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Abstract

Background Sirtuin 3 (Sirt3) is a controversial regulator of carcinogenesis. It residents in the mitochondria and gradu-
ally decays during aging. In this study, we tried to investigate the role of Sirt3 in carcinogenesis and to explore its
involvement in metabolic alteration.

Methods We generated conditional intestinal epithelium Sirt3-knockout mice by crossing Apc"™*; Villin-Cre with
Sirt3™1 (AVS) mice. The deacetylation site of Lon protease-1 (LONP1) was identified with Mass spectrometry. The meta-
bolic flux phenotype was determined by Seahorse bioanalyzer.

Results We found that intestinal epithelial cell-specific ablation of Sirt3 promotes primary tumor growth via sta-
bilizing mitochondrial LONP1. Notably, we newly identified that Sirt3 deacetylates human oncogene LONP1 at N
terminal residue lysine 145 (K145). The LONP1 hyperacetylation-mutant K145Q enhances oxidative phosphorylation
to accelerate tumor growth, whereas the deacetylation-mutant K145R produces calorie-restriction like phenotype

to restrain tumorigenesis. Sirt3 deacetylates LONP1 at K145 and subsequently facilitates the ESCRTO complex sorting
and K63-ubiquitination that resulted in the degradation of LONP1. Our results sustain the notion that Sirt3 is a tumor-
suppressor to maintain the appropriate ubiquitination and degradation of oncogene LONP1.

Conclusion Sirt3 represents a targetable metabolic checkpoint of oncogenesis, which produces energy restriction
effects via maintaining LONP1 K145 deacetylation and subsequent K63 ubiquitination.

Keywords Sirt3, LONP1, Deacetylation, Ubiquitination, Oncogenesis, Energy metabolism

Introduction

Aging is the most potent risk factor for tumorigenesis.
Around 70% of cancers occur in population aged 65 years
or older [1]. The overall cancer mortality maintains a
low level before 45 years and progresses rapidly there-
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evolutionarily conserved from bacteria to humans.
Sirt3 reacts with its required cofactor NAD" to dea-
cetylate mitochondrial protein substrates by generating
byproducts such as nicotinamide (NAM) and O-acetyl
ADP ribose. So, Sirt3 maintains metabolic adaptations
by modulating the global protein acetylation landscape
in the mitochondria [3, 4]. Sirt3 also restricts reac-
tive oxygen species (ROS) to a low steady-state level to
coordinate metabolic and genetic processes by limiting
abnormally high levels of ROS. Expression of Sirt3 in
muscle fibers reduces to about 50% in low-functioning
elderly participants as compared to the corresponding
young individuals [5]. Similarly, aging results in the loss
of mitochondrial respiration and a concurrent decline of
cytochrome c oxidase activity. Further, the loss of Sirt3
accelerates the development age-related disorders, such
as neurodegenerative diseases, cardiovascular diseases,
and cancers [6]. Sirt3 has emerged as an indispensable
aging suppressor to delay senescence by maintaining
mitochondrial homeostasis.

The gradual loss of Sirt3 represents a characteristic
of aging which is the most crucial risk factor for car-
cinogenesis [1, 7]. However, the role of Sirt3 in cancer
initiation and progression is still controversial. Sirt3
promotes colorectal carcinogenesis by deacetylating ser-
ine hydroxymethyl-transferase 2 (SHMT2) and block-
ing the degradation of the latter via ubiquitin-lysosome
pathway [8]. In line with its role as an oncogene, Sirt3
depletion regresses B cell lymphomagenesis via impairing
glutamine flux to the TCA cycle [9]. Paradoxically, Sirt3
loss stabilizes hypoxia-inducible factor-1 a (HIF-1a) and
enhances ROS production [10, 11]. Sirt3 overexpression
suppresses breast cancer cell proliferation by regressing
glycolysis [11]. Similarly, Sirt3 deficiency accelerates the
acetylation-dependent deactivation of succinate dehydro-
genase complex subunit A to increase H3K4me3 level,
which leads to tumour-specific gene transcription [12].
Thus Sirt3 plays dual roles in carcinogenesis through
deacetylating different target proteins. In this study, we
explored the interaction between Sirt3 and LONP1 and
the effect of LONP1 acetylation status on tumorigenesis.
Results of this study reveal a new mechanism of Sirt3 in
restraining carcinogenesis through a Sirt3-mediated met-
abolic reprogramming pathway.

Materials and methods

Cell culture and transfection

All cell lines, including SW480, AGS, Hela, HEK293T,
and U87 cells were obtained from Cell Culture Center
of the Chinese Academy of Medical Sciences and were
cultured in RPMI-1640 (Gbico) or DMEM (Gbico)
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containing 10% fetal bovine serum and 1% penicillin/
streptomycin at 37 °C with 5% CO,,.

SW480 cells were seeded in 24-well plate. Four group
of lenti-virus (vector, LONP1-WT, LONP-K145Q and
LONP1-K145R) were added into the serum, respectively.
stable-expression cell lines were screened with 10 pg/ml
Puromycin. Plasmid transfection was conducted using
Lipofectamine 2000 according to manufacture’s protocol.

Immunohistochemistry staining

Tissues were prepared by paraffin after fixation for 48 in
4% paraformaldehyde and cut into 4 pm thickness. The
sample was dewaxed by graded ethanol and dimethylb-
enzene. Antigen retrieval was performed in EDTA buffer
routinely. Endogenous peroxidase was inactivated by
methanol containing 25% H,0,. The sections were incu-
bated by primary antibodies respectively (COX2, PCNA,
LONP1, Sirt3) overnight in 4 °C. The second day, the
sections were incubated by secondary antibodies after
washed by phosphate buffer saline (PBS) for 3 times.
Then the slices were counterstained with hematoxylin
according to manufacture. The positive area was meas-
ured by Image J software [13].

Immunoprecipitation and immunoblotting analysis

Cells were lysed by modified buffers and immunopre-
cipitated by corresponding antibody for 12 h at 4 °C. The
A/G beads were added into the contraction according to
manufacture and rotated at 4 °C for 3 h. The A/G beads
were boiled in 98 °C and centrifuged before the protein
was separated by SDS-PAGE and transferred onto PVDF
membrane for western-blot analysis [14].

Mitochondria and cytoplasmic fraction extraction

The cells were harvested by trypsin containing 0.25%
EDTA and washed by PBS. After centrifuged at 2000 rpm
for 5 min, the debris was lysed modified buffer and fol-
lowed by centrifuge at 800 g for 5 min at 4 °C to discard
cell pullet. The supernatant was collected and then was
centrifuged at 15000 g for 10 min at 4 °C after adding
onto separated by 12% SDS-PAGE.

Immunofluorescence

Mitochondrias were marked by Mito-Tracker accord-
ing to manufacturer. After washed by PBS, the plate was
fixed by 4% paraformaldehyde containing 0.05% Triton-
X. Every glass was incubated by 5% BSA diluted in PBS.
They were incubated by primary antibodies (LONPI,
Sirt3) overnight in 4 °C. The second day, they were incu-
bated by secondary antibodies [Alexa Fluor 488-labeled
Goat Anti-Rabbit IgG(H+L), AMCA-labeled Goat
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Anti-Mouse IgG(H + L)] and Dapi according to manufac-
turer. The photograph was taken by confocal microscopy
[15].

Mass spectrum analysis

Mass spectrometry analysis were carried out at Shen-
zhen Wininnovate Bio Technology Co., Ltd using Ther-
moFisher Q Exactive mass spectrometer. Information of
LONP1 was downloaded from Uniprot (www.uniprot.
org/uniprot/P36776).

Cell proliferation and viability

About 5000 cells of per group were seeded in 96-well
plate maintained in complete medium. After adher-
ing for 48 h, cells were stained with Cell Counting Kit-8,
and then cell viability was analyzed by microplate reader
according to manufacturer protocol [16].

Cell migration assay

Cells were collected, centrifuged and resuspended with
culture medium without FBS. About 5 x 10* cells were
seeded in the upper chamber and 600 pl medium with
10% FBS was added into the lower chamber. After incu-
bation for 48 h, cells were fixed and stained by 4% formal-
dehyde for 1 h. Then the cells were stained with crystal
violet and photographed by microscope [13, 17].

Cell oxygen consumption rate

Oxygen consumption rate was detected using Seahorse
XF Cell Mito Stress Test Starter Pack according to manu-
facture. About 40000 cells were seeded into XF cell Cul-
ture Microplates. After 18 h, the medium was replaced
with Seahorse XF DMEM (pH7.4). Oligomycin, FCCP
and Rotenone were added into the plate separately
according to the manufacturer’s instruction. And then it
was detected by Seahorse Bioscience XF96 Extracellular
Flux Analyzer. Oxygen consumption rate was normalized
to cell number.

Subcutaneous tumor mouse model

BALB/c nude mouse (5 weeks old, male) were bought
from Guangzhou Qingle limited company. The research
was performed in Laboratory Animal Center of Nanfang
hospital (The review list of the Nanfang hospital animal
ethic committee to the animal protocol, application num-
ber: NFYY-2021-1101).

The four group of cells were maintained in complete
serum. When they reached their logarithmic growth, cells
were collected by trypsin containing 0.25% EDTA and
centrifuged at 800 rpm. Then they were resuspended by
RPMI-1640 without FBS. About 300 x 10° cells in 200 pl
RPMI-1640 were subcutaneously injected in BALB/c
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nude mouse. The mice were kept in a sterile environ-
ment. On day 21 after cell injection, the mice were sac-
rificed, and the weight and the size of each tumor were
measured. Tumor volume (mm?) = (L x W?)/2 (L repre-
sents the long axis and the W the short axis) [17].

ATP production of tumor tissues

Every 20 mg tissue was added into 200 pl lysis buffer to
be homogenized and centrifugated by 12,000 rpm, 5 min
at 4 °C. The supernatant was collected for later detection.
ATP detection buffer (100 pl) diluted according to manu-
facture was added into 96-well plate and was opaque to
light. Lysis of per group (20 ul) was added into the ATP
detection buffer, and then the value was detected by
luminometer.

Statistical analysis

Data was conducted using GraphPad Prism 8. To analyze
the difference in the number of adenomas between the
two groups, Shapiro Wilk was used for normal distribu-
tion fitting. We detected the difference of adenoma diam-
eter between the two groups with Kolmogorov Smirnov
nonparametric test. After re-statistics, data from
Fig. 4C-I was consistent with the normal distribution
according to Shapiro Wilk. In the subcutaneous tumor
mouse model research, the data of tumor volume and the
ATP production of each group were consistent with the
normal distribution according to Shapiro Wilk. Whereas,
the data of tumor weight did not conform to the normal
distribution according to Shapiro Wilk. However, the
overall difference was statistically significant according
to Kruskal Wallis test. Thus, non-parametric test of two
independent samples was conducted, respectively.

Two independent t test and one-way ANOVA was used
to determine the p value according to data sample. Spear-
man’s correlation coefficient was used to analyze the cor-
relation of two data. p<0.05 was considered statistical
significant.

Additional materials and methods can be found in Sup-
plementary Information.

Results

Epithelial knockout of Sirt3 promotes intestinal
carcinogenesis

To evaluate whether Sirt3 knockout (KO) can acceler-
ate spontaneous intestinal tumorigenesis, we crossed
the ApcM™*+ with Villin-Cre and Sirt3"" to generate
APCM"*Villin-Cre Sirt3"" mice (AVS) (Additional file 1:
Fig. S1). The resulting AVS mice displayed increased ade-
noma number and tumor size, suggesting an exacerbated
tumor burden in the intestine at 6 months (Fig. 1A-C).
The multifocal neoplasmic lesions in the small intestine
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Fig. 1 Conditional Sirt3 knockout augments adenoma number and size in APC"™+ mice. A Tumor-bearing intestine from AVS
(APCM™+_yjllin-CRE-sirt 3" and APC""™+ mice were dissected and dyed with methylene blue. B, C AVS suffer more colorectal adenoma compare
to APCMI"+ The number and diameter of adenoma was calculated respectively. D, WB analysis of LONP1, Sirt3, 3-catenin and PCNA expression in
adenoma from AVS and APC""™+ mice. E, IHC images of COX2 and PCNA expression in adenoma. F, G IHC scores showing higher expression of
COX2 and PCNA in AVS. H, I Information analysis of expression of sirt3 and LONP1 in patient with colon cancer, respectively
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morphologically resembled the characteristics of famil-
ial adenomatous polyposis which is caused by germline
mutation of adenomatous polyposis coli (APC) gene [18].
The conditional Sirt3-KO in the intestinal epithelium
enhanced the expression of PCNA, B-catenin and COX-2
which are critical for intestinal carcinogenesis (Fig. 1D—
G) [19]. These dysplasia were histologically in agree-
ment with tubular adenoma or adenocarcinoma (Fig. 1E).
Collectively, the loss of Sirt3 advances colorectal car-
cinogenesis in mice with APC mutation background.
Interestingly, tumor tissue expressed more LONP1 pro-
tein compared to its counterpart in patient with colon
cancer. Whereas, Sirt3 is the ambiguous one (Fig. 1H,
I). Similar results can be obtained from The Clinical
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Proteomic Tumor Analysis Consortium (CPTAC) (Addi-
tional file 1: Fig. S2A-C).

Sirt3 associates with and deacetylates LONP1

In view of the fact that LONP1 is both an oncogene [20]
and a potential substrate for Sirt3 [21], their expres-
sion was probed in the specimens from CRC patients.
We observed a loss of Sirt3 and a concomitant eleva-
tion of LONP1 in tumor samples. Correspondingly,
we found exactly an opposite expression pattern in the
para-cancerous tissues (Fig. 2A). There was a significant
negative correlation between Sirt3 and LONP1 expres-
sion (Fig. 2B; Additional file 1: Fig. S3A-C). LONP1
acetylation is ubiquitously existed across SW480, Hela,
AGS, U87 and HEK293T cell lines after blotting with a
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Fig. 2 LONP1 is deacetylated by Sirt3. A The tumor tissue and paracancerous tissue of patient with colorectal cancer were lysated and the levels of
LONP1 and Sirt3 were detected by WB. B, The expression of LONP1 was negatively correlated with Sirt3. R?=0.2691, p=0.0191. C The acetylation of
LONP1 was detected in SW480, Hela and U87 cells by WB. AcK, pan-acetyl-lysine antibody. D, WB showing higher level of acetylation of LONP1 after
treatmen of 7.5 mM NAM and 5 mM TSA for 24 h in SW480 cells. E The level of acetylation of LONP1 was enhanced after stably knock-down of Sirt3

in SW480 cells. F Elevated LONP1 expression and its acetylation level were detected in AVS compared to APCY"™* mice. G, H LONP1 interacts with

Sirt3 in vivo
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pan-lysine acetylation antibody (Fig. 2C; Additional file 1:
Fig. S3D). We observed an elevated expression and acet-
ylation of LONP1 both in Nicotinamide (NAM, a com-
petitive inhibitor of the SIRT deacetylase family) treated
or sShRNA mediated Sirt3-KD (knockdown) SW480 and
AGS cells (Fig. 2D-E, Additional file 1: Fig. S3E-F). Tis-
sues from AVS mice further confirmed that Sirt3-KO
resulted in the increment of LONP1 expression and acet-
ylation (Fig. 2F). Sirt3 knockdown not only increased the
acetylation, but also enhanced the expression of LONP1
(Fig. 2E). These results demonstrate that the loss of Sirt3
promotes acetylation of LONP1 to maintain the stabiliza-
tion state of the latter.

Given that both Sirt3 and LONP1 localize in mitochon-
dria matrix (Additional file 1: Fig. S3G) [21, 22], we there-
fore asked whether Sirt3 interacts with LONP1. Using
anti-Sirt3 as a protein bait, we observed an association
between LONP1 and Sirt3 with a conventional co-immu-
noprecipitation strategy. We then mutually confirmed
the protein-protein interaction with anti-Sirt3 antibody
and found that LONP1 can be captured by Sirt3, but
not IgG. These pull-down experiments, together with a
highly overlapping between Sirt3 and LONP1 (Fig. 2G—
H, Additional file 1: Fig. S3H-I), indicated that Sirt3
directly interacts with LONP1. Together, Sirt3 lowers the
expression of LONP1 via direct interacting with and dea-
cetylating the latter.

Nicotinamide inhibits Sirt3 to enhance mitochondrial
LONP1 content
Given that Sirt3 directly deacetylates LONP1, we fur-
ther confirmed the conclusion by showing that NAM
time-dependently dampened the expression of Sirt3
which correspondingly resulted in an increased expres-
sion of LONP1 both in SW480 and AGS cells (Fig. 34,
Additional file 1: Fig. S4A). Nicotinamide adenine dinu-
cleotide (NAD™) acts as a cosubstrate to help Sirt3 dea-
cetylating target proteins by accepting the acetyl group
[23]. NAD" increased the expression of Sirt3 while
reduced the acetylation and expression of LONP1, which
can be reversed by NAM pretreatment (Fig. 3B). To elim-
inate the interference of de novo protein synthesis on
LONP1 abundance, SW480 cells were pre-incubated with
cycloheximide, an antifungal antibiotic which specifically
inhibit the cytoplasmic protein synthesis. NAM can still
increase the expression of LONP1 (Fig. 3C; Additional
file 1: Fig. S4B), suggested that the upregulated LONP1
protein level might be ascribe to protein degradation
procedure mediated by post-translational modification,
but not to the protein synthesis process.

It has been recently determined that LONP1 can also
localized in the cytoplasm [24]. Our results demonstrated
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that LONP1 accumulated mainly in the mitochondria in
Sirt3-WT (wild type) SW480 cells. However, LONP1 par-
tially translocated to the cytosol after NAM treatment or
shRNA-mediated Sirt3-KD (Fig. 3D-E, Additional file 1:
Fig.S4C-D). Sirt3-KD not only enhanced the expres-
sion of mitochondrial LONPI1, but also promoted the
translocation of LONP1 into cytosol (Fig. 3F-G). These
data suggested that NAM augments the mitochondrial
expression of LONP1 through blocking Sirt3 deacetylase
activity.

Acetylation of LONP1 K145 regulates oxidative
phosphorylation

Mass spectrometry demonstrated that K145 of human
LONP1 was identified to be acetylated in Sirt3-KD
SW480 cells (Fig. 4A). Bioinformatic analysis showed that
Lys145 locates at the center of a consensus sequences
“EVK*NK” which is highly conserved across multiple
species from E. coli to Homo sapiens (Fig. 4B). To test
if K145 acetylation of LONP1 is functional, we firstly
generated lentivirus containing LONP1-WT and point
mutations of K145R (to mimic deacetylation) and K145Q
(to mimic acetylation), respectively. Next, lentivirus car-
rying immediate-early promoter driven LONP1-WT,
K145R and K145Q infected SW480 cells were screened
with puromycin to get stable overexpression cell lines.
LONPI1-WT overexpression heightens the proliferative
and invasive ability (Fig. 4C-E). The persistent acety-
lation mutant K145Q elevated proliferation rate and
transwell migration of SW480. On the contrary, the per-
sistent deacetylation K145R mutant suppressed the abil-
ity of proliferation and invasion (Fig. 4C-E).

As LONP1 enhances mitochondrial functions for can-
cer cell survival, we developed a hypothesis that differ-
ent constructs of LONP1 controls cell proliferation by
modulating mitochondrial oxidative phosphorylation
(OXPHOS). To verify this possibility, we assessed the
mitochondrial respiratory functions among these cell
lines. LONP1 K145Q increased the basal oxygen con-
sumption rate (OCR) (Fig. 4F-G). In FCCP induced
maximal respiration, there was a marked increment of
OCR in LONP1 K145Q cells and a significant reduction
of OCR in LONP1 K145R cells (Fig. 4F, H). Correspond-
ingly, we found that K145Q mutation elicited an elevated
ATP production while K145R mutation demonstrated
defective ATP generation (Fig. 4I). These data support a
mechanism that acetylation and deacetylation of LONP1
K145 in tumor cells result in opposite directions on ATP
production. Collectively, the acetylation status of LONP1
advances tumor growth and invasion via promoting
OXPHOS.
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Deacetylation of LONP1 at K145 enhances K63 ubiquitin

binding

Because protein deacetylation status potentially affect
the choice of lysosomal [25] or proteasomal degradation
[26], we firstly exposed AGS cells to NH,Cl (a lysosome
inhibitor), 3-MA (an autophagy inhibitor) and MG132
(a proteasome inhibitor) and noticed that NH,Cl, but
not MG132 (Additional file 1: Fig. SSA-C), increased

the expression of LONPI1, suggesting that lysosome

is the major organelle responsible for LONP1 turno-

ver. As endosomal sorting complex required for trans-
port (ESCRT) and UV excision repair protein RAD23
homolog B (hHR23) differentially interacted with K63- or
K48-tagged protein, we confirmed the above results by
silencing signal transducing adapter molecule 1 (STAM)
and hepatocyte growth factor-regulated tyrosine kinase
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by CCK-8 after 48 h. D, E LONP1-K145Q promotes the migration of SW480 cells. Cells were seeded in transwell. Migrated cells were counted. F-I
LONP1-K145Q enhanced mitochondrial OXPHOS function. Mitochondrial function was detected by Cell Mito Stress Test kit using Seahorse analysis
F, G. LONP1-K145Q enhanced the level of maximal OCR H and ATP production I of SW480 cells

substrate (Hrs) (components of ESCRTO complex) and
hHR23. As expected, both STAM and Hrs siRNA, but
not hHR23 siRNA, increased the expression of LONP1
(Fig. 5A-C).

The hyperacetylation of LONP1 mutant decreased
the ubiquitin binding ability, whereas the deacetylation
mutant expanded the ubiquitin binding capacity. We then
overexpressed wild type ubiquitin (wt-Ub), K63 ubiqui-
qin (K63-Ub) and K63R mutant ubiquitin in LONP1

overexpression cells and K145Q mutation cells respec-
tively. And we found that LONP1 bound to wt-Ub and
K63-Ub, but not to K63R mutant (Fig. 5D, E). Similarly,
LONP1 K145R exhibited strong affinity to K63 ubiquitin,
suggested that deacetylation of LONP1 K145 ensures its
K63 ubiquitin binding ability (Fig. 5F). Taken together,
the deacetylation of LONP1 at K145 is essential for its
binding to K63 ubiquitin and subsequent degradation by
lysosome system.
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Fig.5 A-C STAM, Hrs and hHR23 were knocked down respectively in HEK293T cells. Then, the protein level of LONP1 was detected. D, E HA-Ub,
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respectively. Ub level was detected by WB

LOPN1 acetylation status controls tumor growth
To evaluate the influence of LONPI1 acetylation on
tumor growth, SW480 cells stably transfected with vec-
tor, LONP1-WT, LONP1-K145Q and LONP1-K145R
were xenotransplanted to athymic nude mice (BALB/c-
nu/nu) (Fig. 6A). LONP1-WT significantly increased
the growth of tumor size and tumor weight at the end
of 3 weeks. LONP1-K145Q further augmented tumor
growth, whereas LONP1-K145R sharply regressed
tumor progression as compared to LONP1-WT con-
struct (Fig. 6B—C). Correspondingly, LONP1-K145Q
enhance ATP production and LONP1-K145R reduce
ATP content (Fig. 6D), suggested that the different con-
struct of LONP1 governs tumor growth through regu-
lating the energy metabolism, respectively.

Aging has been demonstrated to cause Sirt3
loss which is insufficient for the deacetylation and

degradation of LONP1. The accumulated LONP1, ele-
vated oxidative phosphorylation and glycolysis increase
the risk of carcinogenesis and accelerate the growth of
tumor. For the first time, we show that Sirt3 deacety-
lates oncogene LONP1 at K145 to attenuate ATP pro-
duction and to restrict carcinogenesis (Fig. 7). In a
word, Sirt3 loss during aging drives carcinogenesis by
unleashing LONP1 acetylation which can be amelio-
rated by NAD" supplementation.

Discussion

Sirt3 is a fidelity mitochondria protein which localizes
to the inner mitochondrial membrane (IMM) cristae
and the matrix [27]. Fortunately, up to 90% eukaryotic
LONP1 presents in the mitochondrial matrix and situates
closely to the IMM [28]. The co-localization of Sirt3 and
LONP1 in the mitochondria matrix is a prerequisite for
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their enzyme-substrate interaction [29, 30]. We identified
K145 as a novel site for Sirt3 to deacetylate and to labi-
lize LONP1. As LONP1 is an oncogene which enhances
mitochondria OXPHOS and glycolysis [20, 30], our
results provide a feasible solution by drawing help from
Sirt3 to accelerate the degradation of LONP1.

Sirt3 has been generally recognized as a tumor sup-
pressor which represses oxidative stress and destabi-
lizes HIF-a [11, 31, 32]. However, there are still some
different voices. Sirt3 over-expression was observed
in a brain tumor family [33] and in a cohort of tongue
cancer patients [34]. Also, elevated Sirt3 mRNA can
be found in breast cancer patients with lymph node
metastasis [35]. We carefully checked the original data
and found that the number of cases included in these
researches were all limited. For example, the number
of control group in tongue cancer research is 8 [34]
and the number of metastatic breast cancer patients
is 12 [35]. Importantly, the specimen with Sirt3 over-
expression were inevitably established solid tumors.
Our results also showed that the expression of Sirt3 in
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several tumor samples from CRC patients was lower
than the corresponding adjacent tissues. We there-
fore inferred that Sirt3 might safeguard tumorigenesis
before tumor occurrence but may accelerate tumor
development after tumor established [11, 36, 37]. The
results that Sirt~/~ mice are hypersusceptible to AOM/
DSS induced tumorigenesis provide solid evidence
to our hypothesis [38]. To focus on epithelial ablation
of Sirt3 on intestinal tumor development, we gener-
ated AVS mice and observed a tumorigenic phenotype
which further confirmed that Sirt3 restricts tumorigen-
esis at the initiation stage.

LONP1 maintains a bioenergetic and biosynthetic
phenotype which is required for carcinogenesis [39],
which illuminates that LONP1 knockdown lowered
the activities of complex I and generated less ATP
to leash tumor progression [40]. In line with their
results, we show that LONP1 deacetylation produces
a calorie-restriction like phenotype whereas its acety-
lation exhibits a high ATP-yielding phenotype by utiliz-
ing K145R and K145Q to mimic hyperacetylation and
hypoacetylation, respectively. The metabolic repro-
gramming caused by acetylation and accumulation of
LONP1 represents a booster to trigger carcinogenesis
in aging patients with accumulated gene mutations,
such as APC loss or mutation [41]. Hence, the acetyla-
tion status of LONP1 may act as a rheostat to control
cellular energy supply during CRC initiation.

As lysine K48 and K63 differentially guide target pro-
teins for proteasomal or lysosomal degradation respec-
tively, we hence deciphered it with different ubiquitin
mutants and identified that lysine K63, but not K48
is required to mediate the lysosomal degradation of
LONP1. Given that LONP1 knockout causes embry-
onic lethality in mice, we can try to control the abun-
dance of LONP1 by facilitating K63 ubiquitination
so as to produce a calorie-restriction like phenotype
and also to avoid the development defects induced by
genetic LONP1 ablation [42]. Together with the fact
that Sirt3 interacts with and deacetylates LONP1, Sirt3
may limit the transformation procedure in cancer ini-
tiation by maintaining appropriate lysosomal degrada-
tion of LONP1 through K63-ubiquitination pathway.
The loss of Sirt3 in aging might produce an endogenous
oncogene accumulation phenotype to push forward
the transition from minimal to increasing cancer risk
between ages 40 and 50 [43]. Therefore, to maintain
appropriate Sirt3 level with NAD™ supplementation or
physical exercise may be beneficial to cancer preven-
tion during aging [44].

Briefly, we constructed an AVS mouse model and
demonstrated that lower expression of Sirt3 promotes
the growth of intestinal adenomas. Sirt3 deacetylates
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LONP1 at K145, promoting its degradation through
K63-UB binding pathway. LONP1 deacetylation
restricts tumor cell viability by reducing the energy
supply of OXPHOS which was confirmed by a subcu-
taneous tumor mouse model. However, our research
still has some limitations. Our experiment is based on
the gastrointestinal tumor cell research. Thus, our find-
ing that the deacetylation of LONP1 by Sirt3 constrains
carcinogenesis need to be confirmed in other tumor
cell lines.

Conclusion

In conclusion, we found that LONP1 K145 is a newly-
identified site for Sirt3 deacetylation. LONP1 acetylation
inhibits the binding of ubiquitination, leading to less pro-
tein degradation. In other words, LONP1 deacetylation
inhibits its function in promoting metabolism in colorec-
tal cancer cells and inhibits cell proliferation and tumor
growth. To expand the translational significance of our

, tur Tes I Xplore w

exercise, calorie restriction or pharmacological agents
could restrict carcinogenesis through Sirt3-LONP1
pathway.

IAbbreviation
AVS APCM™+illin-Cre Sirt3™ mice
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Additional file 1: Figure S$1. Genotype screening of AVS and APCYIn*
mouse. A Genotype screening of villin-CRE. B Genotype screening of sirt3”
' C Genotype screening of APC*™*_Figure $2. The difference of Sirt3

and LONP1 abundance between colon adenocarcinoma samples and
normal samples. A Proteins that differed in abundance between tumor
samples and normal samples (P < 0.05). Proteins with an absolute value of
log2FC greater than 0.15 were shown as gray circles, Log2FC=log2(mean
protein abundance in 97 tumor samples / mean protein abundance in
100 normal samples). The red circle represented LONP1 and the green
circle represented SIRT3. B Difference of LONP1 protein abundance
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C Difference of SIRT3 protein abundance between tumor group (T=97)
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imputing missing expression data and normalizing expression intensities.
Figure S3. Sirt3 interacts and deacetylates LONP1 in AGS cells. A Patient
with colorectal cancer expressed more LONP1 and less Sirt3. IHC imaging
showed the higher level of LONP1 and less level of Sirt3 compared to
paracancerous tissue respectively. Mean of IOD of LONP1 and Sirt3 were
calculated respectively (B, C). D LONP1 was acetylated in SW480, AGS

and HEK293T cells. The acetylation of LONP1 was detected by WB. E NAM
treatment increased the acetylation of LONP1 in AGS cells. The acetylation
of LONP1 was detected by WB after treatment of NAM for 12h. F Sirt3 defi-
ciency robustly increased the acetylation level of LONP1 in AGS cells. Sirt3
was stably knocked down in AGS cells and WB detection showing higher
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level of acetyaltion of LONP1. G Fluorescence confocal microscopy show-
ing the colocalization of LONP1 and Sirt3 in AGS cells. H, | LONP1 interacts
with Sirt3in AGS cells in vivo. Data are shown as mean +S.D., n = 3,*p <
0.05, **p < 0.01. Figure S4. LONP1 acetylation inhibits its degradation in
AGS cells. AThe AGS cells were lysated after treatmen of 10 mM NAM for
0,2,4,6 and 8h respectively. WB detection of LONP1 and Sirt3 showing
NAM treatment increased the expression of LONP1. B, WB detection of
LONP1 after treatment of CHX (75ug mi™") with of without 10 mM NAM
treatment. C, D, The cytoplasmic protein levels of LONP1 were increased
after NAM treatment or Sirt3-knockdown in AGS cells. The cytoplasm

and mitochondria were isolated and the protein levels of LONP1 was
detected by WB in cells treated with NAM (C) and cells stably knockdown
of Sirt3 (D). Figure S5. LONP1 is degraded by lysosome and proteasome
pathways. A The level of LONP1 was detected after treatment of 10mM

7 o7 o
was detected after treatment of 2mM 3-MA for 0, 3, 6 and 9h respectively
in AGS cells. CThe level of LONP1 was detected after treatment of 10uM
MG-132 for 0, 2, 6, 12 and 24h respectively in AGS cells.
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