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Uncontrolled gluconeogenesis results in elevated hepatic
glucose production in type 2 diabetes (T2D). The small
ubiquitin-related modifier (SUMO)-specific protease 2
(SENP2) is known to catalyze deSUMOylation of target pro-
teins, with broad effects on cell growth, signal transduction,
and developmental processes. However, the role of SENP2 in
hepatic gluconeogenesis and the occurrence of T2D remain
unknown. Herein, we established SENP2 hepatic knockout
mice and found that SENP2 deficiency could protect against
high-fat diet–induced hyperglycemia. Pyruvate- or glucagon-
induced elevation in blood glucose was attenuated by disrup-
tion of SENP2 expression, whereas overexpression of SENP2 in
the liver facilitated high-fat diet–induced hyperglycemia. Using
an in vitro assay, we showed that SENP2 regulated hepatic
glucose production. Mechanistically, the effects of SENP2 on
gluconeogenesis were found to be mediated by the cellular fuel
sensor kinase, 50-AMP-activated protein kinase alpha
(AMPKα), which is a negative regulator of gluconeogenesis.
SENP2 interacted with and deSUMOylated AMPKα, thereby
promoting its ubiquitination and reducing its protein stability.
Inhibition of AMPKα kinase activity dramatically reversed
impaired hepatic gluconeogenesis and reduced blood glucose
levels in SENP2-deficient mice. Our study highlights the novel
role of hepatic SENP2 in regulating gluconeogenesis and fur-
thers our understanding of the pathogenesis of T2D.

Hepatic gluconeogenesis, an essential component of glucose
production in healthy individuals, is primarily responsible for
maintaining euglycemia during nutrient deprivation (1, 2).
During fasting, triglycerides in adipose tissue are hydrolyzed to
glycerol and nonesterified fatty acids (3). The released glycerol
and lactate predominantly from the muscle are used as the
primary precursors for hepatic gluconeogenesis (4). Hepatic
glucose output is critical for systemic glucose metabolic ho-
meostasis. In the fasted state, hepatic gluconeogenesis is acti-
vated to maintain normal blood glucose levels, ensuring energy
demand for glucose-dependent tissues such as the brain.
‡ These authors contributed equally to this work.
* For correspondence: Qi-Qun Tang, qqtang@shmu.edu.cn; Yang Liu,

yangliuly@fudan.edu.cn.

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
However, uncontrolled hepatic gluconeogenesis is recognized
as one of the main contributing factors to hyperglycemia and
diabetes. Hepatic gluconeogenesis is tightly regulated by
several hormones. For example, it is activated by glucagon and
adrenal hormone glucocorticoids and repressed by insulin. In
the diabetic state, the liver becomes resistant to insulin and
overactivation of hepatic glucose production occurs, leading to
uncontrolled blood glucose levels, which are a hallmark of type
2 diabetes (T2D) (5, 6). Several antidiabetic drugs, such as
metformin, target hepatic gluconeogenesis and have hypogly-
cemic effects. Therefore, studying the regulation of hepatic
gluconeogenesis is critical to further the understanding of T2D
pathogenesis and offers novel insights into therapeutic stra-
tegies for T2D.

Mammalian 50-AMP-activated protein kinase (AMPK) is
regarded as a sensor of rising AMP/ATP and ADP/ATP ratios
that emerge under conditions of low cellular energy (7, 8).
AMPK is activated by a falling energy state to restore energy
balance by switching on ATP-generating catabolic pathways,
whereas switching off ATP-consuming anabolic pathways,
such as lipogenesis and gluconeogenesis (7). AMPK functions
as a heterotrimeric complex comprised of a catalytic (AMPKα)
and two regulatory (AMPKβ and AMPKγ) subunits (9). The
critical phosphorylation site in AMPK, Thr172, is phosphor-
ylated by the upstream liver kinase B1 (10, 11). In the
canonical mechanism of AMPK activation, 50-AMP binds to
the AMPKγ subunit, leading to allosteric activation of
Thr172-phosphorylated AMPK, and maintenance of the
enhanced Thr172 phosphorylated state (7). AMPK is consid-
ered to be an inhibitor of gluconeogenesis, via phosphorylation
of the cAMP response element–binding protein (CREB)
coactivator, transducer of regulated CREB activity 2 (TORC2).
Phosphorylated TORC2 is sequestered in the cytoplasm,
thereby inhibiting CREB-dependent transcription of peroxi-
some proliferator–activated receptor γ coactivator 1α and
gluconeogenic enzyme genes (12, 13). Thus, identifying factors
that regulate the expression or activity of AMPK is crucial for
understanding the process of gluconeogenesis and may lead to
the development of novel therapeutic strategies for T2D.

Protein post-translational modifications with small
ubiquitin-related modifier (SUMO) are highly conserved in
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SENP2 regulates hepatic gluconeogenesis
all eukaryotes (14). SUMOylation is catalyzed by Aos1/Uba2
(an E1-activating enzyme), Ubc9 (an E2-conjugating enzyme),
and E3 ligases (15). SUMOylation and its related enzymes are
involved in cellular processes, such as DNA replication and
repair, signal transduction, and cell differentiation (15). We
have previously shown that protein inhibitor of activated
signal transducer and activator of transcription-1, the SUMO
E3 ligase, controls adipogenesis by promoting the SUMOy-
lation and degradation of CCAAT/enhancer binding protein
β (16). Subsequent studies have clarified that protein inhib-
itor of activated signal transducer and activator of
transcription-1 in adipose tissues could activate the insulin
signaling pathway, thereby improving insulin sensitivity in
T2D mice (17).

SUMOylation is a dynamic and reversible protein modifi-
cation. SUMO-specific protease 2 (SENP2), a member of the
SENP family, is responsible for the catalyzation of deSU-
MOylation (18). SENP2 is reportedly essential for adipocyte
differentiation, including the differentiation of white adipo-
cytes and brown adipocytes (19–21). SENP2 has also been
shown to regulate insulin sensitivity in muscle cells (22). We
have previously reported that loss of hepatic SENP2 prevents
nonalcoholic fatty liver disease development induced by high-
fat diet (HFD) (23). These data suggest that SENP2 plays a key
role in modulating metabolic balance. However, the roles of
SENP2 in hepatic glucose metabolism remain unknown. Here,
we established SENP2 hepatic knockout mice and found that
liver-specific SENP2 deficiency could protect against
HFD-induced hyperglycemia, whereas overexpression of
SENP2 in the liver facilitated the development of HFD-
induced hyperglycemia. We also showed that SENP2
regulated blood glucose levels predominantly through the
modulation of hepatic gluconeogenesis. Mechanistically,
AMPKα mediated the effect of SENP2 on gluconeogenesis.
SENP2 deSUMOylated AMPKα, thereby affecting its ubiq-
uitination and stability. Downregulation of AMPKα induced
hepatic gluconeogenesis and hyperglycemia. Taken together,
our study highlights the novel role of hepatic SENP2 in
regulating gluconeogenesis and furthers our understanding of
the pathogenesis of T2D.
Results

Hepatic deficiency of SENP2 protects against excessive
gluconeogenesis induced by HFD

We have previously shown that SENP2 expression was
elevated in the liver of mice with T2D (23). To investigate the
effect of SENP2 on hepatic glucose metabolism, we generated
liver-specific knockout mice (Senp2-LKO) by crossing
SENP2Flox/flox mice with Alb-Cre transgenic mice (Fig. S1, A
and B). Quantitative PCR (qPCR) analysis showed that Senp2
was specifically disrupted in the liver tissues from Senp2-LKO
mice (Fig. S1C). Senp2-LKO mice developed normally and had
body weights similar to WT littermates when fed a normal
chow diet (NCD; Fig. S2A). Under NCD feeding, there were no
differences in fasting blood glucose between Senp2-LKO mice
and WT mice; whereas random blood glucose of Senp2-LKO
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mice was decreased as compared with WT (Fig. S2, B and
C). Glucose production induced by pyruvate or glucagon in
Senp2-LKO mice was identical to WT mice as indicated by
pyruvate tolerance and glucagon tolerance test (Fig. S2, D and
E). We challenged Senp2-LKO mice and their WT littermates
with HFD. Food intake of the two groups was comparable
(Fig. S3A). Both random and fasting blood glucose levels were
decreased in Senp2-LKO mice as compared with WT mice
under HFD (Fig. 1, A and B). The pyruvate tolerance test
showed that the levels of glucose produced from pyruvate were
lower in the Senp2-LKO mice than control mice (Fig. 1C).
Glucagon tolerance test showed that Senp2-LKO and WT
mice showed similar response to glucagon, although loss of
hepatic SENP2 significantly inhibited gluconeogenesis
(Fig. 1D).

We found that Senp2-LKO mice exhibited resistance to
HFD-induced obesity and glucose intolerance (Fig. S3, B and
C). To eliminate the effect of body weight difference on
gluconeogenesis, we carried out glucagon tolerance test at
fourth week of HFD feeding, when there was no difference in
body mass, hepatic steatosis, or insulin sensitivity (Fig. S3,
D and E) and found that gluconeogenesis was also down-
regulated by SENP2 deficiency at early stage of HFD feeding
(Fig. S3F). In addition, we isolated primary hepatocytes to
examine glucose output in vitro. Consistently, glucose pro-
duction, using lactate and pyruvate as the substrates, was
downregulated in SENP2-deficient hepatocytes compared with
the controls, no matter under dexamethasone treatment or not
(Fig. 1E).

Overexpression of SENP2 promotes hepatic gluconeogenesis

To validate our findings in Senp2-LKO mice, we generated
adeno-associated virus (AAV) harboring the SENP2 coding
sequence and overexpressed SENP2 in the liver by injecting
the AAV into the tail vein. AAV-GFP was used as the control.
qPCR and Western blot analysis showed that SENP2 was
successfully overexpressed (Fig. 2, A and B). SENP2 over-
expression had little effect on random and fasting blood
glucose levels under NCD (Fig. 2, C and D) but dramatically
promoted gluconeogenesis induced by pyruvate (Fig. 2E).
When we challenged the mice with HFD, AAV-SENP2 mice
exhibited marked upregulation in both random and fasting
blood glucose levels as compared with control mice (Fig. 2,
F and G). In addition, the pyruvate tolerance test showed that
ectopic expression of SENP2 significantly augmented glucose
production (Fig. 2H).

SENP2 regulates hepatic expression of pyruvate carboxylase

Having shown that SENP2 regulated gluconeogenesis, we
next examined the expression of rate-limiting gluconeogenic
enzymes, including pyruvate carboxylase (PCx), phospho-
enolpyruvate carboxykinase 1 (PCK1), and glucose-6-
phosphatase (G6PC). qPCR analysis revealed that SENP2
deficiency led to decreased Pcx in the liver compared with
controls, whereas Pck1 and G6pc expression was unaffected
(Fig. 3A). Consistent with the mRNA data, PCx protein levels



Figure 1. SENP2 deficiency suppressed hepatic gluconeogenesis and decreased blood glucose. A, male WT and Senp2-LKO mice were fed with HFD
starting at 8 weeks of age. Random blood glucose was measured at 12th week of HFD feeding. B, fasting blood glucose was measured after fasting for 16 h
at 15th week of HFD feeding. C, pyruvate tolerance test was conducted in WT and Senp2-LKO mice at 12th week of HFD feeding. D, glucagon tolerance test
was conducted in WT and Senp2-LKO mice at 13th week of HFD feeding. E, primary hepatocytes were isolated form WT and Senp2-LKO mice and then
incubated with glucose substrate solution containing 10 mM sodium lactate, 1 mM sodium pyruvate, with or without 1 μM dexamethasone for 6 h. The
content of glucose in cell supernatant was detected and normalized to protein level. Data are presented as mean ± SD. Data in A and B were analyzed by
two-tailed unpaired Student’s t test; data in C and D were analyzed by two-way ANOVA with Bonferroni post hoc multiple comparison test. Data in E were
analyzed using one-way ANOVA with Newman–Keuls test. *p < 0.05, **p < 0.01, and ***p < 0.001. HFD, high-fat diet; LKO, liver-specific knockout mice;
SENP2, small ubiquitin–related modifier–specific protease 2.

SENP2 regulates hepatic gluconeogenesis
were also reduced in the liver of Senp2-LKO mice, whereas
PCK1 and G6PC were unchanged (Fig. 3, B and C). Next, we
examined gluconeogenic enzymes in isolated primary hepa-
tocytes and found that PCx expression was downregulated in
hepatocytes after SENP2 ablation (Fig. 3, D and E). Consistent
with these results, we found that overexpression of SENP2
augmented PCx expression and had little effect on PCK1 and
G6PC expression (Fig. 3, F and G).
SENP2 modulates gluconeogenesis through AMPKα

Having established that SENP2 deficiency attenuates
gluconeogenesis and improves HFD-induced hyperglycemia,
we next sought to determine the underlying mechanisms.
Mammalian AMPK is a sensor of cellular energy. AMPK is
activated under situations of increased metabolic demand or in
a low cellular energy state and acts to restore energy balance
by switching on catabolic pathways such as fatty acid β-
oxidation, while switching off anabolic pathways such as
lipogenesis and gluconeogenesis (7, 24). Thus, we examined
activation of AMPK by measuring the levels of p-AMPKα
(Thr172), which is the active catalytic form (24). We found
that loss of SENP2 significantly increased p-AMPKα (Thr172)
as well as total AMPKα levels in the liver tissue and isolated
primary hepatocytes (Fig. 4, A–C). However, AMPKα mRNA
levels remained unchanged upon SENP2 deletion (Fig. 4D). In
addition, phosphorylation of Raptor, the downstream target of
AMPK, was increased in SENP2-deficient hepatocytes, indi-
cating augmented activity of AMPKα (Fig. 4C).

Since activation of AMPKα was consistent with repressed
gluconeogenesis in the liver of Senp2-LKO mice, we next
sought to determine whether AMPKα mediated SENP2
function. We isolated primary hepatocytes from WT and
Senp2-LKO mice and inhibited AMPK in SENP2-deficient
cells using compound C, which is a specific antagonist for
AMPK. We found that loss of SENP2 inhibited glucose output
compared with the control, whereas compound C significantly
restored glucose production in SENP2-ablated cells (Fig. 5A).
Consistent with these findings, treatment with compound C
normalized the decreased expression of PCx in SENP2-ablated
cells (Fig. 5B). Next, we disrupted AMPKα expression in he-
patocytes by siRNA and conducted similar experiments. We
found that impaired glucose production in Senp2-LKO cells
was reversed by knockdown of AMPKα (Fig. 5C). Western blot
J. Biol. Chem. (2022) 298(2) 101544 3



Figure 2. SENP2 overexpression promoted hepatic gluconeogenesis and increased blood glucose. A and B, SENP2 was overexpressed in liver by
injecting AAV serotype 8 into 7-week-old male mice via the tail vein. Quantitative PCR and Western blot assay showed the expression of SENP2 in liver.
C, random blood glucose was measured under NCD feeding. D, fasting blood glucose was measured under NCD feeding after fasting for 16 h. E, pyruvate
tolerance test was conducted in AAV-Ctrl and AAV-SENP2 mice under NCD feeding. F, after a week of recovery from AAV injecting, AAV-treated mice were
fed with HFD. Random blood glucose was measured at 12th week of HFD feeding. G, fasting blood glucose was measured after fasting for 16 h at 13th week
of HFD feeding. H, pyruvate tolerance test was conducted in AAV-Ctrl and AAV-SENP2 mice at 13th week of HFD feeding. Data are presented as mean ± SD.
Data in A, D, and G were analyzed by two-tailed unpaired Student’s t test. Data in C and F were analyzed by Mann–Whitney test. Data in E and H were
analyzed by two-way ANOVA with Bonferroni post hoc multiple comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001. AAV, AAV, adeno-associated virus;
NCD, normal chow diet; SENP2, small ubiquitin–related modifier–specific protease 2.

SENP2 regulates hepatic gluconeogenesis
analysis showed that AMPKα protein expression was signifi-
cantly disrupted in Senp2-LKO cells treated with AMPKα
siRNA and normalized the expression of PCx, whereas
expression of PCK1 and G6PC was unaffected (Fig. 5D).
4 J. Biol. Chem. (2022) 298(2) 101544
Next, we treated mice with compound C to inhibit AMPK
activity in vivo. We found that Senp2-LKO mice showed lower
random and fasting blood glucose levels than WT mice under
HFD conditions (Fig. 5, E and F), and treatment with



Figure 3. SENP2 regulated PCx expression. A, qPCR analysis of Senp2, Pcx, G6pc, and Pck1 level in the liver of WT and Senp2-LKO mice under HFD. B and
C, protein level of SENP2, PCx, G6PC, and PCK1 in the liver of WT and Senp2-LKO mice under HFD. Level of the bands of these proteins were quantified.
D and E, protein level of PCx, G6PC, and PCK1 in the isolated hepatocytes from WT and Senp2-LKO mice under NCD, with the bands quantified. F and
G, protein level of PCx, G6PC, and PCK1 in the liver of AAV-Ctrl and AAV-SENP2 administration under HFD, with the bands quantified. Data are presented as
mean ± SD. Data in A, C, E, and G were analyzed by two-tailed unpaired Student’s t test. *p < 0.05 and **p < 0.01. G6PC, glucose-6-phosphatase; HFD, high-
fat diet; LKO, liver-specific knockout mice; PCK1, phosphoenolpyruvate carboxykinase 1; PCx, pyruvate carboxylase; qPCR, quantitative PCR; SENP2, small
ubiquitin–related modifier–specific protease 2.

SENP2 regulates hepatic gluconeogenesis
compound C increased blood glucose levels in Senp2-LKO
mice (Fig. 5, E and F). The glucagon tolerance test demon-
strated that compound C treatment restored decreased glucose
production in Senp2-LKO mice compared with WT mice
(Fig. 5G). Consistent with this phenotype, impaired PCx
expression in the liver of Senp2-LKO mice was reversed by
AMPK inhibition (Fig. 5, H–J). Collectively, these results
suggest that AMPK mediates the inhibitory effect of SENP2
ablation on gluconeogenesis.

SENP2 regulates the SUMOylation and stability of AMPKα

We next sought to determine the role of SENP2 in the
regulation of AMPKα. Although AMPKα mRNA levels were
unaltered in Senp2-LKO livers, total AMPKα protein levels
were increased (Fig. 4, A–D), suggesting that SENP2 may
regulate AMPKα at the post-transcriptional level. To deter-
mine whether SENP2 had a role in directly regulating AMPKα,
we performed coimmunoprecipitation assays and found that
SENP2 interacted with AMPKα (Fig. 6A). Next, we conducted
SUMOylation assays in human embryonic kidney 293T
(HEK-293T) cells transfected with V5-SUMO2, hemagglutinin
(HA)-AMPKα, FLAG-UBC9, and FLAG-SENP2 to determine
AMPKα SUMOylation by detection of V5 tag after pull-down
of AMPKα. We found that as a SUMO E2-conjugating
enzyme, UBC9, increased SUMOylation of AMPKα, whereas
SENP2 reversed UBC9-induced SUMOylation of AMPKα
(Fig. 6B). In addition, we observed that SENP2 also antago-
nized PIAS4-mediated SUMOylation of AMPKα (Fig. 6C).
These findings together suggest that SENP2 was responsible
for the deSUMOylation of AMPKα.

As SENP2 deficiency increased AMPKα protein level with
no effect on its mRNA level, we therefore evaluated the sta-
bility of AMPKα protein in control and SENP2-deficient he-
patocytes after treatment with cycloheximide, an inhibitor of
protein translation. We found that the half-life of AMPKα was
markedly increased by SENP2 ablation (Fig. 6D). Consistently,
J. Biol. Chem. (2022) 298(2) 101544 5



Figure 4. SENP2 deficiency augmented AMPKα level. A and B, protein level of AMPKα and p-AMPKα in the liver of WT and Senp2-LKO mice, with
quantification of these proteins. C, protein level of AMPKα, p-AMPKα, and p-Raptor in the primary hepatocytes of WT and Senp2-LKO mice. D, qPCR analysis
of AMPKα level in the liver of WT and Senp2-LKO mice. Data are presented as mean ± SD. Data in B and D were analyzed by two-tailed unpaired Student’s t
test. ***p < 0.001. AMPK, 50-AMP-activated protein kinase; LKO, liver-specific knockout mice; qPCR, quantitative PCR; SENP2, small ubiquitin–related
modifier–specific protease 2.
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SENP2 overexpression reduced AMPKα protein level (Fig. 6E).
Furthermore, we demonstrated that SENP2 could markedly
increase the ubiquitination of AMPKα (Fig. 6F). We then
sought to detect the stability of deSUMOylated AMPKα to
further clarify the relationship between SUMOylation and
ubiquitination of AMPKα. It has been reported that lysine 118
(K118) represents a major SUMOylation site on AMPKα, and
mutating the 118th lysine residue to arginine blocked AMPKα
SUMOylation (25). We therefore generated the mutated
(K118R) AMPKα and found that the SUMOylation of mutated
AMPKα was decreased as compared with WT AMPKα
(Fig. 6G). DeSUMOylated AMPKα (K118R) exhibited short-
ened half-life as compared with WT AMPKα (Fig. 6H), which
was consistent with the observation that SENP2 repressed
AMPKα level. Taken together, our data suggest that SENP2
induces AMPKα ubiquitination and sequential degradation,
likely through the deSUMOylation of AMPKα.
Discussion

Based on the present findings, we propose a potential
mechanism by which hepatic SENP2 regulates gluconeogen-
esis. We hypothesize that SENP2 is responsible for catalyzing
the deSUMOylation of AMPKα, leading to ubiquitylation and
subsequent degradation of AMPKα, and resulting in
augmented gluconeogenesis (Fig. 7). We found that over-
expression of SENP2 promoted gluconeogenesis and increased
blood glucose levels, whereas hepatic gluconeogenesis was
dramatically downregulated in SENP2-deficient hepatocytes.
As a result, Senp2-LKO mice were resistant to HFD-induced
hyperglycemia. Inhibition of AMPKα by siRNA or inhibitor
restored gluconeogenesis in Senp2-LKO mice.
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We previously reported that SENP2 was significantly
increased in the liver of HFD-induced T2D mice (23), which
supported the notion that SENP2 promotes gluconeogenesis.
Previous studies have reported that SENP2 is induced upon
activation of the cAMP–PKA–CREB axis in adipocytes (19)
and that SENP2 expression is regulated by palmitate-induced
NF-κB activation in skeletal muscle (22). Although we did
not directly access the factors that regulate SENP2 expression
in the liver, specific metabolites and hormones associated with
HFD feeding such as glucagon and glucocorticoid may be
involved.

Hepatic gluconeogenesis is controlled by the transcriptional
regulation of key rate-limiting enzymes. At present, most
studies on gluconeogenesis have focused on the expression
and regulation of the gluconeogenic enzymes PCK1 and G6PC.
Interestingly, in the current study, we demonstrated that
expression of the gluconeogenic enzyme PCx was significantly
decreased by SENP2 disruption, whereas other enzymes such
as PCK1 and G6PC were unaffected. PCx catalyzes the first
step of gluconeogenesis and is therefore critical for main-
taining glucose metabolic homeostasis (26, 27). Kumashiro
et al. (26) measured the mRNA and protein expression of key
gluconeogenic enzymes in human liver specimens and found
that only hepatic PCx protein levels correlated strongly with
glycemia. Inhibition of PCx reduced plasma glucose concen-
trations and the rate of endogenous glucose production in vivo
(26). Here, we found that SENP2 regulated PCx expression via
AMPKα. However, it remains unclear why SENP2 solely
modulated PCx but not PCK1 and G6PC. Furthermore,
although compound C or siAMPKα completely reversed the
decrease in PCx levels induced by SENP2 deficiency in cellular
model, they only partially rescued PCx protein levels in vivo,



Figure 5. Inhibition of AMPK reversed the decreased blood glucose and hepatic gluconeogenesis in Senp2-LKO mice. A and B, primary hepatocytes
were isolated from WT and Senp2-LKO mice under NCD and were treated with compound C (5 μm) to inhibit AMPK. Glucose output of the isolated
hepatocytes with dexamethasone treatment was detected (A). Western blot analysis of PCx, G6PC, and PCK1 in the isolated hepatocytes (B). C and
D, primary hepatocytes were isolated from WT and Senp2-LKO mice. AMPKα was disrupted by siAMPKα. Glucose output of the isolated hepatocytes was
then detected (C). Western blot analysis of PCx, G6PC, and PCK1 in the isolated hepatocytes (D). E–J, WT and Senp2-LKO mice were fed with HFD for
12 weeks and then intraperitoneally injected with compound C (20 mg/kg) for 5 days to inhibit AMPK. E and F, random and fasting blood glucose levels
were measured at 13th week of HFD feeding. G, glucagon tolerance test was then performed at 13th week of HFD feeding. H, qPCR analysis of mRNA level
of PCx, G6PC, and PCK1 in the liver. I and J, Western blot analysis of PCx, G6PC, and PCK1 in the liver. Data are presented as mean ± SD. Data in A, C, E, F, H,

SENP2 regulates hepatic gluconeogenesis
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Figure 6. SENP2 deSUMOylated AMPKα and promoted its ubiquitylation and degradation. A, co-IP was conducted in the HEK-293T cells using
antibody against FLAG tag. B, the vectors harboring V5-SUMO2, HA-AMPKα, FLAG-UBC9, and FLAG-SENP2 were transfected into HEK-293T cells as indicated.
At 36th h after transfection, IP was conducted by HA tag. AMPKα SUMOylation was detected by Western blot using V5 antibody. C, the vectors harboring
V5-SUMO2, HA-AMPKα, Myc-PIAS4, and FLAG-SENP2 were transfected into HEK-293T cells as indicated. At 36th h after transfection, IP was conducted by HA
tag. AMPKα SUMOylation was detected by Western blot using V5 antibody. D, primary hepatocytes isolated from WT or Senp2-LKO mice were treated with
10 μM cycloheximide (CHX) for 0, 4, 8, and 12 h, and AMPKα was detected by Western blot. E, SENP2 was overexpressed in HEK-293T cells and then
subjected to detection of AMPKα expression. F, the indicated vectors were transfected into HEK-293T cells. At 36th h after transfection, cells were harvested
after MG132 incubation, and IP was conducted by HA tag. AMPKα ubiquitylation was detected by Western blot using Myc antibody. G, WT AMPKα or AMPKα
(K118R) was transfected into HEK-293T cells. At 36th h after transfection, IP was conducted by HA tag. AMPKα SUMOylation was detected by Western blot
using V5 antibody. H, WT AMPKα or AMPKα (K118R) was transfected into HEK-293T cells. At 36th h after transfection, cells were treated with 10 μM CHX for
0, 4, 8, and 12 h and then for AMPKα detection. AMPK, 50-AMP-activated protein kinase; co-IP, coimmunoprecipitation; HA, hemagglutinin; HEK-293T, human
embryonic kidney 293T cell; SENP2, small ubiquitin–related modifier–specific protease 2.

SENP2 regulates hepatic gluconeogenesis
suggesting that other AMPKα targets might be involved in the
regulation of gluconeogenesis.

Although AMPKα has an important physiological function
in the regulation of biological energy homeostasis, its role in
and J were analyzed by using one-way ANOVA with Newman–Keuls test. *p <
with Bonferroni post hoc multiple comparison test. *p < 0.05, **p < 0.01, and *
###p < 0.001 compared between KO and KO-compound C mice. AMPK, 50-AM
knockout mice; NCD, normal chow diet; PCK1, phosphoenolpyruvate carboxyk
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gluconeogenesis is controversial. Some evidence has demon-
strated that hepatic AMPK deficiency has little effect on
gluconeogenesis and specifically does not impact the effects of
metformin on gluconeogenesis (28, 29). In contrast, other
0.05, **p < 0.01, ***p < 0.001. Data in G were analyzed by two-way ANOVA
**p < 0.001 compared between WT and KO mice; #p < 0.05; ##p < 0.01; and
P-activated protein kinase; G6PC, glucose-6-phosphatase; LKO, liver-specific
inase 1; PCx, pyruvate carboxylase; qPCR, quantitative PCR.



Figure 7. Model of the role of SENP2 in regulating hepatic gluconeo-
genesis. SENP2 was responsible for catalyzing the deSUMOylation of
AMPKα, leading to ubiquitylation and subsequent degradation of AMPKα,
and resulting in augmented gluconeogenesis. Overexpression of SENP2
promoted gluconeogenesis and increased blood glucose levels. In
SENP2-deficient hepatocytes, SUMOylation of AMPKα was increased, which
promoted its stability and then inhibited gluconeogenesis. As a result,
Senp2-LKO mice were resistant to HFD-induced hyperglycemia. AMPK, 50-
AMP-activated protein kinase; HFD, high-fat diet; LKO, liver-specific
knockout mice; SENP2, small ubiquitin–related modifier–specific protease 2.

SENP2 regulates hepatic gluconeogenesis
studies have shown that activation of AMPK or overexpression
of constitutively active AMPK dramatically inhibits hepatic
gluconeogenesis (12, 13, 30). Here, we observed a significant
increase in AMPKα protein expression in liver tissue and
primary hepatocytes of Senp2-LKO mice. Inhibition of
AMPKα by siRNA or inhibitor completely restored gluco-
neogenesis in Senp2-LKO mice. These findings suggest that
AMPK may negatively regulate hepatic gluconeogenesis.

We also demonstrated that SENP2 could interact with
AMPKα and deSUMOylate it. Previous studies have reported
that AMPK subunits can be SUMOylated. For example, PIAS4
catalyzed the SUMOylation of AMPKα (25), whereas
SUMOylation of AMPKα1 attenuated AMPK activation and
specifically activated mammalian target of rapamycin complex
1 signaling (25). In contrast, SUMOylation of AMPKβ2 by
PIASy enhanced the activity of the trimeric α2β2γ1 AMPK
complex (31). AMPKβ2 SUMOylation is antagonistic and
competes with ubiquitination of the AMPKβ2 subunit (31).
Here, we found that SUMOylation affected AMPK protein
stability. The dramatic increase in AMPKα protein levels in the
liver of Senp2-LKO mice was associated with an increase in
the activated form as measured by phosphorylation of
AMPKα-T172. We mutated K118 residue of AMPKα, which
was considered as the major SUMOylated site, and found that
SUMOylation level of AMPKα (K118R) was decreased
(Fig. 6G), though K118 might not be the unique modified site
of SUMO2 according to our data. Notably, AMPKα (K118R)
was less stable than WT (Fig. 6H), which was consistent with
the noting that SENP2 deSUMOylated AMPKα and reduced
its stability. Although the precise underlying mechanisms
mediating the transition between AMPKα SUMOylation and
ubiquitylation remain unclear, we hypothesize that it may
involve an association between AMPKα and its E3 ubiquitin
ligase. Thus, future studies should focus on examining the
interaction between E3 ubiquitin ligase and SUMOylated or
unSUMOylated AMPK. In summary, the current study
describes a novel SENP2–AMPKα axis that links SUMOyla-
tion to regulation of gluconeogenesis and suggests that the
SENP2–AMPKα axis may be a potential target for clinical
interventions of T2D.

Experimental procedures

Animal study

SENP2Flox/flox mice were provided by Dr Cheng (Shanghai
Jiao Tong University School of Medicine) and generated as
described previously (32). SENP2Flox/flox mice were bred with
Alb-Cre mice to obtain specific SENP2 knockout mice in liver
tissue. The genotype of the knockout mice was SENP2Flox/flox

and Alb-Cre positive. WT mice were selected as control mice
with the genotype of SENP2Flox/flox and Alb-Cre negative. PCR
amplification analysis showed that 149 bp were negative,
149 bp and 183 bp were heterozygous, and 183 bp were pos-
itive. The following primers were used: Flox forward primer:
CTTCTGCTTCTCTTAGTGCT; Flox reverse primer:
AAGAGCAAGCACTCTTACTG; Alb-Cre forward primer:
TTGGCCCCTTACCATAACTG; and Alb-Cre reverse primer:
GAAG CAGAAGCTTAGGAAGATGG.

All the mice were housed at room temperature (25 �C), with
a 12-h light–dark cycle and ad libitum access to NCD (70%
kcal from carbohydrate, 20% kcal from protein, and 10% kcal
from fat) and water. For diet challenge, male mice were fed
with an HFD (60% kcal from fat, 20% kcal from protein, and
20% kcal from carbohydrate; D12492; Research Diets, Inc)
starting at 8 weeks of age. All studies involving animal
experimentation were approved by the Fudan University
Shanghai Medical College Animal Care and Use Committee
and followed the National Institutes of Health guidelines on
the care and use of animals.

For SENP2 overexpression in the liver, AAV serotype 8
harboring the SENP2 coding sequence and the control were
purchased from Hanbio Tech (Shanghai) Co, Ltd. AAVs were
injected into 7-week-old male mice via the tail vein. After a
week of recovery, AAV-treated mice were fed with HFD and
then subjected to metabolic measurements.

Preparation of mouse primary hepatocytes

The mice fed with NCD were anesthetized, and their
abdominal hair was cleaned. An infusion tube was inserted
into the hepatic portal vein and fixed with a hemostatic clip.
Liver tissues were washed with sterile calcium- and
magnesium-free Hank’s balanced salt solution buffer (138 mM
NaCl, 5.4 mM KCl, 0.3 mM Na2HPO4, 0.4 mM KH2PO4,
J. Biol. Chem. (2022) 298(2) 101544 9
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5.6 mM glucose, 0.5 mM EGTA, and 4 mM NaHCO3), and
0.04% collagenase prepared with Hank’s balanced salt solution
buffer (138 mM NaCl, 5.4 mM KCl, 0.3 mM Na2HPO4,
0.4 mM KH2PO4, 5.6 mM glucose, 0.8 mM MgSO4, 1.26 mM
CaCl2⋅2H2O, and 4 mM NaHCO3) was used for digestion.
After digestion, the liver tissue was removed and shaken to
loosen the hepatocytes, and the tissue fragments were filtered
through a 100 μm cell sieve. Primary hepatocytes were then
collected by centrifugation, purified with Percoll solution,
counted, and plated.

siRNA transfection

After isolation of primary hepatocytes from mice, the cells
were seeded into 12-well plates and transfected with siRNA.
Briefly, 50μlOpti-minimal essentialmedium (MEM) containing
1.5 pmol siRNA and 50 μl opti-MEM containing 1.5 μl RNA
iMAX transfection reagent were gently mixed and left for
20min. At the same time, the cell supernatant was removed, and
1 ml opti-MEM was replaced. The siRNA mixture was added
slowly to the cells, and the culture plate was shaken gently. After
12 to 24 h, the transfection medium was replaced with normal
culture medium, and subsequent experiments were performed
48 h after transfection. The following sequences for siRNAwere
used: siNC, UUCUUCGAACGUGUCACGUTT and ACGU-
GACACGUUCGGAGAATT; and siAMPKα, CAUCUUAUA-
GUUCAACCAUTT and AUGGUUGAACUAUAAGAUGGG.

Pyruvate tolerance test

Gluconeogenesis activity was measured by performing the
pyruvate tolerance test. Briefly, mice in each group were
starved overnight. After the initial fasting, blood glucose levels
were measured, and the mice were injected with sodium
pyruvate solution (20% sodium pyruvate dissolved in normal
saline) intraperitoneally at a dose of 2 g/kg body weight. Blood
glucose levels were measured at different time points.

Glucagon tolerance test

The glucagon tolerance test was used to evaluate gluco-
neogenesis. Mice were starved for 4 to 6 h and then injected
with glucagon intraperitoneally at a dose of 10 μg/kg. Blood
glucose levels were measured in blood samples taken from the
tail vein at the indicated postinjection time points.

Glucose production in primary hepatocytes

Cells were washed 3 to 4 times with PBS and incubated with
glucose substrate solution containing 10 mM sodium lactate,
1 mM sodium pyruvate, with or without 1 μM dexamethasone.
The cell media were collected after incubation for 6 h. After
centrifugation, the glucose content in the cell media was
detected using a glucose detection kit (APPLYGEN). Glucose
level was normalized to the total protein level.

RT–PCR and real-time quantitative PCR

RNA was extracted from cells or tissues with Trizol reagent
and dissolved in diethyl pyrocarbonate water. The RNA
10 J. Biol. Chem. (2022) 298(2) 101544
(500 ng) was reverse transcribed using the TaKaRa Reverse
Transcription Kit (TaKaRa Bio). Using a ChamQ Universal
SYBR qPCR Master Mix (Vazyme) and complementary DNA
as the template, the target fragment was amplified by adding
specific primers of the gene of interest, and the expression
level of the gene of interest was reflected by the fluorescence
intensity of the target fragment. Each reaction was performed
in triplicate. Relative mRNA levels were calculated according
to the Ct value, and the Ct value of 18s rRNA was used for
normalization. The following forward and reverse primers (50

to 30) were used for RT–PCR: Senp2, AAGAACAGTCTCTA
CAATGCTGC and CCGATTTCAGCGTAAAACCAAAG;
Pcx, GATGACCTCACAGCCAAGCA and GGGTACCTCTG
TGTCCAAAGGA; Pck1, CTGCATAACGGTCTGGACTTC
and CAGCAACTGCCCGTACTCC; G6pc, CGACTCGCTAT
CTCCAAGTGA and GTTGAACCAGTCTCCGACCA; and
Ampkα, GTCAAAGCCGACCCAATGATA and CGTACA
CGCAAATAATAGGGGTT.

Western blotting

Tissues or cells were lysed and then denatured at 100 �C for
10 min. The protein concentration was determined by bicin-
choninic acid assay. Equal amounts of protein were separated
by SDS-PAGE, transferred to a polyvinylidene difluoride
membrane (Millipore Corp), and immunoblotted with the
following primary antibodies: SENP2 (YT4237) was from
Immunoway; phospho-AMPKα (2535S), AMPKα (5832S),
phosphor-Raptor (2083), Raptor (2280), and HA tag (3724)
were from Cell Signaling Technology; G6PC (A16234) and
PCK1 (A2036) were from Abclonal; FLAG tag (F1804) and
β-actin (A5441) were from Sigma–Aldrich; Myc tag (E022050-
02) was from EΛRTH, and PCx (16588-1-AP) was from
Proteintech. The specificity and reproducibility of the used
antibodies were validated.

Coimmunoprecipitation

HEK-293T cells transfected with HA-AMPKα or
FLAG-SENP2 were lysed in lysis buffer containing 50 mM
Tris–Hcl (pH 7.5), 150 mM NaCl, 5% glycerol, 0.5% Triton
X-100, and protease inhibitors (Roche). After centrifugation,
the lysates were incubated with anti-FLAG beads (SMART
LIFESCIENCES) for 2 h. The beads were then washed four
times with washing buffer (50 mM Tris–Hcl [pH 7.5], 100 mM
NaCl, 5% glycerol, 0.1% Triton X-100, and protease inhibitors),
and the immunoprecipitates were separated by SDS-PAGE for
Western blotting.

SUMO modification experiment

The V5-SUMO plasmid, HA-AMPKα plasmid, FLAG-
SENP2 plasmid, and FLAG-UBC9 plasmid were transfected
into HEK-293T cells. HEK-293T cells were lysed in lysis buffer
containing 50 mM Tris–Hcl (pH 8.0), 250 mM NaCl, 0.01%
Tween, 1% Triton X-100, 0.0125 g/ml N-ethylmaleimide, and
protease inhibitors (Roche). After centrifugation, lysates were
incubated with anti-HA beads (SMART LIFESCIENCES) and
rotated at 4 �C for 2 h. The beads were then washed four times
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with washing buffer (50 mM Tris–Hcl [pH 8.0], 250 mMNaCl,
0.01% Tween, 0.0125 g/ml N-ethylmaleimide, and protease
inhibitors). Finally, the immunocoprecipitates were subjected
to Western blotting using V5 antibody to detect SUMOylated
AMPKα.

Ubiquitin modification experiment

HEK-293T cells were transfected with HA-AMPKα plasmid,
FLAG-SENP2 plasmid, and Myc-Ub plasmid. After 36 h of
transfection, cells were treated with 10 μM proteasome
inhibitor MG132 for 4 to 5 h, and ubiquitination was detected.
Briefly, transfected cells were lysed in Ub lysate buffer con-
taining 50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 1% NP-40,
1% SDS, and protease inhibitors (Roche). Cell lysates were
boiled for 10 min at 100 �C to denature the protein. After
centrifugation for 10 min, the supernatant was diluted 10-fold
in dilution buffer (50 mM Tris–HCl [pH 8.0] and 150 mM
NaCl) and added to anti-HA beads (SMART LIFESCIENCES).
After rotation at 4 �C for 2 h, the agarose beads were washed
four times. Finally, the immunocoprecipitates were detected by
Western blotting.

Statistical analysis

GraphPad software (GraphPad Software, Inc) was used for
statistical analysis. All data were presented as mean ± SD with
statistical significance. Two-tailed unpaired Student’s t test
was used to compare two groups with normally distributed
data. One-way ANOVA was used to compare more than two
groups. Two-way ANOVA with Bonferroni post hoc multiple
comparison test was used to analyze assays such as the
glucagon tolerance and pyruvate tolerance tests. p < 0.05 was
considered to be of statistical significance. The statistical
analysis used in each panel is described in the legends to the
figures.

Data availability

All data are contained within the article.
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