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KEYWORDS Abstract Prostate cancer (PCa) is the most commonly diagnosed genital cancer in men worldwide.
Sirtuin 5; Around 80% of the patients who developed advanced PCa suffered from bone metastasis, with a
Lactate dehydrogenase A; sharp drop in the survival rate. Despite great efforts, the detailed mechanisms underlying
Lysine succinylation; castration-resistant PCa (CRPC) remain unclear. Sirtuin 5 (SIRT5), an NAD * -dependent desuc-
PCa progression cinylase, is hypothesized to be a key regulator of various cancers. However, compared to other

SIRTs, the role of SIRTS in cancer has not been extensively studied. Here, we revealed significantly
decreased SIRTS levels in aggressive PCa cells relative to the PCa stages. The correlation between
the decrease in the SIRTS level and the patient’s reduced survival rate was also confirmed. Using
quantitative global succinylome analysis, we characterized a significant increase in the succinylation
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at lysine 118 (K118su) of lactate dehydrogenase A (LDHA), which plays a role in increasing LDH
activity. As a substrate of SIRTS, LDHA-K118su significantly increased the migration and invasion
of PCa cells and LDH activity in PCa patients. This study reveals the reduction of SIRTS5 protein
expression and LDHA-K118su as a novel mechanism involved in PCa progression, which could
serve as a new target to prevent CPRC progression for PCa treatment.

Introduction

Prostate cancer (PCa) is the most common genital cancer in
men, with about 248,530 new cases of PCa in 2021, as esti-
mated by the American Cancer Society [1]. PCa was initially
considered a cancer of elderly men, but PCa incidence in
patients below age 55 is currently increasing by more than
10% in the United States [2]. Although the 5-year survival rate
of localized PCa is > 99%, the outlook is relatively poor once
PCa advances [3,4]. Half of the men with castration-resistant
PCa (CRPC) developed bone metastasis within two years of
CRPC diagnosis [5]. PCa can spread to a variety of tissues,
especially the lymph nodes and bone [6]. A previous study
has shown that PCa first metastasized to the bone and then
to other organs [7]. The progression from the bone to other
metastatic sites is associated with decreased survival in CRPC.

A diversity of covalent post-translational modifications
(PTMs) are implicated in various biological mechanisms dur-
ing cancer progression [8]. Lysine residues have various types
of acylation, such as acetylation, succinylation, malonylation,
and glutarylation. These acylations are regulated by silent
information regulator 2-like protein (sirtuin; SIRT) which
removes the modified acyl groups from proteins as deacylase.
SIRTs are highly conserved proteins with NAD *-dependent
deacylase activity and are classified as class III histone deacety-
lases [9,10]. There are seven SIRTs (SIRT1-SIRT7) in mam-
mals, all of which show diverse subcellular localizations and
distinct functions [11]. Numerous studies have revealed that
SIRTs play critical roles in cancer progression and metastasis
by regulating angiogenesis, inflammation, and epithelial-to-
mesenchymal transition (EMT) [12-14].

In this study, we tried to explore the regulatory mechanisms
involved in PCa secondary metastasis from bone to other
organs using two PCa cell lines, PC-3 and PC-3M [15]. The
PC-3 cell line is commonly used to study PCa as the leading
cause of death in PCa patients is bone metastasis [0,16]. The
PC-3M cell line, which is a highly metastatic subline of PC-3
isolated from a PC-3-induced mouse tumor and shows
increased migration compared to PC-3 cells, is used as a posi-
tive control [15].

We examined SIRT expression in these two PCa cell lines
and found that SIRTS expression was significantly decreased
with PCa progression. SIRTS is known as the deacylase of sev-
eral acylations but plays the most important role in desucciny-
lation [11,17]. Various roles of lysine succinylation (Ksu) in
individual proteins have been reported, particularly in relation
to cancer progression and metastasis [18-20]. For example,
S100A10 was found to be succinylated at lysine 47 in gastric
cancer. SIRTS regulates desuccinylation, and the levels of suc-
cinylated S100A 10 were increased in human gastric cancer [21].
Thus, in this study, we identified the specific protein substrate
of SIRTS. Based on a comparative global succinylome study in
PC-3 and PC-3M cell lines, we proposed the role of Ksu of the

identified protein substrate in increasing the metastatic poten-
tial of PCa.

Results

SIRTS expression is significantly down-regulated in advanced
PCa

To identify the specific SIRT isoform related to PCa progres-
sion, we examined the expression level of SIRT family proteins
(SIRTI through SIRT7, except SIRT4) in four representative
PCa cell lines, including androgen-dependent LNCaP and
LNCaP-LN3 cells and androgen-independent PC-3 and
PC-3M cells (Figure 1A). Protein expression of SIRTI and
SIRT7 was up-regulated in PC-3M cells, which is consistent
with previous studies [22,23]. Meanwhile, protein expression
of SIRTS decreased with PCa progression from LNCaP to
PC-3M cells. Protein expression of SIRTS5 was decreased in
the progressed cells (LNCaP-LN3) compared to LNCaP cells
and was dramtically down-regulated in PC-3M cells, which
are more progressive than PC-3 cells. Given PC-3M cells exhi-
bit enhanced metastasis compared to PC-3 cells, decreased
SIRTS expression in PC-3M cells may be associated with
metastasis [15]. SIRTS is a cytosol localized protein, primarily
present in the mitochondria [11]. In the present study, we con-
firmed SIRTS distribution by confocal imaging and
immunoblotting analyses after subcellular fractionation (Fig-
ure S1A and B). Protein expression of SIRTS was markedly
down-regulated in the cytosol and mitochondria of PC-3M
cells compared to PC-3 cells. No significant difference in Sirt5
mRNA expression was detected between these two cell lines
(Figure S1C). As PC-3M is a cell line isolated from PC-3, there
is no genetic difference regarding SIRTS expression. It can be
assumed that the difference in the protein expression of SIRTS
might be caused by factors other than gene expression. In con-
trast to the decrease in the protein expression of SIRTS, pro-
tein expression of SIRT2 was increased in aggressive cancer
cells (Figure 1A). Our findings in the aggressive PCa cell line
are in good accordance with previous reports that SIRT2 pro-
motes migration and invasion in various cancers [24,25].

SIRTS significantly reduces cell migration and invasion in PCa

To test the role of SIRTS in PCa cells, we investigated whether
SIRTS affects the migration and invasion of PCa cells. Migra-
tion assays were performed after the cells were treated with a
selective peptide inhibitor of SIRTS, to determine whether
SIRTS regulates the migratory ability of PCa cells [26,27] (Fig-
ure 1B; Figure S1D). The results showed that migration ability
of PCa cells was increased when SIRTS activity of PCa cells
was inhibited. Next, the clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein-9
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Figure 1  Characterization of SIRTS in PCa

A. The protein expression level of SIRTS was significantly decreased in PC-3M compared to PC-3 cells. Levels of six SIRT members were
analyzed by Western blotting with indicated antibodies in PCa cell lines. GAPDH served as a loading control. B. SIRTS regulates cell
migration. Cell migration was evaluated by a wound-healing assay in PC-3 cells after treatment with an SIRTS inhibitor (HY-112634) and
in PC-3 SIRT5-KO and PC-3M cells (n = 3). C. SIRTS knockout (KO) promoted cell invasion. Cells that invaded through matrigel were
stained with crystal violet (n = 3). Representative images depict invaded cells (40x). Scale bars, 25 pm. D. The global Ksu levels increased
in the PC-3M cells. Levels of Ksu were analyzed using Western blotting with anti-pan-Ksu antibody in whole lysate-derived PCa cells. E.
SIRTS protein expression was significantly ‘decreased depending on the stage of PCa. In contrast, Ksu level was significantly increased
depending on the stage of PCa. The correlation between SIRTS levels and Ksu levels in PCa tissues was determined in the scatter plot.
Levels of SIRTS protein and Ksu were confirmed based on sandwich ELISA in BPH, T2, and T3 stage PCa tissues with indicated
antibodies. Data are presented as mean + SE. Statistical analysis was performed using one-way analysis of variance and presented as
follows: ** P < 0.01; *** P < 0.001 vs. BPH; #, P < 0.01 vs. T2. See also Figures SI and S2. PCa, prostate cancer; SIRT, sirtuin; Ksu,
lysine succinylation; BPH, benign prostatic hyperplasia; OD, optical density.
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(Cas9) endonuclease genome editing system was used to knock
out the SIRTS gene in PC-3 cells (termed PC-3 SIRT5-KO).
Western blotting analysis showed that SIRTS levels were
markedly decreased, but no changes in the levels of other SIRT
proteins were observed in PC-3 SIRT5-KO cells (Figure S1E),
indicating the specificity of SIRTS knockout. To evaluate
whether SIRTS affects cellular growth rate, we used the cell
counting kit-8 (CCK-8) assay [22,23] to compare proliferation
of normal (PC-3), control (vehicle), PC-3 SIRT5-KO, and
PC-3M (positive control) cells (Figure S1F). We found that
SIRT5-KO cells proliferated significantly faster than normal
PC-3 cells (P < 0.001) indicating that SIRTS can regulate
the proliferation of PC-3 cells. Next, a migration assay
[23,28] was performed in the aforementioned cells to assess
the effect of SIRTS on their migratory ability. Interestingly,
SIRTS5-KO cells migrated significantly faster than PC-3 cells
as measured by TScratch software (P < 0.001), and increased
in migration was also observed in PC-3 cells treated with
SIRTS inhibitors (Figure 1B; Figure S1D), suggesting that
SIRTS regulates the migration of PCa cells. Furthermore,
invasion assays [29] were performed to evaluate the invasive-
ness of PCa cells upon SIRT5-KO (Figure 1C). The results
demonstrated an increased invasion of PC-3 SIRT5-KO cells
through the matrigel to the bottom membrane. These two cell
lines were eluted with methanol with absorbence measured at
570 nm [29]. Invasion assay data for PC-3 and PC-3
SIRT5-KO cells demonstrated that SIRTS depletion in PC-3
cells is associated with increased invasiveness. Taken together,
these results indicate that SIRTS is an important factor in
increasing cell migration related to PCa progression.

Decreased SIRTS is associated with PCa progression

In Figure 1A, protein level of SIRTS, a representative desuc-
cinylase, was decreased in PC-3M cells. Consequently, an
increase in the Ksu level was observed in these cells as well
(Figure 1D). The increase in Ksu level in PC-3M cells (com-
pared to other cells) is more obvious than that of other acyla-
tions, including K-acetylation, K-b-hydroxybutylation, K-
malonylation, and K-glutarylation in (Figure S1G). Further-
more, low levels of SIRTS were significantly correlated with
T grade increase (T2 to T3) (P = 0.03) but less strongly asso-
ciated with age, weight, body mass index, and Gleason score
(Table S1). To verify the correlation between SIRTS expres-
sion level and PCa progression, an enzyme-linked immunosor-
bent assay (ELISA) was carried out to assess the levels of
SIRTS and Ksu in PCa tissues [benign prostatic hyperplasia
(BPH) as control, T2 and T3 stages; Figure 1E]. We found that
SIRTS levels were significantly decreased in more advanced
PCa tissues (P < 0.05), which is consistent with the downreg-
ulation of SIRTS in PC-3M cells. In contrast to the decreased
SIRTS level in PCa tissues, the Ksu level in tissue samples from
patients with T3 tumor stage was significantly increased com-
pared to those from patients with T2 tumor stage (P < 0.01),
as a result of the reduced desuccinylation activity. Moreover,
the SIRTS protein level was negatively correlated with the
Ksu levels in tissue samples from patients (Figure 1E). Patients
with a lower SIRTS level appeared to have a worse overall sur-
vival (Figure S2). The difference were not significant, possibly
due to the lack of sufficient observation time and number of
patients, considering the long progression of PCa.

Succinylated proteins are identified by a global succinylome
analysis

Based on the aforementioned results, it is hypothesized that
the decrease in SIRTS level could promote PCa progression.
To identify the substrate of SIRTS5 associated with aggressive
PCa, a global protein succinylation assay was performed in
PCa cell lines using stable isotope labeling by amino acids in
cell culture (SILAC)-based quantitative proteomics and global
immunoprecipitation (IP) enrichment [30] (Figure 2A). PC-3
and PC-3M cells were labeled with light (KORO) and heavy
(K8R10) SILAC medium, respectively. Biological replicates
of two different samples were also prepared to minimize the
impact of biological variation. The Pearson correlation coeffi-
cients of heavy/light labeling ratio between the replicates were
0.89 and 0.71 for proteins and Ksu peptides, respectively (Fig-
ure S3A). Ksu analysis showed that 81 of 169 (47.9%) Ksu
proteins were overlapping, and 167 of the 488 (37.3%) Ksu
sites were duplicated (Table S2).

We quantified 2958 proteins and in total 194 (6.5%) of
them were differentially expressed proteins (DEPs), which
include 36 (1.2%) up-regulated and 158 (5.3%) down-
regulated proteins in PC-3M cells compared to PC-3 cells (Fig-
ure 2B; Table S2). Based on the succinylome data, 448 Ksu
sites on 169 proteins were identified, and 406 of these Ksu sites
in 136 proteins were quantified and normalized to protein
levels (Table S3). Interestingly, 144 of 145 differentially
expressed sites of Ksu were found to be increased in PC-3M
cells compared to PC-3 cells. This accounted for 35.5% of
the total quantified Ksu sites and 47.1% of the quantified
Ksu proteins (Figure 2B). The difference between these two
cell lines at the protein level is marginal as only 6.5% of the
proteins quantified are DEPs, whereas the difference between
these two cell lines at the Ksu level is remarkable, as 41.6%
succinylated proteins were DEPs. Therefore, it is suggested
that protein succinylation may be a more important factor
for the aggressiveness of PCa cells. Gene Ontology (GO)
enrichment analysis was conducted using DAVID [31] to com-
pare the biological properties of total proteins containing Ksu
(Ksu protein) and up-regulated Ksu proteins (Figure S3B).
DAVID analysis indicated that different categories were
enriched between identified total Ksu proteins and up-
regulated Ksu proteins in the GO biological process (GOBP),
GO cell component (GOCC), and GO molecular function
(GOMF). Furthermore, GOCC analysis showed that the sub-
cellular distribution of total Ksu proteins and that of the up-
regulated Ksu proteins was different (Figure 2C). Intriguingly,
total Ksu proteins appeared to be more abundant in the mito-
chondria (42.9%) than in the cytoplasm or nucleus. In con-
trast, Ksu proteins up-regulated in PC-3M cells were more
dominant in the cytoplasm (46.3%). These data suggest that
the substrate of SIRTS that affects PCa progression is likely
a cytosol protein.

According to the aforementioned succinylome analysis in
advanced PCa, Ksu proteins up-regulated in PC-3M cells were
dominated by extracellular and cytoplasmic proteins but not
mitochondrial proteins (Figure 2C). Therefore, among the
extracellular exosome and extracellular matrix proteins in the
GOCC category, 67 up-regulated Ksu sites on 26 proteins,
excluding mitochondrial, mitochondrial matrix, and mito-
chondrial inner membrane proteins, were selected. Further-
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A. Change in Ksu between PC-3 and PC-3M cells was identified by the global lysine succinylome technique. PC-3 and PC-3M cells were
labeled with light or heavy amino acids in SILAC media, respectively. The peptide mixtures were enriched by IP using anti-succinyl-lysine
antibody-conjugated agarose beads (n = 2). The succinyl-lysine proteins were identified and quantified by high-resolution tandem MS
(MS/MS) analysis and peak alignment. B. The level of succinylation is changed more than that of proteins. Only 6.5% of the total proteins
was DEPs, but 41.7% of succinylated proteins was DEPs. C. The succinylation level of the cytoplasm and extracellular components is
hiher than those of mitochondrial compontents. All Ksu and up-regulated Ksu proteins in PC-3M cells were visualized by functional
enrichment of the GOCC category. See also Figure S3 and Tables S2-S4. IP, immunoprecipitation; DEP, differentially expressed protein;
GOCC, gene ontology cell component.
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more, 36 increased Ksu sites in 15 cytoplasmic proteins were
selected based on subcellular localization (Figure S3C).
Finally, 33 up-regulated Ksu sites on 12 proteins, characteris-
tically extracellular or cytoplasmic while excluding the mito-
chondrion, were selected as candidate substrates for
aggressive PCa (Figure S3D; Table S4). Of the 12 proteins, lac-
tate dehydrogenase A (LDHA) was selected because four of
the seven sites capable of succinylation were indeed succiny-
lated, and LDHA is known as a key player related to carcino-
genesis according to previous studies [32,33].

LDHA-K118 succinylation increases LDH activity

The high migration and invasion of PC-3M cells may be
related to succinylation of LDHA as a substrate of SIRTS.
LDHA activity was significantly increased in SIRT5-KO and
PC-3M cells compared to PC-3 cells (P < 0.05) (Figure 3A).
However, there was no change in LDHA expression in the four
cell groups examined (Figure S4A). LDHA expression in wild-
type (WT) and SIRT5-KO PC-3 cells was not changed, but
succinylation was increased in SIRT5-KO cells (Figure S4B).
Moreover, The level of lysine acetylation (Kac), which pro-
motes LDHA degradation, was reduced in SIRT5-KO cells
(Figure S4B) [24]. LDHA activity was also increased in a
concentration-dependent manner, even when PC-3 cells were
treated with a SIRTS selective inhibitor (HY-112634) (Fig-
ure 3B). Likewise, there was no change in LDHA protein
expression in response to the treatment with SIRTS inhibitor,
but the succinylation level of LDHA was increased in the sim-
ilar pattern as its activity increased (Figure S4C). To verify
whether LDHA succinylation leads to an increased LDHA
activity, succinylation of LDHA was induced by treating
PC-3 cells with succinate. Succinate treatment in PC-3 cells
increased the succinylation of LDHA and also significantly
increased the activity of LDHA (P < 0.01) (Figure 3C, Fig-
ure S4D). Additionally, cell migration and proliferation were
increased by succinate treatment (Figure S5). Collectively the
increased succinylation in LDHA could promote LDHA activ-
ity, as well as cell migration and proliferation.

Next, we tried to identify the exact lysine residue where the
succinylation that regulates LDHA activity occurs. Seven suc-
cinylated sites in LDHA were identified through global suc-

cinylome studies in PC-3 and PC-3M cells at K5, K76, K81,
K118, K126, K232, and K243 (Figure 3D). The locations of
known acetylation and ubiquitylation in LDHA were marked
with succinylation [34,35]. In PC-3M cells, seven succinylated
sites of LDHA were detected, of which four sites including
K5, K76, K118, and K232 increased more than twice com-
pared to PC-3 cells. Each mz/mz spectrum was verified manu-
ally (Figure S6). Succinylation at K5 and K118 in LDHA was
reported in a previous study [11]. However, there lack quanti-
tative or functional studies of succinylation under disease
situations.

We specupate that the four Ksu sites of LDHA with
increased succinylation in PC-3M cells could be substrates
for SIRTS. To identify the specific sites that regulate LDHA
activity, each of the four succinylated sites was separately
mutated to glutamic acid (E), mimicking the physiological
properties of protein succinylation. Point mutations of K5E,
K76E, K118E, and K232E resulted in a significant induction
in LDHA succinylation (P < 0.05) (Figure 3E). Among the
four mutations, K118E mutated LDHA showed the highest
activity, indicating that LDHA activity can be increased by
succinylation of LDHA at K118. It was also confirmed that
invasion of cells overexpressing K118E-mutated LDHA was
increased (Figure 3F). In order to verify succinylation at
K118 of LDHA, succinyl-LDHA K118 antibody was newly
generated by immunizing rabbits with succinyl-K118 peptide
conjugated with a carrier protein. The selectivity of the gener-
ated antibody was confirmed by dot-blot assay and competi-
tive immunoblot using synthesized LDHA succinyl-K118
peptide (Figure S7).

LDHA-K118 succinylation is the key regulator in advanced PCa

As reported in previous studies, LDHA activity is regulated by
protein modification, such as acetylation at K5 or phosphory-
lation at Y10 [24,36]. K5 acetylation of LDHA is known to
decrease LDHA level by inducing lysosomal degradation of
LDHA in human pancreatic cancer [24]. Acetylation and suc-
cinylation of LDHA may play opposite roles in the regulation
of LDHA level in cancer. To evaluate the correlation between
acetylation and succinylation in LDHA, PC-3 cells were trea-
ted with acetate and succinate, respectively. When acetate was

>

Figure 3 LDHA desuccinylation by SIRTS is related to aggressive PCa

A. LDHA activity was increased in SIRTS5-depleted PCa in PC-3M, and PC-3 SIRTS-KO cells. LDHA activity was determined in PC-3
(Normal), Mock treated PC-3 (Mock), PC-3 SIRT5-KO (SIRTS5 KO), and PC-3M cells. B. SIRTS5 inhibition leaded to increased by
LDHA activity. LDHA activity was determined by the treatment with the SIRTS5 selective inhibitor (HY-112634) in PC-3 cells. C.
Inducing succinylation increased LDHA activity. Succinate was administered to PC-3 cells to increase the succinylation level, and LDHA
activity was determined. D. Detected succinylation sites (su) in LDHA. Among the detected sites, sites with succinylation levels increased
more than two times in PC-3M are marked with circles. The acetylation (ac) and ubiquitylation (ub) sites known in phosphostie.org are
indicated. E. LDHA with lysine (K) mutated to glutamic acid (E) at K118 residue increased LDHA activity. The four lysine residues K5,
K76, K118, and K232, with up-regulated succinylation in PC-3M, were mutated to E to mimic the negatively charged succinyl-lysine
modification. After PC-3 cells were transfected with LDHA-mutants using lipofectamine 3000, LDHA activities were determined.
GAPDH served as a loading control (n = 3). F. The mutation from K to E of LDHA at K118 promotes cell migration and invasion. Cell
migration and invasion of PC-3 cells expressed LDHA-K118E were analyzed by wound-healing and transwell invasion assays (n = 3).
Representative images depict invading cells (200 x). Cells that invaded through matrigel were stained with crystal violet. Bar, 25 mm. Data
are presented as mean + SE. Statistical analysis was performed using one-way analysis of variance and presented as follows: *, P < 0.05;
#* P < (.01 vs. mock; #, P < 0.05; " P < 0.01 vs. LDHA-WT. See also Figures S5 and S6. LDHA, lactate dehydrogenase A; WT, wild

type.
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added to induce LDHA acetylation, the protein level of
LDHA was reduced as reported in the previous study [24]
(Figure 4A). PC-3 cells treated with succinate showed increased
migration and proliferation, which are comparable to that of
PC-3M cells, whereas acetate treatment did not increase migra-
tion and proliferation of PC-3 cells, compared to the untreated
PC-3 cells (Figure S5). When cells were treated with succinate,
succinylation levels at the K118 residue was increased with
time (Figure 4A). Succinylation at LDHA-K118 tended to
decrease with increased SIRTS expression in several types of
PCa-related cell lines (Figure 4B).

To verify the possibile of interaction between SIRTS and
LDHA, Co-Immunoprecipitation (Co-IP) experiments were
performed in PC-3 cells using anti-SIRTS and anti-LDHA,
respectively. In the Co-IP experiment, when LDHA and
SIRTS antibodies were used, co-precipitation of SIRTS and
LDHA was demonstrated using immunoblot, respectively
(Figure 4C). Conversely, when SIRTS was immunoprecipi-
tated, LDHA was precipitated together. Based on these data,
we speculate that LDHA-K118 succinylation (LDHA-
K118su) is desuccinylated by SIRTS. In patient tissues, as
PCa progressed, LDHA activity increased significantly in tis-
sue samples from the T2 and T3 stages, compared to BPH
(P < 0.01) (Figure 4D), which was associated with SIRTS
reduction (Figures 1E). In Figure 1E, we showed that the levels
of total Ksu were increased along with PCa progression. In
line with this obsefrvation but more accurately, using the
LDHA K118su-specific antibody that we generated, we found
that the level of LDHA-K118su in PCa tissues was also signif-
icantly increased according to the stage of PCa progression
(P < 0.05) (Figure 4D). At advanced PCa stages, the decrease
in the level of SIRTS would result in an increase in he level of
succinylated LDHA, which is more active than intact LDHA.
We thus propose that succinylated LDHA promotes PCa
progression (Figure 4E).

Discussion

SIRTS is involved in cell metabolism, including glycolysis, tri-
carboxylic acid cycle, fatty acid oxidation, nitrogen metabo-
lism, pentose phosphate pathway, antioxidant defense, and
apoptosis [37]. Although SIRTS plays important regulatory
roles in tumor progression in the liver and gastric cancer, the
role of SIRTS in cancer has not been extensively studied com-

Figure 4 LDHA succinylation promotes PCa progression

pared to other SIRTs [38,39]. Recent studies have shown that
SIRTS is associated with cancer progression through the regu-
lation of succinylation of specific proteins involved in cancer
progression [21,40,41]. Here, SIRTS levels in PC-3M cells were
significantly lower than those in PC-3 cells as well as other
androgen-dependent PCa  cell lines (LNCaP and
LNCaP-LN3). SIRTS expression and overall survival ratio
showed a clear correlation, although not statistically signifi-
cant. SIRTS expression was significantly decreased as PCa
progressed to T2 and T3 stages, whereas K118su and LDHA
activity were increased. Therefore, we speculate that the
increased succinylation of LDHA resulting from the decreased
SIRTS protein expression regulates the aggression of PCa by
increasing LDHA activity.

To investigate the molecular mechanism of reduced SIRTS
protein expression in PC-3M cells, we measured gene expres-
sion of SIRT5 and no remarkable changes were detected
between PC-3 and PC-3M cells (Figure S1C). In addition,
Sirt5 expression was not affected by treatment with a protein
synthesis inhibitor (cycloheximide), while treatment with a
proteasomal inhibitor (MG132) or a lysosomal inhibitor
(chloroquine) did not alter SIRTS expression either (data not
shown). These results indicate that the decrease in SIRTS in
PC-3M cells is not regulated by transcriptional regulation or
protein stability. Recently, SIRTS was reported to be a down-
stream target of several microRNAs, including miR-299-3p,
miR-19b, and miR-3677-3p, which regulate the proliferation,
migration, and invasion of cancer cells [42-44]. However, fur-
ther studies are required to understand and determine the
microRNAs related to SIRTS decrease in PC-3M cells.

LDHA shows a high expression profile and activated status
in many cancers [32]. A number of previous studies have
shown a correlation between LDHA activity and tumor
growth and metastasis [33.45-48]. LDHA plays an important
role in metastasis and hepatocellular carcinoma cell growth
[45]. LDHA expression was up-regulated in breast cancer
and correlated with poor clinical outcomes of breast cancer
[46]. When LDHA expression was reduced by small interfering
RNA, the progression of lymphoma growth was inhibited [47].
Especially in PCa, high LDHA expression in PC-3 cells
induces a favorable tumor microenvironment for tumor
progression [48]. As a result, increased LDHA activity
promotes tumor progression.

The correlation between increased LDHA expression and
cancer progression suggests that LDH activity is an important

>

A. LDHA acetylation induces LDHA degradation. Succinate increased succinylation at the K118 residue of LDHA. The levels of LDHA and
LDHA-K118su were determined by Western blotting after treatment with acetate or succinate in PC-3 cells for 8 h. B-actin served as a loading
control. B. The protein expression level of LDHA, LDHA-K118su, and SIRTS in seven types of PCa cell lines was evaluated by immunoblot.
B-actin served as a loading control. C. SIRTS interacts with LDHA. The immunoblots showed the IP of SIRTS with anti-LDHA antibodies in
PC-3 cells and IP of LDHA with anti-SIRTS antibodies in PC-3 cells, respectively. D. As PCa progresses, LDHA is succinylated at K118
becomes the K118su residue, along with increased LDHA activity. LDHA activity was determined in PCa tissues classified by pathological
grade (BPH, T2, and T3 grades). The K118su level of LDHA in PCa tissue was measured by ELISA using the LDHA-K118su antibody. E.
Working model of LDHA succinylation at K118 in aggressive PCa cells. LDHA degradation is regulated according to acetylation at the K5
position by SIRT2, according to Zhao et al. 2013 [24]. In PCa, the SIRTS protein level is reduced; The succinylation at K118 of LDHA as the
substrate of SIRTS is maintained. Succinylated LDHA is more active than the native LDHA, which can increase lactate production,
ultimately leading to PCa progression. Data are presented as mean + SE. Statistical analysis was performed using one-way analysis of
variance and presented as follows: *, P < 0.05; **, P < 0.01; *** P < 0.001 vs. BPH. K118su, K118 succinylation.
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factor to consider for cancer treatment. However, there are no
suitable LDHA inhibitors for therapertic use in the clinic yet
[33]. The regulation of LDH activity in cancer cells is very
important for cancer progression, and protein modification
plays a key role in regulating LDH activity. As mentioned pre-
viously, LDH activity is regulated by protein modification,
such as acetylation at K5 or phosphorylation at Y10 [24,36].
Acetylation at K5 of LDHA in human pancreatic cancer
increases the lysosomal degradation of LDHA, and LDH
activity was inhibited [24]. In breast and colorectal cancer stem
cells, LDHA phosphorylation at Y10 was positively correlated
with the progression of metastasis and cell invasion [36,49].

In this study, we reported a new mechanism for regulating
LDHA activity in aggressive PCa, that is, activity of LDHA 1is
increased by K118su and SIRTS regulates the desuccinylation
of LDHA. Overall, SIRTS increases protein stability and delay
degradation of LDHA due to succinylation, resulting in its
increased activity. The mechanism could be explained by the
increased lactate levels in cancer cells resulting from the
increased LDHA activity, which promotes cancer cell growth
[50-52]. Even in PCa cells, decreasing the lactate concentration
significantly inhibited the growth of cancer cells [52]. Regard-
ing LDHA activity, K118su of LDHA after a decrease in
SIRTS may be related to ubiquitination modified at the same
site (Figure 3D) [34]. It is speculated that LDHA activity is
maintained by inhibiting protein degradation because
K118su does not proceed with ubiquitylation. Since succiny-
lated LDHA shows higher activity than intact LDHA, a lower
protein level of SIRTS could imply an increase in the highly
active form of LDHA (Figure 4E). A previous study reports
that there is no change in LDHA activity in the SIRT5-KO
cells of colorectal cancer [41]. Although the level of
succinylated-LDHA was not examined in that study, it could
be assumed that succinylation of LDHA is also a key process
like desuccinylation. Since the succinylation levels of LDHA
did not increase in colorectal cancer, it is speculated that the
expression of SIRTS5 would not affect the change in LDHA
activity. Both desuccinylation by SIRTS5 and succinylation by
succinyl-transferase should be considered for the potential role
of LDHA succinylation as a key regulator in promoting cancer
progression.

Conclusion

PCa is the most common type of genital cancer in men, account-
ing for the highest number of all new cancer cases, and is the
third leading cause of cancer-related deaths in the world. SIRTS
protein expression was significantly down-regulated in
advanced PCa based on studies using PCa cell lines, and reduced
SIRTS expression was associated with a decreased survival rate
in PCa patients. SIRTS, a representative desuccinylase, regu-
lates protein succinylation at the PCa stage. Through global
succinylome analysis, we identified that LDHA-K118su is regu-
lated by SIRTS, which increased LDHA activity. As the sub-
strate site of SIRTS, LDHA-K118su significantly increased as
PCa progressed and showed a positive correlation with
increased migration and invasion of PCa cells. Therefore,
LDHA activity, which promote PCa progression, is up-
regulated by an increased succinylation at K118 and LDHA is
a substrate for SIRTS, suggesting a new mechanism to inhibit
PCa progression. In further studies, it is necessary to evaluate

whether the succinylation of LDHA at K118 could be a target
for the development of novel antitumor drugs.

Materials and methods

Clinical samples of prostate tissues

Normal tissues (BPH) and PCa tissues (separated into T2 and
T3) were stored at —80 °C before use.

PCa cell line culture

PCa cell lines, including LNCaP, LNCaP-LN3, PC-3, and PC-
3M, were purchased from the Korea Cell Line Bank (Seoul,
Korea). The detailed experimental methods are described in
File SI.

Western blotting analysis

PCa cell lines were lysed using radioimmunoprecipitation
assay buffer (Catalog No. 89900, Thermo Fisher Scientific,
Waltham, MA). Protein concentrations were measured by
BCA assay (Catalog No. 23224, Thermo Fisher Scientific).
Samples were separated via 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) for 90 min
and transferred to polyvinylidene fluoride blotting membranes
(0.2 pm pore size; GE Healthcare, Chalfont St. Giles, UK) for
2 h. The membrane was blocked in 5% bovine serum albumin
for 2 h. Primary antibodies against SIRT1 (Catalog No. 8469S,
Cell Signaling Technology, Beverly, MA), SIRT2 (Catalog No.
12672S, Cell Signaling Technology), SIRT3 (Catalog No.
54908, Cell Signaling), SIRT4 (Catalog No. ab231137, Abcam,
Cambridge, UK), SIRTS (Catalog No. 8782S, Cell Signaling
Technology), SIRT6 (Catalog No. 12486S, Cell Signaling
Technology), SIRT7 (Catalog No. 53608, Cell Signaling Tech-
nology) and succinyl-lysine (PTM Biolabs, Chicago, IL) were
used to capture SIRTI-SIRT7 proteins overnight at 4 °C.
After incubation with horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h, the membranes were
washed in Tris-buffered saline-0.1% Tween 20 (TBS-T) three
times for 15 min. ECL prime Western blotting detection
reagent (RPN2232, Citiva) was used to visualize the blots.

Wound-healing and transwell invasion assays

A wound-healing assay was performed to observe the migra-
tory capacity of PC-3 and SIRT5-KO cells. Cells (0.4 x 10°
per well) were seeded in a 6-well plate (Corning, Corning,
NY) and cultured to ~ 90% confluence. A sterilized 1000 pl
tip was used to scratch the cell monolayer artificially, and deb-
ris was then removed by washing with phosphate-buffered sal-
ine (PBS). Next, wounded cells were observed under a
microscope at 12 h intervals and imaged with a Leica Las
EZ microscope (Olympus, Tokyo, Japan).

To evaluate the invasiveness of PC-3 and PC-3 SIRT5-KO
cells, a transwell invasion assay was performed with 200 pg/ml
matrigel matrix (Corning) and 8 um pore-permeable supports
(Corning). Cells were resuspended in serum-free medium and
seeded (5 x 10% in the upper chamber, and the medium con-
taining 10% FBS was added into the lower chamber. After



Kwon OK et al| LDHA Activity Increased by Succinylation 187

24 h, a cotton swab was used to remove the non-invading cells
in the upper chamber. Cells that migrated through the matrigel
matrix were fixed with 4% paraformaldehyde for 10 min and
stained with 0.5% crystal violet (Catalog No. 61135, Sigma-
Aldrich, St. Louis, MO) for microscopy. Finally, cells attached
to the membrane were added. Optical density was measured at
570 nm.

Construction of SIRT5-KO cell lines using the CRISPR/Cas9
gene-editing system

We used the CRISPR/Cas9 system to knock out SIRTS. PC-3
cells were transfected with either the control or Sirt5 CRISPR/
Cas9 plasmids according to the manufacturer’s instructions
(Sigma-Aldrich). The transfection efficiency was determined
by a green fluorescent protein (GFP) signal. After 24 h,
GFP-expressing PC-3 cells were sorted by FACS Aria III
(BD Life Sciences, Franklin Lakes, NJ) and maintained with
a complete medium. SIRTS depletion by the CRISPR/Cas9
Sirt5 but not the control plasmid was confirmed by Western
blotting.

Proliferation assay

Cells (1.5 x 10* per well) were cultured in a 96-well plate in a
complete RPMI medium. After 24 h, proliferation was deter-
mined by CCK-8 (Catalog No. CKO04, Dojindo, Tokyo,
Japan). The CCK-8 solution was added to the plate and incu-
bated for 30 min in a humidified incubator. The plate was mea-
sured at 450 nm after the appropriate color change was
observed.

Global IP for comparative succinylome analysis to enrich
K118su

Anti-succinyl-lysine antibody-conjugated agarose beads (40 pl)
were prewashed with 1 ml PBS followed by centrifugation at
1000 g at 4 °C for 1 min. To enrich lysine succinylated
(K118su) peptides, 5 mg desalted peptides were dissolved in
I ml NETN buffer [S0 mM Tris-HCI (pH 8.0), 100 mM NaCl,
1 mM EDTA, and 1% NP-40] and incubated on a rotator at
4 °C for 16 h. The beads were washed three times with 1 ml
NETN and twice with 1 ml ETN [50 mM Tris-HCI (pH 8.0),
100 mM NaCl, 1 mM EDTA] and 1 ml liquid chromatogra-
phy/mass spectrometry (LC/MS)-grade water using centrifuga-
tion at 1000 g at 4 °C for 1 min in between washes. The
enriched K118su peptides were eluted in 70 pl of 0.15% triflu-
oroacetic acid (TFA) by gentle mixing. After centrifugation at
1000 g for 1 min, TFA (50 pl; 0.15%) was added to the beads
to improve the recovery efficiency. Finally, 120 pl of the
enriched K118su peptides were dried in a speed-vacuum sys-
tem and then desalted twice using a CI18 zip tip. Samples were
analyzed using LTQ-velos Orbitrap connected to the Eksigent
nanoLC system at the mass spectrometry convergence research
center, and detailed analysis methods are described in File SI.

Site-directed mutagenesis

Human LDHA plasmid was purchased from Origene
(Rochville, MD). Succinylation mutants of LDHA were gener-

ated using a site-directed mutagenesis kit (GeneAll, Seoul,
Korea) by converting each lysine residue (K5, K76, K118, and
K232) to glutamic acid (codon change from AAG or AAA to
GAG or GAA). The mutation was confirmed by DNA sequenc-
ing conducted at Cosmogenetech (Seoul, Korea).

Transient transfection and in vitro migration assay

To express exogenous proteins, PC-3 cells were mock-
transfected or transfected with 0.5 to 4 ug LDHA-WT or
LDHA-mutant using lipofectamine 3000 (Catalog No.
L3000-008, Invitrogen, Carlsbad, CA). For the migration
assay, cell migration was analyzed using transwell migration
assay chambers (BD Life Sciences). PC-3 cells were transfected
with 4 pg plasmid DNA and incubated for 24 h. Then,
1.5 x 10° cells were transferred to transwell chambers to per-
form a migration assay and incubated for 24 h on transwell
chambers.

LDHA activity colorimetric assay

LDHA activity was performed as instructed by the manufac-
turer (Catalog No. K726-500, BioVision, Milpitas, CA). In
brief, 0.1 g tissues or 1 x 10° cells were homogenized in cold
assay buffer and then centrifuged at 10,000 g at 4 °C for
15 min. The supernatants were used for assay and 50 ml of
the sample was added to a 96-well plate. Then, 50 pl of the
reaction mix was added. OD,5, was measured at time 0 and
then measured again after incubation at 37 °C for 30 min
and then calculated according to the kit protocol.

Development and characterization of K118-specific antibodies

The polyclonal antibody specific for succinylated LDHA at
K118 (anti-succinylated K118-LDHA, Catalog No.
CTM-121) was produced in collaboration with PTM biolabs
(Hangzhou, China). Rabbits were immunized with succiny-
lated LDHA peptides (CRNVNIF-Ksu-FIIPNVVK and
RKRNVNIF-Ksu-FIIPNC). Antisera from immunized rab-
bits were first depleted with the unmodified peptide and then
affinity purified using the succinylated K118 peptides.

Statistical analysis

All experiments were repeated at least three times. Data are
expressed as mean + standard error (SE). Differences among
groups were evaluated using Student’s z-tests, and the signifi-
cance among groups was determined using a one-way analysis
of variance followed by a Bonferroni’s posthoc test by IBM
SPSS statistics version 21. The statistical parameters used for
the specific sets of data are described in the figure legends.
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