mitochondria of both HCT116 and DLD1
cells after INZ treatment (Fig. 3C-D). In addition, INZ treatment raised
the intracellular ROS level in both CRC cells (Fig. 3E). These results
demonstrate that SIRT1 inhibition enhances mitochondrial Ca®",
resulting in calcium overload, mitochondrial depolarization and ROS
burst.

3.4. SIRT1-mediated deacetylation of mitochondrial calcium uniporter
(MCU) at K332 is critical for mitochondrial calcium balance

Ca®" signaling is important for cellular homeostasis and signaling
cascade. As a main Ca?" storage place, mitochondria play a critical role
in maintaining Ca®" levels between the cytosol and endoplasmic retic-
ulum [34]. In our acetyl proteomics, we found that inhibition of SIRT1
significantly up-regulated the acetylation level of MCU at K332 site, a
conservative residue (Fig. 4A-B; Supplementary Table 2). As MCU is the
chief calcium transporter across the mitochondrial inner membrane to
matrix [35], we asked whether SIRT1 is the major deacetylase for MCU
and thus affects its function. We firstly verified that MCU directly
interacted with SIRT1 endogenously and exogenously (Fig. 4C). To
validate that the acetylation of K332 in MCU is regulated by SIRT1, we
generated K332R mutation in MCU and found that arginine substitution
of K332 remarkably reduced the acetylation of MCU, and decreased the
MCU-SIRT1 interaction (Fig. 4D). To investigate the effect of the mu-
tation K332R on Ca®* uptake, we transfected wild-type (WT) MCU and
mutant K332R respectively into HCT116 and DLD1 to compare their
effects in response to SIRT1 inhibition. As anticipated, the mitochondrial
Ca?* uptake in WT was significantly increased, but it was weaker in
K332R-expressing CRC cells (Fig. 4E). This functional effect was further
confirmed by confocal imaging, showing that K332R reduced the
co-localization of Ca®* in mitochondria after INZ stimuli, as compared to
WT (Fig. 4F). Moreover, both HCT116 and DLD1 cells bearing K332R
mutation showed partial resistance to the loss of MMP (Fig. 4G) and
apoptosis (Fig. 4H) induced by SIRT1 inhibition. Taken together, these
data indicate that SIRT1 inhibition promotes the acetylation of MCU at
K332, contributing to the increase of mitochondrial Ca®* influx and the
loss of MMP.

3.5. SIRT1 inhibition suppresses tumor progress of CRC

Based on above findings, we further determined the anticancer effect
of INZ on CRC. Both HCT116 and DLD-1 cells were incubated with
elevating dosages of INZ (up to 12.8 pM) for 48 and 72 h, respectively.
WST-1 assay showed that INZ suppressed the growth of CRC cells in
dose- and time-dependent manners (Fig. 5A). Colony formation assay
confirmed that INZ remarkably decreased the ability of HCT116 and
DLD-1 cells to form colonies (Fig. 5B-C). We also studied the effect of
INZ on cell apoptosis by using Annexin V/PI staining assay. After 48 h of
INZ treatment, apoptotic cells of HCT116 and DLD-1 were elevated in a
dose-dependent manner (Fig. 5D), accompanied with the increased ex-
pressions of cleaved-PARP and cleaved-caspase-3 (Fig. 5E).

The therapeutic potential of INZ was further investigated in vivo. We
employed subcutaneous tumor xenografts using nude mice for orally
administration with 15 mg/kg and 30 mg/kg of INZ, and observed the
effect of INZ on tumor growth. As shown in Fig. 5F-H, the tumor burden
including tumor volume (Fig. 5G) and tumor weight (Fig. 5H) was
significantly suppressed by INZ treatment with the decrease of 50% and
75%, respectively. In addition, our TUNEL assay confirmed that INZ
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Fig. 4. SIRT1 regulates the acetylation of MCU at K332 and influences mitochondrial calcium influx. (A) MS/MS spectra of MCU acetyl-Lys332 peptides derived from
HCT116 cells by SIRT1 inhibition. (B) Lys332 in MCU is conserved in various species. (C) CO-IP assay was performed to determine the interaction of SIRT1 and MCU.
Expression of MCU was determined in SIRT1 immuonprecipitates by Western blotting in HCT116 cells (left). HA-MCU and Flag-SIRT1 were co-transfected into 293T
cells, and co-immunoprecipitated by anti-Flag antibody. (D) The interaction of MCU and SIRT1 was decreased in mutant K332R of MCU. CO-IP assay was performed
in HCT116 cells expressed with Flag-SIRT1 and HA-MCU or HA-MCU-K332R plasmid. (E) Representative flow cytometric analysis of mitochondrial Ca?" signal by
Rhod-2AM staining in HCT116 and DLD1, which was transfected with wild-type or K332R MCU plasmids and treated with INZ for 48 h. (F) HCT116 and DLD1 cells
transfected with wild-type or K332R MCU plasmids were incubated with INZ (up to 3.2 pM) for 48 h, respectively. Then the cells loaded with 1 pM Rhod-2AM (Red),
and 100 nM Mito-Tracker (Green) were observed under confocal microscopy (n = 3). Blue, DAPI. The location overlap between Rhod-2 AM and mitochondria was
determined by the correlation R (Pearson’s correlation coefficient). Scale bar, 10 ym. (G) JC-1 assay analysis of mitochondrial membrane potential in HCT116 and
DLD1 cells with indicated treatment. Cells with low mitochondrial membrane potential were quantified. (H) Annexin V/PI assay analysis of the apoptotic cells with
indicated treatment. The apoptotic cells including early apoptosis and late apoptosis were statistically presented. Bars, SD; *P < 0.05; **P < 0.01; ***P < 0.001; ns P
> 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

significantly induced cell apoptosis in tumor tissues (Fig. 5I-J). Mean- SIRT1, along with the fact that CRC cells bearing MCU-K332R mutation
while the total body weights of each group did not show significant display resistant to SIRT1 inhibitor-mediated mitochondrial Ca®* influx,
alteration during administration of INZ (Fig. 5K). Also, some vital or- MMP loss and apoptosis (Fig. 4E-H). Interestingly, modulation of MCU
gans, including the livers, kidneys, lungs and hearts, were evaluated in level to induce mitochondrial Ga®* imbalance, MMP loss and ROS burst
histological, and no overt change in morphology was found (Fig. 5L), has been regarded as a potential strategy for anticancer therapy [43].
indicating a significantly inhibitory effect of INZ on CRC without toxic Our study further unveiled that acetylation of MCU by SIRT1 inhibition
effects on animals. is another way to cause mitochondrial injury leading to cell death. This
can be supported by our in vivo and in vitro experiments, showing that
4. Discussion SIRT1 inhibition displays significant anticancer effects on CRC, as
demonstrated by the decrease of cell viability and colony formation and
This study uncovered a non-canonical role of SIRT1 in the regulation the increase of apoptosis after INZ treatment (Fig. 5A-E).
of deacetylation in mitochondria that is usually mainly mediated by As observed in this experiment and other studies [44-46], SIRT1
SIRT3, SIRT4 and SIRT5 (Fig. 6). In particular, SIRT1 can directly expression is much higher in tumor cells than non-malignant cells, this
interact with the major mitochondrial calcium transport protein MCU may make tumor cells more susceptible to SIRT1 inhibitor INZ-induced
and deacetylate it at residue K332 to sustain mitochondrial Ca?* cell death, the hypothesis warrants further investigation. Regarding the
homoeostasis and integrity. Systematically, functional loss of SIRT1 possibility for INZ-induced Ca®* overload and mitochondrial depolari-
with SIRT1 inhibition triggers the promotion of mitochondrial acetyla- zation leading to an off-target cell death, it may occur but much be
tion, reciprocally reduces mitochondrial ubiquitination for lysosomal insignificant under the experimental conditions with low concentrations
degradation, resulting in mitochondrial fragmentation and depolariza- of INZ in this study, as evidenced by the fact that no significant side
tion. Such a promotion of mitochondrial acetylation prevents LC3 effect of INZ treatment was observed in our experiments (Fig. 5K and L).
recruitment-mediated mitophagic degradation and clearance, inducing Mitophagy is a cargo-specific autophagic elimination of damaged
MMP loss and thus aggravating cell apoptosis. mitochondria in mammals [47]. Depolarized mitochondria are labeled
SIRT1 is widely recognized as a nuclear deacetylase to regulate many with ubiquitin at outer membrane by E3 ligases (eg. parkin), activating
critical transcriptional factors [8,36]. However, emerging extranuclear ubiquitin-autophagy adaptors (eg. FUNDC1, NIX, BNIP3 etc.) to recruit
substrates of SIRT1 were recently identified [9,12,36]. For example, ATGS8 family proteins (eg. LC3) for lysosomal degradation. Reversible
SIRT1 induces the deacetylation of Beclin 1 to promote the autophagic PTMs serve as regulatory mechanisms to modulate the activity of
degradation of E-cadherin, accelerating the epithelial-mesenchymal mitophagy receptors, for example, phosphorylation of BNIP3 at Serl7
transition (EMT) of melanoma [37]. In this connection, we herein using and Ser24 is critical for BNIP3-LC3 bindings [48]. However, whether
acetyl-proteomics identified a large number of mitochondrial proteins to acetylation modulates mitophagy receptors remains unclear. Here, we
be highly acetylated upon SIRT1 inhibition (Fig. 1I), suggesting an un- found that SIRT1 inhibition-mediated mitochondrial acetylation links to
expected role of SIRT1 in mitochondria. This observation was supported mitochondrial fission, an important step to mitophagy, however the
by the fact that SIRT1 does exist in mitochondria and its deletion induces acetylated mitochondria are unexpectedly not colocalized with lyso-
mitochondrial acetylation (Fig. 1K, M). It is likely that SIRT1 serves as a some and LC3 (Fig. 2E-F). We thus looked into mitophagy receptors,
guardian to protect mitochondria from oxidative stress-triggered acyl- MFN2 and Tom20, which are usually ubiquitylated in response to
ation accumulation, such as acetylation and succinylation [38]. mitochondrial depolarization [27-30]. We interestingly found that the
Particularly, we identified that SIRT1 can interact with a mito- ubiquitination of MFN2 and Tom20 is handicapped by INZ treatment
chondrial calcium uniporter MCU, resulting in its deacetylation at K332 with mitochondrial injury (Fig. 2G-H). This is probably due to a
to initiate a functional cascade. MCU regulates the entry of ions such as competition between acetylation and ubiquitination, mitochondrial
calcium or zinc from the cytosol to mitochondria along with the elec- acetylation by SIRT1 inhibition may occupy the ubiquitination sites of
trochemical gradient uncouple of ATP hydrolysis [39]. MCU-mediated the mitophagy proteins. As a result, un-ubiquitinated mitochondria fail
Ca?* homeostasis in mitochondria is associated with a variety of to recruit LC3 for mitophagy, leading to the accumulation of damaged
cellular responses, including energy metabolism, cell division, cell sur- mitochondria and ultimately cell death.
vival and death [32,40], as well as tumor progression [34,41]. Phos- In summary, we here discover a novel molecular mechanism of
phorylation of serines 57 and 92 on MCU by CaMKII was reported to SIRT1 in regulating mitochondria dynamics. SIRT1 inhibition signifi-
promote mitochondrial Ca®t entry [42]. However, acetylation on MCU cantly enhances protein acetylation in mitochondria, which hinders
and its correlation with Ca?* balance are poorly understood. This study protein ubiquitination and inhibits mitophagy by preventing the

for the first time revealed that K332 on MCU can be deacetylated by recruitment of LC3 for mitochondrial homeostatic degradation. SIRT1
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Fig. 5. SIRT1 inhibitor INZ suppresses tumor growth of CRC in vivo and in vitro. (A) HCT116 and DLD1 cells were incubated with indicated concentrations of INZ for
48 and 72 h, the cell viability was determined by WST-1 assay. (B, C) INZ inhibited the colony formation of HCT116 and DLD1 cells. (D) HCT116 and DLD1 cells
were treated with INZ for 48 h, and apoptotic cells were detected by flow cytometry. (E) Western blotting analysis of the expression levels of PARP, cleaved PARP,
caspase-3 and cleaved caspase-3 in INZ-treated CRC cells. (F-L) Representative image of tumors with or without INZ treatment (F). HCT116 cells were subcuta-
neously injected into nude mice to establish tumor xenograft. In the seventh day, the mice were randomized into three groups to receive oral gavage of INZ (15 mg/kg
or 30 mg/kg) or vehicle every two days, respectively. (G, H) Tumor curves showing the inhibitory effect of INZ on tumor growth, and the tumor weight was sta-
tistically presented. (I, J) Cell apoptosis in tumor tissues was analyzed by TUNEL assay (I), and statistically presented (J). (K) The body weight of nude mice during
the experimental period was shown. (L) Hematoxylin and eosin (H&E) staining of the livers, kidneys, lung and heart collected from treatment and control groups.
§cale bar, 100 pm. Bars, SD; *P < 0.05; **P < 0.01; ***P < 0.001; ns P > 0.05.
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Fig. 6. Schematic diagram of the action mechanism SIRT1 inhibition on mitochondrial dysfunction. The inhibition of SIRT1 induces acetylation of mitochondrial
Ca* transporter, MCU, promoting mitochondrial Ca®* overload, ROS burst and loss of mitochondrial membrane potential. Global acetylation of mitochondrial
proteins due to SIRT1 inhibition obstructs their ubiquitin and LC3-labeling, preventing mitophagy-associated clearance, and ultimately causing cell apoptosis.

inhibition particularly increases the acetylation of MCU at K332, the Declaration of competing interest

major Ca* transporter, which triggers mitochondrial Ca®* influx and

depolarization, and ultimately apoptosis. This study also highlights the The authors declare that they have no competing interests.
anticancer effect of SIRT1 inhibition through mitochondrial acetylation,

implicating a possible alternative for anticancer therapy. Appendix A. Supplementary data
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