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Aspirin modulates succinylation of PGAM1K99 to restrict
the glycolysis through NF-κB/HAT1/PGAM1 signaling
in liver cancer
Yu-fei Wang1, Li-na Zhao1, Yu Geng1, Hong-feng Yuan2, Chun-yu Hou2, Hui-hui Zhang2, Guang Yang2 and Xiao-dong Zhang1,2

Aspirin as a chemopreventive agent is able to restrict the tumor growth. Phosphoglycerate mutase 1 (PGAM1) is a key enzyme of
glycolysis, playing an important role in the development of cancer. However, the underlying mechanism by which aspirin inhibits
the proliferation of cancer cells is poorly understood. This study aims to identify the effects of aspirin on modulating PGAM1
enzymatic activities in liver cancer. Here, we found that aspirin attenuated the PGAM1 succinylation to suppress the PGAM1
enzymatic activities and glycolysis in hepatoma cells. Mechanically, aspirin remarkably reduced the global succinylation levels of
hepatoma cells, including the PGAM1 succinylation, which led to the block of conversion from 3-phosphoglycerate (3-PG) to
2-phosphoglycerate (2-PG) in cells. Interestingly, RNA-seq analysis identified that aspirin could significantly decrease the levels of
histone acetyltransferase 1 (HAT1), a writer of PGAM1 succinylation, in liver cancer. As a target of aspirin, NF-κB p65 could effectively
up-regulate the expression of HAT1 in the system, resulting in the increase of PGAM1 enzymatic activities. Moreover, we observed
that the PGAM1-K99R mutant failed to rescue the aspirin-induced inhibition of PGAM1 activities, glycolysis, and proliferation of
hepatoma cells relative to PGAM1-WT. Functionally, aspirin down-regulated HAT1 and decreased the PGAM1 succinylation levels in
the tumor tissues from mice treated with aspirin in vivo. Thus, we conclude that aspirin modulates PGAM1K99 succinylation to
restrict the PGAM1 activities and glycolysis through NF-κB p65/HAT1/PGAM1 signaling in liver cancer. Our finding provides new
insights into the mechanism by which aspirin inhibits glycolysis in hepatocellular carcinoma.
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INTRODUCTION
Aspirin as a nonsteroidal anti-inflammatory drug (NSAID) is most
commonly used for the secondary prevention of cardiovascular
diseases (CVD) [1, 2]. Nowadays, more and more evidence indicates
the potential roles of aspirin against cancer [3, 4]. Aspirin has a
protective effect against the development of colorectal cancer (CRC)
by several inter-related mechanisms, such as inhibition of Wnt-β-
catenin signaling, inhibition of prostaglandin-endoperoxide
synthase 2 (PTGS2), inactivation of protein phosphatase 2A (PP2A)
[5–7]. Glycolysis is primarily characterized biology aspect in cancer
cells [8, 9]. Our group reported that aspirin attenuated the glycolysis
and proliferation of hepatoma cells by 2-hydroxyisobutyrylation of
ENO1 [10]. However, the underlying mechanism by which aspirin
decreases the glycolysis of hepatoma cells need to be further
clarified.
Phosphoglycerate mutase 1 (PGAM1) is critical in cancer metabo-

lism by catalyzing the conversion from 3-phosphoglycerate (3-PG) to
2-phosphoglycerate (2-PG) during aerobic glycolysis [11, 12]. How-
ever, the effect of aspirin on PAGM1 in liver cancer cells is elusive.
Posttranslational modifications (PTMs) play important roles in the

regulation of protein activity and function, which are involved in the
development of cancer [13–15]. Aspirin is able to acetylate
biomolecules, which plays potential roles in the development of
cancers [16, 17]. As a target of aspirin, nuclear factor-κB (NF-κB,
especially one of the subunits, p65) serves as a major factor
controlling the proliferation of cancer cells [18]. Lysine succinylation
occurs frequently among the newly identified posttranslational
modifications of human histones and is critical for tumor develop-
ment [19]. Our group reported that the succinylation of PGAM1
catalyzed by HAT1 played critical roles in promoting tumor
progression [20]. However, the effects of aspirin on the HAT1 and
PGAM1K99 succinylation in cancer cells need to be further studied.
In this study, we are interested in the roles of aspirin in

modulation of PGAM1 succinylation in liver cancer. Interestingly,
we observed that 4 mM aspirin decreased the enzymatic activities
of PGAM1 and the succinylation levels of PGAM1 (termed PGAM1
Succ), in which NF-κB and HAT1 were involved in the event.
Aspirin down-regulated the expression of HAT1 and decreased the
levels of PGAM1 succinylation, contributing to the suppression of
growth of liver cancer. Our finding provides new insights into the
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mechanism by which aspirin inhibits the glycolysis and growth of
liver cancer.

MATERIALS AND METHODS
Cell culture and treatment
Human hepatoma cell lines HepG2 and Huh7 were cultured with
Dulbecco′s modified Eagle′s medium (DMEM, Gibco, USA) contain-
ing 10% fetal bovine serum (FBS, Gibco, USA), 100 U/mL penicillin
and 100mg/mL streptomycin. All cell lines were cultured in 5% CO2

and 37 °C conditions. For aspirin or PDTC treatment, hepatoma cells
lines were treated with 2mM and/or 4mM aspirin [21] (Sigma-
Aldrich, USA) or 50 μM and/or 100 μM PDTC (MCE, USA) for 48 h [22].
The supernatant or cells were collected for further study.

Measurement of glucose consumption and lactate acid production
The protocols of analyses of glucose consumption and lactate acid
were conducted as previously described [20, 23]. The consump-
tion of glucose in the supernatant of the hepatoma cells was
measured by using GOPOD format kit (Mlbio, China). The levels of
lactate acid in the supernatant of the hepatoma cells were carried
out by using LA ELISA kit (Mlbio, China).

Measurement of the levels of 3-PG, 2-PG and PGAM1 activities
The protocols of analyses of 3-PG and 2-PG were conducted as
previously described [20, 23]. The packed cell pellets were
homogenized in 1.5mL of hypotonic lysis buffer (20mM HEPES
(pH 7.0), 5 mM KCl, 1mM MgCl2, 5mM DTT, and protease inhibitor
cocktail), determining cellular concentration of 2-PG and 3-PG. The
homogenates were centrifuged in a cold room at 4 °C for 10min at
maximum speed, and the supernatants were applied to Amicon
Ultra tubes with 10 kDa cutoff filter (Millipore, USA). The levels of
3-PG and 2-PG in hepatoma cells were measured by 3-PG Kit (Mlbio,
China) and 2-PG Kit (Mlbio, China) according to the instructions of
producers, respectively. The activities of PGAM1 were measured by
PGAM1 Kit (Mlbio, China) according to the instructions of producers.

Western blot analysis
Total protein lysates were extracted from cells with RIPA buffer.
The boiled proteins with loading buffer were subjected to SDS-
PAGE and then transferred to a nitrocellulose membrane. The 8%
non-fat milk was used to block the membrane. Two hours later,
the membrane was incubated with first antibody for 1 h at room
temperature. After incubation with the secondary antibody for 1 h
at 37 °C, the membrane was visualized by ECL Western Blotting
Detection Kit from GE Healthcare (Waukesha, USA). The primary
antibodies included mouse anti-β-actin (Sigma, USA), rabbit anti-
PGAM1 (Abcam, UK), rabbit anti-p65 (Proteintech, USA), rabbit
anti-p-p65 (Proteintech, USA), rabbit anti-HAT1 antibody (Abcam,
UK), rabbit anti-Pan-succinylation (PTM Biolabs, China), rabbit anti-
BCL2 (Proteintech, USA), rabbit anti-XIAP (Proteintech, USA).
Protein bands were visualized and quantified using an Odyssey
Infrared Imaging System (LiCor Biosciences).

RNA extraction and RT-qPCR
Total RNA from hepatoma cells was isolated according to the
Trizol extraction method and reverse-transcription was per-
formed using the HiFair III 1st Strand cDNA Synthesis SuperMix
from YEASEN (Shanghai, China). RT-qPCRs were carried out using
Hieff qPCR SYBR Green Master Mix from YEASEN. Fold changes of
gene expression were calculated as 2-ΔΔCt. GAPDH was used as an
internal control for normalization. HAT1 primer: forward primer, 5′-
GAAATGGCGGGATTTGGTGC-3′; reverse primer, 5′-TGTAGCCTAC
GGTCGCAAAG-3′.

Immunoprecipitation (IP) assays
The IP protocol was described in detail in previously published
articles [24]. After the treatment with 4 mM aspirin or 100 μM

PDTC, the cells lysates were harvested and then subjected to
overnight immunoprecipitation at 4 °C using 2–5 μg of PGAM1
antibodies (Abcam, UK). Immune complexes were incubated with
protein A/G agarose beads (Bimake, USA) at 4 °C. The precipitates
were washed six times with ice-cold lysis buffer and then
resuspended in the PBS. The IP products were resolved by SDS-
PAGE followed by Western blot analysis.

Plasmid construct, mutagenesis and siRNA
The coding sequence (CDS) regions of PGAM1 (765 bp) was cloned
into pCMV-3Tag-1A; forward primer, 5′-ATGGCCGCCTACAAACTG
G-3′; reverse primer, 5′-TCACTTCTT GGCCTTGCC-3′. PGAM1 mutant
(K99R) was cloned into pCMV-3Tag-1A; forward primer, 5′-AGCAG
TTTCTGCTCTATTGAGACCGGTTAGACCC-3′, reverse primer, 5′-GGG
TCTA ACCGGTCTCAATAGAGCAGAAACTGCT-3′. The two plasmids
were named as PGAM1-WT and PGAM1-K99R, respectively. CDS
regions of HAT1 (1260 bp) was cloned into pCMV-3Tag-1A [20];
forward primer, 5′-ATGGCGGGATTTGGTGCTATG-3′; reverse primer,
5′-TTACTCTTGAGCAAGTCGTTC-3′. CDS regions of p65 (1656 bp)
was cloned into pCMV-3Tag-1A; forward primer, 5′-ATGGAC
GAACTGTTCC-3′; reverse primer, 5′-TT AGGAGCTGATCTGACTCA
G-3′. The siRNA sequence targeting p65 mRNA, forward sequence
GATGAGATCTTCCTACTGT, was synthesized by Sangon Biotech
(Shanghai, China).

CCK-8 assays
Hepatoma cells were seeded into 96-well plates (2000 cells/well)
for 12 h before transfection. CCK-8 (YEASEN, China) assays were
used to assess the cell proliferation every 24 h from the first day
until 72 h after transfection.

EdU incorporation assays
Hepatoma cells were seeded into 24-well plates (8000 cells/well)
for 12 h before transfection. The 5-ethynyl-2′-deoxyuridine incor-
poration assays were carried out using the Cell-LightTM EdU
imaging detecting kit according to the manufacturer′s instructions
(RiboBio, China) after 48 h of transfection.

Colony formation assays
The 1000 viable hepatoma cells were plated in six-well plates after
24 h transfection, and cultured in complete medium for 2 weeks.
Colonies were fixed with methanol and stained with 0.1% crystal
violet (Beyotime, China).

RNA- seq analysis
Total RNA was extracted from HepG2 cells treated with 4 mM
aspirin or DMSO, and subjected to RNA-seq analysis performed by
Shanghai Majorbio Bio-pharm Technology Co. Ltd. The data were
analyzed on the free online platform of Majorbio Cloud Platform
(www.majorbio.com).

Chromatin immunoprecipitation (ChIP)
For the enrichment of NF-κB p65 on the promoter region of HAT1
gene, ChIP assays were performed in HepG2 and Huh7 cells
transfected with p65-pCMV-3Tag-1A according to the manufac-
turer’s protocol (Cell Signaling Technology, USA). The primary
antibodies included rabbit anti-p65 (Proteintech, USA). The qPCR
primer: forward primer, 5′-GGGTTCAAGCGATTCTCCTG-3′; reverse
primer, 5′-GCCTGAGCTCAGGAGTTCGAG-3′.

In vivo tumorigenicity assays
HepG2 cells were harvested and suspended at 1 × 107 cells/mL in
0.2 ml of PBS in separate sets of mice, and then injected into the
subaxillary region of 6-week-old male BALB/c athymic nude mice,
six mice per group. A week later, the mice in aspirin groups were
daily treated with intragastric gavage with aspirin (suspended in
physiological saline, 75mg/kg). The DMSO group mice were daily
treated with intragastric gavage with DMSO (suspended in
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physiological saline). After 0 days from the treatment, the tumor
growth was measured every 5 days. Blind measurements were
carried out to avoid unconscious biases. After 20 days, mice were
euthanized and tumors were sectioned, which were used to
examine the expression of HAT1 and the PGAM1 Succ levels.
Tumor volume was monitored by measuring the length (L) and
width (W) with calipers and calculated with the formula (L × W2) ×
0.5. The Institute Research Ethics Committee at Tianjin Medical
University Cancer Institute and Hospital approved the study
protocol.

Statistical analysis
Each experiment was repeated at least three times unless otherwise
indicated. All analysis and graphs were generated with GraphPad
Prism 8. Statistical significance was assessed by comparing mean
values (±SD) using a Student‘s t-test for independent groups.

RESULTS
Aspirin suppresses the enzymatic activities of PGAM1 in hepatoma
cells
Our group reported that aspirin attenuated the glycolysis of
hepatoma cells [10]. In this study, we try to identify the novel
mechanisms by which aspirin modulates glycolysis in liver cancer
cells. Firstly, we validated that 4 mM aspirin attenuated the
consumption of glucose and the production of lactate acid in
HepG2 and Huh7 cells (Fig. 1a, b) [21]. Considering that PGAM1 as
key enzyme catalyzes the conversion of 3-PG to 2-PG during
aerobic glycolysis [11], we supposed that PGAM1 might be
involved in the glycolysis mediated by aspirin. Interestingly, we
observed that aspirin significantly decreased the enzymatic
activities of PGAM1 in hepatoma cells, but not the expression of
PGAM1 (Fig. 1c, d). Furthermore, aspirin remarkably increased the

levels of 3-PG and reduced the levels of 2-PG in HepG2 and Huh7
cells (Fig. 1e, f), suggesting that aspirin can attenuate the
catalyzing activities of PGAM1 in cells. Thus, we conclude that
aspirin suppresses the enzymatic activities of PGAM1 to attenuate
glycolysis in hepatoma cells.

Aspirin decreases the levels of PGAM1 Succ in hepatoma cells
Next, we try to identify the mechanism by which aspirin
decreases the enzymatic activities of PGAM1 in hepatoma cells.
Based on that PGAM1 Succ played important roles in promoting
tumor progression [20], we hypothesized that aspirin might
affect the levels of PGAM1 Succ in the event. Surprisingly, we
observed that aspirin could reduce the global levels of
succinylation by Western blot analysis using pan anti-
succinylation antibody (Fig. 2a, b), suggesting that aspirin is
able to attenuate the succinylation levels of proteins in cells.
Furthermore, IP assays and Western blot analysis demonstrated
that the levels of PGAM1 Succ were significantly decreased in
HepG2 and Huh7 cells treated by aspirin (Fig. 2c, d). Thus, we
conclude that aspirin inhibits the succinylation levels of PGAM1
in liver cancer cells.

HAT1 is required for the aspirin-mediated decrease of PGAM1
Succ levels and PGAM1 enzymatic activities
To identify the underlying mechanism by which aspirin inhibits
hepatoma cells, we performed the RNA-seq analysis using HepG2
cells treated with 4 mM aspirin. The KEGG pathway analysis
revealed that aspirin modulated a variety of biology aspects,
including cancer-related human diseases, cell growth and death
processes, signal transduction, lipid metabolism and amino acid
metabolism (Fig. 3a). Next, we try to identify the potential
succinyltransferase mediated by aspirin in the regulation of
PGAM1 Succ. Surprisingly, we found that aspirin down-regulated

Fig. 1 Aspirin suppresses the enzymatic activities of PGAM1 in hepatoma cells. a The levels of glucose consumption were measured by
using GOPOD format assays in HepG2 and Huh7 cells treated with 4 mM aspirin for 48 h. b The levels of lactate acid production were
examined by LA ELISA assays in HepG2 and Heh7 cells treated with 4mM aspirin for 48 h. c The activities of PGAM1 in HepG2 and Huh7 cells
treated with 4mM aspirin for 48 h were detected by ELISA. d The protein levels of PGAM1 were examined by Western blot analysis in HepG2
and Huh7 cells treated with 4 mM aspirin for 48 h. e, f The levels of 3-PG and 2-PG in HepG2 and Huh7 cells treated with 4mM aspirin for 48 h
were measured by ELISA. The mean ± SD of at least three experiments is shown. Statistically significant differences are indicated as follows:
Student‘′s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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the expression of HAT1, a succinyltransferase (Fig. 3b). Considering
that HAT1 served as a succinyltransferase catalyzing the PGAM1
Succ [20], we supposed that aspirin might inhibit the levels of
PGAM1 Succ through modulating HAT1 in cells. We further
validated the aspirin-mediated inhibition of HAT1 mRNA with the
data of RNA-seq in the HepG2/Huh7 cells treated with aspirin
(Fig. 3c and Fig. S1a). Moreover, we revealed that aspirin down-
regulated the protein levels of HAT1 in a dose-dependent manner
in HepG2 and Huh7 cells (Fig. 3d). Next, the overexpression levels
of HAT1 were examined in hepatoma cells (Fig. S1b, c). We found
that the overexpression of HAT1 could significantly rescue the
succinylation levels of PGAM1 which was decreased by aspirin in
HepG2 and Huh7 cells (Fig. 3e), suggesting that aspirin inhibits the
levels of PGAM1 Succ through down-regulating HAT1 in cells.
Furthermore, we demonstrated that the overexpression of HAT1
could remarkably rescue the aspirin-attenuated PGAM1 enzymatic
activities in HepG2 and Huh7 cells (Fig. 3f). Surprisingly, HAT1
could decrease the levels of 3-PG enhanced by aspirin in cells
(Fig. 3g). Oppositely, the aspirin-blocked 2-PG levels were
significantly increased by the overexpression of HAT1 (Fig. 3h) in
the system, suggesting that HAT1 is involved in the conversion of
3-PG to 2-PG blocked by aspirin. Thus, we conclude that HAT1 is
involved in the aspirin-mediated decrease of PGAM1 Succ levels
and PGAM1 enzymatic activities (Fig. S1d).

NF-κB activates HAT1 to modulate the levels of PGAM1 Succ and
PGAM1 enzymatic activities
Based on that aspirin attenuates the activities of NF-κB to mediate
the progression of cancers [25, 26], we speculated that the NF-κB
may contribute to the aspirin-mediated modulation of HAT1 in cells.
Interestingly, we observed that the treatment with PDTC, an
inhibitor of NF-κB, could down-regulate both the mRNA and protein
levels of HAT1 in a dose-dependent manner in HepG2 and Huh7

cells. Meanwhile, the NF-κB-targeted genes, such as BCL2 and XIAP,
were inhibited by PDTC in a dose-dependent manner in both HepG2
and Huh7 cells (Fig. 4a and Fig. S2a, b). Moreover, konckdown of p65
by siRNA significantly down-regulated the expression of HAT1 in
cells (Fig. 4b and Fig. S2c). Oppositely, we showed that the
overexpression of p65, a key subunit of NF-κB, significantly up-
regulated HAT1 in a dose-dependent manner in cells (Fig. 4c and
Fig. S2d). Next, we predicted the NF-κB p65 binding elements
(relative score over 80%) in the promoter regions of HAT1 gene
(Fig. 4d) by JASPAR database, and confirmed that NF-κB p65 could
significantly enrich on the promoter of HAT1 by ChIP-qPCR assays
(Fig. 4e), suggesting that NF-κB p65 may regulate the expression of
HAT1 by enriching on the promoter of HAT1 gene. It has been
reported that the phosphorylation of p65 is a marker of NF-κB
activation [27]. We confirmed that in our system (Fig. S2e).
Surprisingly, our data showed that p65 could remarkably rescue
the expression levels of HAT1 decreased by aspirin in cells (Fig. 4f
and Fig. S2f), suggesting that aspirin down-regulates HAT1 by
targeting NF-κB p65. Furthermore, our data revealed that HAT1
could remarkably rescue the levels of PGAM1 Succ decreased by
PDTC in HepG2 and Huh7 cells (Fig. 4g and Fig. S2g). The
overexpression of HAT1 significantly rescue the enzymatic activities
of PGAM1 and the conversion of 3-PG to 2-PG decreased by PDTC in
hepatoma cells (Fig. 4h–j), suggesting that NF-κB increases the
PGAM1 Succ and PGAM1 enzymatic activities by modulating HAT1.
Thus, we conclude that aspirin modulate the succinylation of
PGAM1 to restrict the activities of PGAM1 by NF-κB p65/HAT1/
PGAM1 signaling in a model (Fig. 4k).

PGAM1K99 de-Succ contributes to the aspirin-mediated
depression of glycolysis in hepatoma cells
Considering that the PGAM1K99 Succ site is involved in the
stimulation of glycolytic flux in cancer cells [20], we speculated

Fig. 2 Aspirin decreases the levels of PGAM1 Succ in hepatoma cells. a, b Total cell lysate from HepG2 and Huh7 cells treated with 4 mM
aspirin was used to analyze the succinylation levels by using Western blot analysis with the indicated pan anti-succinylation antibody. Total
protein levels were measured by Coomassie blue staining. c, d IP assays were performed by using PGAM1 antibody in HepG2 and Huh7 cells
treated with 4mM aspirin for 48 h. The levels of PGAM1 Succ were detected by Western blot analysis.
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that aspirin might inhibit glycolysis by modulating the levels of
PGAM1K99 Succ in hepatoma cells. Thus, we generated a mutant
of PGAM1 in which K99 site was mutated to R99 which was
deficient in succinylation, termed PGAM1-K99R mutant. We
validated the overexpression efficiency of PGAM1-WT and
PGAM1-K99R in Fig. S3a, b. Surprisingly, we observed that
PGAM1-K99R mutant failed to block the accumulation of 3-PG
and failed to rescue the levels of 2-PG in HepG2 and Huh7 cells
treated with aspirin, relative to the PGAM1-WT (Fig. 5a–c),
suggesting that aspirin decreases the catalytic activities of PGAM1
by inhibiting the levels of PGAM1K99 Succ, termed PGAM1K99 de-
Succ. Moreover, we showed that PGAM1-WT could significantly
rescue the levels of consumption of glucose and production of
lactate acid blocked by aspirin, but the PGAM1-K99R mutant failed
to work in cells (Fig. 5d, e and Fig. S3c, d), suggesting that aspirin

results in the defective glycolysis by restricting the levels of
PGAM1K99 Succ. Accordingly, PGAM1-WT, rather than the
PGAM1-K99R mutant, could rescue the levels of consumption of
glucose and production of lactate acid mediated by PDTC in cells
(Fig. 5f, g and Fig. S3e, f). Thus, we conclude that PGAM1K99 de-
Succ contributes to the aspirin-mediated depression of glycolysis
in hepatoma cells (Fig. 5h).

Aspirin down-regulates HAT1 and induces PGAM1K99 de-Succ to
suppress the growth of hepatoma cells
It has been reported that the succinylation plays an important role in
the progression of cancers [20, 28, 29]. To explore the significance of
PGAM1K99 de-Succ in the proliferation of hepatoma cells mediated
by aspirin, we examined the effect of PGAM1-K99R mutant on the
proliferation of hepatoma cells treated by aspirin. Notably, we

Fig. 3 HAT1 is required for the aspirin-mediated decrease of PGAM1 Succ levels and PGAM1 enzymatic activities. a KEGG pathway
analysis for RNA-seq in HepG2 cells treated with 4 mM aspirin. b The volcano analysis of RNA-seq of 4 mM aspirin-treated HepG2 cells. c The
expression of HAT1 in RNA-seq of 4mM aspirin-treated HepG2 cells. d The expression levels of HAT1 were examined by Western blot analysis
in HepG2 and Huh7 cells treated with DMSO, 2mM, and 4mM aspirin for 48 h. e IP assays were performed by using PGAM1 antibody in HepG2
and Huh7 cells treated with DMSO, 4 mM aspirin, both 4mM aspirin and 2 μg HAT1-pCMV-3Tag-1A for 48 h, respectively. The levels of
PGAM1 succinylation and HAT1 were detected by Western blot analysis. f The activities of PGAM1 in HepG2 and Huh7 cells treated with
DMSO, 4 mM aspirin, co-treatment of 4mM aspirin, and 2 μg HAT1-pCMV-3Tag-1A for 48 h were measured by ELISA, respectively. g, h The
levels of 3-PG and 2-PG in HepG2 and Huh7 cells treated with DMSO, 4 mM aspirin, both 4mM aspirin and 2 μg HAT1-pCMV-3Tag-1A for 48 h
were examined by ELISA, respectively. The mean ± SD of at least three experiments is shown. Statistically significant differences are indicated
as follows: Student‘s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4 NF-κB confers HAT1 to modulate the levels of PGAM1 Succ and PGAM1 enzymatic activities. a The protein levels of HAT1, BCL2 and
XIAP were examined by Western blot analysis in HepG2 cells treated with DMSO, 50 μM and 100 μM PDTC for 48 h, respectively. b The
expression levels of HAT1 and p65 were measured by Western blot analysis in HepG2 cells transfected with 50 nM and 100 nM sip65 for 48 h.
c The expression levels of HAT1 and p65 were measured by Western blot analysis in HepG2 cells transfected with 1 μg and 2 μg p65-pCMV-
3Tag-1A for 48 h. d The NF-κB p65 sequence motif logos and the binding elements in the promoter regions of HAT1 gene were analyzed by
JASPAR database with a relative score higher than 80%. e The enrichment of NF-κB p65 on the HAT1 region of −813bp~−669bp was
examined by ChIP-qPCR assays in HepG2 and Huh7 cells transfected with p65-pCMV-3Tag-1A. f The expression levels of HAT1, PGAM1, and
p65 were measured by Western blot analysis in HepG2 cells treated with 4mM aspirin or both 4mM aspirin and 2 μg p65-pCMV-3Tag-1A for
48 h. g IP assays were performed by using PGAM1 antibody in HepG2 cells treated with DMSO, 100 μM PDTC, both 100 μM PDTC and 2 μg
HAT1-pCMV-3Tag-1A for 48 h, respectively. The levels of PGAM1 Succ and HAT1 were detected by Western blot analysis. h The activities of
PGAM1 in HepG2 and Huh7 cells treated with DMSO, 100 μM PDTC, both 100 μM PDTC and 2 μg HAT1-pCMV-3Tag-1A for 48 h were measured
by ELISA, respectively. i, j The levels of 3-PG and 2-PG in HepG2 and Huh7 cells treated with DMSO, 100 μM PDTC, both 100 μM PDTC and 2 μg
HAT1-pCMV-3Tag-1A for 48 h were examined by ELISA, respectively. k A model of aspirin-mediated NF-κB confers HAT1 to modulate the levels
of PGAM1 Succ and PGAM1 enzymatic activities. The mean ± SD of at least three experiments is shown. Statistically significant differences are
indicated as follows: Student‘s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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observed that the PGAM1-K99R mutant failed to rescue the aspirin-
induced inhibition of hepatoma cell proliferation, relative to PGAM1-
WT (Fig. 6a and Fig. S4a). Furthermore, same result was shown by
using EdU incorporation and colony formation assays in HepG2 and
Huh7 cells (Fig. 6b, c and Fig. S4b, c), suggesting that aspirin
suppresses the proliferation of hepatoma cells through modulating
PGAM1K99 de-Succ (Fig. 6d). Next, we performed tumorigenesis in

nude mice to explore the function of aspirin on the proliferation of
hepatoma cells in vivo. Our data revealed that the treatment with
75mg/kg aspirin could significantly decrease the tumor volume of
mice (Fig. 6e). Moreover, aspirin significantly blocked the conversion
of 3-PG to 2-PG in the tumor tissues frommice (Fig. 6f). Western blot
analysis demonstrated that aspirin down-regulated the expression
of HAT1 (Fig. 6g) in the tumors. Accordingly, the activity of NF-κB,

Fig. 5 PGAM1K99 de-Succ contributes to the aspirin-mediated depression of glycolysis in hepatoma cells. a–c The concentration of 3-PG
and 2-PG were measured by ELISA in HepG2 and Huh7 cells with DMSO, 4 mM aspirin, both 4mM aspirin and 2 μg PGAM1-WT, both 4mM
aspirin and 2 μg PGAM1-K99R mutant for 48 h, respectively. d The levels of glucose consumption were measured by using GOPOD format
assays in HepG2 cells treated with DMSO, 4mM aspirin, both 4mM aspirin and 2 μg PGAM1-WT, both 4mM aspirin and 2 μg PGAM1-K99R
mutant for 48 h, respectively. e The levels of lactate acid production were examined by LA ELISA assays in HepG2 cells with DMSO, 4 mM
aspirin, both 4mM aspirin and 2 μg PGAM1-WT, both 4mM aspirin and 2 μg PGAM1-K99R mutant for 48 h, respectively. f The levels of glucose
consumption were measured by using GOPOD format assays in HepG2 cells treated with DMSO, 100 μM PDTC, both 100 μM PDTC and 2 μg
PGAM1-WT, both 100 μM PDTC and 2 μg PGAM1-K99R mutant for 48 h, respectively. g The levels of lactate acid production were examined by
LA ELISA assays in HepG2 cells with DMSO, 100 μM PDTC, both 100 μM PDTC and 2 μg PGAM1-WT, both 100 μM PDTC and 2 μg PGAM1-K99R
mutant for 48 h, respectively. h A model of aspirin modulates succinylation of PGAM1K99 to restrict the activities of PGAM1 and glycolysis. The
mean ± SD of at least three experiments is shown. Statistically significant differences are indicated as follows: Student‘s t-test. **P < 0.01;
***P < 0.001.
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the expression of BCL2 and XIAP were decreased in aspirin-treated
tumors from mice (Fig. 6g). Moreover, IP assays showed that the
levels of PGAM1 succinylation were significantly decreased in the
aspirin group (Fig. 6h), suggesting that aspirin inhibits the
expression of HAT1 and levels of PGAM1 Succ in vivo. In conclusion,
aspirin down-regulates HAT1 and induces PGAM1K99 de-Succ to
suppress the proliferation of hepatoma cells.

DISCUSSION
It has been reported that aspirin markedly attenuates the
proliferation of cancer cells [30, 31], but the underlying mechan-
ism is poorly understood. In this study, we are interested in the
effect of aspirin on PGAM1 Succ in hepatoma cells.
Given that PGAM1 plays important roles in glycolysis by

catalyzing the conversion of 3-PG to 2-PG during aerobic

Fig. 6 Aspirin down-regulates HAT1 and induces PGAM1K99 de-Succ to suppress the growth of hepatoma cells. a The cell proliferation
was measured by CCK8 assays in HepG2 cells treated with DMSO, 4mM aspirin, both 4mM aspirin and 2 μg PGAM1-WT, both 4mM aspirin
and 2 μg PGAM1-K99R mutant for 48 h, respectively. b EdU positive rates were determined in HepG2 and Huh7 cells treated with DMSO, 4 mM
aspirin, both 4mM aspirin and 2 μg PGAM1-WT, both 4mM aspirin and 2 μg PGAM1-K99R mutant for 48 h, respectively. c Colony formation
assays and colony formation numbers were examined in HepG2 and Huh7 cells treated with DMSO, 4 mM aspirin, both 4mM aspirin and 2 μg
PGAM1-WT, both 4mM aspirin and 2 μg PGAM1-K99R mutant for 48 h, respectively. d A model of PGAM1K99 de-Succ contributes to the
aspirin-mediated inhibition of proliferation of hepatoma cells. e The representative tumor volume of aspirin or DMSO treated xenograft mice
was measured. f The levels of 3-PG and 2-PG were measured by ELISA in tumor tissues from aspirin or DMSO-treated xenograft mice. g The
levels of HAT1, p-p65, p65, BCL2 and XIAP were explored by Western blot analysis in tumor tissues from aspirin or DMSO-treated xenograft
mice. h IP assays and Western blot analysis were performed to examine the succinylation levels of PGAM1 in tumor tissues from aspirin or
DMSO-treated xenograft mice. The mean ± SD of at least three experiments is shown. Statistically significant differences are indicated as
follows: Student‘s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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glycolysis [11, 32, 33], we explored the effect of aspirin on PGAM1
activities in hepatoma cells. Interestingly, our data revealed that
aspirin suppressed the enzymatic activities of PGAM1 to attenuate
glycolysis in hepatoma cells. Considering that the PGAM1 Succ
plays important roles in promoting glycolysis [20], we supposed
that the PGAM1 Succ might be involved in the depression of
PGAM1 enzymatic activities mediated by aspirin. As expected, we
observed that aspirin reduced the global levels of succinylation of
proteins by using pan anti-succinylation antibody, including the
PGAM1 Succ in hepatoma cells. It suggests that aspirin inhibits the
levels of PGAM1 Succ in liver cancer cells.
Next, we performed RNA-seq to explore the mechanism by

which aspirin regulated PGAM1. It has been reported that sirtuin 5
(SIRT5) and sirtuin 7 (SIRT7) regulate protein desuccinylation, and
ketoglutarate dehydrogenase complex (KGDHC), carnitine palmi-
toyltransferase 1A (CPT1A) and HAT1 modulate the protein
succinylation [34–37]. Interestingly, our RNA-seq analysis revealed
that aspirin down-regulated the expression of HAT1, but not other
succinylation-related proteins. Then, we showed that aspirin
decreased the protein levels of HAT1 in a dose-dependent
manner in hepatoma cells. It suggests that aspirin down-
regulates HAT1 in liver cancer. Considering that HAT1 can induce
the succinylation of PGAM1 in liver cancer [20], we supposed that
aspirin might inhibit the levels of PGAM1 Succ through modulat-
ing HAT1. Our data validated that in our system. It suggests that
aspirin decreases the levels of PGAM1 Succ and PGAM1 enzymatic
activities by down-regulating HAT1 in liver cancer cells. In this
study, we identified that aspirin could affect the global levels of
succinylation of proteins, implying that the other potential aspirin-
mediated succinylation of proteins might contribute to the
inhibition of PGAM1 enzymatic activities in liver cancer cells,
which needs to be further studied.
It has been reported that NF-κB is a key target of aspirin in many

biology progressions of cancers [25, 26]. Thereby, we speculated
that NF-κB might be involved in the HAT1-mediated deficiency of
PGAM1 Succ levels and PGAM1 enzymatic activities. At present,
the effect of NF-κB on HAT1 has not been reported. In this study,
ChIP-qPCR assays showed that NF-κB p65 could significantly
enrich on the promoter of HAT1. It suggests that NF-κB p65 may
modulate the transcription of HAT1. Moreover, we found that
the treatment with PDTC, an inhibitor of NF-κB, could decrease
the expression levels of HAT1. Moreover, we showed that the
overexpression of NF-κB p65 could significantly up-regulate HAT1
in cells. Meanwhile, the overexpression of NF-κB p65 could
remarkably rescue the expression levels of HAT1 decreased by
aspirin in cells. It suggests that aspirin down-regulates HAT1 by
targeting NF-κB. Potentially, the other NF-κB-modulated targets
might be involved in the event, which needs to be further
investigated. Next, we found that aspirin restricts the levels of
PGAM1 Succ and enzymatic activities through down-regulating
NF-κB-mediated HAT1 in liver cancer cells, implying that a NF-κB/
HAT1/PGAM1 signaling might contribute to the suppression of
glycolysis mediated by aspirin in cells. It has been reported that
HAT1 is a multi-modification enzyme with acetylation, succinyla-
tion and isobutyrylation [20, 38, 39]. Potentially, the other HAT1-
modified targets might be involved in the event, which needs to
be further studied.
It has been reported that the PGAM1K99 Succ is involved in the

stimulation of glycolytic flux in cancer cells [20]. Therefore, we
supposed that the PGAM1K99 Succ might be involved in the event
that aspirin inhibits glycolysis in hepatoma cells. Surprisingly, we
observed that the PGAM1-K99R mutant failed to block the
accumulation of 3-PG (or decrease of 2-PG) in cells treated with
aspirin, relative to the overexpression of PGAM1-WT. It suggests
that aspirin attenuates the catalytic activities of PGAM1 by
inhibiting the levels of PGAM1K99 Succ. Functionally, we observed
that PGAM1-WT significantly increased the consumption of
glucose (production of lactate acid) attenuated by aspirin, but

the PGAM1-K99R mutant failed to work in hepatoma cells. It
suggests that PGAM1K99 de-Succ confers the aspirin-mediated
defect of glycolysis in the liver cancer. Next, we try to explore the
significance of PGAM1K99 Succ in the proliferation of hepatoma
cells mediated by aspirin. Our data showed that the over-
expression of PGAM1-WT, but not PGAM1-K99R mutant, could
remarkably enhance the proliferation of hepatoma cells inhibited
by aspirin. It suggests that the PGAM1K99 de-Succ contributes to
the inhibition of hepatoma cells proliferation mediated by aspirin.
It has been reported that aspirin could acetylate many proteins,
which plays potential roles in cancer progression [16, 40].
However, whether aspirin can acetylate PGAM1K99 and its
potential function in glycolysis and proliferation of hepatoma
cells needs to be further studied. Next, we evaluated the effect of
aspirin on HAT1 and PGAM1 Succ in animal. Our data revealed
that the treatment with 75mg/kg aspirin significantly suppressed
the tumor volume of mice, supporting that aspirin suppresses the
growth of liver cancer. Consistently, we observed that aspirin
down-regulated the expression of HAT1 and decreased the levels of
PGAM1 succinylation in vivo, contributing to the inhibition of
growth of liver cancer. It suggests that aspirin restricts the growth of
liver cancer through modulating HAT1 and PGAM1 succinylation. In
conclusion, aspirin modulates PGAM1K99 succinylation to restrict
the glycolysis through NF-κB p65/HAT1/PGAM1 signaling in liver
cancer. It has been reported that NF-κB inhibits the apoptosis of
cancer cells through regulating the expression of several anti-
apoptotic members, such as BCL2 and XIAP [41]. In this study, we
observed that BCL2 and XIAP were down-regulated in the PDTC-
treated hepatoma cells and the tumor tissues from mice treated by
aspirin. It suggests that apoptosis is also involved in the aspirin-
mediated inhibition of liver cancer cells by targeting NF-κB.
Taken together, we summarize a model that aspirin attenuates

PGAM1K99 succinylation (Fig. 7). In this model, aspirin down-
regulates HAT1 by targeting NF-κB to induce PGAM1K99 de-
succinylation, leading to the decrease of PGAM1 enzymatic
activities. Functionally, the aspirin-mediated PGAM1K99 de-Succ
suppresses the glycolysis and growth of hepatoma cells. Our
finding provides new insights into the mechanism by which
aspirin inhibits glycolysis in hepatocellular carcinoma.

Fig. 7 A model of aspirin modulating PGAM1K99 Succ in liver
cancer cells. In this model, aspirin down-regulates HAT1 by targeting
NF-κB to induce PGAM1K99 de-succinylation, leading to decrease of
enzymatic activities of PGAM1. The aspirin-mediated PGAM1K99 de-
Succ suppresses the glycolysis and growth of hepatoma cells.
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