
Abstract. Background/Aim: Prostate cancer (PCa) is the
most commonly diagnosed genital cancer in men globally.
Among patients who develop advanced PCa, 80% are
affected by bone metastasis, with a sharp drop in survival
rate. Despite efforts, the details of mechanisms of metastasis
of PCa remain unclear. SIRT5, an NAD+-dependent
deacylase, is hypothesized to be a crucial regulator of
various cancers. The role of SIRT5 in cancer has not been
extensively studied compared to other SIRTs. In this study,
we showed significantly decreased levels of SIRT5 in PC-3M,
a highly aggressive PC-3 cell variant. Materials and
Methods: We characterized the differentially expressed
proteins between parental and SIRT5 KO PC-3 cells using
quantitative proteomics analysis. Results: A significant

increase in expression of interleukin-1β (IL-1β) in SIRT5 KO
cells was observed, and the PI3K/AKT/NF-ĸB signaling
pathway was found significantly elevated in SIRT5 KO cells
by the Gene Ontology annotation and KEGG pathway
functional enrichment analysis. Moreover, we confirmed that
SIRT5 can bind PI3K by immunoprecipitation analysis.
Conclusion: This study is the first to demonstrate a
relationship between SIRT5 and PCa metastasis, suggesting
that SIRT5-mediated inhibition of the PI3K/AKT/NK-kB
pathway is reduced for secondary metastasis from bone to
other tissues.

Silent information regulator 2-like proteins (sirtuin, SIRT)
are highly conserved proteins with nicotinamide adenine
dinucleotide (NAD)-dependent deacylase activity and are
classified as class III histone deacetylase enzymes (1, 2).
There are seven types of SIRTs (1-7) in mammals, and they
are known to be present in all organelles in cells and play a
characteristic role (3). SIRTs have specific functions in
cancer and normal cells. Numerous studies have revealed
that SIRTs play critical roles in the progression of cancer and
metastases by regulating pathways of angiogenesis,
inflammation, and epithelial-to-mesenchymal transition (4-
6). Among the seven SIRTs, SIRT5 is characterized as a
NAD+-dependent lysine deacetylase, demalonylase,
desuccinylase, and deglutarylase (7). SIRT5 is also involved
in cell metabolism, including glycolysis, tricarboxylic acid
cycle, fatty acid oxidation, nitrogen metabolism, pentose
phosphate pathway, antioxidant defense, and apoptosis (8).
Particularly, SIRT5 plays a role in tumorigenesis by
regulating desuccinylation involved in specific enzymatic
activities (9, 10). SIRT5 also has important regulatory roles
in tumor progression in the liver and gastric cancer (11, 12).
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Prostate cancer (PCa) is the most commonly diagnosed
cancer type in men and is the third-leading cause of deaths
related to cancer (13). The number of patients with PCa is
expected to increase due to population aging and expansion.
Numerous reports have shown that cancer metastasis is the
primary cause of malignant characteristics, leading to a
diverse change of metastatic regulatory factors (14). PCa can
spread to various tissues, especially the lymph node and
bone (15). According to the results of a previous study, PCa
first metastasizes to the bone and then to other organs (16),
which means that the progression from the bone to other
metastatic sites is associated with decreased survival in late
stages of PCa.

In this study we used the PC-3 cell line, where prostate
cancer cells have metastasized to the bone, a cell line most
commonly used in prostate cancer research (17). PC-3M cell
line is a variant cell line of PC-3 cells having highly
metastatic potential compared to PC-3 cells (18). Because
PC-3M exhibits higher migration and invasion than PC-3, it
can represent prostate cancer cells in the second metastasis
from the bone, which is the primary metastatic organ of
prostate cancer, to other organs. In our previous studies, it
was observed that SIRT5 was significantly inhibited in PC-
3M compared to PC-3. To study the regulation mechanism
of SIRT5 related to metastasis, a SIRT5 KO cell line was
constructed, and proteins regulated by SIRT5 were identified
using comparative quantitative proteomics. Consequently, it
was observed that the PI3K/AKT pathway is regulated using
SIRT5, which is related to inhibiting tumor cell growth,
migration, and invasion and modulating the innate and
adaptive immune responses.

Materials and Methods

Cell culture and stable isotope labeling using amino acids in cell
culture (SILAC) labeling. The human prostate cancer cell lines PC-3,
PC-3M, and PC-3 SIRT5 KO were obtained from the Korean Cell
Line Bank (Seoul, Republic of Korea). Cell lines were cultured under
standard conditions according to the manufacturer. Briefly, PCa cell
lines were cultured in RPMI 1640 medium (Pierce HyClone,
Fremont, CA, USA) containing 10% fetal bovine serum (GE
Healthcare HyClone, Logan, UT, USA) and 1% penicillin and
streptomycin (Gibco, Rockville, MD, USA). The cells were incubated
at 37˚C with 5% CO2 in a humidified incubator. PC-3 cells were
cultured and labeled using the SILAC kits with Lys4 (D4) and Arg6
(13C6) (“Medium”) labeling for LC-MS/MS analysis. After
confirming that the SILAC labeling efficiency was >98%, the cells
were lysed with RIPA buffer, and lysates were quantified using BCA
assay. Next, we mixed the two cell lines equally (300-μg each) and
performed reduction and alkylation using 15-mM DTT and 60-mM
IAA. Proteins were digested into peptides using trypsin overnight at
37˚C. Then, high-pH reverse phase (HP-RP) fractionation and off-gel
fractionation was performed according to the manufacturer’s protocol.

Construction of SIRT5 knockout cell lines using the CRISPR-Cas9
gene-editing system. We used the clustered regularly interspaced

short palindromic repeats (CRISPR) and CRISPR-associated
protein-9 endonuclease (Cas9) system to knockout SIRT5 from the
cell lines. According to the manufacturer’s instructions, PC-3 cells
were transfected with either the control or Sirt5 CRISPR-Cas9
plasmids (Sigma-Aldrich, St. Louis, MO, USA). The transfection
efficiency was determined using the green fluorescent protein (GFP)
signal. After 24 h, PC-3 cells expressing GFP were sorted using
FACS Aria III (BD, Franklin Lakes, NJ, USA) and were maintained
with complete media. Deletion of Sirt5 by the CRISPR-Cas9 Sirt5
plasmid but not the control plasmid was confirmed using Western
blot analysis.

Western blotting. PCa cell lines were lysed using RIPA buffer
(Thermo, Waltham, MA, USA), and protein concentrations were
measured using the BCA assay (Thermo). Briefly, samples were
separated by 10% SDS-PAGE for 90 min and transferred to PVDF-
blotting membranes (0.2-μm pore size, GE Healthcare, Chalfont St.
Giles, UK) for 2 h. The membrane was blocked in 5% BSA for 2
h, and primary antibodies were used to collect the target proteins
overnight at 4˚C. After incubation with HRP-conjugated secondary
antibody for 1 h, the membranes were washed thrice in TBS-T
(Tris-buffered saline and 0.1% Tween 20) for 15 min. ECL Prime
Western blotting detection reagent (GE Healthcare) was used to
visualize blots. The primary antibodies were followed as SIRT5
(Abcam, Cambridge, UK) and GAPDH (Thermo).

Protein immunoprecipitation. PI3K (Abcam) or mouse IgG
(SantaCruz Biochemicals, Dallas, TX, USA) antibody and protein
G magnetic nanobeads (bioneer, Daejeon, Republic of Korea) were
mixed and incubated in a rotator for 30 min at room temperature
and then washed with PBS. Then, 500 ng to 1 mg of protein were
mixed with nanobeads and then incubated in a rotator for 1 h at
room temperature and then washed with PBS. The elution buffer
was added and eluted in a vortex for 10 min and then nanobeads
were removed. Finally, the samples were incubated for 10 min in
4% SDS at 95˚C.

Real-time quantitative polymerase chain reaction (RT-qPCR). Total
RNA was isolated from PC-3 and SIRT5-KO cells using an RNA Cell
Miniprep kit (Promega, Fitchburg, WI, USA) according to the
manufacturer’s instructions. cDNA synthesis was performed using a
GoScript Reverse Transcription kit (Promega) and then used as a
qPCR template with FASTStart Essential DNA Green Master mix
(Roche, Basel, Switzerland). The primer sequences were as follows:
IL-1b forward 5’-CTTCGAGGCACAAGGCACAA-3’ and reverse 
5’-TTCACTGGCGAGCTCAGGTA-3’ and ACTB forward 5’-TGCG
CCGTTCCGAAAGTT-3’ and reverse 5’-GCGCCGCTGGG
TTTTATAG-3’.

LC-MS/MS analysis. Samples were analyzed via high-resolution
accurate mass spectrometry using LTQ-Velos orbitrap (Thermo Fisher
Scientific) connected with an Eksigent nano-LC (SCIEX,
Framingham, MA, USA). Then, 5-μg peptides was dissolved in 10-μl
solution A (98% water in 0.1% formic acid), and 2 μl sample was
automatically loaded onto a homemade C12 reversed-phase analytical
column (75-μm X 120 mm, Jupiter C12 resin, 90 Å pore size, 4-μm
particle size; Phenomenex, Torrance, CA, USA) by the autosampler
nano-LC system. The 60 min linear gradient was 3% solvent B (100%
ACN in 0.1% formic acid) for 2 min and 3%-23% solvent B for 50
min, 23%-90% solvent B for five minutes, and 90% for 5 min at a
constant flow rate of 300 nl/min. LTQ-Velos orbitrap with
nanoelectrospray ionization (nano-ESI) was conducted using the
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Figure 1. Workflow for quantitative proteomics to identify differentionally expressed proteins related to SIRT5. (a) Western blot of SIRT5 in prostate
cancer cells (Normal: nontreated PC-3 cells, Cont: Cas9vehicle-treated PC-3 cells, SIRT5 KO: PC-3 cells knocked out for SIRT5). (b) Migration
assay of normal, SIRT5 KO, PC-3M cells (24 h and 48 h, n=3), (**p<0.01, ***p<0.001). (c) Schematic figure of the workflow for the relative
quantification of proteins extracted from prostate cancer cells.



following settings: nanospray source voltage 1.8 kV; full MS range
300-1,800 m/z with 70,000 resolution (at 200 m/z); top 20 data-
dependent mode with Collision-Induced Dissociation; normalized
collision energy at 28%; and 1.7 m/z isolation width. To improve the
full MS accuracy, the lock-mass ion from ambient air (m/z
445.120024) was applied. Mass spectrometry proteomics data have
been deposited on the ProteomeXchange Consortium via the PRIDE
(19) partner repository with the dataset identifier PXD012735.

Protein identification and quantification. The MS spectra were
searched using the MaxQuant 1.5.1.0 protein search engine, which can
identify and quantify proteins (20). For SILAC-based quantification,
Lys0 (12C614N2) and Arg0 (12C614N4) were defined as light labels (L),
and Lys4 (D4) and Arg6 (13C6) were specified as medium (M). The
UniprotKB Human database (containing 71,772 protein sequences)
was used with trypsin/p as the digestive enzyme. Cysteine
carbamidomethylation was set as a fixed modification, and methionine
oxidation and protein N-terminal acetylation were considered variable
modifications. The other parameters were set to default values.
Potential contaminants and proteins only identified by a modification
site were removed from the search results. Furthermore, the false

discovery rate was set below 1% to improve protein identification. The
SILAC ratio was calculated using L/M (PC-3 SIRT5 KO cell line/PC-
3 cell line) with a minimum ratio count of two and then transformed
to log2-fold changes. The other parameters in MaxQuant were set to
default values. The ratios obtained were normalized to the median, and
a log2-transformation of the protein ratios was obtained.

Bioinformatics analysis. Scatter plots, histograms, and volcano plots
were constructed using Perseus, according to the manufacture’s
procedure (21). Thus, enrichment analyses with Gene Ontology
(GO) classification, KEGG pathway, and InterPro for protein
domains were conducted by DAVID (22). The web-based STRING
was used for protein-protein interactions with a score up to 0.9 (23).

Data and statistics. All experiments were repeated at least thrice,
and data are expressed as mean values±standard errors. One-way
ANOVA was used to compare statistical significance of data. To
determine the significant differences, statistical analysis was
conducted using IBM SPSS Statistics version 21. p-Values <0.05
were considered statistically significant and are indicated with
asterisks. (**p<0.01, ***p<0.001).
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Figure 2. Characterization of differentially expressed protein in PC-3 SIRT5 KO cells. (a) Pearson correlation coefficient (PCC) score between 1st
batch and 2nd batch, HP-RP and Off-gel fractionation (b) Venn diagram of the identified proteins, quantified proteins and DEPs. (c) Functional
enrichment analysis of proteins up-regulated in PC-3 SIRT5 KO cells based on GO annotation and KEGG pathway analysis using DAVID. (d)
PI3K/AKT/NF-kB pathway in KEGG mapper.



Results

Down-regulation of SIRT5 in advanced human prostate
cancer. Previously, we identified that SIRT5 selectively
decreased in PC-3M compared with PC-3 cells (Figure 1a).
The PC-3M cell line is a subline of PC-3 that was removed
from a PC3-induced mouse tumor (24). Because PC-3M
exhibits enhanced metastasis compared with PC-3, it can be
deduced that reduced SIRT5 expression in PC-3M may be
associated with metastasis. Next, we used a migration assay
with PC-3, SIRT5 KO, and PC-3M cells to assess whether
the migratory ability is dependent on SIRT5. Interestingly,
SIRT5 KO cells migrated significantly faster than PC-3 cells
as measured by TScratch software, suggesting that SIRT5
regulates the migration of PCa cells (Figure 1b).

Identification of SILAC-labeled prostate cancer cell proteins
by nano-LC-MS/MS. To identify protein markers of increased
metastasis upon SIRT5 reduction in prostate cancer cells, we
used an MS-based SILAC approach for quantitative analysis
of the PC-3 proteome compared with that of SIRT5 KO cells

(Figure 1c). PC-3 and PC-3 SIRT5 KO cells were grown in
SILAC media and normal RPMI media, respectively. In this
experiment, we identified 3,699 proteins and quantified 3,073
proteins using the MaxQuant database search program. The
technical duplicates were verified using a scatter plot for the
correlation analysis, showing a Pearson correlation coefficient
(PCC) of 0.92 between duplicated experiments (Figure 2a).
Among these, 50 proteins of SIRT5 KO were identified as
differentially expressed proteins (DEPs) compared to PC-3
(Figure 2b). Ratios were normalized according to the median. 

The DEPs were categorized by relative protein
quantification analysis (Figure 2b). DEPs showing greater than
two-fold reduction (26 proteins) in SIRT5 KO cells were
down-regulated compared to PC-3 (Table I), whereas DEPs
with greater than a two-fold increase (24 proteins) were
considered up-regulated proteins (Table II). From the DEP
protein list, we discovered known factors related to metastasis
regulation in various cancers. Cysteine-rich protein 2 (CRIP2),
which regulates angiogenesis and invasion in cancer by
suppressing NF-kB-mediated promotion of angiogenesis, was
the most down-regulated protein in SIRT5 KO cells at a ratio
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Table I. The list of down-regulated proteins in SIRT5 KO compared to PC-3 cells.

Protein                Protein description                                                                              Log2 ratio*          Number of              Type               Gene name
accession                                                                                                                          (SIRT5 KO            peptides           (SIRT5 KO 
                                                                                                                                           vs. PC-3)                                         vs. PC-3)                     

P52943                Cysteine-rich protein 2                                                                           –3.077                      4                     Down                  CRIP2
Q15847                Adipogenesis regulatory factor                                                              –2.231                      2                     Down                 ADIRF
Q15848                Thromboxane-A synthase                                                                       –2.003                      2                     Down                TBXAS1
Q15849                Neurofilament light polypeptide                                                            –1.645                      3                     Down                  NEFL
Q15850                Nestin                                                                                                       –1.608                     35                    Down                    NES
Q15851                PI-PLC X domain-containing protein 3                                                 –1.544                      2                     Down                PLCXD3
Q15852                Interferon-stimulated gene 20 kDa protein                                            –1.493                      3                     Down                  ISG20
Q15853                Leukocyte elastase inhibitor                                                                   –1.447                      8                     Down              SERPINB1
Q15854                Keratin, type I cytoskeletal 18                                                               –1.322                     16                    Down                  KRT18
Q15855                Centrosome-associated protein CEP250                                                –1.191                      2                     Down                CEP250
Q15856                Striatin                                                                                                     –1.165                      3                     Down                   STRN
Q15857                Anterior gradient protein 2 homolog                                                     –1.162                      3                     Down                  AGR2
Q15858                Calcium-binding mitochondrial carrier protein Aralar2                       –1.138                      5                     Down               SLC25A13
Q15859                Bifunctional epoxide hydrolase 2                                                          –1.137                      1                     Down                 EPHX2
Q15860                Tubulin beta-3 chain                                                                               –1.130                      3                     Down                 TUBB3
Q15861                Deoxynucleoside triphosphate triphosphohydrolase SAMHD1           –1.120                      4                     Down               SAMHD1
Q15862                Actin-binding LIM protein 3                                                                  –1.106                      2                     Down                ABLIM3
Q15863                Intercellular adhesion molecule 1                                                          –1.080                      2                     Down                 ICAM1
Q15864                Zinc finger protein 185                                                                           –1.066                     11                    Down                 ZNF185
Q15865                Creatine kinase B-type                                                                           –1.060                      3                     Down                   CKB
Q15866                Solute carrier organic anion transporter family member 4A1              –1.038                      1                     Down               SLCO4A1
Q15867                Septin-8                                                                                                   –1.025                      2                     Down                  SEPT8
Q15868                Vesicle-associated membrane protein 8                                                 –1.016                      3                     Down                 VAMP8
Q15869                Claudin-4                                                                                                 –1.015                      1                     Down                 CLDN4
Q15870                2-5-oligoadenylate synthase 3                                                                –1.012                      2                     Down                   OAS3
Q15871                Interferon-induced 35 kDa protein                                                         –1.000                      1                     Down                   IFI35

*The ratios obtained were normalized to the median and a log2-transformation of the protein ratios was obtained.



of –3.077 (25). Neurofilament light polypeptide (NEFL) is a
known tumor suppressor in the head and neck squamous
carcinoma via apoptosis induction and was down-regulated at
a ratio of –1.645 in SIRT5 KO (26).

Numerous previous studies have analyzed proteins up-
regulated in SIRT5 KO cells. CCAAT/enhancer-binding
protein beta (CEBPB, ratio + 1.860 in SIRT5 KO) is a CEBP
family member that acts as a transcription factor controlling
normal tissue proliferation and differentiation (27). Table II
shows that interleukin-1 beta (IL-1β) was highly up-regulated
in SIRT5 KO cells compared with PC-3 cells. IL-1β is a
proinflammatory cytokine identified as an initiator of bone
metastasis in primary breast cancer cells (28). These results
are essential evidence that IL-1β may be involved in the
aggressiveness of PCa. Moreover, several proteasome proteins
related to protein homeostasis were increased in SIRT5 KO
cells, including E3 ubiquitin-protein ligase NEDD4-like
(Nedd4-like E3) (ratio: +1.269), proteasome activator complex
subunit 4 (ratio: +1.268), and ubiquitin carboxyl-terminal
hydrolase (UHC) (ratio: +1.137). Given that dysregulation of
the proteasome is linked to tumorigenesis, this result also
needs to be further investigated in relation to the
aggressiveness of prostate cancer.

To further investigate the mechanisms related to cell
migration and invasion in SIRT5 KO cells, we performed
functional enrichment analysis with Gene Ontology (GO),
KEGG pathway, and InterPro by calculating Fisher’s exact
test p-values (Figure 2c). Using DAVID, we found DEPs
related to the type 1 interferon signaling pathway in the
immune system. Moreover, Gene Ontology Cellular
Component analysis showed that the most enriched proteins
are localized in the cytoplasm. Interestingly, KEGG pathway
results identified the TNF-α signaling pathway and NF-ĸB
signaling pathway as predicted pathways for the DEPs of
SIRT5 KO cells compared with PC-3.

KEGG mapper showed that the pathway most related to our
DEPs was the PI3K/AKT/NF-kB signaling pathway (Figure
2d). Therefore, we fixated on the PI3K/AKT/NF-kB signaling
pathway for its role in tumor growth, migration, and invasion
in various cancers. We identified four DEPs (intercellular
adhesion molecule 1, ratio: –1.080; phosphatidylinositol 3-
kinase regulatory subunit beta, ratio: 1.176; CCAAT/enhancer-
binding protein beta, ratio: 1.86; and interleukin-1 beta, ratio:
2.154) in the TNF-a signaling pathway and two DEPs
(urokinase-type plasminogen activator [ratio: 1.647] and IL-
1β) in the NF-kB signaling pathway.
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Table II. The list of up-regulated proteins in SIRT5 KO compared to PC-3 cells.

Protein                Protein description                                                                              Log2 ratio*          Number of              Type               Gene name
accession                                                                                                                          (SIRT5 KO            peptides           (SIRT5 KO 
                                                                                                                                           vs. PC-3)                                         vs. PC-3)                     

Q15872                Sodium-dependent phosphate transporter 1                                            1.003                       2                        Up                  SLC20A1
Q15873                Metallothionein-2                                                                                     1.006                       3                        Up                     MT2A
Q15874                Isochorismatase domain-containing protein 2, mitochondrial               1.006                       3                        Up                    ISOC2
Q15875                RNA pseudouridylate synthase domain-containing protein 3               1.010                       1                        Up                  RPUSD3
Q15876                Activator of basal transcription 1                                                            1.016                       2                        Up                     ABT1
Q15877                Sulfiredoxin-1                                                                                          1.031                       2                        Up                    SRXN1
Q15878                Glutathione peroxidase                                                                            1.031                       2                        Up                     GPX4
Q15879                Neuronal calcium sensor 1                                                                      1.037                       1                        Up                     NCS1
Q15880                Peptide deformylase, mitochondrial                                                        1.040                       1                        Up                      PDF
Q15881                Centrosomal protein of 85 kDa                                                               1.058                       1                        Up                    CEP85
Q15882                Protein HEXIM1                                                                                      1.095                       2                        Up                   HEXIM1
Q15883                Serpin B4                                                                                                  1.128                       1                        Up                 SERPINB4
Q15884                AP-1 complex subunit sigma-2                                                               1.136                       1                        Up                    AP1S2
Q15885                Ubiquitin carboxyl-terminal hydrolase                                                   1.137                       1                        Up                    USP11
Q15886                Phosphatidylinositol 3-kinase regulatory subunit beta                          1.176                       1                        Up                   PIK3R2
Q15887                Proteasome activator complex subunit 4                                                1.268                       3                        Up                    PSME4
Q15888                E3 ubiquitin-protein ligase NEDD4-like                                                1.269                       8                        Up                  NEDD4L
Q15889                Collagen alpha-2(VI) chain                                                                     1.401                       8                        Up                   COL6A2
Q15890                Discoidin, CUB and LCCL domain-containing protein 2                     1.518                       3                        Up                  DCBLD2
Q15891                Piezo-type mechanosensitive ion channel component 1                        1.523                       2                        Up                   PIEZO1
Q15892                Urokinase-type plasminogen activator                                                    1.647                       6                        Up                     PLAU
Q15893                CCAAT/enhancer-binding protein beta                                                   1.860                       3                        Up                    CEBPB
Q15894                Excitatory amino acid transporter 1                                                        2.032                       3                        Up                   SLC1A3
Q15895                Interleukin-1 beta                                                                                     2.154                       4                        Up                      IL1B

*The ratios obtained were normalized to the median and a log2-transformation of the protein ratios was obtained.



SIRT5 regulates metastasis of prostate cancer by inhibiting the
PI3K/AKT/NF-kB signaling pathway. Furthermore, we extracted
nuclear proteins from PC-3 and SIRT5 KO cells to assess levels
of p50 and p65 as members of the NF-kB signaling pathway;
both proteins were discovered to be increased in SIRT5 KO
cells (Figure 3a). Based on these results, we speculated that
SIRT5 can affect the PI3K/AKT/NF-kB signal to regulate PCa

metastasis. To confirm the results, we used western blot of
whole-cell lysates to rate TNF receptor-associated factor 2
(TRAF2, ratio: –0.083), PI3K, AKT (ratio: 0.130), p-AKT, and
IL-1β (ratio: +2.154) expression, along with GAPDH (ratio: –
0.016) as the loading control (Figure 3b). As expected, PI3K,
p-AKT, and IL-1β levels, but not TRAF2, were increased in
SIRT5 KO cells.
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Figure 3. Confirmation of the regulatory role of SIRT5 in the PI3K/AKT/NF-kB signaling pathway. (a) Western blots of nuclear proteins related to
the PI3K/AKT/NF-kB signaling pathway. Histone H3 was used as a loading control of nuclear proteins. (b) Western blots of cytoplasmic proteins
related to the PI3K/AKT/NF-kB signaling pathway. (c) The level of IL-1β mRNA according to RT-qPCR in PC-3 and SIRT5 KO cells (n=3),
(***p<0.001). (d) The result of IP using a PI3K antibody on PC-3 and SIRT5 KO. (e) Western blot of the PI3K/AKT/NF-kB signaling pathway in
prostate cancer cell lines. (f) Putate mechanism of the relation between SIRT5 and the PI3K/AKT/NF-kB signaling pathway.



Previous studies have shown that NF-ĸB regulates
transcription of IL-1β, which is a downstream protein that
regulates the aggressiveness of prostate cancer and other
cancers (29). To examine whether the mRNA level of IL-1β
was increased in SIRT5 KO cells, we conducted RT-qPCR
and confirmed increased levels of IL-1β in SIRT5 KO cells,
suggesting that elevated NF-kB activity positively regulated
the transcriptional level of IL-1β (Figure 3c). This result is
consistent with our quantitative proteomics analysis.

According to KEGG mapper, TRAF2 of the NF-kB
signaling pathway was not altered, but PI3K was significantly
increased in SIRT5 KO cells. Based on these results, it is
assumed that SIRT5 regulates the pathway by interacting with
PI3K. When we investigated the interaction between PI3K and
SIRT5 using immunoprecipitation (IP) with a PI3K IgG
antibody, SIRT5 was found to interact with PI3K directly
(Figure 3d). The possibility that SIRT5 is associated with the
progression and metastasis of prostate cancer through the
regulation of PI3K/AKT/NF-kB signaling was evaluated in
various prostate cancer cell lines (Figure 3e).

The SIRT5 and AKT pathways were evaluated in the
immortalized human normal prostate cells, RWPE-1 cells (30),
and five PCa cell lines and are as follows; 1) androgen-sensitive
LNCaP cells and insensitive C4-2 cells (31), as LNCaP’s
metastatic in vivo-derived variant; 2) bone metastatic PCa cells,
including PC-3 and PC-3M as highly metastatic subline derived
from PC-3 cells; and 3) brain metastatic PCa cells as DU-145
cells. SIRT5 decreased from C4-2 cells to PC-3 cells, that is,
before and after metastasis, and PI3K increased slightly as the
progression from LNCap to DU-145 cells. Moreover, as PI3K
increased, AKT remained unchanged, whereas p-AKT increased
in PC-3M and DU-145. This showed the same trend as in PC-
3 SIRT5 KO cells in Figure 3b, indicating that SIRT5 and p-
AKT had an inverse correlation. With these data, we speculated
that SIRT5 can regulate the PI3K/AKT/NF-kB signaling
pathway by directly blocking PI3K to induce overexpression of
IL-1β, which increases cell migration and invasion. The
schematic representation of a putative mechanism of the
SIRT5/PI3K signaling pathway for regulating cell migration and
invasion in PC-3 cells is shown in Figure 3f.

Discussion

SIRTs are class III histone deacetylases that are involved in
diverse cellular processes inside and outside the mitochondria
of normal and diseased cells (1, 2). Particularly, SIRTs have
important roles in cancer initiation, progression, and
metastases by regulating differentiation, cell adhesion, cell to
cell communication, and inflammation (32). Among the
SIRTs, the role of SIRT5 in cancer has not been extensively
studied. It was recently discovered that SIRT5 may be
involved in metabolic reprogramming to support the anabolic
demands of rapidly dividing neoplastic cells (8). Sirt5 mRNA

expression is detectable across various wide cancers,
suggesting its function as an oncogene. For example, Sirt5
mRNA and protein expression are elevated in human lung
cancer and are associated with poor survival in nonsmall cell
lung cancer (NSCLC) (33). Moreover, Sirt5 mRNA expression
was markedly increased in invasive breast tumors and B cell
malignancy (34). In contrast, Sirt5 mRNA expression was
significantly decreased in endometrial cancer and head and
neck squamous cell carcinoma (35).

Based on quantitative comparative proteomics analysis
between PC-3 and PC-3 SIRT5 KO cells, we identified DEPs
in SIRT5 KO cells related to the PI3K/AKT/NF-kB signaling
pathway using KEGG mapper software. Figure 3c shows
substantially increased IL-1β mRNA and protein expression
in SIRT5 KO cells, a major downstream effector of the
PI3K/AKT/NF-kB signaling pathway. One of the upstream
regulators of this pathway, PI3K, is limited by PTEN. PTEN
is considered a tumor suppressor, and the PC-3 cell line
possesses a PTEN mutation (36, 37). We also confirmed the
lack of PTEN signal in each PC-3, SIRT5 KO, and PC-3M
cell line using western blot (data not shown); nonetheless,
we found increased levels of PI3K specifically in SIRT5 KO
cells. Based on these interesting observations, we
concentrated on our hypothesis that SIRT5 can control the
PI3K/AKT/NF-kB signaling pathway.

PI3K/AKT/NF-kB signaling pathway is involved in cell
growth and proliferation in human cancer (38). In the cancer
cells from human gallbladder and prostate, the phosphorylated
AKT level was increased, causing fast cell growth, proliferation,
and invasion (39). To confirm the DEP search data results, we
performed western blots for PI3K on SIRT5 KO and PC-3 cells
and verified that SIRT5 KO cells showed overexpression of
PI3K but not TRAF2, another upstream regulator of the pathway
(Figure 3b). Consequently, we devised a direct correlation
between SIRT5 and PI3K, but not TRAF2, which was verified
through the detection of SIRT5 by immunoprecipitation of PI3K
(Figure 3d). The interaction between SIRT5 and PI3K modulated
the downstream signaling system through major PI3K signaling
components, including AKT phosphorylation and p50/p65,
which coordinately regulates IL-1β expression and were all
increased with the loss of SIRT5 (Figure 3f).

Interestingly, it was demonstrated that the SIRT5/PI3K
axis mediated extremely high levels of IL-1β mRNA and
protein in SIRT5 KO cells. Positive transcriptional
regulators of this pathway, such as p50/65, were also
induced in SIRT5 KO cells (40). IL-1β expression is
positively correlated with bone metastasis in breast cancer,
wherein IL-1β up-regulates VEGF and its corresponding
receptor on endothelial cells to facilitate EC migration (41).
In PCa, the levels of testosterone and IL-1β showed a
negative correlation, and thus androgen deprivation therapy
does not mitigate the increased levels of IL-1β in patients
with prostate cancer (42). Thus, it is suggested that the high

CANCER GENOMICS & PROTEOMICS 19: 50-59 (2022)

57



level of IL-1β may be associated with PCa aggressiveness
or recurrence. Although the androgen-independent PCa cell
lines used in the experiments were not sensitive to
testosterone levels, the high concentration of IL-1β in the
cells affects PCa metastasis.

In conclusion, this study is the first to implicate SIRT5 as
the only member of the SIRT family with decreased
expression in metastatic prostate cancer. The expression of
SIRT5 in this context is controlled by protein homeostasis
processes rather than gene transcription. The loss of SIRT5
in aggressive PCa cell lines simultaneously increased
PI3K/AKT/NF-kB pathway activation and expression of IL-
1β� The data are evidence that SIRT5 is involved in prostate
cancer metastasis and may be used as a biomarker for
metastasis or in the developing of metastatic inhibitors.
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