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Hepatic glycogen directly regulates gluconeogenesis
through an AMPK/CRTC2 axis in mice
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fasting and suppressing it during feeding.

Introduction
The precise regulation of plasma glucose results from a balance
between glucose absorption in the intestine, production by the liv-
er and kidneys, and uptake and metabolism in peripheral tissues.
The liver is responsible for 90% of endogenous glucose produc-
tion, resulting from glycogenolysis and gluconeogenesis, which are
thought to act in parallel to provide sufficient hepatic glucose out-
put during fasting (1). Numerous studies have concentrated on elu-
cidating the underlying mechanisms of gluconeogenesis, focusing
on the hormonal control of substrate flux and gluconeogenic gene
transcription. Although glycogen is the first choice for energy stor-
age and mobilization in the liver, our understanding of the dynam-
ics and impact of glycogen metabolism is far from complete.
Protein targeting to glycogen (PTG) is a member of a family
of critical scaffolding proteins that control glycogen metabolism.
The enzymes glycogen synthase (GS) and glycogen phosphorylase
(PYGL) that catalyze glycogen synthesis and breakdown assemble in
a signaling complex with PTG. Upon feeding, protein phosphatase 1
(PP1) is directed to the complex, facilitating the dephosphorylation of
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Glycogenolysis and gluconeogenesis ensure sufficient hepatic glucose production during energy shortages. Here,
we report that hepatic glycogen levels control the phosphorylation of a transcriptional coactivator to determine the
amplitude of gluconeogenesis. Decreased liver glycogen during fasting promotes gluconeogenic gene expression,
while feeding-induced glycogen accumulation suppresses it. Liver-specific deletion of the glycogen scaffolding
protein, protein targeting to glycogen (PTG), reduces glycogen levels, increases the expression of gluconeogenic
genes, and promotes glucose production in primary hepatocytes. In contrast, liver glycogen phosphorylase (PYGL)
knockdown or inhibition increases glycogen levels and represses gluconeogenic gene expression. These changes

in hepatic glycogen levels are sensed by AMP-activated protein kinase (AMPK). AMPK activity is increased when
glycogen levels decline, resulting in the phosphorylation and stabilization of CREB-regulated transcriptional
coactivator 2 (CRTC2), which is crucial for the full activation of the cAMP-responsive transcriptional factor CREB.
High glycogen allosterically inhibits AMPK, leading to CRTC2 degradation and reduced CREB transcriptional activity.
Hepatocytes with low glycogen levels or high AMPK activity show higher CRTC2 protein levels, priming the cell for
gluconeogenesis through transcriptional regulation. Thus, glycogen plays a regulatory role in controlling hepatic
glucose metabolism through the glycogen/AMPK/CRTC2 signaling axis, safeguarding efficient glucose output during

GS and PYGL to increase net glycogen accumulation (2, 3). Overex-
pression of PTG increases PP1 activity, which leads to dephosphory-
lation of GS and PYGL, and increases glycogen synthesis and blocks
breakdown, since PYGL bound to PTG is resistant to glycogenolytic
agents like glucagon or cyclic AMP (cAMP) (4). Importantly, analysis
of multiple large-scale human GWAS and whole-exome sequencing
studies shows that PPPIR3C, the gene encoding PTG, is strongly asso-
ciated with fasting glucose after adjustment for BMI (5). Moreover,
hepatic glycogen was recently reported to be lower in individuals with
type 2 diabetes, which is associated with their increased postprandial
glucose production (6).

In addition to regulation of glycogenolysis, hepatic glucose
metabolism is governed by a highly organized pathway for gluco-
neogenesis consisting of multiple layers of regulation. While glu-
coneogenesis is acutely controlled by substrate availability during
fasting via increased lipolysis in adipose tissue, longer-term regu-
lation involves changes in gluconeogenic gene expression. These
genes are controlled by cAMP-responsive element—binding protein
(CREB), the activity of which is increased by protein kinase A—
mediated phosphorylation (7). CREB functions in concert with a
family of latent cytoplasmic coactivators called CREB-regulated
transcriptional coactivators (CRTCs) that are also regulated by
phosphorylation (8, 9). In the liver, CRTC2 holds a unique position
in this process, shuttling between the cytoplasm and nucleus under
feeding and fasting conditions. Under fed conditions, CRTC2
is phosphorylated on Ser'” and Ser’” by salt-inducible kinase 2
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(SIK2) and sequestered in the cytoplasm. In fasting, SIK2 activity
is inhibited by cAMP, and thus glucagon produces reduced phos-
phorylation of the SIK2 sites on CRTC2, permitting its entrance to
the nucleus, where it binds to CREB (10). CRTC2 serves as a cru-
cial coactivator for CREB, promoting the transcription of a group
of gluconeogenic genes that contain a CRE-binding motif. It has
been shown that CRTC2 expression correlates with energy status,
and interestingly, the abundance of CRTC2 determines the ampli-
tude of the gluconeogenic response (11, 12). However, whether
CRTC2 synthesis or stability is under hormonal or nutritional con-
trol has not been investigated.

Here, we report that hepatic glycogen levels tune the gluco-
neogenesis pathway through an AMP-activated protein kinase
(AMPK)/CRTC?2 signaling axis, providing a safeguard for appro-
priately controlling gluconeogenesis. Depletion of hepatic glyco-
gen by targeted deletion of PTG stimulates gluconeogenesis in a
cell-autonomous fashion, whereas accumulation of glycogen sup-
presses gluconeogenesis. The feeding- and fasting-induced chang-
es in cellular glycogen levels are sensed by AMPK. Low glycogen
levels result in increased activity of AMPK, which phosphorylates
CRTC2 at Ser®”, increasing CRTC2 protein stability and expres-
sion, thus amplifying gluconeogenic gene expression. Together,
these data reveal a physiological mechanism by which the liver
coordinates both glycogen and gluconeogenesis pathways to adjust
glucose metabolism economically. Thus, glycogen serves a regula-
tory function, ensuring that high glycogen levels repress glucone-
ogenic gene expression during conditions of excess energy, while
glycogen depletion permits the induction of these genes to restore
glucose homeostasis.

Results

Hepatic glycogen levels regulate gluconeogenesis in a cell-autonomous
fashion. PTG is a molecular scaffold that directly binds to GS
and PYGL, and the phosphatases and kinases that regulate their
activity, assembling a signaling unit that is compartmentalized
to the site of glycogen accumulation (2, 3, 13). In addition to
controlling glycogen synthesis and breakdown, nutritional reg-
ulation of PTG gene expression also affects glycogen levels;
Ppplr3c expression in the liver is reduced during fasting and
increased by feeding, and dramatically enhanced by high-fat diet
feeding (14, 15). To investigate how glycogen levels affect hepat-
ic glucose metabolism, we crossed PTG-floxed mice with Albu-
min-Cre mice to create mice with liver-specific knockout of PTG
(PTGLKO) (Supplemental Figure 1, A-C; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI188363DS1). Deletion of PTG led to a 50% reduction of gly-
cogen levels in primary hepatocytes isolated from PTGLKO mice
compared with their WT littermates with no change observed in
glucagon receptor expression (Figure 1, A and B, and Supple-
mental Figure 1D). We examined the expression of gluconeo-
genic genes and their regulators in WT and PTGLKO primary
hepatocytes in response to glucagon. Expression of the gluco-
neogenic genes Pckl and G6pc is controlled by the activities of
Nr4a3 and Pgcla (16, 17). Glucagon produced a 2-fold increase
in expression of Pckl and G6pc after 4 hours, and surprisingly,
this effect was doubled in PTGLKO mice, with no effect on basal
levels (Figure 1C). Interestingly, there was higher induction by
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glucagon of the upstream regulators of Pck! and Gépc, Nr4a3 and
Pgcla, in PTGLKO hepatocytes, indicating that PTG plays a role
in controlling gluconeogenic gene expression (Figure 1C).

Glucagon action is initiated by binding to its receptor, leading
to the rapid activation of adenylyl cyclase, generating the second
messenger cCAMP, which in turn activates protein kinase A (PKA)
that catalyzes phosphorylation of CREB to drive gluconeogenic
gene expression (18). To understand how PTG knockout enhanc-
es this signaling cascade, we first examined the upstream signal-
ing events. Examination of glucagon-stimulated cAMP levels in
isolated primary hepatocytes revealed no differences between WT
and PTGLKO hepatocytes, suggesting that PTG affects gluconeo-
genesis downstream of cAMP (Figure 1D). Treatment of primary
hepatocytes with different doses of a cell-permeable cAMP analog
(8-Br-cAMP) also revealed significantly higher gluconeogenic gene
expression in PTGLKO compared with WT primary hepatocytes
(Figure 1E). We also measured cellular glucose production by sup-
plying fasted primary hepatocytes with lactate, pyruvate, and glu-
tamine with treatment by glucagon. Glucagon-stimulated glucose
production was increased in PTGLKO compared with WT hepato-
cytes with no difference observed in the basal level (Figure 1F).

To understand whether the effects of PTG deletion on glucone-
ogenic gene expression can be ascribed to glycogen levels, we used
both genetic and pharmacological tools to increase cellular glycogen
levels and examined whether accumulation of glycogen suppressed
gluconeogenesis in a cell-autonomous fashion. We first used a specif-
ic glycogen phosphorylase inhibitor (GPI), which increased hepato-
cellular glycogen levels by about 30% (Figure 2A) (19). Pretreatment
of hepatocytes with GPI suppressed the induction of gluconeogenic
genes in response to glucagon (Figure 2B). GPI treatment did not
affect the expression of glucagon receptor or cellular cAMP lev-
els (Supplemental Figure 1, D-F). We also used adeno-associated
virus—mediated (AAV-mediated) in vivo gene editing to inactivate
glycogen phosphorylase (Pygl) specifically in hepatocytes by inject-
ing AAV8 containing TBG-Cre—driven single guide RNA (sgRNA)
targeting Pyg/ into spCas9 knockin mice flanked by the loxP-STOP-
loxP site (Figure 2C) (20). We isolated primary hepatocytes from
spCas9 mice injected with AAV8-TBG-Cre-sgPYGL (sgPYGL) and
control mice injected with non-targeting sgRNA (sgNT). The knock-
down of Pygl was confirmed by Western blot assay (Supplemental
Figure 1G), and glycogen levels were significantly higher in sgPY-
GL hepatocytes compared with sgNT hepatocytes (Figure 2D).
Similarly to GPI-treated hepatocytes, sgPYGL hepatocytes showed
lower expression of gluconeogenic genes (Nr4a3, Pgcla, Pckl, and
G6pc) compared with sgNT hepatocytes in response to glucagon
(Figure 2E). Moreover, glucagon-stimulated glucose production
was blunted in both GPI-treated cells and sgPYGL hepatocytes in
comparison with their respective controls (Figure 2, F and G). These
results demonstrate that glycogen depletion sensitizes hepatocytes
to catabolic signals, producing the amplification of gluconeogenic
gene expression and glucose output, whereas accumulation of gly-
cogen suppresses gluconeogenesis; these effects of glycogen occur
downstream of cAMP signaling in a cell-autonomous manner.

Gluconeogenic gene expression is regulated by glycogen levels in vivo.
PTGLKO mice showed normal body weight, body composition,
energy expenditure, and food intake compared with WT litter-
mates in the fed state (Supplemental Figure 2, A-D). Liver lysates
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from PTGLKO mice showed decreased glycogen levels, confirmed
by periodic acid—Schiff staining (Figure 3A and Supplemental Fig-
ure 2E). Serum glucose levels in WT and PTGLKO mice showed
different patterns depending on their nutritional state. Glucose
levels are maintained by hepatic glycogenolysis during short-
term fasting. PTGLKO mice showed lower glucose levels after 4
hours of fasting compared with WT mice, likely a reflection of
reduced hepatic glycogen storage during feeding (Figure 3B). In
contrast, PTGLKO and WT mice showed similar glucose levels
after overnight fasting, indicating that increased gluconeogenesis
in PTGLKO mice compensated for the lower glycogenolysis to
achieve sufficient glucose production for euglycemia (Figure 3B).
Interestingly, circulating amino acid levels were lower in PTGLKO
mice after overnight fasting, consistent with the role of amino acids
as a substrate for gluconeogenesis (Supplemental Figure 2F) (21,
22). In contrast, serum glycerol levels were comparable between
WT and PTGLKO mice (Supplemental Figure 2G). While other
compensatory mechanisms may be involved in the regulation of
glucose levels after prolonged fasting, these data suggest enhanced
gluconeogenesis in PTGLKO compared with WT mice. Glucose
levels in refed PTGLKO mice were higher than those in WT mice,
as PTG deletion impaired glucose incorporation into glycogen and
thus led to higher glucose in circulation (Figure 3B). Serum gluca-
gon and insulin levels were comparable in WT and PTGLKO mice
(Supplemental Figure 2, H and I), suggesting that the differences in
glucose metabolism observed in PTGLKO mice were not a result
of systemic changes in hormone levels.
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To determine directly whether glycogen levels also regulate
gluconeogenesis in vivo, we performed a pyruvate tolerance test
in WT and PTGLKO mice. PTGLKO mice showed increased
glucose production after pyruvate injection (Figure 3C). We com-
pared the gluconeogenic gene expression levels in fasted and fed
WT and PTGLKO mice and found that PTGLKO mice indeed
showed higher expression of these genes when fasted (Figure
3D). Moreover, glucagon injection into mice fasted for 1 hour
induced higher gluconeogenic gene expression in PTGLKO com-
pared with WT mice (Figure 3E). Collectively, these data indi-
cate that depletion of glycogen in PTGLKO livers upregulates
gluconeogenic gene expression in vivo in response to nutritional
or hormonal cues.

We also tested whether glycogen accumulation suppressed
gluconeogenesis in vivo by overexpressing PTG in the liver using
AAVS8-PTG with AAV8-GFP as control. As previously shown
(14), overexpression of PTG increased hepatic glycogen storage
without affecting glucagon levels (Supplemental Figure 2, J and
K). In agreement with what we observed in sgPYGL hepato-
cytes, gluconeogenic gene expression was also suppressed in
PTG-overexpressing hepatocytes when challenged with gluca-
gon (Supplemental Figure 2L). In direct contrast to what was
observed in PTGLKO mice, overaccumulation of hepatic gly-
cogen by PTG overexpression significantly suppressed gluco-
neogenesis (Figure 3F). Similarly, sgPYGL mice also showed
blunted gluconeogenesis in the pyruvate tolerance test assay
compared with sgNT control mice (Figure 3G). Together, these
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Figure 2. Hepatic glycogen levels regulate gluconeogenesis in a cell-autonomous fashion. (A) Glycogen levels in WT hepatocytes treated with vehicle
(Veh) or glycogen phosphorylase inhibitor (GPI). (B) Gluconeogenic gene expression in vehicle- and GPI-pretreated hepatocytes. Cells were treated with
vehicle or GPI overnight and then treated with or without 100 nM glucagon for 4 hours. (C) Schematic model of CRISPR-mediated glycogen phosphor-
ylase (PYGL) knockdown in mice. (D) Glycogen levels in hepatocytes isolated from mice injected with single guide RNA targeting PYGL (sgPYGL) or
non-targeting (sgNT) controls. (E) Gluconeogenic gene expression in primary hepatocytes isolated from sgNT and sgPYGL mice treated with or without
1mM cAMP for 4 hours. (F and G) Glucagon-stimulated glucose production in vehicle- and GPI-treated hepatocytes (F); and cAMP-induced glucose pro-
duction in sgNT and sgPYGL hepatocytes (G). n = 3-4 per group. *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’s t test. Panel C was created in

BioRender (https://BioRender.com/x39s385).

data suggest that glycogen levels per se determine the amplitude
of gluconeogenesis to guarantee that glucose synthesis is sup-
pressed during feeding and increased when glycogen levels are
low during fasting.

AMPK senses hepatic glycogen levels and positively regulates glucone-
ogenic gene expression. Our data suggest that rather than acting in
a parallel fashion, glycogenolysis precedes gluconeogenesis such
that glycogen levels closely tune gluconeogenic activity to ensure
appropriate hepatic glucose output. We next sought to identify the
molecular sensor for hepatocellular glycogen levels. It is well estab-
lished that glycogen directly interacts with a carbohydrate-binding
domain in the § subunit of the major cellular energy sensor AMPK
to reduce the activity of this enzyme (23-28). Consistent with this
notion, PTGLKO hepatocytes that had reduced glycogen levels
exhibited higher phosphorylation of AMPKa and its substrate ace-
tyl-CoA carboxylase (ACC), suggesting higher AMPK activity in
glycogen-depleted cells (Figure 4A and Supplemental Figure 3A).
Total and phosphorylated AMPK (Ser'%) levels were not altered
(Figure 4A). In contrast, primary hepatocytes from sgPYGL mice

showed blunted AMPK phosphorylation in comparison with sgNT
cells with or without treatment with the AMPK activator PF-739
(Figure 4B and Supplemental Figure 3B).

AMPK activity is subjected to multiple regulatory mechanisms
in the liver (29). To exclude other possible modes of regulation,
we examined the expression of LKB1 and CaMKII, which are
well-known upstream regulators of AMPK activity (30). We also
assessed the binding of endogenous AMPK to PP2A, its main regu-
latory phosphatase (31), as well as LKB1 and CaMKII. No obvious
changes were observed in total LKB1, total and phosphorylated
CaMKII, and the association between AMPK and these proteins
in WT and PTGLKO liver and hepatocyte lysates (Supplemental
Figure 3, C and D). Thus, while we cannot completely rule out
other potential mechanisms of AMPK regulation in hepatocytes,
these data indicate that the altered AMPK activity in these cells was
modulated primarily by glycogen levels.

To explore further the role of AMPK in mediating the impact of
glycogen levels on gluconeogenic gene expression, we pretreated WT
and PTGLKO hepatocytes with the AMPK inhibitor compound C,

J Clin Invest. 2025;135(11):e188363 https://doi.org/10.1172/)C1188363
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Figure 3. Glucose metabolism is regulated by glycogen levels in vivo. (A) Glycogen levels in liver lysates from WT and PTGLKO mice. Mice were
fasted 4 hours before sacrifice. (B) Glucose levels in WT and PTGLKO mice. (C) Pyruvate tolerance test (PTT) and quantification of area under the
curve (AUC). Mice were injected with 1.5 g sodium pyruvate per kilogram body weight. (D) Gluconeogenic gene expression in fasted and fed WT
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assay of sgNT and sgPYGL mice and quantification of AUC. n = 3-8 per group. *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’s t test

(A-C and E-G) and 2-way ANOVA (D).

followed by treatment with glucagon. Compound C blocked over
90% of the induction of gluconeogenic genes in PTGLKO hepato-
cytes (Figure 4C). Because Ulk1 is a bona fide downstream substrate
of AMPK, we also tested the effect of an Ulkl inhibitor in prima-
ry hepatocytes (32). Unlike what was observed with compound C,
the Ulkl inhibitor did not suppress the expression of gluconeogenic
genes in PTGLKO hepatocytes (Supplemental Figure 3E). To con-
firm the role of AMPK in mediating glycogen-dependent changes
in gluconeogenic gene expression and gluconeogenesis, we exam-

J Clin Invest. 2025;135(11):e188363 https://doi.org/10.1172/JC1188363

ined primary hepatocytes isolated from WT mice and mice with
liver-specific knockout of AMPKal/02 as an orthogonal approach
to the use of compound C (AMPKLKO) (33). Glucagon-stimu-
lated hepatocellular glucose production was blunted in AMPKLKO
hepatocytes, while no change in basal activity was observed (Figure
4D and Supplemental Figure 3F). The expression of gluconeogenic
genes was also decreased in AMPKLKO hepatocytes in response
to glucagon treatment (Figure 4E and Supplemental Figure 3G).
Moreover, treatment with GPI to increase glycogen levels decreased
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Figure 4. AMPK activation promotes gluconeogenic gene expression when glycogen levels are low. (A) Western blots of WT and PTGLKO hepato-
cytes. (B) Western blots of sgNT and sgPYGL hepatocytes. (C) Gene expression in WT and PTGLKO hepatocytes pretreated with vehicle or compound C
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cagon treatment. (G) Gene expression in WT and AMPKLKO liver lysates. The mice were injected with saline or 0.5 mg/kg glucagon. n = 3-7 per group.
Experiments were performed at least 3 times. *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’'s t test. *##P < 0.001 by unpaired Student’s t
test for LKO and LKO + compound C. *** is for WT and LKO comparison.
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Figure 5. Phosphorylation of CRTC2 by AMPK promotes gluconeogenic gene expression. (A) Total and glycogen-bound (AMPD fraction) proteins in WT
and PTGLKO primary hepatocytes. Blot quantifications are shown in Supplemental Figure 4A. (B) Nuclear and cytosolic proteins from WT and PTGLKO
hepatocytes treated with or without glucagon. Histone H3 and tubulin were used as markers for nuclear and cytosolic fractions. (C) Conserved sequence

of CRTC2 across species. Serine 340 and 349 are highlighted. (D) Gluconeogenic gene expression in AML12 cells treated with cAMP. AML12 cells were
transfected with vector control, WT, or 53D CRTC2. Data were normalized to vehicle-treated vector group shown in Supplemental Figure 4G. (E) Crtc2 gene
expression in transfected AML12 cells. (F and G) Western blots of immunoprecipitated (IP) FLAG-CRTC2 and inputs. AML12 cells were transfected with
FLAG-tagged indicated plasmids and treated with vehicle (F) or cAMP (G) for 1 hour. Cells were lysed to harvest input and IP proteins. n = 3-6 per group.
Experiments were performed at least 3 times. #*P < 0.05; ##**P < 0.01; ###***P < 0.001 by 1-way ANOVA. Hatch marks indicate comparison with vector

group; asterisks indicate comparison with WT CRTC2.

gluconeogenic gene expression only in WT but not AMPKLKO
hepatocytes, providing further evidence to demonstrate the require-
ment for AMPK in mediating the control of gluconeogenic gene
expression by glycogen levels (Figure 4F).

To confirm these findings in vivo, we injected WT and AMP-
KLKO mice with glucagon and analyzed gluconeogenic gene
expression in the liver lysates. Similar to what we observed in
hepatocytes, the induction by glucagon of hepatic Nr4a3, Pgcla,

J Clin Invest. 2025;135(11):e188363 https://doi.org/10.1172/JC1188363

Pckl, and G6pc was repressed in AMPKLKO compared with WT
mice (Figure 4G). Together, these results suggest that AMPK sens-
es hepatic glycogen levels, and mediates the increased expression of
gluconeogenic genes when glycogen levels are low.

The role of AMPK in the regulation of hepatic glucose metabo-
lism in vivo is controversial (34-37). Pyruvate tolerance tests in WT
and AMPKLKO mice revealed no differences between these mice,
consistent with previous findings (Supplemental Figure 3H) (37).
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Figure 6. AMPK stabilizes CRTC2 and increases CRTC2 protein abundance. (A) Western blots of WT and AMPKLKO hepatocytes treated with vehi-
cle or the AMPK activator PF-739 (PF). (B) Western blots of WT and AMPKLKQO liver lysates under refeeding (RF), short-fasting (SF), and long-fast-
ing (LF) conditions. (C) Western blots of WT and PTGLKO liver lysates under SF, LF, and RF conditions. (D) Western blots of AML12 cell lysates. Cells
were transfected with WT or $3*°D CRTC2 and treated with cycloheximide (CHX) for indicated times. (E) Western blots and quantification of proteins
from WT and PTGLKO primary hepatocytes. Cells were treated with CHX for indicated times. RalA was used as the control. (F) Western blots of WT
primary hepatocytes treated with different doses of glucagon or cAMP. Cells were isolated from C57BL/6) mice and pretreated with vehicle or PF for
2 hours followed by glucagon or cAMP treatment for 15 minutes. (G) Western blots of WT hepatocytes treated with different doses of PF. (H) Gene
expression of Nr4a3 and Pgcla in AML12 cells treated with cAMP. AML12 cells were transfected with vector or CRTC2 and pretreated with vehicle or
PF. Data were normalized to vehicle-treated vector group shown in Supplemental Figure 5C. (I) Dose-response curve for the effect of cAMP on glu-
coneogenic gene expression in WT and AMPKLKO primary hepatocytes. n = 3 per group. Experiments were performed at least 3 times. #*°P < 0.05;
HHXXSSP < 0,01; ###***355P < 0,001 by 1-way ANOVA and unpaired Student's t test. * indicates comparison with vector; # indicates comparison with

vector + PF; § indicates comparison with CRTC2.

Glucose levels were comparable between WT and AMPKLKO
mice at 0, 6, 24, and 48 hours of fasting, while AMPKLKO mice
exhibited lower glucose levels after 72 hours of fasting (Supplemen-
tal Figure 3I). Ketone bodies and glycerol levels were also lower
in AMPKLKO mice during prolonged fasting compared with WT
mice, confirming the role of AMPXK in control of fatty acid oxida-
tion (Supplemental Figure 3, J and K). We note that hepatic glucose
production is under the complex regulation of gene transcription,
substrate availability, and redox state (38), and our data indicate
a role for AMPK only in glucagon-stimulated gluconeogenic gene
expression. Reduced fatty acid oxidation may compensate for the
repression of gluconeogenic gene expression in AMPKLKO mice,
thus producing no net changes in hepatic glucose production in
vivo, confounding the interpretations of these data. However, the
reduction in serum glucose after prolonged fasting in AMPKILKO
mice no doubt reflects an important role for the kinase in control of
gluconeogenic gene expression.

AMPK phosphorylates and stabilizes the transcriptional coactivator
CRTC2 to promote gluconeogenesis. Studies have suggested that in
addition to direct inhibition, glycogen binding creates a reser-
voir of AMPK that might limit its accessibility to substrate, but
also stabilize the protein (39-41). As we observed a higher over-
all AMPK activity in PTGLKO hepatocytes with lower activity
in sgPYGL or GPI-treated hepatocytes, we evaluated whether
the physical interaction between AMPK and liver glycogen was
altered under these conditions. We performed a glycogen amylose
pull-down assay (AMPD) in primary hepatocytes isolated from
WT and PTGLKO mice. PYGL and the glycogen debranching
enzyme AGL were pulled down equally in WT and PTGLKO
hepatocytes, serving as the positive control for this assay (Fig-
ure 5A and Supplemental Figure 4A). Interestingly, we found
less AMPKo and AMPKP bound to the glycogen particle in
PTGLKO hepatocytes, whereas the total levels of these proteins
remained unchanged (Figure 5A and Supplemental Figure 4A).
In agreement with our previous observation (14), total GS and
glycogen-bound GS were increased in PTGLKO hepatocytes,
indicating a possible compensatory mechanism in these mice
(Figure 5A and Supplemental Figure 4A). These results indicate
that abundant glycogen may sequester AMPK through a physical
interaction, and the depletion of glycogen releases this inhibition
to fully activate AMPK for energy production.

To determine how AMPK regulates gluconeogenic gene
expression in the liver, we first examined the components of the
PKA/CREB pathway by examining the phosphorylation of CREB
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on Ser' in response to glucagon in hepatocytes derived from
PTGLKO, AMPKLKO, and their control littermates. There were
no differences observed in PKA signaling or CREB phosphoryla-
tion between the genotypes (Supplemental Figure 4, B and C), sug-
gesting that CREB itself was not a target of AMPK or glycogen, and
further that AMPK must be working downstream of or in parallel
to CREB to control gluconeogenic gene expression. CREB target
gene activation requires its binding to CRTC2, and the localization
and activity of this coactivator are controlled by phosphorylation
(9). We isolated the cytosolic and nuclear fractions of WT and
PTGLKO hepatocytes and found that CRTC2 protein expression
was increased in both fractions of PTGLKO hepatocytes without
significant change in translocation (Figure 5B and Supplemental
Figure 4D). CRTC2 expression correlates with energy status and
determines the amplitude of gluconeogenesis (11, 12). No changes
in Crtc2 mRNA expression were observed in WT and PTGLKO
hepatocytes treated with or without glucagon (Supplemental Fig-
ure 4E). We thus focused on posttranslational modifications of
CRTC2. CRTC2 contains conserved canonical AMPK phosphory-
lation sites, including Ser’* and Ser’* (Figure 5C). These sites are
highly likely to be phosphorylated by AMPK according to peptide
sequence analysis (Scansite; https://scansite4.mit.edu/#home).
Additionally, Ser*?® was suggested as an AMPXK substrate (42). To
confirm these phosphorylation sites on CRTC2, we immunoprecip-
itated overexpressed CRTC2 proteins from AML12 and HEK293T
cells followed by mass spectrometry analysis. Phosphorylation of
Ser’® of CRTC2 was significantly enriched by the treatment of
both cell lines with a specific AMPK activator, PF-739 (PF), while
Ser3¥ phosphorylation was moderately enhanced in HEK293T cells
(Supplemental Figure 4F). We therefore focused on the Ser®” site
of CRTC2. To determine the function of Ser**® phosphorylation,
we introduced a phospho-mimetic mutation to CRTC2 at Ser®.
We transfected AML12 cells with WT and mutant CRTC2 before
treatment with 8-Br-cAMP or vehicle. Expression of S**D CRTC2
increased the expression of gluconeogenic genes compared with
expression of WT CRTC2 only in cells treated with 8-Br-cAMP
(Figure 5D and Supplemental Figure 4G). RNA levels of WT and
mutated Crtc2 were comparable (Figure 5E). However, we observed
a dramatic increase in protein levels of the S3*D mutant (Figure 5F).
Coimmunoprecipitation of CRTC2 showed similar CREB binding
with the WT and mutant under basal conditions (Figure 5F). After
treatment with 8-Br-cAMP, expression of the S**’D mutant led to
more CREB binding, which likely explains the increase in glucone-
ogenic gene expression (Figure 5G).
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Figure 7. Working model. Glycogen levels tune gluconeogenesis
in response to nutritional and hormonal cues. Under fasting
or glucagon stimulation, decrease in glycogen levels activates
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We generated an antibody that specifically recognizes the
phosphorylation of CRTC2 at Ser®”. Treatment of WT but not
AMPKLKO hepatocytes with PF increased the phosphorylation
of AMPK Thr!”? and CRTC2 Ser*®, thus confirming the necessi-
ty of AMPK for the phosphorylation of this site (Figure 6A and
Supplemental Figure 5A). PF also increased the levels of CRTC2
total protein only in WT hepatocytes (Figure 6A and Supplemen-
tal Figure 5A). To understand the physiological relevance of the
Ser’® site on CRTC2, we analyzed WT and AMPKLKO mice
under short-fasting (SF; 4 hours), long-fasting (LF; 18 hours), and
refeeding (RF; 3 hours of refeeding after LF) conditions. Both the
phosphorylation of CRTC2 on Ser*® and total protein levels were
increased by fasting in WT but not AMPKLKO livers (Figure 6B).
In contrast, PTGLKO livers showed higher phosphorylated and
total CRTC2 levels during fasting (Figure 6C). We hypothesized
that phosphorylation of CRTC2 at Ser*® might affect protein
stability to promote CREB activity and thus gluconeogenic gene
expression. We thus treated WT and S**D CRTC2-transfected
cells with cycloheximide to determine the half-life of CRTC2. The
protein stability of the mutant form was dramatically increased
compared with WT (WT, t, , = 1.3 hours; S*D, t,,, = 5.3 hours)
(Figure 6D). Similarly, endogenous CRTC2 also showed increased
stability in PTGLKO compared with WT primary hepatocytes
(Figure 6E and Supplemental Figure 5B). To confirm the effect
of AMPK activation on CRTC2 protein levels, we pretreated WT
primary hepatocytes with PF followed by glucagon or 8-Br-cAMP.
PF treatment increased AMPK phosphorylation and resulted in an
overall increase in CRTC2 protein levels and subsequent PGCla
protein expression without affecting phospho-CREB (Figure 6F).
The effect of PF on CRTC2 protein levels was dose dependent
(Figure 6G and Supplemental Figure 5C).

To examine the functional impact of the AMPK/CRTC?2 sig-
naling axis, we tested how overexpression of CRTC2 and AMPK
activation affected the expression of gluconeogenic genes. While

" receptor

ing its abundance to prime hepatocytes for gluconeogenesis.
cAMP inhibits SIK2 activity, permitting the translocation of
CRTC2 into the nucleus. The binding of CRTC2 to CREB induces
gluconeogenic gene expression. Under fed conditions or insulin
stimulation, glycogen accumulation suppresses AMPK activity.
Meanwhile, the activation of AKT increases SIK2 activity to
sequester CRTC2 in the cytosol. Thus, glycogen levels ensure
efficient glucose output during energy shortage and suppress
glucose production during energy surplus. This figure was creat-
ed in BioRender (https://BioRender.com/q31x887).

PF treatment and CRTC2 overexpression alone both increased
Nr4a3 and Pgcla expression, the combination of the two showed an
additive effect in inducing gluconeogenic gene expression (Figure
6H and Supplemental Figure 5D). Together, these data suggested
that AMPK activation increases CRTC2 protein abundance, which
in turn amplifies gluconeogenic gene transcription. To confirm this,
we examined whether AMPK deletion shifted the dose response to
cAMP in primary hepatocytes. Without affecting the EC, , AMPK
deletion in hepatocytes led to dramatically decreased maximal gene
induction by cAMP stimulation (Figure 61 and Supplemental Fig-
ure 5E). Collectively, these data show that once activated by low
glycogen levels, AMPK phosphorylates CRTC2 at Ser®* to stabilize
the protein, thus increasing the amplitude of hepatocellular gluco-
neogenic gene expression in response to glucagon.

Discussion

Hepatic glycogen is the first choice for glucose storage and mobili-
zation in fed and fasted states. While glycogenolysis fuels hepatic
glucose output during the initial stages of fasting, gluconeogenesis
reaches its peak after glycogen is depleted (43, 44). Indeed, there
have been hints of molecular links between glycogenolysis and glu-
coneogenesis. Liver glycogen levels and gluconeogenesis are coor-
dinately regulated in insulin-resistant people with obesity (45). Glu-
coneogenesis is increased in livers of mice lacking liver glycogen
synthase (46), and glycogen phosphorylase inhibition is associated
with reduced gluconeogenesis (19). To our knowledge, our find-
ings provide the first mechanistic link for these two processes: we
show here that hepatic glycogen levels regulate gluconeogenic gene
expression through a newly defined glycogen/AMPK/CRTC2
axis (Figure 7). This mechanism provides an additional layer of
regulation to ensure appropriate glucose production during periods
of either energy shortage or surplus in an efficient and econom-
ical manner in which hepatic glucose metabolism is sequentially
ordered by hormonal and nutritional status.
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While glycogen has long been viewed as a mere reservoir for
energy, our findings that glycogen levels closely guide liver glu-
coneogenesis in a cell-autonomous fashion indicate a function
beyond energy storage. Glycogen depletion via PTG knockout
increased expression of gluconeogenic genes in response to glu-
cagon, while glycogen accumulation by PTG overexpression, gly-
cogen phosphorylase knockdown, or pharmacological inhibition
decreased expression of these genes. These are not the first data
to suggest a signaling role for glycogen. We recently showed that
glycogen accumulation and turnover is crucial for the beiging pro-
cess in white adipose tissue (47). Brain glycogen contributes to
aging, locomotion, and memory formation (48-50). Liver glyco-
gen accumulation is reported to be a key step in the oncogenic
initiation of hepatocellular carcinoma (51). Moreover, glycogen
accumulation is associated with the development of fatty liver
disease (52), and PTG deletion can reverse this state (14). Collec-
tively, these studies showcase multiple mechanisms by which gly-
cogen acts as a metabolic messenger to actively regulate cellular
processes beyond energy storage.

While it is clear that glycogen levels are sensed differently in
varied cell types as an indication of overall energy status, we sought
to understand how hepatocytes sense glycogen to control expres-
sion of gluconeogenic genes. Numerous studies have shown that
AMPK serves as a vital cellular stress and energy shortage sensor
(23, 30, 53-55). In addition to responding to the canonical pathway
through changes in AMP/ATP ratio, AMPK also senses the avail-
ability of other nutrients, including glycogen (40). AMPK contains
a carbohydrate-binding module on its regulatory [ subunit that
interacts with glycogen when it is appropriately branched, result-
ing in inhibition of the enzyme both in vivo and in cell-free assays
(23-25, 56, 57). Moreover, it is well known that AMPK activation
upregulates Pgcla, a transcriptional cofactor for HNF4 and FOXO1
that serves as a master regulator of both mitochondrial biogenesis
and gluconeogenesis (17, 58, 59). Indeed, we found that AMPK
activation promotes gluconeogenic gene expression during fasting,
while targeted AMPK deletion or inhibition by a small molecule
reduced gluconeogenic gene expression and glucose production in
primary hepatocytes and shifted the dose-response curve to cAMP
treatment. These data strongly suggest that AMPK senses glyco-
gen levels and translates these to regulation of gluconeogenic gene
expression. We also note that glucagon may indirectly drive AMPK
activity over the longer term as a result of its stimulation of glycog-
enolysis. Additionally, AMPXK directly phosphorylates and inhibits
glycogen synthase (60), suggesting a positive-feedback loop for gly-
cogen’s regulation of AMPK.

Interestingly, a previous report on liver-specific glycogen
synthase knockout (LGSKO) mice found no major difference in
AMPK expression and activity in the knockout livers except after
prolonged fasting, although gluconeogenic gene expression was
elevated, as seen in PTGLKO mice (46). Although we cannot pre-
cisely account for these differences, we note that LGSKO mice were
completely devoid of liver glycogen, whereas PTGLKO mice retain
50% liver glycogen under ad libitum feeding conditions. These dif-
ferences are reflected in markedly distinct parameters of systemic
glucose metabolism, as LGSKO mice show glucose intolerance
and elevated ketone bodies and triglyceride levels, traits not seen in
PTGLKO mice. It is also not known whether glucose 6-phosphate

J Clin Invest. 2025;135(11):e188363 https://doi.org/10.1172/JC1188363

RESEARCH ARTICLE

levels, ADP/ATP ratio, and other metabolites are different between
LGSKO and PTGLKO mice. We speculate that the total lack of
glycogen in LGSKO mice might lead to compensatory changes
in metabolism and cellular stress response to maintain ATP levels
and thus keep AMPK activity low. Another possibility is that the
suppression of AMPK activity by glycogen may also require the
scaffolding function of PTG. Indeed, previous studies have shown
a direct interaction between AMPK and PTG (61, 62).

How do glycogen levels influence AMPK activity? Numerous
studies have demonstrated that glycogen directly binds to AMPK
through its B subunit, resulting in reduced catalytic activity (23—
28). However, a recent study using a whole-body knockin muta-
tion of AMPKJ subunits that cannot bind to glycogen reported
that AMPK-glycogen binding stabilized AMPK (26, 41). We did
observe that fewer AMPKa and AMPKJ subunits were bound to
glycogen in PTGLKO hepatocytes. However, this reduction in gly-
cogen-bound AMPK was not accompanied by a change in total
AMPK protein levels in whole-cell lysates, indicating that glyco-
gen does not play a major role in net AMPK protein stabilization
during energy shortage. Additionally, mice with liver-specific dele-
tion of glycogen synthase, which completely lack hepatic glycogen,
had no reduction in AMPK protein levels (46). It is possible that the
mutations of AMPKJ render the enzyme less stable independently
of its glycogen binding activities. However, in agreement with the
previously hypothesized reciprocal regulation between AMPK and
glycogen (40), we speculate that glycogen binding may provide a
reservoir of AMPK protein, sequestering its availability and activ-
ity in the glycogen compartment, which is then released for acti-
vation upon glycogenolysis. Whether other signals or changes in
nutritional state are required for this activation is unknown.

Interestingly, AMPK is generally thought to inhibit gluconeo-
genesis, a contention largely based on the beneficial glucoregulato-
ry effects of the AMPK activator metformin in diabetic mice (34,
63-65). However, this conclusion has been challenged by several
findings, including the discovery of other metformin targets (36,
66, 67), the AMPK-independent effect of metformin on hepat-
ic gluconeogenesis (37, 68), and our finding that treatment with
an AMPK activator stabilizes CRTC2 and induces hepatic Pgcla
and Nr4a3 expression, which contributes to enhanced gluconeo-
genesis in the presence of glucagon receptor activation. While the
transcriptional impact of AMPK is clearly pro-gluconeogenic, it is
also known that AMPK modulates other aspects of hepatic glucose
metabolism, including metabolic flux and reprogramming, hepa-
tokine production, and inflammation, to improve overall glucose
homeostasis, especially in the short term (33, 69). Indeed, AMP-
KLKO mice showed no difference in pyruvate tolerance and fast-
ing glucose levels in comparison with WT littermates, confirming
previous findings that AMPK deletion did not significantly change
glucose levels in mice that had not been subject to fasting in vivo
(35-37). However, 72 hours of fasting revealed lower blood glucose
levels in knockout mice, confirming the role of AMPK in preserv-
ing gluconeogenic gene expression under these conditions. Taken
together, these data paint a complex picture of AMPK’s role in
hepatic metabolism in which the enzyme responds to low energy
states by increasing energy utilization, while providing glucose for
other tissues to utilize during prolonged fasting through increased
gluconeogenic gene expression.
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In our search for an AMPK substrate that might influence gluco-
neogenic gene expression, we first considered the master early gene
regulator CREB. However, neither manipulation of glycogen levels
nor AMPK activity had any effect on glucagon- or cAMP-stimulated
CREB phosphorylation. We then turned our attention to the CREB
coactivator CRTC2 and identified two novel AMPK consensus phos-
phorylation sites that affect protein stability and thus levels. While
CREB is a direct target of PKA, CRTC2 is a critical coactivator that
separately relays cytosolic energy status to initiate appropriate glucose
production. Deletion of CRTC2 reduced the transcriptional response
to fasting in hepatocytes without affecting short-term glucose homeo-
stasis in vivo (70). This phenomenon is similar to what we and others
observed in AMPKLKO mice, where cellular glucose production is
reduced and whole-body glucose metabolism is unaffected, which
is largely due to compensatory pathways in both the liver and oth-
er tissues. Phosphorylation of CRTC2 by SIK2 in the fed state ini-
tiates binding to 14-3-3, retention of the protein in the cytoplasm,
and ultimately degradation (10). In the fasted state, SIK2 is inhib-
ited, and whereas activated AMPK has no effect on the SIK2 sites
within CRTC2, it phosphorylates Ser*®, stabilizing the protein and
permitting nuclear localization for coactivation with CREB, consis-
tent with the phenotypes observed (71). Indeed, the phosphorylation
of CRTC2 by both AMPK and SIK2 kinases subjects the protein to
multiple additional posttranslational modifications, including acetyl-
ation, ubiquitination, and O-GlcNAcylation (9). The targets of the
CREB:CRTC2 complex are also of great interest in understanding
the control of energy metabolism by the glycogen/ AMPK axis. Our
data suggest that Nr4a3 and Pgcla are key targets that ultimately reg-
ulate the expression of genes encoding gluconeogenic enzymes. We
previously reported that global knockout of PTG produced dramatic
upregulation of PGCla/PPARa target genes that may be beneficial
in obesity (14). Further structure/activity analyses will be required to
understand how these posttranslational modifications control CRTC2
stability, localization, and activity to modulate energy metabolism.

The elucidation of the glycogen/AMPK/CRTC2 signaling
pathway may potentially provide new therapeutic approaches for
metabolic diseases. GPI was previously developed as a candidate
to lower blood glucose levels by blocking glycogen breakdown (19).
However, a major side effect of these compounds was excessive lip-
id accumulation in the liver. It is possible that GPI-induced glyco-
gen accumulation suppresses AMPK activity, which simultaneous-
ly dampens gluconeogenesis and lipid catabolism, while increasing
lipogenesis. Our finding may also provide an explanation for the
therapeutic benefits of glucagon receptor agonists for individuals
with obesity and type 2 diabetes reported recently in clinical tri-
als (72, 73). A low-glycogen, high-AMPK profile in hepatocytes
promotes gluconeogenic gene expression and fatty acid oxidation,
while inhibiting lipogenesis. Considering that the downstream
signaling pathways of glucagon predominantly enhance catabolic
metabolism, the activation of AMPK by lowering of glycogen lev-
els is likely to further sensitize cells to glucagon receptor agonists,
potentiating their beneficial metabolic effect. These possibilities
will require further investigation.

Methods

Sex as a biological variable. Our study examined male and female ani-
mals, and similar findings are reported for both sexes.

The Journal of Clinical Investigation

Animal studies. PTG-floxed mice and AMPKal/a2-floxed mice
were generated in-house and crossed with A/b-Cre mice (26, 33).
C57BL/6] (catalog 000664) and spCas9 knockin mice (catalog 026175)
were acquired from The Jackson Laboratory. AAVS-Ppplr3c virus (Vec-
torBuilder) and AAV8-EGFP virus (VectorBuilder) were administered
at 2 x 10" genome copies per mouse through tail vein injection. AAVs
expressing single guide RNA (sgRNA) targeting PYGL were generated
in-house. AAVs expressing non-targeting sgRNA were purchased from
Vector Laboratories. Injected mice were allowed to recover for a week
before any procedures. For glucagon injections, mice were fasted for 1
hour before the injection of 0.5 mg/kg glucagon intraperitoneally. Mice
were sacrificed 30 minutes after the injection to harvest liver tissues. All
experiments were done with wild type and their respective knockout
littermates. All mice were kept on a 12-hour light, 12-hour dark cycle.
All mice had free access to food and water. Both sexes were included
in the experiments, and the age of the mice used is specified in the text.
Mice were fasted for 6 hours before sacrifice, and tissues were collected
for protein, RNA, and glycogen extraction and histology analysis.

Metabolic cage studies. Metabolic cage study was carried out with
the Promethion multiplexed metabolic measurement system (Sable
Systems International) in a temperature-controlled cabinet. Mice were
single-housed for 5 days and acclimated in metabolic chambers for 3
days before the measurement of gas exchange, food intake, and ambu-
latory activity.

Metabolic assays. Body composition was measured with the EchoM-
RI system. For pyruvate tolerance tests, mice fasted for 6 hours were
injected intraperitoneally with 1.5 g of sodium pyruvate (Sigma-Al-
drich) per kilogram of body weight. Blood glucose level was measured
by tail vein bleeding at 0, 15, 30, 45, 60, 90, and 120 minutes after the
injection using a Nova Max glucometer (Nova Biomedical).

Histology. Mouse livers were dissected and fixed in 4% paraformal-
dehyde for 48 hours and then washed and stored in 70% ethanol until
processing. Periodic acid—Schiff stains were performed by the Tissue
Technology core facility at UCSD Moores Cancer Center.

Glycogen extraction. Glycogen extraction was done as previously
described (14, 47). Samples were boiled for 30 minutes in 500 pL of
30% KOH solution with constant shaking. One hundred microliters of
1 M NaSO, was added, followed by the addition of 1.2 mL pure ethanol
to all samples. Samples were then boiled for 5 minutes and centrifuged
for 5 minutes at 13,000g. Pellets were washed 3 times by resuspension
of the pellet in 500 puL of double-distilled water and then 1 mL of pure
ethanol. After the last wash, pellets were allowed to completely air-dry
and then resuspended in 50 mM sodium acetate (pH 4.8) containing 0.3
mg/mL amyloglucosidase and incubated at 37°C overnight. Autokit
glucose assay (Fuji) was used to determine the amount of glycogen by
comparing to a glycogen standard curve.

ELISA and metabolite measurements. Plasma samples were collect-
ed with EDTA-coated capillaries, centrifuged at 2,000g for 20 minutes,
and stored at —80°C until measurement. Assays were performed accord-
ing to the manufacturers’ protocol for glucagon ELISA (Mercodia),
insulin ELISA (Crystal Chem), amino acid assays (Cayman Chemical),
non-esterified free fatty acid (Thermo Fisher Scientific), glycerol (Ther-
mo Fisher Scientific), and p-hydroxybutyrate (Cayman Chemical).

Primary hepatocyte isolation and cell culture. Mice were anesthetized
and perfused with 15 mL calcium-free HEPES—phosphate buffer (pH
7.4) followed by 25 mL HEPES—phosphate buffer (pH 7.4) contain-
ing 40 pg/mL Liberase TM (Roche). The last perfusion was done

J Clin Invest. 2025;135(11):e188363 https://doi.org/10.1172/)Cl188363


https://doi.org/10.1172/JCI188363

The Journal of Clinical Investigation

with 25 mL calcium-free HEPES—phosphate buffer (pH 7.4). Pri-
mary hepatocytes were mechanically dissociated from the perfused
liver in 30 mL cold HEPES—phosphate buffer (pH 7.4) and passed
through a 70 pm mesh nylon filter (Corning). Hepatocytes were spun
down at 50g for 5 minutes. The supernatant was discarded, and the
pellet was resuspended in 50 mL. HEPES—phosphate buffer (pH 7.4)
containing 36% Percoll and spun at 100g for 10 minutes. The pellet
was resuspended in 10 mL pre-warmed William’s E medium (Life
Technologies) supplemented with 10% FBS, 10 mM HEPES bulffer,
2 mM L-glutamine, 8 mg/L gentamicin, antibiotic antimycotic solu-
tion, 1 uM dexamethasone, 4 pg/mL insulin, and 1 mM glucose.
All hepatocytes were plated in collagen-coated plates at 4 x 10° per
milliliter. Four hours after plating, fresh William’s E medium was
replaced to remove unattached and dead cells. For all treatment with
glucagon and cAMP, hepatocytes were fasted for 1 hour in William’s
E medium supplemented with 10 mM HEPES buffer, 2 mM L-glu-
tamine, 8 mg/L gentamicin, SPA, 1 uM dexamethasone, and 1 mM
glucose (FBS-free medium). Treatments were also performed in this
FBS-free medium. AML12 and HEK293T cell lines were purchased
from ATCC (stock CRL-2254 and CRT-3216, respectively) and cul-
tured in DMEM-F12 or DMEM medium supplemented with 10%
FBS and 1% penicillin/streptomycin. Transfection was performed
with Lipofectamine 3000 (Thermo Fisher Scientific). DMEM-F12
medium, FBS, William’s E medium, HEPES buffer, glutamine stock
solution, SPA, penicillin/streptomycin, and gentamicin were from
Gibco. Dexamethasone, insulin, and glucose were purchased from
Sigma-Aldrich.

Glucose production assay. Primary hepatocytes were fasted in FBS-
free medium for 1 hour and then switched to no-glucose medium
supplemented with 20 mM sodium lactate, 2 mM sodium pyruvate,
and 2 mM glutamine and treated with glucagon for 4 hours. Culture
medium and cell lysates were collected, and glucose production was
determined with Autokit glucose assay (Fuji) with data normalized to
protein concentration.

cAMP measurement. Primary hepatocytes were stimulated with
glucagon in FBS-free medium for 5 or 15 minutes. The reaction was
ended by removal of the culture medium and addition of 0.1 M HCl
to lyse the cells. Cellular cAMP levels were determined with the cAMP
enzyme immunoassay kit (Sigma-Aldrich), and data were normalized
to total protein concentration.

Real-time PCR. Total RNA was extracted from cells or tissues
with TRIzol reagent and PureLink RNA purification kit (Invitrogen).
Complementary DNA was synthesized from total RNA with HiScript
III supermix (Vazyme) and amplified with SYBR Green Supermix
(Vazyme) using an Applied Biosystems QS5 real-time PCR System. All
data were normalized to the expression of 36b4. Sequences of primers
used are listed in Supplemental Table 1.

Western blotting and immunoprecipitation. Liver tissues or cells were
lysed in buffer containing 1% Nonidet P-40, 150 mM NaCl, 0.1 mM
EDTA, 50 mM Tris-HCl, and Halt proteinase and phosphatase inhibi-
tor cocktail (Thermo Fisher Scientific). Protein quantification was done
using the DC protein assay (Bio-Rad). Nuclear and cytosolic cell frac-
tions were isolated as previously described (3). FLAG immunoprecip-
itation (IP) assays were carried out by incubation of cell lysates with
magnetic FLAG beads (Sigma-Aldrich) in the PP1 homogenization
buffer containing 50 mM HEPES (pH 7.2), 2 mM EDTA, 0.2% B-mer-
captoethanol, and 2 mg/mL glycogen (2). IP products were washed 3
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times and boiled in 2x SDS buffer. Endogenous IP assays were car-
ried out by incubation of cell lysates with AMPKa primary antibody
overnight at 4°C and then with magnetic protein A/G beads (Thermo
Fisher Scientific) at room temperature for another 2 hours. IP products
were washed 3 times and prepared in 2x SDS buffer. AMPD assays
were carried out as described earlier (14). Equal amounts of protein
lysates were resolved on SDS-PAGE gels and transferred to the nitrocel-
lulose membrane. The membranes were blocked in 5% BSA and incu-
bated with various primary antibodies overnight at 4°C. After 3 washes,
the membranes were incubated with peroxidase-conjugated secondary
antibodies for 1 hour and visualized with ECL chemiluminescent sub-
strate (Thermo Fisher Scientific).

Mass spectrometry. FLAG-tagged WT and S3*°D CRTC2 was trans-
fected to AML12 or HEK293T cells and immunoprecipitated with
magnetic FLAG beads (Sigma-Aldrich). Lysates were resolved on
SDS-PAGE gels, and corresponding bands were excised after silver
staining of the gel (Thermo Fisher Scientific). Bands were digested
with chymotrypsin, and liquid chromatography—mass spectrometry
was performed by the UCSD Biomolecular and Proteomics Mass
Spectrometry core. Data analysis was performed with PEAKS Studio
(Bioinformatics Solutions).

Plasmids. pcDNA-FLAG-CRTC2 plasmid was purchased from
Addgene (22975) and cloned into the pLVX-CMV-3XFLAG vector. Site-di-
rected mutagenesis was performed with the In-Fusion snap assembly master
mix (Takara). The following primers were used for site-directed mutagene-
sis: $*D 5-CTCCCTAGACAATCCCAACCTCCAGGCTTCC-3, and
5-GGATTGTCTAGGGAGGACTGCAGGGATG-3'. The sequence of
all mutated plasmids was verified.

Antibodies and reagents. Phospho-AMPKa (Thr'”?; 2531), AMP-
Ka (5831), phospho-AMPKSp (Ser'®; 4181), AMPKp (4150), phos-
pho-ACC (Ser”; 3661), ACC (3676), phospho-CREB (Ser'**; 9198),
CREB (9197), PKA substrate (9621), GS (3886), LKB1 (3050), phos-
pho-CaMKII (Thr?¢; 12716), CaMKII (3362), B-tubulin (2128), and
histone H3 (9715) antibodies were purchased from Cell Signaling.
Phospho-CRTC2 (Ser**) antibody was customized by AB Clonal
against synthetic peptide QSSL(S-p)NPNL. FLAG antibody was pur-
chased from Sigma-Aldrich (F3165). PGCla antibody was from EMD
Millipore (AB3242). RalA antibody was purchased from BD Bioscienc-
es (610221). Glucagon receptor antibody was purchased from Thermo
Fisher Scientific (702602). B-Actin antibody was from Santa Cruz Bio-
technology (SC-47778). PYGL (15851-1-AP) and AGL (16582-1-AP)
antibodies were from Proteintech. CRTC2 antibody was provided by
Marc Montminy’s laboratory (Salk Institute, San Diego, California,
USA). Glucagon, 8-Br-cAMP, glycogen, cycloheximide, sodium pyru-
vate, sodium lactate, and glutamine were purchased from Sigma-Al-
drich. Glycogen phosphorylase inhibitor (CP-91149) and compound C
were purchased from Cayman Chemical. PF-739 and Ulkl inhibitor
(SBI-0206965) were purchased from MedChem Express.

Statistics. Results are presented as mean * SEM. The compari-
sons were carried out using 2-tailed unpaired Student’s ¢ test or 1-way
ANOVA followed by Tukey-adjusted multiple comparisons. Data were
plotted with GraphPad Prism. P values less than 0.05 were considered
significant. Statistical tests used are stated in the figure legends.

Study approval. All animal use was approved by the Institutional Ani-
mal Care and Use Committee at the University of California, San Diego.

Data availability. All data are available in the main text or in the
Supporting Data Values file.
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