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Abstract
Tumor metabolic reprogramming and epigenetic modification work together to promote tumorigenesis and de-
velopment. Protein lysine acetylation, which affects a variety of biological functions of proteins, plays an important
role under physiological and pathological conditions. Here, through immunoprecipitation andmass spectrum data,
we show that phosphoglycerate mutase 5 (PGAM5) deacetylation enhances malic enzyme 1 (ME1) metabolic
enzyme activity to promote lipid synthesis and proliferation of liver cancer cells. Mechanistically, we demonstrate
that the deacetylase SIRT2 mediates PGAM5 deacetylation to activate ME1 activity, leading to ME1 depho-
sphorylation, subsequent lipid accumulation and the proliferation of liver cancer cells. Taken together, our study
establishes an important role for the SIRT2-PGAM5-ME1 axis in the proliferation of liver cancer cells, suggesting a
potential innovative cancer therapy.
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Introduction
Lysine acetylation was originally identified as a major post-
translational modification of histones and plays a key role in the
regulation of gene expression. Recent studies have also identified
acetylated non-histone proteins and extranuclear acetylation-
modifying enzymes for regulating a wide range of cellular processes
[1,2]. Moreover, a great number of acetylation-modifying enzymes
that catalyze intermediate metabolism have been discovered to
directly affect enzyme activity and/or stability, which is critical for
metabolic regulation in response to alterations in extracellular
nutrient availability [3,4]. Increasing evidence has demonstrated
that the reversible acetylation of metabolic enzymes is involved in
modulating cancer cell metabolism, an emerging hallmark of
tumorigenesis [5,6]. However, little is known about the enzymes
involved in modulating lysine acetylation-mediated metabolic
reprogramming and tumor progression.

Phosphoglycerate mutase 5 (PGAM5) belongs to the phospho-
glycerate mutase family. In contrast to other family members,
PGAM5 functions as a serine/threonine protein phosphatase
rather than a phosphoglycerate mutase [7]. PGAM5 is involved in
apoptotic and necroptotic pathways through mitophagy induced
by mitochondrial damage [8–11]. PGAM5 is also upregulated in
many cancers and promotes their growth [12,13]. Interestingly,
Zhu et al. [14] recently reported that PGAM5 is highly expressed
in colorectal cancer, and the inhibition of PGAM5 expression
attenuates lipid metabolism and colon tumorigenesis in mice. The
dephosphorylation of malic enzyme 1 (ME1) at S336 mediated by
PGAM5 results in the dimerization and activation of ME1 and
promotes nicotinamide adenine dinucleotide phosphate
(NADPH) production, adipogenesis, and colorectal cancer pro-
gression [14]. Although PGAM5 is highly expressed in many
cancers, the acetylation of PGAM5 and its regulatory mechanism
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have not been reported in liver cancer cells. How it participates
in the metabolic reprogramming of liver cancer deserves further
study.

We and others have previously discovered that lysine acetylation
is an evolutionarily conserved post-translational modification in the
regulation of a variety of cellular processes, particularly in
mitochondrial metabolism [3,15]. Among these newly identified
acetylated proteins, PGAM5 was implicated in new regulation at the
post-translational level. In this study, we investigated PGAM5
acetylation and its functional significance in controlling NADPH
production and adipogenesis in liver cancer cells.

Materials and Methods
Cell culture and reagents
HEK293T cells (human embryonic kidney cells) and PLC cells
(human hepatocarcinoma cell line) were purchased from ATCC
(Manassas, USA). All cell lines were cultured in DMEM (Gibco,
Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS;
Viva-Cell, Shanghai, China) and 1% penicillin-streptomycin (Hy-
Clone, Logan, USA) and were tested for mycoplasma contamination
to ensure the reliability of the experimental data. All cell lines were
incubated at 37°C with 5% CO2. Nicotinamide (NAM; N0636) and
trichostatin A (TSA; V900931) were purchased from Sigma-Aldrich
(St Louis, USA).

Plasmids
shRNAs in the PLKO.1 vector against human SIRT2 were
commercially purchased from Sigma-Aldrich. shRNAs targeting
the 3′UTR of PGAM5 were constructed in the PLKO.1 vector. All
shRNA targeting sequences are listed in Supplementary Table S1.
The coding sequences of human PGAM5, PGAM5K30R, PGAM5K88R,
PGAM5K75R/K88R/K93R/K95R/K116R, PGAM5K141R, PGAM5K144R,
PGAM5K169R, PGAM5K191R, PGAM5K285R, ME1, and ME1S336A were
cloned into the pCDH empty vector (#192245; Addgene, Water-
town, USA) with a 3× Flag tag at the C-terminus. The coding
sequences of SIRT2, PGAM5, PGAM5K191R, PGAM5K191Q, and ME1
were cloned into the pSIN empty vector (#16580; Addgene) with an
HA tag at the N-terminus.

Lentivirus packaging and establishment of stable cells
To generate lentiviruses expressing the indicated shRNAs,
HEK293T cells were transfected with shRNAs (cloned in
PLKO.1), VSVG and ∆8.9 using PEI transfection reagent (23966-1;
Polysciences, Warrington, USA). To generate lentiviruses expres-
sing the pSin empty vector (control) or the indicated genes,
HEK293T cells were transfected with the pSin-based construct
pMD2.G, and psPAX2 using PEI transfection reagent (Poly-
sciences). To generate lentiviruses expressing the pCDH empty
vector (control) or the indicated genes, HEK293T cells were
transfected with the pCDH-based construct pMD2.G, and psPAX2
using PEI transfection reagent (Polysciences). Six hours after
transfection, the culture medium was replaced by fresh medium.
Forty-eight hours later, the medium containing lentiviral particles
was collected by filtration with a 0.45-μm PVDF membrane
(Millipore, Billerica, USA). Briefly, PLC cells were infected with
lentivirus in the presence of polybrene, followed by selection with
0.4 μg/mL puromycin to establish stable cells. Stable cell lines were
examined for the expression of the indicated vectors by western blot
analysis.

Western blot analysis
Proteins were isolated from cells using RIPA buffer (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.1% SDS, and 1%
NP-40) supplemented with protease inhibitor cocktail (#43203100;
Roche, Mannheim, Germany) and 1 mM PMSF, 1 mM Na3VO4,
2 mM DTT, and 10 mM NaF. The lysate supernatant was collected
after centrifugation at 16,000 g for 10 min at 4°C, and the protein
concentration was quantified with a Bradford assay kit (C000164-
0200; Sangon Biotech, Shanghai, China). Then, the sample was
placed in a 100°C metal bath for 5 min. Equal amounts of protein
were subjected to 6%‒12% SDS-PAGE and then transferred to NC
membranes (Cat# 66485; Pall, Logan, USA) for antibody incubation
and color development. After being blocked with 5% skimmed milk
for 1 h, membranes were incubated with primary antibodies
overnight at 4°C. Primary antibodies against the following proteins
were used: PGAM5 (Cat# sc-515880; Santa Cruz, Santa Cruz, USA),
PGAM5 (Cat# 28445-1-AP; Proteintech, Rosemont, USA), SIRT2
(Cat# 19655-1-AP; Proteintech), SIRT2 (Cat# sc-28298; Santa Cruz),
ME1 (Cat# 16619-1-AP; Proteintech), acetylated-lysine (Cat# 9441;
CST, Beverly, USA), acetylated-lysine (Cat# PTM-105; Jingjie PTM
BioLab, Hangzhou, China), phosphorylation-serine (Cat# sc-81514;
Santa Cruz), HA-HRP (Cat# 2999; CST), HA (Cat# 51064-2-AP;
Proteintech), mouse IgG1 isotype control (Cat# 66360-1-Ig; Pro-
teintech), Flag (Cat# F1804; Sigma-Aldrich), and β-actin (Cat#
66009-1-Ig; Proteintech). After extensive wash for three times, the
membranes were incubated with the HRP-conjugated anti-rabbit
secondary antibody (Cat# 1706515; Bio-Rad, Hercules, USA) or
HRP-conjugated anti-mouse secondary antibody (Cat# 1706516;
Bio-Rad) for 2 h at room temperature. Signals were detected using
Western ECL Substrate (Bio-Rad) and ChemiDoc XRS+ System (Bio-
Rad).

Immunoprecipitation assay
Cells were lysed in IP buffer (20 mM HEPES, pH 7.5, 150 mM NaCl,
2 mM EDTA, 1% NP40) supplemented with protease inhibitors.
Fifty to 100 μg of lysate was saved as an input sample for
quantitation of total samples. Equivalent amounts of protein were
immunoprecipitated with anti-Flag antibody for 4‒6 h at 4°C,
followed by incubation with protein A/G-Sepharose (Thermo
Scientific, Waltham, USA) for 1 h. The beads were washed three
times with IP buffer and boiled in 2× loading buffer. Protein
samples were analyzed by western blot analysis.

Fusion protein purification experiment
The coding sequences of human PGAM5, PGAM5K141R,
PGAM5K141Q, PGAM5K191R, and PGAM5K191Q were cloned into the
pET-22b vector (#103000; Addgene). The proteins PGAM5,
PGAM5K141R, PGAM5K141Q, PGAM5K191R, and PGAM5K191Q were
produced in E. coli (Rossetta, DE3). All proteins were purified
using purification buffer (150 mM NaCl, 50 mM Tris, pH 7.5, and
200 mM imidazole). Protein samples were analyzed by Coomassie
blue staining.

In vitro phosphatase assay
Phosphatase activity was measured using the Serine/Threonine
Phosphatase Assay System (Promega, Madison, USA), which
determined the absorbance of the molybdate: malachite: phosphate
complex. The following phosphor-peptide was used as a substrate:
RRA(pT)VA (Promega).
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Measurement of malic enzyme 1 enzyme activity
Malic enzyme 1 (ME1) activity was measured using an NADP-ME
activity detection kit (BC1125; Solarbio, Beijing, China) according to
the manufacturer’s instructions. The optimum reaction system was
prepared as follows: 50 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 0.5 mM
NADP+, and 10 mM L-malate. The soluble protein concentration
was quantified using a Bradford Protein Assay Kit (C503031;
Sangon Biotech). ME1 activity was determined by monitoring the
change in absorbance at 1 min intervals continuously at 340 nm
using a UV spectrophotometer (Thermo Scientific). One unit of ME1
activity was defined as 1 μM NADPH generated by 1 mg protein per
minute in the reaction system:

NADP-ME1(U/mg protein)=[(A2‒A1)/6.22]×(l/t)×(V1/V2)/C,

where A1 is the initial absorbance, A2 is the absorbance after the
reaction, 6.22 represents the extinction coefficient per mM NADPH,
t is the reaction time (1 min), l is the path length of the cuvette
(1 cm), V1 is the total reaction volume (900 μL), V2 is the volume of
ME1 solution (30 μL), and C is the concentration of protein (mg/mL).

NADPH measurement
For NADPH measurement, cells were collected and lysed with RIPA
buffer supplemented with 1% NP-40 for 30 min, and an equal
volume of cell lysates was used to measure NADPH using an
NADP+/NADPH Detection Kit (S0179; Beyotime Biotechnology,
Shanghai, China). The NADPH contents were normalized to cellular
protein measured with a Bradford Protein Assay Kit (C503031;
Sangon Biotech).

Triglyceride measurement
For triglyceride measurement, cells were collected and lysed with
RIPA buffer supplied with 1% NP-40 for 30 min, and equal volumes
of cell lysates were used to measure triglycerides using a
Biochemical Triglyceride Determination Kit (F001-1-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The triglycer-
ide contents were normalized to cellular protein measured with a
Bradford protein assay kit (C503031; Sangon Biotech).

Animal studies
Xenograft experiments were conducted with approval from the
Animal Research Ethics Committee of the University of Science and
Technology of China (USTCACUC24120122074). Male BALB/c
nude mice (Zhejiang Vital River Laboratory Animal Technology
Co., Ltd, Hangzhou, China) were kept at room temperature under a
constant 12 h light/dark cycle. Mice were held five per cage and
randomly assigned to experimental groups. For the xenograft
experiment, 10×106 PLC cells stably expressing PGAM5-WT,
PGAM5-K191R or PGAM5-K191Q with endogenous PGAM5 knock-
down were injected subcutaneously into 5-week-old male nude
mice. Tumors were measured using digital callipers every 3 days
after 7 days of injection. Tumor volumes (mm3) were calculated
using the following formula: length×width2×0.52.

Crosslinking assay
Disuccinimidyl suberate (DSS) crosslinking was used to detect the
ME1 dimer. Briefly, cells were trypsinized and counted. Equal
numbers of cells were collected for the experiment. Cells were
washed with cold PBS, followed by suspension in conjugation
buffer (20 mM HEPES, pH 8.0). The DSS solution prepared in DMSO

was added to the cell suspension to a final concentration of 1 mM.
After incubation at 37°C for 30 min, the samples were boiled and
subjected to western blot analysis.

Statistical analysis
Data are presented as the mean±SD or mean±SEM of at least three
independent experiments as indicated. Student’s t test was used to
compare two groups. ANOVA was used for multiple comparisons
with GraphPad Prism (Graphpad Software, La Jolla, USA). P<0.05
was considered significant.

Results
K191 acetylation reduces PGAM5 activity
As reported, PGAM5, a transmembrane protein, is highly expressed
in liver cancer and colorectal cancer, and high expression of PGAM5
can promote the proliferation of tumor cells [12,14,16]. Our recent
studies have revealed a broad role of lysine acetylation in metabolic
enzyme regulation in mitochondria, including PGAM5 [15]. To
confirm this, we transfected Flag-PGAM5 into HEK293T cells and
tested the acetylation of PGAM5 by western blot analysis using an
anti-pan-lysine acetylation antibody. We found that PGAM5 was
indeed acetylated and that its acetylation was significantly
enhanced by treatment with TSA and NAM (Figure 1A). Similar
results were observed in PGAM5-overexpressing PLC cells treated
with TSA and NAM (Figure 1B). These results suggest that
ectopically expressed PGAM5 is acetylated in cells.

Analysis of our previous mass spectrum data revealed that K88
and K191 of PGAM5 are the potential acetylation sites [15].
Meanwhile, the online PhosphoSitePlus database (www.phospho-
site.org) predicted other putative acetylation sites in PGAM5. To
identify the lysine residues on PGAM5 responsible for its acetylation
and activity, we mutated all the putative acetylation sites
individually to non-acetylated arginine (R) and detected their
acetylation levels. However, K141R or K191R mutants resulted in a
significant reduction in PGAM5 acetylation (Figure 1C). We next
detected the wild-type PGAM5, K141R and K191R mutants in PLC
cells and then treated the cells with TSA and NAM. Western blot
analysis with an anti-panlysine acetylated antibody showed that the
K191R mutation, but not the K141R mutant, decreased the
acetylation level of PGAM5 (Figure 1D). To determine whether
the acetylation of K141 or K191 affects the protein phosphatase
activity of PGAM5, we purified wild-type PGAM5 as well as K141R,
K141Q, K191R and K191Q. Our data showed that the K141R and
K141Q mutants did not affect PGAM5 activity. However, compared
with wild-type PGAM5, the K191Q (acetyl-mimetic) mutant
obviously obstructed PGAM5 activity, and the K191R mutant partly
increased the activity of PGAM5 (Figure 1E). It should also be noted
that K191 on PGAM5 is evolutionarily conserved from E. coli to
mammals (Figure 1F). Together, these results support the conclu-
sion that the acetylation of K191 on PGAM5 negatively regulates its
enzyme activity. Therefore, we investigated the regulatory mechan-
isms of PGAM5 acetylation.

SIRT2 mediates PGAM5-K191 deacetylation
To identify the deacetylase responsible for PGAM5 regulation, we
first took advantage of TSA, an inhibitor of histone deacetylase, and
NAM, an inhibitor of the SIRT deacetylase family, to determine
whether SIRTs or HDACs are involved in PGAM5 deacetylation.
Treatment with the Sirtuin inhibitor NAM, but not the HDAC
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inhibitor TSA, increased PGAM5 acetylation (Figure 2A), indicating
that a member of the Sirtuin family of deacetylases is involved in
PGAM5 deacetylation. As a transmembrane protein, PGAM5 is
located in the outer membrane of mitochondria [17]. According to
its secondary structure information, amino acids 1‒6 are located
inside the mitochondria, amino acids 7‒29 belong to the transmem-

brane region and span the outer mitochondrial membrane, and
amino acids 30‒289 are located in the cytoplasm [11,18,19].
Because SIRT2 is mostly localized in the cytoplasm and K191 is
the crucial acetylation site on PGAM5 (Figure 2B), we co-expressed
PGAM5 with the cytosolic SIRT deacetylase SIRT2 [20]. We found
that SIRT2 clearly bound to PGAM5 (Figure 2C). Furthermore,

Figure 1. Acetylation at K191 reduces PGAM5 activity (A) Flag-tagged PGAM5 was expressed in HEK293T cells treated with or without the
deacetylase inhibitors TSA and NAM, followed by immunoprecipitation using an anti-Flag antibody and western blot analysis of lysine acetylation
(K-Ac) of PGAM5. (B) Flag-tagged PGAM5 was stably expressed in PLC cells treated with or without the deacetylase inhibitors TSA and NAM,
followed by immunoprecipitation using an anti-Flag antibody and western blot analysis of lysine acetylation (K-Ac) of PGAM5. (C) The indicated
mutant plasmids of the PGAM5 acetylation sites were constructed and transfected into HEK293T cells. The above cells were treated with the
deacetylase inhibitors TSA and NAM, followed by immunoprecipitation using an anti-Flag antibody and western blot analysis of the PGAM5
acetylation level. (D) PLC cells were transfected with vectors expressing Flag-wild-type-PGAM5 (WT), Flag-PGAM5-K141R (K141R) or Flag-PGAM5-
K191R (K191R). The above cells were further treated with the deacetylase inhibitors TSA and NAM, followed by immunoprecipitation using an anti-
Flag antibody and western blot analysis of the PGAM5 acetylation level. (E) Bacterially generated HIS-wild-type-PGAM5 (WT), HIS-PGAM5-K141R
(K141R), HIS-PGAM5-K141Q (K141Q), HIS-PGAM5-K191R (K191R) or HIS-PGAM5-K191Q (K191Q) were subjected to an in vitro phosphatase assay.
The enzyme activity data are expressed as the mean±SD (n=3) compared with the indicated group *P<0.05, ns, no significant difference.
(F) Conserved analysis of the K191 site of PGAM5 from the indicated species.
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coexpression of SIRT2 reduced PGAM5 acetylation, while knock-
down of SIRT2 promoted PGAM5 acetylation (Figure 2D,E). To
verify whether SIRT2 regulates PGAM5 acetylation at K191, we
overexpressed wild-type PGAM5 as well as the K191R mutant and
then knocked down SIRT2 with shRNAs. Western blot analysis

showed that SIRT2 knockdown inhibited PGAM5 acetylation at
K191 (Figure 2F). These results suggested that the deacetylation of
PGAM5 at K191 is catalyzed by SIRT2 and demonstrated a specific
and prominent role of SIRT2 in the K191 deacetylation of PGAM5
(Figure 2G).

Figure 2. SIRT2 mediates PGAM5-K191 deacetylation (A) Flag-tagged PGAM5 was stably expressed in PLC cells treated with TSA and/or NAM,
followed by immunoprecipitation using an anti-Flag antibody and western blot analysis of the lysine acetylation (K-Ac) of PGAM5. (B) Localization
of sirtuin family deacetylases in cells. (C) Immunoprecipitation was performed using anti-Flag antibody or IgG in PLC cells. Flag-PGAM5 and HA-
SIRT2 expression were determined by western blot analysis. (D) PLC cells stably expressing Flag-PGAM5 were further transfected with vectors
expressing EV or HA-SIRT2. Immunoprecipitation was performed using an anti-Flag antibody or IgG in PLC cells. The acetylation of Flag-PGAM5
was detected by western blot analysis. (E) PLC cells stably expressing Flag-PGAM5 were further transfected with vectors expressing NTC or SIRT2
shRNA. Immunoprecipitation was performed using an anti-Flag antibody or IgG in PLC cells. The acetylation of Flag-PGAM5 was determined by
western blot analysis. (F) PLC cells with stable knockdown of endogenous PGAM5 were further transfected with vectors expressing Flag-PGAM5-
WT, Flag-PGAM5-K191R and Flag-PGAM5-K191Q. The above cells were subsequently infected with viruses expressing NTC or SIRT2 shRNA.
Immunoprecipitation was performed using an anti-Flag antibody or IgG in PLC cells. The acetylation of Flag-PGAM5 was detected by western blot
analysis. (G) Diagram of the mechanism by which SIRT2 regulates the deacetylation of PGAM5-K191.
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SIRT2-mediated deacetylation of PGAM5K191 facilitates
ME1 dephosphorylation and enhances ME1 activity
ME1 catalyzes the conversion of malate to pyruvate while
simultaneously regenerating NADPH and plays a significant role
in lipogenesis [21]. Recently, it was reported that PGAM5 mediates
ME1 dephosphorylation, induces intracellular lipid metabolism and
NADPH synthesis and promotes colorectal cancer cell proliferation
[14]. However, whether the acetylation-mediated function of
PGAM5 affects tumor metabolic reprogramming through ME1
remains unclear in liver cancer cells. Therefore, we confirmed the
interaction between PGAM5 and ME1 by co-IP in HEK293T cells
(Figure 3A). Subsequently, we also found that overexpression of
PGAM5 dephosphorylated ME1 in PLC cells; in contrast, knock-
down of PGAM5 increased the phosphorylation level of ME1
(Supplementary Figure S1A,B). More interestingly, immunopreci-
pitation experiments showed that SIRT2 facilitates the binding of
PGAM5 to ME1 in PLC cells (Figure 3B,C).

We next investigated whether acetylation of PGAM5 at K191 is
involved in the regulation of ME1 phosphorylation level. In PLC
cells co-overexpressing wild-type PGAM5, K191R or K191Q mutant
together with ME1, we discovered that the K191Q mutant hindered
PGAM5 binding to ME1 and accelerated ME1 phosphorylation
(Figure 3D,E). In addition, the PGAM5 K191R mutant significantly
decreased the phosphorylation level of ME1 but had no effect on the
activation mutant of ME1 (ME1-S336A) (Figure 3E). More im-
portantly, knockdown of SIRT2 inhibited ME1 dephosphorylation
and enzymatic activity in WT-PGAM5-expressing PLC cells but
not in K191R- or K191Q-expressing cells or the ME1 phosphoryla-
tion level and enzymatic activity in ME1-S336A mutant cells
(Figure 3F,G). Considering that the level of ME1 dimerization
affects ME1 activity, our DSS crosslinking analysis revealed that
over-expression of SIRT2 led to a decrease in ME1 monomer
formation and a strong increase in ME1 dimer level (Supplementary
Figure S2). Taken together, our data demonstrate that SIRT2-
mediated PGAM5-K191 deacetylation facilitates ME1 dephosphor-
ylation, leading to its upregulated enzyme activity.

Deacetylation of PGAM5 promotes lipid metabolism and
tumor growth via dephosphorylating ME1
ME1 functions to promote one-carbon metabolism, pyruvate
metabolism, NADPH and triglyceride (TG) synthesis in cells [22].
As we observed that PGAM5 deacetylation increased ME1
enzymatic activity, we next sought to explore whether acetylation
of PGAM5 regulates the homeostasis of NADPH. We knocked down
endogenous PGAM5 and then re-expressed wild-type PGAM5 or the
K191R or K191Q mutant in PLC cells (Figure 4A). As expected, we
found that intracellular NADPH decreased under the knockdown of
endogenous PGAM5. Furthermore, the restoration of wild-type
PGAM5 and the K191R mutant, but not the K191Q mutant,
significantly increased NADPH level (Figure 4B). In addition, the
trend of TG level was similar to that of NADPH in the corresponding
cells (Figure 4C). In addition, cell growth curves showed that the
deacetylation mimic PGAM5-K191R, but not the K191Q mutant,
significantly promoted PLC cell proliferation (Figure 4D).

To address whether the acetylation of PGAM5-K191 affects
cellular NADPH and TG levels by regulating ME1-S336 phosphor-
ylation. We knocked down endogenous ME1 and re-expressed wild-
type ME1 or ME1-S336A (activation mutant) in the above PLC cells
(Figure 4E). ME1-S336A significantly increased the levels of NADPH

and TG. However, the PGAM5-K191Q mutant reduced the levels of
NADPH and TG in wild-type ME1 cells but not in ME1-S336A
mutant cells (Figure 4F,G). Similarly, alterations in PGAM5
acetylation had no effect on the proliferation of PLC cells expressing
the ME1 S336A mutant (Figure 4H). These data demonstrate
that the deacetylation of PGAM5-K191 promotes NADPH produc-
tion, lipid metabolism and tumor growth by dephosphorylating
ME1. We also performed a xenograft assay to determine whether
the deacetylation of PGAM5 promotes tumor growth in vivo.
Compared to PGAM5-WT, PGAM5-191R increased tumor growth,
while PGAM5-191Q significantly retarded cell growth in vivo
(Figure 4I,J). Our data indicated that the post-translational acetyla-
tion of PGAM5 plays a crucial role in liver cancer cell development.

Discussion
Protein lysine acetylation is a common post-translational modifica-
tion in cells [23–25]. More than 20% of the proteins localized in
mitochondria undergo (de)acetylation modification [26]. Protein
lysine-acetylation modification plays important biological roles in
protein-protein interactions and protease activity, affecting protein
subcellular localization and protein stability [6,27]. Aberrant
protein lysine acetylation can alter a variety of cellular functions
and play important roles under physiological and pathological
conditions. PGAM5 is normally located on the mitochondrial outer
membrane and has been implicated in a variety of cellular activities
related to signal transduction pathways, such as regulating
mitophagy, cellular oxidative stress, cell necrosis and apoptosis,
fatty acid metabolism and NADPH synthesis [8,11,14,17,28,29].
However, the molecular mechanism of PGAM5 in the occurrence
and development of liver cancer remains elusive. Our data
demonstrated that the PGAM5 protein can be acetylated in cells,
and its enzyme activity is inhibited by Lys 191 acetylation, which is
mediated by the cytosolic deacetylase SIRT2 (Figures 1E and 2G).

Reprogramming metabolism is a major hallmark of cancer [30].
Altered lipid synthesis in particular plays an extremely critical role
in tumor growth. Malic enzyme 1 (ME1) is an NADP(+)-dependent
enzyme that generates NADPH for fatty acid biosynthesis by
catalyzing the conversion of malate to pyruvate, thereby linking
glycolysis and the TCA cycle. In this study, we demonstrated that
the acetylation of PGAM5-K191 significantly inhibited PGAM5
binding to the substrate ME1, while the PGAM5-mimic deacetyla-
tion mutant (K191R) enhanced ME1 metabolic enzyme activity
through ME1 dephosphorylation (Figure 3E,G). Furthermore,
deacetylation of PGAM5 promoted NADPH production, triglyceride
(TG) synthesis and tumor growth by dephosphorylating ME1
(Figure 4E,G).

SIRT2 is upregulated in many cancers, such as pancreatic cancer,
breast cancer and hepatocellular carcinoma (HCC) [31–36], and the
impact of SIRT2 on metabolism and possible molecular mechanisms
in cancer cells still deserve further research. Our data showed that
SIRT2 deacetylates the lysine K191 site of PGAM5 and induced the
protein phosphatase activity of PGAM5, which dephosphorylated
and activated ME1, ultimately leading to increased NADPH levels
and lipid synthesis. Thus, activation of PGAM5 by SIRT2-mediated
deacetylation showed tumor-promoting effects.

In conclusion, this study discovered and analyzed the molecular
mechanism of PGAM5 deacetylation and the important role of the
SIRT2-PGAM5-ME1 axis in the proliferation of liver cancer cells
(Figure 5).
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Figure 3. The deacetylation of PGAM5-K191 mediated by SIRT2 facilitates ME1 dephosphorylation and activity (A) Flag-PGAM5 and HA-ME1
were co-overexpressed in PLC cells. Immunoprecipitation was performed using an anti-Flag antibody or IgG, followed by western blot analysis of
HA-ME1 and Flag-PGAM5. (B) PLC cells stably expressing Flag-PGAM5 were further transfected with vectors expressing NTC or SIRT2 shRNA.
Immunoprecipitation was performed using an anti-Flag antibody or IgG in PLC cells. ME1 and Flag-PGAM5 were determined by western blot
analysis. (C) PLC cells stably expressing Flag-PGAM5 were further transfected with empty vector (EV) or vectors expressing HA-SIRT2.
Immunoprecipitation was performed using an anti-Flag antibody or IgG in PLC cells. ME1 and Flag-PGAM5 were determined by western blot
analysis. (D) PLC cells with stable knockdown of endogenous PGAM5 were further transfected with EV or vectors expressing Flag-wild-type-
PGAM5, Flag-PGAM5-K191R and Flag-PGAM5-K191Q. The above cells were subsequently infected with viruses expressing HA-ME1.
Immunoprecipitation was performed using an anti-Flag antibody or IgG in PLC cells. Flag-PGAM5 and HA-ME1 were determined by western
blot analysis. (E) PLC cells with stable knockdown of endogenous PGAM5 were further transfected with EV or vectors expressing HA-PGAM5,
HA-PGAM5-K191R and HA-PGAM5-K191Q. The above cells were knocked down with ME1 shRNA and were subsequently infected with viruses
expressing Flag-ME1-WT or Flag-ME1-S336A. Immunoprecipitation was performed using an anti-Flag antibody or IgG in PLC cells.
Phosphorylation of ME1, Flag-ME1 and HA-PGAM5 was determined by western blot analysis. (F) PLC cells with stable knockdown of endogenous
PGAM5were further transfected with vectors expressing PGAM5-WT, PGAM5-K191R and PGAM5-K191Q. The above cells were knocked down with
ME1 shRNA and were subsequently infected with viruses expressing Flag-ME1-WT or Flag-ME1-S336A. Meanwhile, the cells were infected with the
viruses expressing NTC or SIRT2 shRNA. Immunoprecipitation was performed using an anti-Flag antibody or IgG in the above cells.
Phosphorylation of ME1, Flag-ME1, HA-PGAM5 and SIRT2 was detected by western blot analysis. (G) The metabolic enzyme activity of ME1 was
detected by a kit assay in the PLC cells used in (F). The enzyme activity data are expressed as the mean±SD (n=3) and compared with the
corresponding groups. *P<0.05, ns, no significant difference.
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Figure 4. Deacetylation of PGAM5 promotes lipid metabolism and tumor growth by dephosphorylating ME1 (A‒D) PLC cells with stable
knockdown of endogenous PGAM5were further transfected with EV or vectors expressing Flag-PGAM5-WT, Flag-PGAM5-K191R and Flag-PGAM5-
K191Q, followed by western blot analysis of PGAM5 (A). The intracellular NADPH (B) and TG (C) contents were determined in the above cells (A).
The growth of PLC cells was determined by trypan blue staining (D). (E‒H) The PLC cells used in (A) were further knocked down for endogenous
ME1 and then re-expressed ME1-WT or ME1-S336A. The indicated protein levels were determined by western blot analysis (E). The intracellular
NADPH (F) and TG (G) levels were determined in the above cells (E). The growth of PLC cells was determined by trypan blue staining (H). Data are
presented as the mean±SD (n=3, each group) and compared with the corresponding groups. *P<0.05, ns, no significant difference. (I,J) PLC cells
stably expressing PGAM5-WT, PGAM5-K191R or PGAM5-K191Q with endogenous PGAM5 knockdown were injected subcutaneously into nude
mice (n=5 for each group). Tumor growth curves were measured starting 7 days after injection (I), and tumors were extracted and compared at the
end of the experiment (J). Data are presented as the mean±SD (n=5, each group) and compared with the corresponding groups. *P<0.05. ns, no
significant difference.
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