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Hepatocellular carcinoma cells
downregulatePGAM2via SIRT2-mediated
deacetylation modification to enhance
aerobic glycolysis
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Zexuan Wang1,2,7, Yaoyu Guo1,2,7, Kefei Hu1,2, Tingjiang He1, Tong Qin3, Ludan Zhang1, Fang Xu1,
Yuanzhi Xu4, Mingjiao Cheng1,2, Jintao Zhang1,5,6 & Qianwei Zhao 1

Phosphoglycerate mutase 2 (PGAM2) is a crucial glycolytic enzyme. Recently, we have found that
both the protein and acetylation levels of PGAM2 are down-regulated in hepatocellular carcinoma
(HCC) tissues. However, the functional significance of PGAM2 in HCC progression remains poorly
characterized. In this study, we demonstrated that PGAM2 functioned as a tumor suppressor in HCC
progression, and knockdownof PGAM2promoted proliferation of HCCcells and tumor growth both in
vitro and in vivo.Moreover,we identified lysine 100 (K100) inPGAM2as thepredominant deacetylation
site of sirtuin-2 (SIRT2), and that deacetylation of K100 destabilized PGAM2 by promoting its
ubiquitination and degradation. Importantly, we discovered that PGAM2 suppressed aerobic
glycolysis through an enzymatic activity-independent mechanism in HCC cells. Mechanistic
investigations revealed that PGAM2 knockdown upregulated lactate dehydrogenase A (LDHA)
expression via activation of the signal transducer and activator of transcription 3 (STAT3).
Furthermore, we found that knockdown of PGAM2 sensitized HCC cells to sorafenib treatment. In
conclusion, these findings elucidate the tumor-suppressive role of PGAM2 inHCCprogression and its
post-translational regulation through SIRT2-mediated deacetylation, which provide novel biomarkers
and therapeutic targets for HCC treatment.

According to the latest Global Cancer Statistics, as many as 830,000 liver
cancer-associated mortalities were reported in 2020, making it the third
most lethal cancer1,2. Hepatocellular carcinoma (HCC) is the predominant
type of primary liver cancer, which accounts for approximately 90% of all
cases3,4. Despite substantial research efforts to combat HCC, the drivers for
HCC progression remain poorly characterized. Therefore, a more in-depth
understanding of the molecular mechanisms underlying HCC progression
is urgently needed to improve its diagnosis and treatment.

Phosphoglycerate mutase 2 (PGAM2) is a key glycolytic enzyme that
catalyzes the conversion of 3-phosphoglycerate (3-PG) to 2-phosphoglycerate
(2-PG). PGAM2 is highly expressed inmuscle tissues,where it drives glycolysis

and cellular energy production5,6. Beyond the metabolic role, emerging evi-
dence implicates PGAM2 in regulating aerobic glycolysis and apoptosis of
cancer cells through protein-protein interactions7,8. Notably, studies have
identified PGAM2 as a phase IV-specific gene in HCC progression while
clinical correlation analysis showed that elevated nuclear PGAM2 expression
predicts poorer overall survival in HCC patients9,10. However, the exact role of
PGAM2 in the progression of HCC remains elusive.

Lysine acetylation is an evolutionarily conserved post-translational
modification (PTM) that is reversibly regulated by acetyltransferases and
deacetylases. Acetylation and deacetylation modifications of non-histone
proteins primarily regulate the enzymatic activity, protein stability,
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subcellular localization, and interaction networks11–14. Previously, we have
found that the acetylation level of K100 site in PGAM2 was significantly
reduced inHCC tissues15. This finding aligns with broader evidence that the
stability and catalytic efficiency of PGAM2 function are dynamically
regulated through PTMs including phosphorylation, acetylation, ubiquiti-
nation, and sumoylation16–19. Taken together, these findings underscore the
biological significance of PTMs in regulating PGAM2 function and
expression.

In this study, we explored the functional significance and regulatory
mechanisms of PGAM2 in HCC progression. Our findings reveal that the
deacetylase sirtuin-2 (SIRT2)-mediated deacetylation of PGAM2 at lysine
100 (K100) enhances its ubiquitination, thereby promoting degradation of
PGAM2. Knockdown of PGAM2 increases the aerobic glycolysis and
proliferation abilities of HCC cells via activation of the STAT3/LDHA axis.
Furthermore, knockdown of PGAM2 enhances sorafenib sensitivity, while
inhibitionof SIRT2attenuatedacquired resistance to sorafenib inHCCcells.
Collectively, our study reveals that SIRT2-mediated deacetylation of
PGAM2 plays a pivotal role in the development of HCC, which provides
promising biomarkers and strategies for the treatment of HCC.

Results
PGAM2 inhibits proliferation and tumor growth of HCCcells both
in vitro and in vivo
To examine the function of PGAM2 in the proliferation of HCC cells, we
first detected PGAM2 expression inHCC cell lines. Results showed that the
PGAM2 expression was higher in SNU449 and HepG2 cell lines compared
to that in HCCLM3 and Huh7 cell lines (Fig. 1A). Then we successfully
established PGAM2 overexpression models in HCCLM3 and Huh7 cell
lines via lentiviral infection, whichwas confirmed byRT-qPCR andwestern
blot (Fig. 1B). Results revealed that overexpression of PGAM2 notably
inhibited the cell viability of HCC cells (Fig. 1C, D), as well as the colony
formation ability (Fig. 1E). Additionally, we knocked down PGAM2 in
SNU449 and HepG2 cell lines using specific shRNAs (Fig. 1F–H). CCK-8
andcolony formationassaysdemonstrated that knockdownofPGAM2 lead
to a significant increase in the cell proliferation rate and number of colonies
(Fig. 1I–K). To further explore the impact of PGAM2 knockdown on HCC
development in vivo, we conducted the tumorigenicity analysis by sub-
cutaneously injecting PGAM2 knockdown cells and controls into nude
mice. Three weeks later, the mice were sacrificed and the tumors were
collected for analysis (Fig. 1L). Tumors derived from PGAM2 knockdown
cells exhibited a marked increase in both weight and volume compared to
those from controls (Fig. 1M, N), indicating that depletion of PGAM2
promotedHCCgrowth in vivo.Collectively, these data suggest that PGAM2
functions as a tumor suppressor, and its down-regulation promotes HCC
progression.

Deacetylation of PGAM2 at K100 site reduces its stability
To investigate the mechanism underlying down-regulation of PGAM2
in HCC tissues, we detected the stability of PGAM2 in HCC cell lines.
Results showed that PGAM2 was primarily degraded by the ubiquitin-
proteasome system (Fig. 2A–C). Given that acetylation modification
have been reported to affect the ubiquitination and degradation of
proteins, and our previous finding that the acetylation level of PGAM2
at K100 site was significantly down-regulated in HCC tissues15, we
constructed K100 deacetylation-mimic (PGAM2-K100R) and wild-
type (PGAM2-WT) expressing cell lines to investigate that whether
deacetylation of K100 affects the stability of PGAM2 (Fig. 2D). Com-
pared with PGAM2-WT, PGAM2-K100R showed markedly reduced
acetylation level and half-life (Fig. 2E–G). Besides, we transfected
PGAM2-WT or PGAM2-K100R, along with ubiquitin-expressing
plasmid into HEK293T cells, and found that the ubiquitination level of
PGAM2-K100R was much higher than that of PGAM2-WT (Fig. 2H).
Subsequently, we demonstrated that PGAM2-K100R expressing cells
obtained higher proliferation rate and more colonies compared to
those of PGAM2-WT expressing cells (Fig. 2I, J). Taken together, these

data indicate that deacetylation of PGAM2 at K100 promotes its ubi-
quitination and degradation.

SIRT2 mediates deacetylation modification of PGAM2
It has been reported that the deacetylase SIRT2 accounts for PGAM2
deacetylation16,17. Here we explored whether SIRT2 could promote the
degradation of PGAM2 by inducing its deacetylation at K100 site. Results
showed that SIRT2 interacted with PGAM2 in cells and inhibition of the
type IIIHDACfamily (Sirtuins)withNAMincreased the acetylation levelof
PGAM2 (Fig. 3A, B). Besides, we co-transfected plasmids expressing
PGAM2-WT or PGAM2-K100R, along with SIRT2 or control in
HEK293T cells. We found that the acetylation level of PGAM2-WT was
significantly reduced upon SIRT2 overexpression. However, SIRT2 had
little impact on the acetylation level of PGAM2-K100R (Fig. 3C), suggesting
that K100 was the main deacetylation site of PGAM2 regulated by SIRT2.
Moreover, proteins interaction analysis predicted that the deacetylase
domain of SIRT2 interacted with the N-domain of PGAM2, including the
sites surrounding K100 (Fig. 3D, E). It is highly possible that acetylation of
K100 in PGAM2 affected the affinity and interaction between PGAM2 and
SIRT2. In support of this notion, we detected the affinities between SIRT2
and PGAM2-WT or PGAM2-K100R, and found that PGAM2-WT inter-
acted with SIRT2more intensively than PGAM2-K100R (Fig. 3F). Then we
transfected plasmids expressing PGAM2 and ubiquitin intoHEK293T cells
along with SITR2 or control. Results showed that the ubiquitination level of
PGAM2wasmarkedly enhanced by SIRT2 overexpression (Fig. 3G). These
results demonstrate that PGAM2 was deacetylated by SIRT2, which pri-
marily functions at the K100 site.

Next, we determined the effects of SIRT2 on PGAM2 expression and
HCC progression. Results showed that overexpression of SIRT2 decreased
PGAM2 expression (Fig. 3H), while inhibition of SIRT2 enhanced the
protein level of PGAM2 (Fig. 3I, Supplementary Fig. S1A). Accordingly, we
found that overexpression of SIRT2 rescued the inhibitory effects of
PGAM2 on cell growth and colony formation, while it attenuated apoptosis
of HCC cells induced by PGAM2 overexpression (Fig. 3J–L). Moreover,
knockdownof SIRT2by siRNAattenuated thepromoting effectsofPGAM2
knockdown on cell growth and colony formation (Supplementary Fig.
S1B–D). Collectively, these results demonstrate that SIRT2-mediated dea-
cetylation modification downregulates PGAM2 to promote HCC
progression.

PGAM2 suppresses aerobic glycolysis in HCC cells
Given that PGAM2 is an important glycolytic enzyme (Fig. 4A), we
explored the biochemical significance of PGAM2 in aerobic glycolysis
in HCC cells. Results showed that PGAM2 overexpressing cells
exhibited decreased glucose uptake and extracellular lactate level
compared to controls, whereas PGAM2 knockdown cells showed an
increase in both parameters (Fig. 4B–E). Similarly, both deacetylation
of PGAM2 at K100 and overexpression of SIRT2 promoted glucose
consumption and lactate production, while silencing of SIRT2 wea-
kened the effects of PGAM2 knockdown on aerobic glycolysis (Fig.
4F, G, Supplementary Fig. S1E). Additionally, we evaluated the
expression levels of crucial glycolytic enzymes, and results showed that
Hexokinase-2 (HK2), Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), Phosphoglycerate mutase 1 (PGAM1), Pyruvate kinase 2
(PKM2), and lactate dehydrogenase A (LDHA) were significantly up-
regulated in both PGAM2 knockdown and PGAM2-K100R expressing
cells. Conversely, these enzymes were down-regulated in PGAM2
overexpressing cells (Fig. 4H, I). These results suggest that PGAM2
plays a negative role in aerobic glycolysis in HCC cells.

KnockdownofPGAM2promotesaerobicglycolysisbyactivating
the STAT3/LDHA axis
LDHA plays a vital role in glycolysis, which converts pyruvate to lac-
tate. Next, we explored whether PGAM2 knockdown promoted HCC
progression via LDHA-mediated aerobic glycolysis. We found that
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overexpression of LDHA reversed the inhibitory effect of PGAM2 on
glycolysis, while LDHA knockdown lead to a reduction in glucose
uptake and lactate production in PGAM2 knockdown cells (Supple-
mentary Fig. S2A–C, Fig. 5A). Besides, enzymatic activity inhibition of

LDHA with sodium oxamate diminished the promoting effect of
PGAM2 inhibition on glucose uptake and lactate production (Sup-
plementary Fig. S2D). Moreover, the inhibitory effects of PGAM2 on
cell viability and colony formation were rescued by LDHA

Fig. 1 | Knockdown of PGAM2 promotes proliferation and tumor growth of
HCC cells both in vitro and in vivo. A PGAM2 levels in HCC cell lines were
detected by western blot. B Detection of PGAM2 protein and mRNA levels by
western blot and RT-qPCR in PGAM2 overexpression cells and controls. C–E Cell
growth rates and colony formation abilities detection of PGAM2 overexpressing

cells and controls. F–H Detection of PGAM2 protein and mRNA levels by western
blot and RT-qPCR in PGAM2 knockdown cells and controls. I–K Cell growth rates
and colony formation abilities detection of PGAM2 knockdown cells and controls.
L–N Representative image, volume and weight of xenografts with PGAM2 knock-
down cells or controls (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
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overexpression, while inhibition of LDHA expression or enzymatic
activity attenuated the promoting effect of PGAM2 knockdown on cell
proliferation and colony formation (Fig. 5B, C, Supplementary Fig.
S2E, F). These data suggest that PGAM2 suppresses aerobic glycolysis
and proliferation of HCC cells through inhibiting LDHA expression.

Then we explored the mechanism underlying PGAM2-mediated
LDHA expression in HCC cells. Based on the JASPAR (http://jaspar.

genereg.net/) database,we identified that STAT3mainly bind to theproximal
region (2000bpupstream) ofLDHApromoter, whichwas validated byChIP-
qPCRanddual-luciferase reporter assays (Fig. 5D–F).Besides, the correlation
analysis from the Gene Expression Profiling Interactive Analysis database
indicated that the expression levels of STAT3 andLDHA inHCCpatients had
ahigh co-expression correlation coefficient of 0.54 (SupplementaryFig. S2G).
We also found that the level of p-STAT3 decreased in PGAM2

Fig. 2 | Deacetylation of PGAM2 at K100 promotes its ubiquitination and
degradation. AHalf-life of PGAM2 was analyzed by western blot in HCC cell lines
treated with 200 μg/mL cycloheximide (CHX) for indicated hours. B The curves
were completed based on the gray value quantification of the bands in (A).
C PGAM2 was measured by western blot in HCC cell lines treated with 25 μM
proteasome inhibitor MG132 or 50 μM lysosome inhibitor Chloroquine for 16 h.
D Construction and western blot analysis of HEK293T and HCCLM3 cell lines
expressing PGAM2 wild type (PGAM2-WT) or deacetylation-mimic (PGAM2-

K100R) proteins. E Acetylation levels of PGAM2-WT and PGAM2-K100R were
detected by Co-IP. F,GHalf-life of PGAM2-WT and PGAM2-K100R were detected
by western blot in HEK293T and HCCLM3 cell lines treated with 200 μg/mL CHX.
H Exogenous PGAM2-WT, PGAM2-K100R, and ubiquitin-expressing plasmids
were transfected intoHEK293T cells, then ubiquitination levels of PGAM2-WT and
PGAM2-K100Rwere measured by Co-IP after being treated with 25 μMMG132 for
16 h. I, J Cell growth rates and colony formation abilities detection of PGAM2-WT
and PGAM2-K100R expressing HCC cell lines. *p < 0.05, **p < 0.01, ***p < 0.001.
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overexpressing cells while PGAM2 knockdown enhanced the expression
level and nuclear localization of p-STAT3 (Fig. 5G, H, Supplementary Fig.
S3A). Additionally, inhibition of STAT3 activation with stattic not only
decreased the mRNA and protein levels of LDHA, but also weakened the
proliferationandcolony formationabilitiesofPGAM2knockdowncells. (Fig.
5I, J, Supplementary Fig. S3B–D). Taken together, these findings prove that
knockdown of PGAM2 promotes LDHA expression through STAT3
activation.

Knockdown of PGAM2 enhances the sensitivity of HCC cells to
sorafenib
Sorafenib serves as thefirst-line treatment for advancedHCC.To investigate
the impact of PGAM2 on the anti-tumor effect of sorafenib on HCC cells,
we treated PGAM2 knockdown cell lines and controls with sorafenib, and
found that the IC50 values of sorafenib in PGAM2 knockdown cells were
much lower than those in controls (Fig. 6A–C). Besides, PGAM2 knock-
down cells exhibited lower cell proliferation rates compared to controls
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treated with sorafenib (Fig. 6D–F), which suggests that knockdown of
PGAM2 enhances the sensitivity of HCC cells to sorafenib. Since we have
proved that PGAM2 was down-regulated by SIRT2, then the function of
SIRT2 in tumor growth and sorafenib sensitivity of HCC was detected.
Results showed that inhibition of SIRT2 with AGK2 had similar effect as
sorafenib in reducing tumor burden (Fig. 6G–I). However, we found that
SIRT2 was increased in sorafenib resistant HCC cells (Fig. 6J, K), and HCC
patients with higher SIRT2 levels showed shorter overall survival and pro-
gression free survival after treatment with sorafenib (Fig. 6L, M), which
suggests that SIRT2 possibly contributes to sorafenib resistance of HCC
cells. Accordingly, we found that combination of AGK2 and sorafenib
significantly decreased the cell viability compared with sorafenib treatment
alone (Fig. 6N, O), which indicates that inhibition of SIRT2 reduces sor-
afenib resistance of HCC cells.

SIRT2 negatively correlates with PGAM2 in HCC tissues
To explore the clinical significance of PGAM2 in HCC, we measured
PGAM2 expression in twenty-one pairs of tumor and adjacent normal liver
tissues fromHCCpatients. Results showed that the protein level of PGAM2
was down-regulated in tumor tissues (Fig. 7A, Supplementary Fig. S4A).
Since we have demonstrated that the expression level of SIRT2 was up-
regulated inHCC tissues15, here we analyzed the correlation between SIRT2
and PGAM2. It showed that SIRT2 was negatively correlated with PGAM2
in HCC tissues (Fig. 7B). Accordingly, the protein level of PGAM2 was
down-regulated while that of SIRT2was up-regulated inHCC tissues based
on the UALCAN/CPTAC database (Fig. 7C). Moreover, the expression
levels of bothSIRT2 andLDHApositively correlatedwith the clinical stageof
HCC patients (Fig. 7D). We also evaluated the prognostic value of SIRT2
and LDHA in HCC patients based on the TCGA database. Results showed
that high expression levels of both SIRT2 and LDHA were correlated with
poor overall survival and recurrence free survival in HCC patients (Fig.
7E, F). Overall, these clinical data provide SIRT2 and LDHA as potential
prognostic markers and therapeutic targets for HCC.

Discussion
Mammalian PGAM consists of two isoforms, PGAM1 and PGAM2, which
share sequence homology and conserved enzymatic activity20. While
PGAM1 has been well-characterized as an oncogenic driver that facilitates
tumorigenesis and progression by enhancing glycolysis21, the role of
PGAM2 in HCC remains poorly understood. In this study, we identified
PGAM2 as a tumor suppressor that was significantly down-regulated in
HCC tissues. Previous studies have shown that PGAM2undergoesMDM2-
mediated ubiquitinationmodification, which possibly occurs on lysine sites
between K100 and K15718. Here we specifically demonstrated that K100
served as thepredominant deacetylation site inPGAM2andplayed a critical
role in regulating its ubiquitination and degradation. These findings not
only establish a regulatory link between deacetylation and protein stability,
but also expand our understanding of PGAM2 down-regulation mechan-
isms beyond genomic or transcriptional regulation to include post-
translational control. Furthermore, we found the protein level of PGAM2
decreased in most kinds of cancers while its transcription level was mostly

up-regulated or unchanged in tumor tissues (Supplementary Fig. S4B, C).
This discrepancy strongly suggests that post-translational regulation
represents the primarymechanismunderlying PGAM2down-regulation in
cancers.

In this study, we identified SIRT2 as the deacetylase responsible for
deacetylation of PGAM2 at K100 site and down-regulated PGAM2
expression in HCC cells. Intriguingly, we observed that knockdown of
PGAM2 enhanced sorafenib sensitivity in these cells, suggesting that
SIRT2-mediated PGAM2 down-regulation might increase drug
responsiveness. This finding appears contradictory to established evi-
dence demonstrating SIRT2 overexpression in sorafenib resistant HCC
cells, where its inhibition actually restores therapeutic sensitivity22.
SIRT2 has been shown to promote sorafenib resistance throughmultiple
mechanisms, such as drug-resistance mediators, metabolic reprogram-
ming, EMT, and so on23–26. Notably, our results revealed significant
down-regulation of PGAM2 in sorafenib resistant HCC cells compared
to the control (Supplementary Fig. S4D). These collective findings
suggest a dual regulatory paradigm: while SIRT2-mediated
PGAM2 suppression may transiently enhance sorafenib sensitivity in
treatment-naive cells, the development of acquired resistance appears to
involve alternative SIRT2-driven mechanisms that ultimately dominate
the cellular response. This mechanistic shift likely explains the clinically
observed correlation between SIRT2 overexpression and therapeutic
resistance. More importantly, it suggests that combination of SIRT2
inhibitors with sorafenib may represent a novel strategy to improve
clinical outcomes in sorafenib-resistant HCC patients.

Metabolic enzymes usually exert dual roles through both enzymatic
activity-dependent and -independent mechanisms. Here we found that
deacetylation or knockdown of PGAM2 enhanced aerobic glycolysis in
HCC cells. Intriguingly, studies have shown that nuclear-localized PGAM2
contributes to nucleolar integrity maintenance, transcriptional regulation,
and pre-ribosomal assembly20, while cytoplasmic PGAM2 is implicated in
promoting oncogenesis through enzymatic activity-independent
mechanisms7,8. These findings collectively suggest that PGAM2 may drive
cancer progression via non-metabolic functions. In this study, we identified
LDHA, a critical mediator of aerobic glycolysis overexpressed in
malignancies27,28, as the downstream effector of PGAM2. We found that
PGAM2 knockdown upregulated LDHA expression via STAT3 activation,
while themechanism for STAT3activation inPGAM2knockdowncellswas
not expounded, which needs to be deciphered in future studies and may
providemore evidence forPGAM2participating in cancerprogression in an
enzymatic activity-independent manner.

STAT3 is an oncogenic transcription factor dysregulated in approxi-
mately 70% of cancers29–31. It has been discovered that STAT3 functions as
an upstream transcription factor of LDHA in bladder cancer and ovarian
cancer, thereby augmenting LDHA transcription to facilitate cancer gly-
colysis and progression32,33. Crucially, inhibition of either p-STAT3 or
LDHA abrogated the pro-tumorigenic effects induced by PGAM2 knock-
down. These findings not only delineate the STAT3/LDHA axis as a key
mediator of PGAM2-dependent HCC progression, but also highlight them
as promising therapeutic targets.

Fig. 3 | SIRT2 deacetylates PGAM2 to promote HCC progression. A Plasmids
expressing Flag-PGAM2and SIRT2were transfected intoHEK293T cells and lysates
were co-immunoprecipitated with FLAG or SIRT2 antibodies and then immuno-
blottedwith indicated antibodies.BAcetylation level of PGAM2was detected byCo-
IP in HEK293T cell line treated with 40 mM SIRTs family inhibitor Nicotinamide
(NAM) or 20 μM HDAC Ι/П family inhibitor Trichostatin A (TSA) for 12 h.
C Plasmids expressing PGAM2-WT and PGAM2-K100R were transfected into
HEK293T cells with or without SIRT2-expressing plasmid, then acetylation levels of
PGAM2-WT and PGAM2-K100R were detected by Co-IP. D Schematic of the
domain structure of PGAM2 and SIRT2. E Interaction between SIRT2 and PGAM2
was analyzed by pymol, PGAM2 (red), SIRT2 (blue). F Plasmid expressing PGAM2-
WT or PGAM2-K100R were transfected into HEK293T cells along with SIRT2-
expressing plasmid, then the binding abilities between SIRT2 and PGAM2-WT or

PGAM2-K100R were detected by Co-IP.G Exogenous Flag-PGAM2 and ubiquitin-
expressing plasmids were transfected into HEK293T cells with or without SIRT2-
expressing plasmid, then ubiquitination levels of PGAM2 was measured by Co-IP
after treatment with 25 μM MG132 for 16 h. H PGAM2 was overexpressed in
HEK293T and HCCLM3 cell lines along with SIRT2 or not, and cell lysates were
used to examine the level of PGAM2 by western blot. I PGAM2 was measured by
western blot in HCCLM3 cell line treated with 40 mM NAM or 20 μM SIRT2
inhibitor SirReal2 for 12 h. J, K Cell growth rates and colony formation abilities
detection of HCCLM3 cell lines overexpressing Vector, PGAM2, SIRT2 alone or in
combination. L Detection of cell apoptosis rates of HCCLM3 cell lines over-
expressing Vector, PGAM2, SIRT2 alone or in combination. **p < 0.01,
***p < 0.001, ns no significance.
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Fig. 4 | PGAM2 suppresses aerobic glycolysis and key enzymes expression in
HCC cells. A Schematic representation of aerobic glycolysis and key enzymes
involved.B–GDetection of glucose consumption and lactate production in PGAM2
overexpressing cell lines and controls; PGAM2 knockdown cell lines and controls;
PGAM2-WT and PGAM2-K100R expressing cell lines; and cell lines overexpressing
Vector, PGAM2, SIRT2 alone or in combination. H mRNA levels of key glycolytic

enzymes were detected by RT-qPCR in HCCLM3 cell lines expressing PGAM2-WT
andPGAM2-K100R. IProtein levels of key enzymeswere detected bywestern blot in
PGAM2-WT and PGAM2-K100R expressing cell lines; PGAM2 overexpressing cell
lines and controls; PGAM2 knockdown cell lines and controls. *p < 0.05, **p < 0.01,
***p < 0.001, ns no significance.
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In conclusion, our study elucidates that SIRT2-mediated deacetylation
of PGAM2 at K100 facilitates its ubiquitination and degradation, and then
promotesHCCprogression by amplifying aerobic glycolysis through anon-
enzymatic mechanism involving STAT3-mediated transcription activation

of LDHA(Fig. 7G). These findings reveal a novel mechanism wherein
SIRT2-dependent post-translational modification of PGAM2 reprograms
cellular metabolism to promote HCC progression, and provide valuable
biomarkers and therapeutic targets for HCC.

Fig. 5 | Knockdown of PGAM2 enhances glycolysis by promoting STAT3-
mediated LDHA expression in HCC cells. A–C Detection of lactate production,
growth rate, and colony formation ability of HCC cell lines with PGAM2, LDHA
overexpression or knockdown.D Schematicmodel of STAT3 binding sites to LDHA
promoter. E ChIP-qPCR analysis of LDHA promoter region binding to STAT3 in
SNU449 cell line. IgG is included as the control for IP. F Dual-luciferase reporter

assay to identify the binding of STAT3 to LDHA promoter. G, H Detection of
p-STAT3 in PGAM2overexpressing and knockdownHCC cell lines bywestern blot.
I, J Protein andmRNA levels of LDHAwere detected by western blot and RT-qPCR
in controls and PGAM2 knockdown cells treated with or without STAT3 inhibitor
stattic. **p < 0.01, ***p < 0.001.
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Fig. 6 | Knockdown of PGAM2 enhances sorafenib sensitivity of HCC cells.
A–C Cell viability of controls and PGAM2 knockdown HCC cell lines treated with
sorafenib for 48 h was detected by cck8 assay. D–F Cell viability of controls and
PGAM2 knockdown HCC cell lines treated with or without sorafenib (40 μM for
HepG2 and SNU449, 10 μM for SNU387) for 48 h was detected by cck8 assay.
G Diagram illustrates treatment groups and timetable of injection of sorafenib or
AGK2.H Tumor volume was measured with indicated treatment (n = 4). I Imaging
of tumors in vivo and derived from mice (n = 4). J Expression level of SIRT2 in
normal and sorafenib resistant Huh7 cell lines based on TCGA database.

KDetection of SIRT2 in normal and sorafenib resistant HepG2 cell lines by western
blot. L,M Kaplan–Meier curve of overall survival and progression free survival of
HCC patients after sorafenib treatment according to SIRT2 expression in tumors
based on TCGA database. N Cell viability detection of normal and sorafenib resis-
tant HepG2 cell lines treated with sorafenib for 48 h by cck8. O Cell viability
detection of sorafenib resistant HepG2 cell line treated with sorafenib and AGK2
alone or in combination for 48 h. SR sorafenib resistant, *p < 0.05, **p < 0.01,
***p < 0.001, ns no significance.
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Methods
Tissue samples
Paired tumor and adjacent normal liver tissues (n = 21) were obtained from
HCC patients in the First Affiliated Hospital of Zhengzhou University
(Supplementary Table S1). Tissue samples were surgically removed when
patients were identifiedwithHCC for the first time, and the patients did not
receive any treatment before surgery. This study was approved by the
Research Ethics Committee of Zhengzhou University (No. YLL-019), and
was conducted Declaration of Helsinki. All of the individuals participating
in this study have provided written informed consent.

Cell lines and reagents
HEK293T cell line and human HCC cell lines including HCCLM3, Huh7,
SNU449, HepG2, and SNU387 were cultured in DMEM or RPMI-1640
(HyClone, Utah,USA)medium supplementedwith 10% fetal bovine serum
(FBS) (Gibco, New York, USA) at 37˚ °C and 5% CO2. Mouse liver cancer
cell lineHepa1-6was cultured inDMEMmediumwith 10%FBS.All the cell
lines were performed with STR authentication. Reagents: Cycloheximide
(MCE, HY-12320, New Jersey, USA); MG132 (MCE, HY-13259); Chlor-
oquine (MCE, HY-17589A); AGK2 (Beyotime, SC0285, Shanghai, China);
SirReal2 (Beyotime, SC0290); Nicotinamide (MCE, HY-B0150; Beyotime,

Fig. 7 | PGAM2 negatively correlates with PGAM2 in HCC tissues. A Statistical
analysis of relative PGAM2expression in paired samples fromHCCpatients (n = 21).
BCorrelation analysis of PGAM2and SIRT2 inHCC tissues (n = 21).CProtein levels
of PGAM2 and SIRT2 in HCC tissues compared with adjacent normal liver tissues
based on CPTAC database.D SIRT2 and LDHA levels in HCC tissues from different

clinical stages. E, F Kaplan–Meier curves of overall survival and recurrence free
survival according to SIRT2 or LDHA levels in HCC tumors based on TCGA data-
base. G Schematic model of the role of SIRT2-mediated deacetylation of PGAM2 in
promoting HCC progression through activating STAT3/LDHA axis. N normal liver
tissue, T tumor tissue, *p < 0.05, ***p < 0.001, ns no significance.
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S1761); Trichostatin A (Beyotime, S1893); Puromycin (Solarbio, P8230,
Beijing, China); G418 (BBI Life Sciences, A600958, Shanghai, China);
Sodium oxamate (Merck KGaA, 02751, Darmstadt, Germany); Stattic
(MCE, HY-13818); Sorafenib (Aladdin, s125098, Shanghai, China).

Lentivirus construction and transduction
Lentivirus expressing PGAM2-WT, PGAM2-K100R, LDHA, and SIRT2
were constructed with HEK293T cells. Briefly, vectors and lipo2000 (Invi-
trogen, 11668-019, Shanghai, China) were added to the culture medium
when cell density reached 80% confluence. The culture medium containing
lentiviral particles were collected 48 h later, filtered with 0.22 μm filter, and
stored at −80 °C. Lentivirus expressing short hairpin RNAs (shRNAs)
targeting PGAM2 were purchased from GENE (Shanghai, China). Stable
cell lines were selected using puromycin (2 μg/mL) or G418 (100 μg/mL).

Construction of PGAM2-WT and PGAM2-K100R expressing
cell lines
First, cell lines were transfected with shRNA virus to knockdown endo-
genous PGAM2, then PGAM2-WT and PGAM2-K100R overexpressing
virus were transfected into PGAM2 knockdown cell lines. The nucleotide
sequence targeted by shRNA in exogenous PGAM2-WT and PGAM2-
K100R coding sequences was performed with synonymous mutation.

Transient transfection
Small interfering RNAs (siRNAs) were synthesized by RiboBio, (Guangz-
hou, China). The transfection complex was prepared in the following
manner: 1.25 μL of 20 μMsiRNA storage solution was added to 30 μL of 1×
riboFECTMCPBuffer andmix gently. Then 3 μLof riboFECTTMCPReagent
was added to this mixture and incubated for 15min at room temperature.
The transfection complex was added to the cells and mixed gently. Cells
were incubated in a CO2 incubator at 37 °C for 24-96 h. The siRNA
sequences were listed in Supplementary Table S2.

Western blot
Cells were lysed in RIPA buffer (Servicebio, G2002, Wuhan, China) sup-
plemented with phenylmethylsulfonyl fluoride (PMSF) (a serine protease
inhibitor, Servicebio, G2008) and Deacetylase Inhibitor Cocktail (MCE,
HY-K0030) for 30min. The supernatant was collected and protein con-
centrations were determined using a BCA kit (BBI Life Sciences, C503021).
After the proteins were quantified and denatured, samples were separated
by SDS-PAGE electrophoresis and then transferred onto PVDFmembrane
(Merck Millipore, IPVH00010). The membranes were blocked with 5%
nonfat milk solution for 2 h at room temperature, incubated with primary
antibody overnight at 4 °C and then reacted with HRP-conjugated sec-
ondary antibody for 2 h at room temperature. Protein level was quantified
using Image J software, and normalized by β-actin. Information of anti-
bodies were listed in Supplementary Table S3.

Co-immunoprecipitation (Co-IP)
Antibodies were incubated with 20 μL of protein A/G magnetic beads
(Bimake, B23202, Texas, USA) with constant rotation for 30min, followed
by incubation with Cell lysates at room temperature for 1 h. The immu-
noprecipitants were washed three times, and then eluted with SDS-loading
buffer. Proteins were incubated at 95 °C for 10min before detection.

Quantitative reverse transcription PCR (RT-qPCR)
Total RNA was extracted using TRIzol reagent (Vazyme Biotech, R401-01,
Nanjing, China) following the manufacturer’s instructions and cDNA was
synthesized using the PrimeScript RT Reagent Kit (TaKaRa Clontech,
RR036, Dalian, China). Then qPCR was performed by using the ChamQTM

Universal SYBR® qPCR Master Mix (Vazyme Biotech, Q711) and Quant-
Studio 5 Real-Time PCR System (Thermo Scientific, Massachusetts, USA).
ThemRNA expression levels were normalized by β-actin and quantified by
comparative CT (2-ΔΔCq) as previously described34. Sequences for RT-qPCR
analysis were listed in Supplementary Table S2.

CCK-8 assay
Cells in the logarithmic growth phase were seeded in a 96-well plate (3000
cells/100 μL/well). At 0, 24, 48, 72, and 96 h, 10 μL of CCK-8 reagent
(Vazyme, A311) was added to the culture medium and incubated for 2 h at
37 °C in the dark. Absorbance (A) was measured at 450 nm using a
microplate reader (Thermo, USA).

Colony formation assay
A total of 2000 cells were added to a well of six-well plate and incubated in a
CO2 incubatorat37 °Cfor10-14days.Thecolonies formedwerefixedwith4%
paraformaldehyde (Leagene, DF0141, Beijing, China) for 30min and stained
with 0.5% crystal violet. The number of colonies was counted and analyzed.

Cell apoptosis assay
This assay was performed using Annexin V-Allophycocyanin/7-Amino
Actinomycin D Apoptosis Detection Kit (KeyGEN, KGA1106, Nanjing,
China). Briefly, cells were digested using EDTA-free trypsin, and washed
with PBS for twice. Then 5 μL Annexin V-APC and 7-AAD were added
after cellswere suspendby500 μLbindingbuffer.Cellswere incubated in the
dark for 15min at room temperature, and then analyzed using ACEA
NovoCyte3130 within 1 h.

In vivo experiments
The in vivo study was approved by the Animal Ethics Committee of
Zhengzhou University (No. 2023-YYY-088). The mice were housed under
specific pathogen-free (SPF) condition with free access to food and water,
and theywere sacrificed by cervical dislocation at the end of the experiment.

For xenograft mice model, three-week old female nude mice were
purchased from the Beijing Charles River Laboratory Technology Co. The
mice were randomly divided into two groups, and approximately 8 × 106

cells were suspended in 100 μL PBS and injected subcutaneously into nude
mice after they were housed for one week. Tumor growth was regularly
measured. 21 days later, the mice were sacrificed.

For AGK2 and sorafenib treatment in vivo, five-week old C57BL/6
male mice were purchased from HFKBIO. The model was established by
subcutaneously injecting 1× 106 Hepa1-6 cells into the right armpit of mice.
Micewere randomly divided onday 7, and treated i.p. with 15mg/kgAGK2
or 60mg/kg sorafenib for three times aweek.Micewere sacrificedonday17.

The tumor size did not exceed the permittedmaximal volume of 1000
mm3. Tumors in the mice were isolated, weighed, and photographed.
Tumor volumes were calculated using the following formula: tumor
volume = (width2 × length)/2.

Glucose and lactate content measurement
Cells were cultured in 24-well plates seeded at 2 × 105 cells per well for 48 h.
Then culturemediumwas then collected. Glucose and lactate contents were
measured with absorption at 450 nm by using Glucose Assay Kit (Bestbio,
BB-47305, Shanghai, China) and Lactate Assay Kit (Jiancheng Bioengi-
neering, A019-2-2, Nanjing, China). Glucose and lactate contents were
quantified according to the standards.

Chromatin immunoprecipitation quantitative polymerase chain
reaction (ChIP-qPCR)
Cells (8 × 106) were prepared for the ChIP-qPCR assay using a ChIP Assay
Kit (Beyotime, P2078). Briefly, the nuclei were extracted in SDS lysis buffer
containing 1mM PMSF and subsequently subjected to ultrasound treat-
ment (70W, 120 s). 60 µLProteinA+GAgarose/Salmon SpermDNAwas
added to the sample, which was placed on a rotating mixer and slowly
rotated at 4 °C for 30min. Then samples were centrifuged at 1000 g at 4 °C
for 1min, and the supernatant was transferred to a new tube and 4 µl anti-
STAT3 antibody was added. At the same time, IgG antibody was added as a
negative control and incubatedovernight at 4 °C. Then80 µLProteinA+G
Agarose/Salmon SpermDNAwas added to the tube, and rotated at 4 °C for
60min. After washing for thrice, the DNA was recovered with a DNA
recovery kit and analyzed using qPCR.
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Dual-luciferase reporter assay
The binding sites of STAT3 on LDHA promoter region were pre-
dicted through JASPAR database. The wild type and mutant
sequences of the binding sites were synthesized and constructed into
the pGL3-basic plasmid, and then co-transfected with pcDNA3.1-
STAT3 expressing plasmid and Renilla luciferase reporter plasmid
into HEK293T cells for 48 h. The luciferase activities were measured
with the Dual Luciferase Reporter Gene Assay (Yeasen Biotechnol-
ogy, 11402ES60, Shanghai, China).

Statistical analysis
Data were analyzed using GraphPad Prism 8.0 software. The experiments
were repeated at least three times independently, and datawere presented as
mean ± standard deviation (SD). All analyses were two-sided, and p < 0.05
was considered to indicate a statistically significant difference.

Data availability
No datasets were generated or analyzed during the current study.
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