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Abstract

Gastric cancer (GC) is a malignancy of the lining of the stomach and is prone to distant
metastasis, which involves a variety of complex molecules. The S100 proteins are a
family of calcium-binding cytosolic proteins that possess a wide range of intracellular
and extracellular functions and play pivotal roles in the invasion and migration of
tumour cells. Among these, ST00A10 is known to be overexpressed in GC. Lysine suc-
cinylation, a recently identified form of protein post-translational modification, is an
important regulator of cellular processes. Here, we demonstrated that S1I00A10 was
succinylated at lysine residue 47 (K47), and levels of succinylated S100A10 were
increased in human GC. Moreover, K47 succinylation of S100A10 was stabilized by
suppression of ubiquitylation and subsequent proteasomal degradation. Furthermore,
carnitine palmitoyltransferase 1A (CPT1A) was found to function as a lysine succinyl-
transferase that interacts with S100A10. Succinylation of S100A10 is regulated by
CPT1A, while desuccinylation is regulated by SIRT5. Overexpression of a succinylation
mimetic mutant, K47E S100A10, increased cell invasion and migration. Taken
together, this study reveals a novel mechanism of SI00A10 accumulation mediated by
succinylation in GC, which promotes GC progression and is regulated by the succinyl-
transferase CPT1A and SIRT5-mediated desuccinylation.
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1 | INTRODUCTION

Gastric cancer (GC) is the fourth most common malignancy and the
third leading cause of cancer mortality worldwide.! In 2015, GC
exhibited the second highest incidence of all cancers and was the
second leading cause of cancer deaths in China.? Many patients are
diagnosed with advanced disease and present with recurrent disease
after surgery. GC is prone to lymph node metastasis and exhibits a
strong invasive ability.® Thus, the identification of effective specific
markers for the diagnosis and treatment of GC is critical.

$100 proteins contain at least one EF-hand Ca®*-binding motif
and exhibit a broad range of intracellular and extracellular functions
by regulating calcium homoeostasis, apoptosis, proliferation, differen-
tiation, invasion, motility, cytoskeletal interactions, energy metabo-
lism, and inflammation, all of which have been implicated in multiple
stages of tumourigenesis and progression* As a member of the
S100 protein family, SI00A10, also known as annexin light chain or
pl1, contains two EF-hand motifs.> S100A10 binds to its annexin
A2 ligand to form a heterotetrameric (S100A10),(annexin A2), com-
plex on various tumour cell membranes.>® This extracellular complex
acts as a receptor for plasminogen and regulates plasminogen activa-
tor-dependent plasminogen activation on cancer cells. Notably, the
overexpression of S100A10 is related to tumour metastasis, inva-
siveness, and angiogenesis.” ** While $100A10 is known to be over-
expressed in GC, the molecular mechanisms underlying its effect on
GC cell function and its regulation remain to be fully elucidated.'*

Protein post-translational modifications (PTMs) can alter the
properties of proteins, such as their activity, cellular localization, sta-
bility, and interactions with other proteins, which can in turn influ-
ence cellular physiology.*>*¢ Recently, many novel PTMs have been
identified. Protein lysine residues can be subjected to various PTMs,
including acetylation, propionylation, methylation, butyrylation, suc-
cinylation, crotonylation, malonylation, glutarylation, long-chain fatty
acylation, ubiquitylation and 2-hydroxysobuturylation.2”-24 Previ-
ously, we demonstrated that succinate acts as an oncometabolite
and functions as an initiator in tumourigenesis and tumour progres-
sion.?>2¢ Moreover, protein lysine succinylation has been identified
as a frequently occurring PTM?27 that plays an important role in
regulating heart metabolism and cardiac function.?® Succinylation
modifications are regulated by sirtuin (silent mating type information
regulation 2 homologue, SIRT) 5, which removes succinyl modifica-
tions from lysine residues.’” Recently, lysine acetyltransferase 2A
(KAT2A) and carnitine palmitoyltransferase 1A (CPT1A) were shown
to have lysine succinyltransferase activities.?”>°

In this study, we examined the expression of S100A10 in GC and
determined the succinylation of SI00A10 via mass spectrometry. The
proteins responsible for modifying (adding or removing) succinyl on
S100A10 were further investigated, and the expression of CPT1A and
SIRT5 in GC was also assessed. Moreover, the role of wild-type (WT)
or mutant S100A10 in GC progression was explored. To our knowl-
edge, this is the first evaluation of the mechanism by which lysine suc-

cinylation contributes to the progression of GC.

2 | MATERIALS AND METHODS

2.1 | GC sample collection and preparation

Human tissue samples were obtained from seven patients diagnosed
with GC who underwent surgical resection at the Second Affiliated
Hospital of Nanjing Medical University (Jiangsu, China). Matching
adjacent non-tumour tissues were obtained from the part of the
resected specimen furthest away from the tumour. The samples
were washed with ice-cold phosphate-buffered saline (GE Health-
care, Beijing, China) to remove residual blood after surgical resection
and then immediately snap-frozen in liquid nitrogen and stored at
—-80°C for further
chemotherapy, or other therapy was performed on the GC patients.

analyses. No preoperative radiotherapy,
This study was conducted according to the principles of the Declara-
tion of Helsinki and was approved by the Hospital Ethics Committee

of the Second Affiliated Hospital of Nanjing Medical University.

2.2 | Animals

We utilized 6- to 8-week-old male WT C57BL/6J mice (Nanjing
Biomedical Research Institute of Nanjing University). Mice were
housed in a temperature-controlled environment with a 12-hour
light-dark cycle and were allowed free access to water and food. All
animal procedures were approved by the Laboratory Animal Core
Facility of Nanjing Medical University.

2.3 | Cell culture and treatment

AGS #HATCC® CRL-1739™) cells were purchased from Shanghai Cafa
Biological Technology Co. Ltd (Shanghai, China). MGC-803
(#TCHu84), SGC7901 (#TCHu46), 293T (Cat. #GNHu17), and B16-
F10 (#TCM36) cells were obtained from the Chinese Academy of
Sciences (Shanghai, China). Cells were cultured in Dulbecco's modi-
fied Eagle's medium supplemented with 10% foetal bovine serum,
streptomycin (100 pg/mL), and penicillin (100 U/mL). S100A10 levels
were assessed in cells were treated with or without 10 mM MG132
(#52619; Selleck, Shanghai, China) or 10 pg/mL cycloheximide (CHX,
#HY-12320; Selleck).

2.4 | RNA isolation and gPCR

Total RNA was isolated from human tissues using Trizol reagent
(Invitrogen, Carlsbad, CA, USA), following the manufacturer's instruc-
tions. The RNA was then analysed using real-time gPCR with SYBR
Green PCR Master mix (Roche Applied Science, Mannheim, Ger-

™

many) on a StepOnePlus =~ Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA). The relative gene expression was
normalized to GAPDH. Specific primer sets used for this assay
included S100A10 (forward: AACAA AGGAG GACCT GAGAG TAC,
reverse: CTTTG CCATC TCTAC ACTGG TCC), and GAPDH (forward:
TTGCC ATCAA TGACC CCTTC A, reverse: CGCCC CACTT GATTT

TGGA).
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2.5 | Western blotting

Total protein was prepared from gastric tissues or cultured cell sam-
ples using RIPA lysis buffer containing protease inhibitor cocktail
(Roche Applied Science, Penzberg, Germany) and centrifuged at
10 000 g at 4°C for 15 minutes. Supernatants were mixed with
SDS-PAGE sample-loading buffer, boiled for 5 minutes, and then
subjected to SDS-PAGE. After being transferred onto polyvinylidene
fluoride membranes, non-specific binding was blocked with 5% non-
fat milk. The blots were probed with the following primary antibod-
ies: S100A10 antibody (#5529; Cell Signaling, Danvers, MA, USA),
rat monoclonal anti-HA antibody (clone 3F10, #11867423001;
Roche, Mannheim, Germany), mouse monoclonal ANTI-FLAG® M2
antibody (#F1804; Sigma-Aldrich, St. Louis, MO, USA), succinyl lysine
antibody (#PTM-401; PTM Bio, Hangzhou, China), malonyl lysine
antibody (#PTM-901; PTM Bio), glutaryl lysine antibody #PTM-
1151; PTM Bio), SIRT5 antibody (#8782; Cell Signaling Technology),
human CPT1A antibody (#12252; Cell Signaling Technology), mouse
CPT1A antibody (#ab128568; Abcam, Cambridge, MA, USA) or p-
actin antibody (#4970; Cell Signaling Technology).

2.6 | Liquid chromatography-tandem mass
spectrometry analysis

Gastric cancer tissues and the matching adjacent non-tumour tissues
were from seven GC patients and combined respectively. The sam-
ples were prepared and determined the protein lysine succinylation
by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis in PTM Bio.

2.7 | Immunoprecipitation

Cells were harvested and lysed in immunoprecipitation (IP) buffer
(20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA,
and protease inhibitors) on ice for more than 15 minutes. Cell lysates
were centrifuged for 10 minutes at 12 000 g at 4°C, and super-
natant were transferred to new tubes. The supernatant was incu-
bated with primary antibodies and GammaBind Plus Sepharose
(#17088601; GE Healthcare, Logan, UT, USA) with gentle rocking
overnight at 4°C. The next day, the pellet was washed six times with
cold 1x IP buffer and then subjected to western blotting.

Frozen tissues were homogenized in ice-cold 0.3% NP-40 buffer
containing 50 mM Tris—=HCI (pH 7.4), 150 mM NaCl, and protease
inhibitors. S100A10 protein was immunoprecipitated with an anti-
S100A10 antibody (sc-81153; Santa Cruz Biotechnology, Dallas, TX,
USA), followed by direct Western blot analyses as described above.

2.8 | Plasmid construction and cell transfection

Full-length  WT cDNA or cDNA with point mutations of the
S100A10 gene was synthesized (Wuxi Qinglan Biotech. Inc., Yixing,
China) and cloned into indicated vectors including pRF-FLAG or pRF-
HA (kindly obtained from Prof. Hongbing Shu). SIRT5 gene clone

was purchased from Shanghai Genechem Co., Ltd. (Shanghai, China)
and subsequently cloned into the pRF-HA vector. Cell transfection

was performed with Lipofectamine 3000 (Invitrogen).

2.9 | In vitro desuccinylation assay

FLAG-S100A10, HA-tagged WT SIRT5 or a catalytic inactive mutant
SIRT5 (H158Y) was overexpressed in HEK293T cells. Proteins were
immunoprecipitated with anti-Flag M2 or HA antibody and beads,
and then eluted with Flag or HA peptides respectively. FLAG-
S100A10 protein was incubated with HA-tagged wild-type or mutant
SIRT5 in reaction buffer (80 plL) containing 25 mM Tris-HCI (pH
8.0), 1 mM MgCl,, 200 mM NaCl, 5 mM KCI, 0.1% PEG8000, and
3.125 mM NAD" at 37°C for 1 hour, and then subjected to Western
blot analysis.

2.10 | RNA interference analysis

Down-regulation of SIRT5 was performed by RNA interference.
Scrambled, human SIRT5 shRNAs and human CPT1A shRNAs were
obtained from Shanghai Genechem Co., Ltd. and used according to
the protocols provided by the manufacturer. The cells were har-
vested at the indicated time-points and were subjected to western
blot analysis. All shRNA transfections were performed with Lipofec-
tamine 3000 (Invitrogen) as described by the manufacturer. Knock-

down efficiency was verified by western blotting.

2.11 | Immunohistochemical and histological
analyses

The succinylated S100A10 peptide, CFLENQK,,..DPLAV-NH,, was
synthesized and used to prepare rabbit polyclonal antibody from
ChinaPeptides Co., Ltd. (Shanghai, China). For immunohistochemical
(IHC) staining, 5-um thick serial sections were used to prepare the
slides. Antigen retrieval was performed with 10 mM citrate antigen
retrieval solution (CW Biotech, Beijing, China) at 95°C for 10 min-
utes. The endogenous peroxidase activity was inactivated using
endogenous peroxidase enzyme blocking buffer. After non-specific
interactions were blocked with normal goat serum, S100A10 rabbit
polyclonal antibody (#HPA003340; Sigma-Aldrich) at a dilution of
1:200 or S100A10-K47,. rabbit polyclonal antibody at a dilution of
1:500 was incubated with the slides overnight at 4°C. The following
detection and visualization procedures were performed according to
the manufacturer's protocol (CW Biotech, Beijing, China): for histo-
logical analysis, tissues were fixed in 10% formalin, embedded in
paraffin, sectioned (4 um), and stained with haematoxylin and eosin
(H&E) for light microscopy (Olympus I1X51, Tokyo, Japan).

2.12 | Generation of stable cell lines

The stable cell lines were generated using lentivirus system. Briefly,
the genes were cloned into pLJM1 vector, and then cotransfected
into HEK293T cells together with pMD2.G and psPAX2 vectors
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using Lipofectamine 3000 reagent. Lentiviral supernatants were har-
vested from HEK293T cells at 48 hours after initial plasmid transfec-
tion and mixed with 8 pg/mL of polybrene to increase the infection
efficiency. The infected cancer cells were then selected in culture

media containg 2 pg/mL of puromycin for 2 weeks.

2.13 | Cell invasion and wound healing assays

AGS cells (1 x 10°) in 200 pl serum-free DMEM were seeded in a
Transwell apparatus (Corning Life Sciences, Corning, NY, USA) pre-
coated with 60 uL Matrigel (1:3 dilution; BD Biosciences, San Jose,
CA, USA). Then, cells were transfected with FLAG-S100A10"" or
FLAG-S100A10%“”E for 48 hours at 37°C. Cells that adhered to the
lower surface were fixed with 100% methanol for 15 minutes at
room temperature and subsequently stained with crystal violet for
15 minutes. In each replicate, cells were counted in six predeter-
mined fields under a microscope. For wound healing assays,
MGC-803 cells were transfected with FLAG-S100A10"T or FLAG-
S100A10%E for 24 hours at 37°C, and then monolayer cells were
wounded with a sterile plastic tip. Cell migration was observed by
microscopy 16 and 24 hours later. Migration was quantified as a
percentage of wound closure. The assay was repeated at least three
times independently.

2.14 | Assessment of melanoma lung metastasis

B16-F10 cells were administered to mice by tail-vein injection
(2 x 10° cells/mouse in 200 pL. DMEM; n = 6 per group). Lung mela-
noma metastases were quantified by counting the number of colo-

nies that appeared as black dots on the pleural surface.

2.15 | Statistical analysis

All experiments were repeated at least three times. All values in the
figures and text are expressed as mean + SEM. Two-tailed Student's
t-tests were used to compare two groups. All statistical analyses
were performed with GraphPad Prism (v6.0, GraphPad Software, San
Diego, CA, USA). Differences were considered significant at
P < 0.05.

3 | RESULTS

3.1 | S100A10 is overexpressed in GC

First, we examined the expression level of S100A10 in a panel of
human GC and immortalized human gastric epithelial mucosa GES-1
cells. The results showed that S100A10 was highly expressed in
MGC-803, AGS, and SGC7901 cells when compared with levels in
GES-1 cells (Figure 1A). Next, we collected a total of seven primary
GC samples and paired surrounding normal gastric mucosa samples
and performed gRT-PCR and western blotting analyses. S100A10
mRNA levels were significantly lower in normal tissues than in can-

cer tissues (Figure 1B). Consistent with this, there was a significant

increase in the steady-state levels of total S100A10 protein in
tumour tissues compared to levels in normal gastric tissues (Fig-
ure 1C). Furthermore, the expression of S100A10 in GC tissues,
adjacent normal tissues, and in normal lymph node and metastatic
lymph node tissues of GC patients were investigated by IHC. No
apparent immunopositivity for SI00A10 was observed in the normal
gastric mucosa or normal lymph node. In contrast, GC tissues and
metastatic lymph node tissues showed obvious positive staining of
S100A10 (Figure 1D). Taken together, these results suggest that
S100A10 is overexpressed in GC tissues and metastatic lymph nodes

associated with an aggressive tumour phenotype.

3.2 | S100A10 is succinylated at lysine 47 in GC

First, we measured protein PTM including succinylation, crotonyla-
tion, and acetylation in seven pairs of gastric tissues (GC and adja-
cent non-cancerous tissues) from GC patients. Our data indicated
that protein modification by succinylation was more consistent than
crotonylation and acetylation in GC and adjacent tissues from those
patients (Figure S1A-C). Therefore, we focus on studying protein
succinylation modification in GC. Lysine succinylation is a relatively
novel PTM, and its physiological significance in GC remains unclear.
We immunoprecipitated S100A10 from a panel of seven pairs of pri-
mary gastric tumours and their adjacent normal tissues to investigate
whether this modification was present. Pan-succinyl-lysine antibody
was used to examine the succinylation of S100A10 in GC tissues.
Results showed that lysine succinylation of S100A10 was more
prevalent in tumour tissues than in normal tissues (Figure 2A). In
addition, malonylation and glutarylation of SI00A10 were also deter-
mined. However, no difference was observed between GC and nor-
mal tissues (Figure S1D). To determine the specific Ky sites in
S100A10 in GC, a total of seven tumour tissues or paired adjacent
normal tissues were lysed and pooled. After trypsin digestion, the
proteins were analysed by the integrated methods of TMT labelling,
HPLC fractionation, affinity enrichment, and LC-MS/MS (PTM Bio).
Altogether, 503 lysine succinylation sites in 303 proteins were iden-
tified (data not shown), among which S100A10 protein was succiny-
lated only at lysine 47 (K47) and up-regulated 1.78 folds in GC
tissues (Figure 2B). We analysed the conservation of K47 and found
that this site is highly conserved in S100A10 across various species
(Figure 2C).

Next, we generated a K47 site-specific antibody using a human
S100A10 peptide succinylated at K47 as an antigen. The specificity
of the anti-K47,,.. antibody was verified by detecting a specific
band with WT S100A10 but not with K47 mutants (Figure 2D). To
further confirm whether S100A10 is succinylated at lysine 47,
FLAG-tagged WT, 47K-to-R mutant (mimicking deletion), or 47K-to-E
mutant (mimicking the negatively charged succinyl lysine modifica-
tion) S100A10 was expressed in MGC-803 cells. As a result, both
mutations decreased the overall succinylation levels of S100A10
(Figure 2D). Furthermore, levels of the K47.,.-S100A10 protein
were significantly elevated in human GC cells when compared to
those in GES-1 cells (Figure 2E). Moreover, GC tissues exhibited
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*P < 0.05

Metastatic site of
cancer

higher levels of K47,.-S100A10 than normal tissues according to
western blotting assays (Figure 2F). IHC analysis also show that
K474,cc-S100A10 protein was highly expressed in GC and metastatic
lymph node tissues, not in normal gastric mucosa or lymph node tis-
sues (Figure 2G).

3.3 | S100A10K47 succinylation inhibits S100A10
degradation

Unpartnered S100A10 is rather unstable, and it becomes polyubiqui-
tinated and degraded via proteasome-dependent proteolysis.>*
Therefore, we next determined whether endogenous S100A10
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protein in MGC-803 cells is degraded via a proteasomal mechanism.
Treatment of MGC-803 cells with the proteasomal inhibitor MG132
resulted in increased expression of S100A10 (Figure 3A), while treat-
ment with the protein synthesis inhibitor CHX dramatically
decreased the half-life of endogenous S100A10 (Figure 3A). In addi-
tion, WT, K47R and K47E S100A10 protein expression was deter-
mined following CHX treatment in transfected HEK293T or MGC-
803 cells. CHX dramatically decreased the amount of WT S100A10
but did not affect levels of S100A10 mutants (Figure 3B and C),
indicating that proteasomal degradation of S100A10 might be
related to K47 succinylation. Furthermore, we employed a ubiquity-
lation ladder assay in transfected HEK293T or MGC-803 cells and
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transfected with the indicated plasmids. Ubiquitylation of purified FLAG-S100A10 protein was measured by western blotting. E and F,
Either WT or K47E mutant FLAG-S100A10 was transfected with plasmids containing no ubiquitin, HA-WT-ubiquitin, HA-K63R-ubiquitin or
HA-K48R-ubiquitin into HEK293T cells and MGC-803 cells. Ubiquitylation of purified FLAG-S100A10 proteins was determined by western
blotting
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observed a significant decrease in the ubiquitylation of K47E
S100A10 (Figure 3D) compared to that of WT S100A10.

The roles of Lys48- and Lys63-linked polyubiquitin in protein
degradation and cellular signalling are well characterized.®? There-
fore, we next determined whether the polyubiquitin chain on
S100A10K47 was Ké63- or K48-linked. Replacement of only the
lysine in ubiquitin position 48 with arginine (R) prevented the ubiqui-
tylation of WT S100A10, whereas replacement of the lysine at posi-
tion 63 with arginine did not affect ubiquitylation (Figure 3E and F).
Furthermore, no ubiquitylation was observed in the K47E mutant
S100A10 (mimicking the succinyl lysine modification) in transfected
HEK293T or MGC-803 cells (Figure 3E and F). Collectively, these
results indicate that K47 succinylation of S100A10 inhibits its ubiqg-
uitylation-mediated proteasomal degradation.

3.4 | SIRT5 decreases S100A10 succinylation

Lysine succinylation is commonly regulated by the deacylase
SIRT5.173% Therefore, we determined the expression of SIRTS5 in GC
tissues. Intriguingly, SIRT5 protein levels were significantly reduced
in GC tissues compared to those in the adjacent normal tissues (Fig-
ure 4A), indicating that the SIRT5 desuccinylase may be involved in
S100A10K47 desuccinylation. Therefore, we examined the role of

Flag e som—" S——.

-

FLAG or HA antibody. After incubation
with wild-type or mutant SIRT5 in vitro,
the succinylation level of S100A10 protein
was determined by Western blot analysis

SIRT5 overexpression or knockdown in K47,,..-S100A10 expression.
The overexpression of SIRT5 dramatically reduced K47,,..-S100A10
levels (Figure 4B). To deplete human SIRT5 levels, three shRNA
sequences were generated, and shSIRT5-1# and 2# were shown to
be more potent (Figure 4C). Consequently, knockdown of SIRT5 with
these two shRNAs significantly increased the succinylation level of
S100A10 at K47 (Figure 4D). Moreover, the interaction between
endogenous SIRT5 and S100A10 in MGC-803 cells was demon-
strated by co-IP followed by western blotting (Figure 4E). Further-
more, we found that WT SIRT5, but not a catalytic inactive mutant
SIRT5 (H158Y) mutant, could reduce the succinylation level of
FLAG-S100A10 in vitro (Figure 4F). Taken together, our data demon-
strate that S100A10 is succinylated at K47 and is regulated by the
SIRT5 desuccinylase.

3.5 | CPT1A binds to and succinylates S100A10 at
K47

Since the histone acetyltransferase KAT2A can succinylate nuclear his-
tone H3,%° we determined whether KAT2A binds to and succinylates
S100A10. However, KAT2A did not interact with or succinylate
S100A10 (Figure 5A and C) or K47R mutant (Figure 5B and D). CPT1A

has also been shown to have lysine succinyltransferase activities.?’
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FIGURE 5 CPT1A, not KAT2A, binds to and succinylates SI00A10 at K47. A and B, KAT2A did not bind to S100A10. HEK293T cells
were transfected with KAT2A and S100A10 (A) or S100A10 K47R mutant (B). The binding of S100A10 or its mutant to KAT2A was
examined by co-IP and western blot. C and D, Overexpression of WT KAT2A in MGC-803 cells did not increase the succinylation of
S100A10 (C) or S1I00A10 K47R mutant (D). E-H, CPT1A binds to S100A10. HEK293T cells were transfected with CPT1A and S100A10 (E)
or S100A10 K47R mutant (F). The binding of S100A10 or its mutant to CPT1A was determined by co-IP and western blot. In addition, the
interaction between endogenous CPT1A and S100A10 in MGC-803 (G) or AGS cells (H) was determined by co-IP followed by western
blotting. | and J, Overexpression of CPT1A in HEK293T cells increased the succinylation of S100A10 (I), not K47R mutant (J). K, CPT1A
knockdown efficiency was determined by western blotting in MGC-803 cells. L, Knockdown of CPT1A decreased the succinylation of
S100A10 in FLAG-S100A10-transfected MGC-803 cells. M, Western blot analysis of CPT1A protein expression in various GC cell lines. N,

Western blot analysis of CPT1A expression in GC (T) and adjacent non-cancerous tissues (N). Data are presented as mean + SEM;
*P < 0.05
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Intriguingly, co-IP assay indicated that exogenous CPT1A could bind
to S100A10 or K47R mutant in HEK293T cells (Figure 5E and F). Fur-
thermore, the interaction between endogenous CPT1A and S100A10
in MGC-803 (Figure 5G) and AGS cells (Figure 5H) was demonstrated
by co-IP followed by western blotting. Moreover, overexpression of
CPT1A increased the K47 succinylation of S100A10 (Figure 5I), not
K47R mutant (Figure 5J). Accordingly, knockdown of CPT1A
decreased the succinylation of S100A10 in FLAG-S100A10-trans-
fected MGC-803 cells (Figure 5L). We further examined CPT1A levels
in human GC. Notably, CPT1A expression in human GC cells was sig-
nificantly higher than that in GES-1 cells (Figure 5M). Accordingly, GC
tissues exhibited a significant increase in the expression of CPT1A

compared with that in normal tissues (Figure 5N).

3.6 | K47 succinylation enhances the function of
S100A10 in supporting metastasis

S100A10 is essential for cancer cell invasion and migration. There-
fore, we investigated the effect of SI00A10K47 succinylation on GC
cell progression. WT, K47R or K47E mutant S100A10 was overex-
pressed in MGC-803 or AGS cells (Figure 6A and B). As determined
by wound-healing assays, the S100A10K47R or K47E mutation
increased MGC-803 cell migration compared with that observed
with WT S100A10 (Figure 6C). Similarly, the invasion of AGS cells
was promoted by the S100A10 K47R or K47E mutation according
to Transwell assays (Figure 6D), with an increased number of cancer
cells passing through the Transwell membrane filter in the K47R or
K47E S100A10 group (Figure 6D).

To address the biological significance of K47 succinylation in vivo,
we performed mouse melanoma lung metastasis experiments using
stable B16F10 cell lines overexpressing WT, K47R or K47E mutant
S100A10 (Figure 6E). The expression of CPT1A protein and the level
of S100A10 succinylation were much lower in B16F10 cells when
compared to those in AGS and MGC-803 cells (Figure S2). Our data
show that K47R or K47E mutant S100A10-overexpressing B16F10
cells caused more lung metastasis than WT S100A10-overexpressing
cells (Figure 6F-H). Taken together, these data indicate that ST00A10

K47 succinylation promotes tumour cell invasion and metastasis.

4 | DISCUSSION

The S100 family of calcium-binding cytosolic proteins, comprising 25
known members,®435 has been postulated to regulate various cellular
processes, including channel dynamics, cytoskeletal assembly, cal-
cium balance, cell apoptosis, migration, proliferation, differentiation,
inflammation and energy metabolism.?%24-%? Among these, S100A10
is widely expressed in numerous different types of human cancer,
including lung adenocarcinoma, ovarian cancer and colorectal can-
cer.” 114041 |y this study, we further demonstrated that S100A10 is
overexpressed in human GC tissues. As a plasminogen receptor,
S100A10 is thought to play an important role in tumour invasive-

ness, angiogenesis, and tumour metastasis.*>** Consistent with this,

we found strong S100A10 expression in metastatic lymph nodes of
GC patients, suggesting that SI00A10 may promote GC metastasis.
However, the exact molecular mechanism regulating S100A10
expression in GC remains unknown. Its widespread up-regulation in
cancer is in part due to transcriptional activation.!? Alone, the
S100A10 protein is unstable, and its association with annexin A2
protects S100A10 from ubiquitin-dependent proteolysis.3! This also
suggests that the regulation of S100A10 at the protein level may be
more common than its regulation at the gene level.

Ubiquitylation plays a crucial role in S100A10 degradation, and its
binding partner, annexin A2, regulates its polyubiquitination and degrada-
tion.31*> In fact, mass spectrometry data from other studies have indi-
cated that K47 of S100A10 is able to be ubiquitylated.***” Our current
results show that S100A10 is succinylated at K47, and this modification
is more prevalent in GC tissues than in normal tissues. Succinylation, a
conserved type of lysine PTM, was recently identified in many eukaryotic
organisms and found to be widespread among mitochondrial, cytosolic,
and nuclear proteins.2®3® Like phosphorylation, succinylation of lysine
residues also changes the charge status from +1 to —1 under physiologi-
cal conditions, whereas lysine acetylation changes the charge on lysine
from +1 to O. In addition, succinylation adds a four-carbon acyl group to
lysine, while acetylation adds two carbons.’ Taking into account the
effect of protein phosphorylation and acetylation on cell function,?®??
lysine succinylation, overlapping extensively with acetylation,?” could also
exert an influence on the functions of proteins and cells. Here, we found
that ST00A10 undergoes a high degree of succinylation in GC. Moreover,
the K47E mutation (mimicking the succinyl lysine modification) appears
to interfere with the ubiquitylation of SI00A10. Our data also demon-
strated that K48 but not K63 polyubiquitin chains link to S100A10.
Therefore, we postulate that K47 succinylation stabilizes SI00A10 by
inhibiting its ubiquitylation and subsequent proteasomal degradation,
which enhances plasminogen activation and promotes tumour cell inva-
sion and migration.

We next sought to determine the specific molecular mechanism
by which S100A10 succinylation is regulated. First, we investigated
which desuccinylases could act on S100A10. The deacylase SIRTS5 is
known to exert desuccinylation activity.!”*® Here, we demonstrated
that overexpression of SIRT5 attenuated the K47 succinylation of
S100A10, while knockdown of SIRT5 enhanced its succinylation.
Moreover, Endogenous SIRT5 bound to S100A10 protein in GC
cells. Notably, WT SIRT5, not a catalytic inactive mutant SIRT5
(H158Y) reduced the succinylation level of S100A10 in vitro. Sec-
ond, we sought to determine which succinyltransferases could regu-
late S100A10. The number of known succinyltransferases is
extremely limited. Recently, however, the acetyltransferases KAT2A
and CPT1A were shown to exert succinylation activity.??>° Intrigu-
ingly, our data showed that CPT1A was highly expressed in human
GC tissues and cells. Notably, we demonstrated that CPT1A rather
than KAT2A bound to S100A10 and increased its K47 succinylation.
Consequently, our study reveals a novel mechanism of the regulation
of S100A10 ubiquitin-dependent degradation via succinylation and
provides new mechanistic insight into the upregulation of SI00A10
in GC. Moreover, the fact that the stabilization of S100A10 with the
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K47E mutation significantly promoted cancer cell invasion in vitro
and in vivo indicates the crucial role of S100A10 succinylation. It
also suggests that the inhibition of S1I00A10 succinylation may rep-
resent a potential target for GC therapy.

In summary, our study demonstrated that S100A10 is significantly
up-regulated in human GC. This up-regulation is enhanced by K47 suc-
cinylation, which reduces its ubiquitylation and subsequent proteaso-
mal degradation. Moreover, we found that S100A10 succinylation was
regulated by the desuccinylase SIRT5. Notably, CPT1A functions as a
succinyltransferase by binding to SI00A10 and promoting its succiny-
lation, which enhances cancer metastasis and invasion. Our results
may expedite the recognition of K47-succinylated S100A10 as a novel

biomarker and therapeutic target for GC.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Founda-
tion of China (grant numbers 81471543, 81671543), the lJiangsu
Provincial Distinguished Medical Experts Program Foundation (to
QY), the Jiangsu Provincial Innovation Team Program Foundation (to
QY), the Jiangsu Provincial Six Talent Peaks Program Foundation
(grant number 2015-WSW-010), the Jiangsu Provincial 333 High
Level Talents Program Foundation (grant number CRA2016525), and
the Research Subject of Jiangsu Provincial Commission of Health
and Family Planning (grant number H201612).

CONFLICT OF INTEREST

The authors declare that they have no competing interests.

AUTHOR CONTRIBUTION

CW, CZ, XL, HW and QY designed the experiments; CW, CZ and XL
performed the research; CW, CZ, XL, JS, YX, HS, XM, JP, TZ, ML,
BG and CX analysed the data; CW and QY wrote the manuscript.

ORCID
Qiang You http://orcid.org/0000-0003-3308-4127
REFERENCES

1. Torre LA, Bray F, Siegel RL, et al. Global cancer statistics, 2012. CA
Cancer J Clin. 2015;65:87-108.

2. Chen W, Zheng R, Baade PD, et al. Cancer statistics in China, 2015.
CA Cancer J Clin. 2016;66:115-132.

3. Van Cutsem E, Sagaert X, Topal B, et al. Gastric cancer. Lancet.
2016;388:2654-2664.

4. Chen H, Xu C, Jin Q, et al. S100 protein family in human cancer. Am
J Cancer Res. 2014;4:89-115.

5. Marenholz |, Lovering RC, Heizmann CW. An update of the S100
nomenclature. Biochim Biophys Acta. 2006;1763:1282-1283.

6. van de Graaf SFJ, Hoenderop JGJ, Gkika D, et al. Functional expres-
sion of the epithelial Ca?* channels (TRPV5 and TRPV6) requires

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

23.

24.

25.

26.

27.

28.

29.

association of the S100A10-annexin 2
2003;22:1478-1487.

complex. EMBO J.

. Rezvanpour A, Santamaria-Kisiel L, Shaw GS. The S100A10-annexin

A2 complex provides a novel asymmetric platform for membrane
repair. J Biol Chem. 2011;286:40174-40183.

. Madureira PA, O'Connell PA, Surette AP, et al. The biochemistry and

regulation of S100A10: a multifunctional plasminogen receptor
involved in oncogenesis. J Biomed Biotechnol. 2012;2012:353687.

. Lokman NA, Pyragius CE, Ruszkiewicz A, et al. Annexin A2 and

S100A10 are independent predictors of serous ovarian cancer out-
come. Transl Res. 2016;171:83-95 e1-2.

Myrvang HK, Guo X, Li C, et al. Protein interactions between surface
annexin A2 and S100A10 mediate adhesion of breast cancer cells to
microvascular endothelial cells. FEBS Lett. 2013;587:3210-3215.
Shang J, Zhang Z, Song W, et al. S100A10 as a novel biomarker in
colorectal cancer. Tumour Biol. 2013;34:3785-3790.

Domoto T, Miyama Y, Suzuki H, et al. Evaluation of S100A10,
annexin Il and B-FABP expression as markers for renal cell carci-
noma. Cancer Sci. 2007;98:77-82.

Kwon M, MaclLeod TJ, Zhang Y, et al. S100A10, annexin A2, and
annexin a2 heterotetramer as candidate plasminogen receptors.
Front Biosci. 2005;10:300-325.

El-Rifai W, Moskaluk CA, Abdrabbo MK, et al. Gastric cancers overex-
press S100A calcium-binding proteins. Cancer Res. 2002;62:6823-6826.
Mann M, Jensen ON. Proteomic analysis of post-translational modifi-
cations. Nat Biotechnol. 2003;21:255-261.

Es W, Wm O, Ka R, et al. Mapping protein post-translational modifi-
cations with mass spectrometry. Natutre Methods. 2007;4:798-806.
Du J, Zhou Y, Su X, et al. Sirt5 is a NAD-dependent protein lysine
demalonylase and desuccinylase. Science. 2011;334:806-809.

Tan M, Luo H, Lee S, et al. Identification of 67 histone marks and
histone lysine crotonylation as a new type of histone modific. Cell.
2011;146(6):1016-1028.

Zhang Z, Tan M, Xie Z, et al. Identification of lysine succinylation as
a new post-translational modification. Nat Chem Biol. 2011;7:58-63.
Chen Y, Sprung R, Tang Y, et al. Lysine propionylation and butyryla-
tion are novel post-translational modifications in histones. Mol Cell
Proteomics. 2007;6:812-819.

Donato R. S100: a multigenic family of calcium-modulated proteins
of the EF-hand type with intracellular and extracellular functional
roles. Int J Biochem Cell Biol. 2001;33:637-668.

. Jiang H, Khan S, Wang Y, et al. SIRTé6 regulates TNF-alpha secretion

through hydrolysis of Nature.
2013;496:110-113.

Tan M, Peng C, Anderson KA, et al. Lysine glutarylation is a protein
posttranslational modification regulated by SIRT5. Cell Metab.
2014;19:605-617.

Zhu AY, Zhou Y, Khan S, et al. Plasmodium falciparum Sir2A prefer-
entially hydrolyzes medium and long chain fatty acyl lysine. ACS
Chem Biol. 2012;7:155-159.

Mu X, Zhao T, Xu C, et al. Oncometabolite succinate promotes
angiogenesis by upregulating VEGF expression through GPR91-
mediated STAT3 and ERK activation. Oncotarget. 2017;8:13174-
13185.

Zhao T, Mu X, You Q. Succinate: an initiator in tumorigenesis and
progression. Oncotarget. 2017;8:53819-53828.

Weinert BT, Scholz C, Wagner SA, et al. Lysine succinylation is a fre-
quently occurring modification in prokaryotes and eukaryotes and
extensively overlaps with acetylation. Cell Rep. 2013;4:842-851.
Sadhukhan S, Liu X, Ryu D, et al. Metabolomics-assisted proteomics
identifies succinylation and SIRT5 as important regulators of cardiac
function. Proc Natl Acad Sci USA. 2016;113:4320-4325.

Kurmi K, Hitosugi S, Wiese EK, et al. Carnitine palmitoyltransferase
1A has a lysine succinyltransferase activity. Cell Rep. 2018;22:1365-
1373.

long-chain fatty acyl lysine.


http://orcid.org/0000-0003-3308-4127
http://orcid.org/0000-0003-3308-4127
http://orcid.org/0000-0003-3308-4127

WANG ET AL

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wang Y, Guo YR, Liu K, et al. KAT2A coupled with the alpha-KGDH
complex acts as a histone H3 succinyltransferase. Nature.
2017;552:273-277.

He KL, Deora AB, Xiong H, et al. Endothelial cell annexin A2 regu-
lates polyubiquitination and degradation of its binding partner
S100A10/p11. J Biol Chem. 2008;283:19192-19200.

Kulathu Y, Komander D. Atypical ubiquitylation - the unexplored
world of polyubiquitin beyond Lys48 and Lysé3 linkages. Nat Rev
Mol Cell Biol. 2012;13:508-523.

Park J, Chen Y, Tishkoff DX, et al. SIRT5-mediated lysine desuccinyla-
tion impacts diverse metabolic pathways. Mol Cell. 2013;50:919-930.
Potts BC, Smith J, Akke M, et al. The structure of calcyclin reveals a
novel homodimeric fold for S100 Ca(2+)-binding proteins. Nat Struct
Biol. 1995;2:790-796.

Wang T, Huo X, Chong Z, et al. A review of S100 protein family in
lung cancer. Clin Chim Acta. 2018;476:54-59.

Marenholz I, Heizmann CW, Fritz G. S100 proteins in mouse and man:
from evolution to function and pathology (including an update of the
nomenclature). Biochem Biophys Res Commun. 2004;322:1111-1122.
Leclerc E, Fritz G, Vetter SW, et al. Binding of S100 proteins to
RAGE: an update. Biochim Biophys Acta. 2009;1793:993-1007.

Gross SR, Sin CG, Barraclough R, et al. Joining S100 proteins and
migration: for better or for worse, in sickness and in health. Cell Mol
Life Sci. 2014;71:1551-1579.

Xia C, Braunstein Z, Toomey AC, et al. S100 proteins as an impor-
tant regulator of macrophage inflammation. Front Immunol.
2017;8:1908.

Katono K, Sato Y, Jiang SX, et al. Clinicopathological significance of
S100A10 expression in lung adenocarcinomas. Asian Pac J Cancer
Prev. 2016;17:289-294.

Suzuki S, Tanigawara Y. Forced expression of S100A10 reduces sen-
sitivity to oxaliplatin in colorectal cancer cells. Proteome Sci.
2014;12:26.

MacLeod TJ, Kwon M, Filipenko NR, et al. Phospholipid-associated
annexin ~ A2-S100A10  heterotetramer and its  subunits:

43.

44,

45.

46.

47.

WILEY—-2

characterization of the interaction with tissue plasminogen activator,
plasminogen, and plasmin. J Biol Chem. 2003;278:25577-25584.
Zhang L, Fogg DK, Waisman DM. RNA interference-mediated silenc-
ing of the S100A10 gene attenuates plasmin generation and inva-
siveness of Colo 222 colorectal cancer cells. J Biol Chem.
2004;279:2053-2062.

Choi KS, Fogg DK, Yoon CS, et al. p11 regulates extracellular plas-
min production and invasiveness of HT1080 fibrosarcoma cells.
FASEB J. 2003;17:235-246.

Yang X, Popescu NC, Zimonjic DB. DLC1 interaction with SI00A10
mediates inhibition of in vitro cell invasion and tumorigenicity of
lung cancer cells through a RhoGAP-independent mechanism. Cancer
Res. 2011;71:2916-2925.

Kim W, Bennett EJ, Huttlin EL, et al. Systematic and quantitative
assessment of the ubiquitin-modified proteome. Mol Cell.
2011;44:325-340.

Povisen LK, Beli P, Wagner SA, et al. Systems-wide analysis of ubig-
uitylation dynamics reveals a key role for PAF15 ubiquitylation in
DNA-damage bypass. Nat Cell Biol. 2012;14:1089-1098.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Wang C, Zhang C, Li X, et al.
CPT1A-mediated succinylation of SI00A10 increases human
gastric cancer invasion. J Cell Mol Med. 2019;23:293-305.
https://doi.org/10.1111/jcmm.13920



https://doi.org/10.1111/jcmm.13920

