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Cyclic AMP is produced in cells by two different types of adenylyl cyclases: at the plasma membrane by the
transmembrane adenylyl cyclases (tmACs, ADCY1~ADCY9) and in the cytosol by the evolutionarily more
conserved soluble adenylyl cyclase (SAC, ADCY10). By employing high-resolution extracellular flux analysis in
HepG2 cells to study glycogen breakdown in real time, we showed that cAMP regulates glycogen metabolism in
opposite directions depending on its location of synthesis within cells and the downstream cAMP effectors. While
the canonical tmAC-cAMP-PKA signaling promotes glycogenolysis, we demonstrate here that the non-canonical
sAC-cAMP-Epacl signaling suppresses glycogenolysis. Mechanistically, suppression of sAC-cAMP-Epac1 leads to

Ser-15 phosphorylation and thereby activation of the liver-form glycogen phosphorylase to promote glycogen-
olysis. Our findings highlight the importance of cAMP microdomain organization for distinct metabolic regu-
lation and establish sAC as a novel regulator of glycogen metabolism.

1. Introduction

Since the discovery of 3,5-cyclic adenosine monophosphate (cAMP)
as the second messenger in hormone-mediated glycogenolysis [1-3],
nine transmembrane adenylyl cyclases (tmACs, ADCY1~ADCY9) have
been identified as sources of this versatile second messenger at the
plasma membrane (reviewed in [4]). Much later, a distinct type of
mammalian adenylyl cyclase, soluble adenylyl cyclase (sAC, ADCY10),
was discovered in the cytosol [5]. sAC is evolutionarily more conserved
than tmACs and is not localized at the plasma membrane but exclusively
in the cytoplasm [6,7]. cAMP produced in the cytosol by sAC and at the
plasma membrane by tmACs share the same cAMP effectors, including
protein kinase A (PKA) and “exchange factor directly activated by
cAMP” (Epacl and Epac2). However, in contrast to tmACs, sAC is
neither regulated by G-proteins nor activated by forskolin, a broad-
spectrum tmAC activator [5,6]. Rather, sAC is activated by

bicarbonate and ATP in the physiological ranges and fine-tuned by the
free Ca®" concentration [6,8-11]. Different localizations for intracel-
lular sAC have been suggested, including mitotic spindles, nuclei [12],
and mitochondria [12,13].

While the tmACs are evolved in multicellular organisms and are
activated or inhibited by signaling of hormones and neurotransmitters to
mediate intercellular communication, the bicarbonate-sensitive sAC
homologs are conserved in both multicellular and unicellular organisms
and serve more cell-autonomous functions [7,14,15]. Firstly, sAC reg-
ulates oxidative phosphorylation by sensing bicarbonate derived from
CO, produced by the tricarboxylic acid cycle [13] and free Ca®* in the
mitochondrial matrix [16]. Secondly, sAC is an ATP sensor due to its
high Ky, for ATP (ranging from 1 to 10 mM) [8,11,17]. Thirdly, Ca2+,
another versatile and universal second messenger, stimulates sAC in
synergy with bicarbonate [9,17], allowing sAC to fine-tune cellular
metabolism. Importantly, sAC is expressed in almost all tissues

* Corresponding author at: Division of Cell Biology, Metabolism & Cancer, Department of Biomolecular Health Sciences, Faculty of Veterinary Medicine, Utrecht

University, Utrecht, the Netherlands.

E-mail addresses: j.changl@uu.nl, j.chang@amsterdamumec.nl (J.-C. Chang).

https://doi.org/10.1016/j.bbamcr.2023.119585

Received 24 March 2023; Received in revised form 5 September 2023; Accepted 6 September 2023

Available online 14 September 2023

0167-4889/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:j.chang1@uu.nl
mailto:j.chang@amsterdamumc.nl
www.sciencedirect.com/science/journal/01674889
https://www.elsevier.com/locate/bbamcr
https://doi.org/10.1016/j.bbamcr.2023.119585
https://doi.org/10.1016/j.bbamcr.2023.119585
https://doi.org/10.1016/j.bbamcr.2023.119585
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamcr.2023.119585&domain=pdf
http://creativecommons.org/licenses/by/4.0/

P.F.V. Bizerra et al.

examined [9,18]. We have recently shown that sAC acts as an acute
switch between aerobic glycolysis and oxidative phosphorylation
maintaining the autonomous energy metabolism of cells [19].

Over the past two decades, accumulating evidence supports that the
versatility of cAMP signaling is based on the compartmentalization of
cAMP signaling [7,20,21]. Optical mapping of G-protein-coupled re-
ceptor (GPCR)-dependent cAMP signaling reveals that individual GPCRs
generate independent receptor-associated cAMP nanodomains [22].
From its site of generation, cCAMP concentration quickly decays due to
buffering by regulatory units of PKA [23] and degradation by phos-
phodiesterases (PDEs), thereby creating a signaling microdomain
[24-26]. The spatial specificity is further enhanced by the liquid-liquid
separation of the regulatory subunit of PKA [27] and by scaffolding
proteins, such as A-kinase anchoring proteins [28,29] that assemble
adenylyl cyclases, PDEs, and cAMP effectors at the same location.
Indeed, cCAMP generated at the plasma membrane by tmACs and cAMP
generated in the cytosol by sAC or bacterial adenylyl cyclases can exert
opposite regulation of apoptosis [30,31] and endothelial barrier func-
tion [32,33]. Although it is well-established that tmAC-derived cAMP
activates PKA, which induces a phosphorylation cascade of phosphor-
ylase kinase and glycogen phosphorylase to induce glycogenolysis
[2,3,34,35], sAC-derived cAMP has also been implicated in affecting
glycogen levels in astrocytes [36,37]. However, it is unknown whether
sAC-derived cAMP and tmAC-derived cAMP regulate glycogen meta-
bolism by different mechanisms and, if so, how the specificity of cAMP
signaling is maintained in the same cell. In the present study, we applied
high-resolution extracellular flux analysis to study glycogen breakdown
in real-time and revealed opposite regulation of glycogen metabolism by
sAC-derived cAMP and tmAC-derived cAMP. While the well-established
tmAC-cAMP-PKA signaling axis promotes glycogenolysis, we show here
a hitherto unknown regulation of glycogenolysis by a sAC-cAMP-Epacl
signaling axis.

2. Materials and methods
2.1. Materials

Unless otherwise indicated, materials were purchased from Sigma-
Aldrich.

2.2. Cell culture

The immortalized human intrahepatic cholangiocytes H69 (hereafter
H69 cholangiocytes) was a kind gift from Dr. Douglas Jefferson [38] and
was cultured in DMEM/F-12 (3:1) with hormonal supplements as
described previously [30]. HepG2, Caco-2, HeLa, HEK293T, and Madin-
Darby canine kidney (MDCK) cells were cultured in DMEM (Invitrogen),
supplemented with 2 g/L glucose, 1.8 g/L NaHCO3, 20 mM HEPES-
NaOH pH 7.4 and 10 % fetal bovine serum. For all experiments, cells
were refreshed the day before the experiment.

2.3. Extracellular flux analysis

Extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) were measured with a Seahorse XF96 Analyzer (Agilent, United
States). HepG2 cells were cultured in a 96-well Seahorse culture plate
until confluence. Media were refreshed the day before the experiment.
On the day of the experiment, cells were pre-incubated for 1 h at 37 °Cin
the experimental medium, which was based on a modified Hank's
balanced salt solution (HBSS) for ambient air (please refer to Table S1
for formulation) supplemented with 0.1 % fatty acid-free bovine serum
albumin (BSA). During this pre-incubation the indicated substrates or
inhibitors (2-deoxyglucose and glycogen phosphorylase a inhibitor CP-
91149) were added. Twenty-five microliters of concentrated com-
pound solutions prepared in the experimental medium (without BSA)
were injected sequentially as indicated in the figures. The final

BBA - Molecular Cell Research 1871 (2024) 119585

concentrations of compounds used in this study were as follows: for-
skolin, 1 pM; LRE1, 50 pM; (R)-CE3F4, 50 pM; ESI-05, 10 pM; H89, 10
pM; oligomyecin A, 2.5 pM; FCCP, 2 uM; antimycin A, 2.5 pM; rotenone,
1 pM. The coupled mitochondrial respiration rate was defined as the
difference between the average of the last three OCR measurements after
the addition of inhibitors or vehicle control and the last OCR measure-
ment after the addition of oligomycin A. The FCCP-driven mitochondrial
respiration rate was defined as the difference between the first OCR
measurement after FCCP addition and the last OCR measurement after
the addition of oligomycin A.

2.4. Estimation of ATP production rates by glycolysis and by
mitochondria using extracellular flux measurements

The time-lapsed ATP production rates were calculated from extra-
cellular fluxes (ECARs and OCRs) as elegantly described [39,40]. Since
cells were pre-incubated in HBSS until reaching a steady state and before
imposing the acute perturbation of sAC activity, it was assumed that the
oxidation of the provided substrates in the mitochondria was complete
and that the contribution from other endogenous substrates (except for
glycogen) was negligible. Because cells were fueled solely with octa-
noate, the glycolytic flux was assumed to come from glycogenolysis. The
total ATP production rate (Jarp toral) is defined as the sum of the ATP
production rate of glycolysis (JaTp_glycolysis, Substrate level phosphory-
lation by phosphoglycerate kinase and pyruvate kinase) and the ATP
production rate of mitochondria (JATp mitochondria, Substrate level phos-
phorylation by succinyl-CoA synthetase in the TCA cycle and oxidative
phosphorylation by the electron transport chain and ATP synthase).
Further details of the calculation of ATP production rates are given in
[19]. The values of maximal H"/O,, ATP/lactate, maximal P/O ratios
with octanoate and glycogen as bioenergetic substrates are given in
Table S2.

2.5. Sample preparation for the enzymatic determination of glycogen

At the end of the incubation, cells were washed twice with ice-cold
PBS and lysed in TTE buffer (1 % Triton X-100, 10 mM Tris-HCl pH
8.0 and 1 mM EDTA-NaOH, pH 8.0) or RIPA buffer (150 mM NacCl, 20
mM Tris-HCl pH 8.0, 1 % Triton X-100, 0.1 % SDS, 0.5 % Na-
deoxycholate). Lysates were centrifuged at 20,000 xg at 4 °C for 10
min. Supernatants were harvested for determination of glycogen and
protein concentrations. For the determination of glycogen, 50 pL of
supernatant was mixed with 20 pL 0.35 M NaOH and heated at 80 °C for
30 min to degrade monosaccharides. The hot alkali-treated lysates were
then deproteinized by adding 30 pL 10 % (w/v) metaphosphoric acid
(MPA) and incubated on ice for at least 1 h or overnight at 4 °C. Samples
were centrifuged at 20,000 xg for 10 min. Twenty microliters of
deproteinized samples or glucose standards (prepared in 3 % MPA) were
mixed with 100 pL solution A (2.5 U/mL amyloglucosidase from
Aspergillus niger, 50 mM KoHPO4-KHPOy4, pH 8.0). The resulting mixture
had a pH of about 4.7, which is optimal for amyloglucosidase to hy-
drolyze glycogen to glucose. After 1-h incubation at 45 °C, 50 pL solu-
tion B (1.5 mM homovanillic acid, 2 U/mL horseradish peroxidase, 0.5
M KoHPO4-KH2PO4, pH 8.0) was added to correct the pH to 6.8 to enable
subsequent measurement of the glucose by glucose oxidase. After
determining the background fluorescence at Aex/Aem = 320/450 nm in
the CLARIOstar microplate reader (BMG LABTECH, Ortenberg, Ger-
many), 50 pL start solution (8 U/mL glucose oxidase) was added and the
fluorescence was followed every 2 min until the reaction was complete
(within 1 h).

2.6. Isolation and culture of primary mouse hepatocytes
Animal experiments were approved by the institutional animal

experiment committee. Primary mouse hepatocytes were isolated from
wild-type male C57BL/6J mice after overnight ad libitum feeding by a
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two-step collagenase perfusion method through the portal vein. Cells
were cultured in collagen sandwich configuration overnight on a 60-rpm
shaking platform in a 5 % COo, 37 °C incubator. The isolation procedure
and culture of primary mouse hepatocytes were performed as described
[41].

2.7. Sample preparation and enzymatic determination of lactate and
pyruvate in the medium

Cells were refreshed with the full culture medium one day prior to
the experiment. On the day of the experiment, the medium was changed
to the experimental medium (composition given in Table S1) supple-
mented with 5.5 mM glucose and 0.1 % fatty acid-free bovine serum
albumin (BSA). At the start of the experiment, cells were exposed to
media containing the indicated inhibitors and vehicle controls. At
indicated time points, 50 pL of spent medium was mixed with 75 pL ice-
cold 5 % (w/v) meta-phosphoric acid (MPA) for deproteinization. After
incubating for at least 1 h at 4 °C, the MPA-acidified samples were
centrifuged at 20,000 xg for 10 min. The supernatants were harvested.
Lactate and pyruvate are stable in 3 % MPA at 4 °C for at least 1 month
and was assayed directly from the MPA extracts. L-Lactate was deter-
mined enzymatically with the L-lactate dehydrogenase method and
pyruvate with the pyruvate oxidase method as previously described
[41].

2.8. Determination of ATP, ADP, and AMP by high-performance liquid
chromatography (HPLC) for the cytosolic adenylate energy charge

HepG2 cells were treated with 0.1 % DMSO or 50 pM sAC-specific
inhibitor LRE1 in HBSS containing indicated substrates. After indi-
cated period of incubation, cytosolic metabolites were extracted with
permeabilization buffer (120 mM KCl, 10 mM NaCl, 5 mM EDTA, 20 mM
HEPES, pH 7.1) containing 100 pg/mL digitonin. Two hundred micro-
liter of digitonin extracts were mixed with 16 pL 70 % perchloric acid for
deproteinization and subsequently neutralized with 2.5 M KyCO3. The
neutralized perchloric acid extracts of HepG2 cells were then analyzed
for AMP, ADP and ATP by high-performance liquid chromatography
using a Partisphere SAX column (Whatman International Ltd.) exactly as
described [42]. Adenylate energy charge was defined as ([ATP] + 0.5 x
[ADP]) / ([ATP] + [ADP] + [AMP]) according to Atkinson and Walton
[43].

2.9. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting

Protein concentrations of whole cell lysates in RIPA buffer supple-
mented with 5 mM EDTA, cOmplete™ protease inhibitor cocktail,
PhosSTOP™ phosphatase inhibitor cocktail, and 10 mM NaF. Protein
content was quantified by bicinchoninic acid (BCA) assay. Equal amount
of protein (40-50 pg) was subjected to SDS-PAGE, transferred to poly-
vinylidene difluoride (PVDF) membranes by semi-dry blotting and
blocked overnight in 5 % non-fat milk/PBST (phosphate-buffered saline
with 0.05 % (w/v) Tween 20) at 4 °C. For immunodetection, the PVDF
membranes were incubated with primary antibody for 1 h, washed 3
times with TBST (Tris-buffered saline with 0.05 % (w/v) Tween 20),
incubated with horseradish peroxidase-conjugated secondary antibody
for 1 h, and washed again 4 times with TBST. All antibodies were diluted
in 1 % non-fat milk-TBST and incubation was performed at room tem-
perature. The PVDF membrane was developed with homemade
enhanced chemiluminescence reagents (100 mM Tris-HCI pH 8.5, 1.25
mM luminol, 0.2 mM p-coumarin and freshly added 3 mM H,02) and
detected using the ImageQuant LAS 4000 (GE Healthcare Life Sciences).
The signal intensity was quantified by densitometry using the ImageJ
software. Please refer to Table S3 for the list of primary and secondary
antibodies and dilution.
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2.10. Cloning and lentivirus-mediated knockdown and inducible
overexpression of human sAC

The pLKO.1 - TRC cloning vector is a kind gift from Prof. David Root
(Addgene plasmid # 10878) [44]. The cloning of lentiviral shRNA
constructs against human sAC was performed essentially as previously
described [19]. Briefly, the stuffer of pLKO.1 was removed by sequential
digestion with Agel and EcoRI to generate the open vector of pLKO.1.
The sense and anti-sense oligonucleotides for control shRNA (SHC) and
sAC-targeting shRNAs (sACKD #128, #1280, #1388) were annealed
and ligated to the open vector of pLKO.1 to generate the control and the
SsACKD lentiviral constructs.

For doxycycline-inducible over-expression of the human truncated
sAC isoform (as described by Geng et al. [9]), the Cas9 sequence was
removed from the pCW-Cas9-Puro lentiviral vector (a gift from Prof. Eric
Lander & Prof. David Sabatini, Addgene plasmid # 50661) by Nhel and
BamHI digestion. The sense and anti-sense oligonucleotides for a mul-
tiple cloning site (MCS) was annealed and ligated to the open vector to
generate the pCW-MCS-Puro construct with stop codons for all reading
frames after the MCS. The truncated human sAC isoform (htsAC) was
PCR cloned from a pcDNA-htsAC plasmid (a kind gift from Prof. Orsen
Moe) [9]. Both the htsAC and pCW-MCS-puro were digested with Agel
and BamHI and then ligated together to generate the pCW-htsAC-Hise-
Puro construct.

All constructs were verified by restriction enzyme analysis and
sequencing. The production of lentiviruses and the lentiviral trans-
duction were performed essentially as previously described [30].
Briefly, HepG2 cell were transduced with lentivirus carrying the pCW-
htsAC-Hisg-Puro  construct in the presence of 10 pg/mL
diethylaminoethyl-dextran (DEAE-dextran) and selected with 2.5 pg/mL
puromycin to generate the HepG2PCWhSACHISO ¢l that over-express
the human truncated sAC upon doxycycline treatment. The control
cell line HepG2PPWEMPY was generated in parallel using lentivirus car-
rying the pCW-MCS-Puro construct. To induce htsAC expression, cells
were incubated overnight with 0.8 pg/mL doxycycline hyclate. Because
constitutive sAC knockdown severely interfered with cell proliferation,
HepG2 cells were acutely transduced with lentivirus carrying control
shRNA and sACKD shRNA #1388 without puromycin selection. Our
previous result showed that sAC is a short-lived protein [45] and that
SACKD shRNA #1388 induced significant down-regulation of sAC after
48 h [30]; therefore, experiments of SAC knockdown HepG2 cells were
performed 48 h after the lentiviral transduction.

The sense and anti-sense oligonucleotides for the control and anti-
sAC shRNAs, multiple cloning sites, and PCR cloning primers are
given in Table S4.

2.11. cAMP accumulation assay

HepG2 cells or human H69 cholangiocytes were cultured in 24-well
plates until near confluency and refreshed the day before experiments.
To induce htsAC expression, HepG2PCWHBSACHISO o HepGaPCW-Empty
cells were refreshed with the full medium supplemented with 0.8 pg/mL
doxycycline hyclate. On the day of the experiment, cells were pre-
equilibrated in 200 pL experimental medium (FBS-free DMEM with
5.5 mM glucose, 4 mM glutamine, and 1 mM pyruvate) for at least 1 h in
5 % CO3, 37 °C incubator. All compounds were diluted in the experi-
mental medium. Immediately before the start of experiment, 3 wells of
untreated cells were harvested for baseline cAMP determination by
adding in order 100 pL 3.5x lysis solution (1x lysis solution = 0.1 M
HCl/1 % Triton X-100), 25 pL of 10x vehicle control (1x = 0.1 %
DMSO), and 25 pL of 10 x 3-isobutyl-1-methylxanthine (IBMX, 1x =
0.5 mM IBMX).

For determining cAMP production, 25 pL 10x LRE1 (1x = 50 pM
LRE1) and 10x vehicle control (1x = 0.1 % DMSO) were added to cells
and mixed immediately by shaking. After 5 min pre-incubation, 25 pL of
10x IBMX was added to start cAMP accumulation by inhibiting the
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cAMP-degrading phosphodiesterases. After 10 to 15 min, the cAMP
accumulation was terminated by adding 100 pL 3.5x lysis solution. The
acid lysates were cleared by centrifuging at 20,000 x g, 4 °C for 10 min.
The cAMP content of the acid lysate was determined by a competitive
ELISA using the Direct cAMP ELISA kit (Enzo Life Sciences ADI-901-
066). The cAMP standards for the competitive ELISA were prepared in
a modified assay diluent (2.5 parts experimental medium and 1 part
3.5x lysis solution) to account for the background composition of the
samples. The protein content of the acid lysates was determined by the
bicinchoninic acid (BCA) assay and corrected against the blank medium.
The accumulated cAMP was corrected for the baseline value and then
normalized to the protein content.

2.12. Statistics

All results are given as mean =+ standard deviation (SD). Statistical
significance was determined by two-tailed Student's t-test, one-way
analysis of variance (ANOVA) with Tukey's or Dunnett's multiple com-
parison test, or two-way ANOVA with Sidak's multiple comparison test
as indicated in the legends. Statistical analysis was performed with
GraphPad Prism 7 (GraphPad Software, La Jolla, CA) with an « error of
0.05.

3. Results

3.1. Inhibition of soluble adenylyl cyclase in the absence of glucose causes
a transient stimulation of glycolysis in HepG2 cells

To investigate the possible role of sAC in glycogen metabolism, we
first made use of the Seahorse flux analyzer which measures in real time
not only the oxygen consumption rate (OCR) of cells, but also the
extracellular acidification rate (ECAR). Although both glycolysis and
TCA cycle activity contribute to ECAR, glycolytic flux accounts for the
majority of ECAR [39,40]. ECAR thus represents a good first estimation
of glycolytic flux. In the absence of added glucose, glucose units for
glycolysis are mostly derived from glycogen breakdown and in this
condition ECAR could be a good indicator of glycogenolysis. Indeed,
when HepG2 cells were incubated with octanoate (a membrane-
permeable fatty acid substrate for mitochondrial p-oxidation) and sub-
sequently stimulated with the tmAC activator forskolin, we observed a
clear increase in ECAR that was acute and transient in nature (Fig. 1A).
This is consistent with an acute increase of glycolytic flux by transient
fuelling of glycogen-derived glucose units until glycogen was depleted.
Interestingly, the transient change in ECAR was accompanied by a
reciprocal, transient decrease in OCR (Fig. 1B).

After establishing ECAR as a proxy for glycogenolysis in the absence
of glucose, we next examined the role of SAC-cAMP in glycogenolysis.
Because sAC has a constitutive basal activity supported by intracellular
ATP and bicarbonate, we examined the effect of the sAC-specific in-
hibitor LRE1 [46] on glycogenolysis in the absence of glucose. We
validated the effect of sAC inhibition by LRE1 in HepG2 cells over-
expressing the human truncated sAC isoform (htsAC) [9] (Fig. SIA-S1B)
because the endogenous sAC activity in HepG2 is low. In H69 human
cholangiocytes, which has a high sAC expression and activity [19,30],
LRE1 also effectively inhibited cAMP accumulation (Fig. S1C). Surpris-
ingly, when acutely inhibiting sAC-derived cAMP with the sAC-specific
inhibitor LRE1, a transient increase in ECAR and a concomitant, recip-
rocal OCR transient were observed (Fig. 1C and D). The dynamic of
ECAR transient induced by tmAC activation and sAC inhibition are also
comparable. Calculation of the concomitant ATP production rates
showed that ATP production by glycolysis was transiently stimulated
upon sAC inhibition, while ATP production by TCA cycle and oxidative
phosphorylation were transiently suppressed (Fig. S2A-D). During these
transient changes in ECAR and OCAR, the overall ATP production
(Fig. S2E) and the adenylate energy charge (Fig. S2F) remained
constant.
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Of note, under glucose starvation, sAC inhibition did not suppress
FCCP-uncoupled OCR and only transiently suppressed coupled OCR as a
response to increased ATP production by glycolysis (Fig. 1C and D),
suggesting that sAC inhibition directly caused a transient increase in
glycolytic flux during glucose deprivation. Indeed, when HepG2 cells
were incubated in the presence of 2-deoxyglucose (2-DG, an inhibitor of
glycolysis), the transients induced by sAC inhibition were abolished
(Fig. 1E and F). The changes in ECAR and OCR induced by sAC inhibi-
tion were also largely prevented by co-incubation with CP-91149
(Fig. 1G and H), an established inhibitor for glycogen phosphorylase a
[47], supporting that glycogen was the source for the glucose units used
by the cells during glucose deprivation and sAC inhibition. Taken
together, these results suggested that sAC-dependent cAMP signaling
suppresses glycogen metabolism, which is opposite to the established
glycogenolytic effect of tmAC-dependent cAMP signaling.

3.2. Inhibition of soluble adenylyl cyclase promotes glycogenolysis in
various cell types

While liver and muscles are the primary organs for glycogen storage,
glycogen can be detected in virtually all cells including tumor cell lines
of various tissue origins [48]. Indeed, we found that HepG2 cells store
significant quantities of glycogen which were, in the absence of added
glucose, greatly reduced upon sAC inhibition as well as upon stimulation
of tmACs with forskolin (Fig. 2A). The marked disappearance of
glycogen under both conditions was, as expected, accompanied by a
stimulation of lactate release (Fig. 2B). In contrast, sAC inhibition did
not cause a strong decrease in the glycogen content of HepG2 cells in the
presence of glucose (Fig. 2C). Furthermore, the glycogen phosphorylase
a inhibitor CP-91149 strongly prevented glycogen breakdown induced
by sAC inhibition in the absence of glucose (Fig. 2D).

We next confirmed the effect of pharmacological sAC inhibition by
short hairpin RNA-mediated knockdown. Because sAC has multiple
isoforms due to alternative splicing of the transcript, we selected 3
validated short hairpin RNA constructs (sSACKD #128, #1280, #1388)
to identify sAC proteins in HepG2 cells [19,30,45]. Immunoblotting
showed that HepG2 cells expressed a 75 kD sAC isoform, which was
effectively knocked down by short hairpin SACKD #128 and #1388
(Fig. 2E). We continued the metabolic studies with the short hairpin
construct SACKD #1388, which targets the second catalytic domain of
sAC [30,45]. Consistent with the previously reported role of sAC in
regulation of cytosolic NADH/NAD" redox state, SACKD#1388 HepG2
cells showed elevated medium lactate-to-pyruvate ratios (Fig. 2F) [19].
In agreement with the pharmacological sAC inhibition, knockdown of
SAC enhanced glycogen breakdown (Fig. 2G) and lactate secretion
(Fig. 2H) in the absence of glucose. Like with pharmacological sAC in-
hibition, the glycogen phosphorylase a inhibitor CP-91149 also inhibi-
ted glycogen breakdown and lactate secretion induced by sAC
knockdown. These data suggest that sAC inhibition promotes glycogen
breakdown by increasing glycogen phosphorylase activity and that the
presence of glucose allows cells to replete glycogen, thus preventing
depletion of glycogen content upon sAC inhibition.

In the subsequent experiments, we investigated whether the glyco-
genolysis induced by sAC inhibition also occurred in other cell types. In
primary mouse hepatocytes, inhibition of sAC caused glycogen break-
down both in the presence and absence of added glucose (Fig. 3A and B)
and this glycogenolytic effect of sAC inhibition was, just as in HepG2
cells, sensitive for phosphorylase inhibition (Fig. 3B). To strengthen our
findings, we examined if SAC also regulates glycogen metabolism in the
immortalized human intrahepatic cholangiocytes H69 (hereafter H69
cholangiocytes), which have a high activity of SAC [30]. In H69 chol-
angiocytes, sAC inhibition caused net glycogen breakdown both in the
presence and absence of extracellular glucose (Fig. 3C). Importantly,
also in these cells, both stimulation of tmACs by forskolin and inhibition
of sAC induced glycogen breakdown, demonstrating again the opposite
effects of cAMP signaling by tmACs-derived cAMP and sAC-derived
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Fig. 1. Inhibition of soluble adenylyl cyclase causes transient changes in glycolysis and oxygen uptake in HepG2 cells.

HepG2 cells were preincubated for 1 h in HBSS for ambient air in the presence of 125 uM octanoate. The extracellular acidification rate (ECAR) and the oxygen
consumption rate (OCR) were then analyzed by Seahorse Flux Analyzer XF96. Arrows indicate the injection of 0.1 % DMSO (vehicle control) or 1 pM forskolin (A-B)
or 50 pM LRE1 (C-H). Subsequently, oligomycin A (OA), carbonyl cyanide-p-trifluoromethoxy-phenyl hydrazone (FCCP), and antimycin A (AA) and rotenone (Rot)
were added as indicated in the figures. HepG2 cells were also tested in the presence of 5.5 mM 2-deoxyglucose (2-DG, E-F) or 100 uM CP-91149 (G-H). Data are
presented as mean =+ SD of at least 5 replicates for each condition. Statistical analysis: The maximal effects of forskolin (A-B) and sAC inhibitor LRE1 (C-H) on ECAR
or coupled OCR were calculated as the differences of the ECAR or OCR values of the cycles before and after compound injection. Statistical analysis: Two-tailed

, P < 0.001. All data are representative of at least 3 independent experiments.

unpaired Student's t-test.

cAMP within the same cell (Fig. 3D). Taken together, these data indicate
that sAC activity prevents depletion of glycogen.

3.3. sAC-derived cAMP and tmAC-derived cAMP engage different cAMP
effectors to regulate glycogen homeostasis

We next investigated by which effector sAC-derived cAMP exerts its
effect on glycogen. sAC-derived cAMP has been shown to signal via both
Epac [49,50] and PKA [13,51]. In glucose-starved HepG2 cells that were
fuelled with only octanoate, inhibition of Epacl by the specific inhibitor
(R)-CE3F4 [52] induced an acute, transient increase in ECAR with the
same temporal and dynamic characteristics as sSAC inhibition (Fig. 4A).
In contrast, the PKA inhibitor H89 was without any effect. The Epac2-
specific inhibitor ESI-05 [53] also did not induce changes in ECAR
(Fig. 4A).

To corroborate the observed ECAR changes, we examined the effects
of inhibition of Epacl, Epac2, and PKA on cellular glycogen levels.
Indeed, in HepG2 cells acutely deprived of glucose, only inhibition of
Epacl phenocopied the glycogenolysis induced by sAC inhibition
(Fig. 4B). In addition, the PKA-selective activator dibutyryl-cAMP pro-
moted glycogen breakdown, confirming that PKA and Epacl mediate
opposite metabolic effects of tmAC and sAC signaling, respectively. A
similar result was obtained in H69 cholangiocytes incubated without
glucose (Fig. 4C). Moreover, we observed that in the presence of glucose,
the Epacl-specific inhibitor (R)-CE3F4 induced significant glycogen
breakdown in H69 cholangiocytes but not in HepG2 cells (Fig. 4D and
E), which mirrored the differential effects of SAC inhibition on glycogen
breakdown in these cells. Of note, inhibition of sAC or Epacl also
induced glycogenolysis and the concomitant release of lactate in several
other cell lines in the absence of glucose (Fig. S3A-S3D). Taken together,
our data suggest that Epacl mediates the sAC-dependent repression of
glycogenolysis in several cell types, whereas tmAC-activated PKA
oppositely induces glycogenolysis.

3.4. Glucose deprivation reveals a complex I-independent regulation of
glycogenolysis by sAC

We and others have shown that sAC regulates the activity of complex
I of the mitochondrial respiratory chain [19,51,54]. Inhibition of com-
plex I can reduce the steady state glycogen levels via AMPK-dependent
suppression of glycogen synthase activity [55-57]. Indeed, in cultured
primary murine astrocytes, sAC inhibition suppresses oxidative phos-
phorylation, leading to AMPK activation and a decrease in glycogen
level [36]. However, because sAC inhibition also induces glycogen
breakdown in the absence of glucose (Figs. 1 and 2), leaving glycogen
synthase without substrate, we examined whether the induction of
glycogenolysis upon sAC inhibition was mediated by complex I sup-
pression or by another, yet unknown, mechanism. To this end, we
examined whether the complex I inhibitor rotenone could phenocopy
the metabolic effects of sAC inhibition. In glucose-fed HepG2 cells, 15
nM rotenone suppressed coupled OCR to a comparable extent as 50 pM
LRE1 (Fig. 5A). However, in the absence of glucose, rotenone caused a
much smaller ECAR transient than LRE1 (Fig. 5B). Rotenone had also a
much smaller effect on lactate release under these conditions (Fig. 5C).
Although the addition of rotenone to HepG2 cells did result in clear
AMPK activation even to a greater extent than LRE1 did (Fig. S4), this
dose of rotenone did not induce significant glycogen breakdown

(Fig. 5D). Thus, these data strongly suggest that sAC regulates glyco-
genolysis independently of its regulation of complex 1.

3.5. Activation of glycogen phosphorylase a by sAC-cAMP-Epac1
signaling

Finally, we sought to characterize how sAC regulates glycogenolysis
in the presence of a physiological concentration of glucose (5.5 mM).
The glycogen content of cells depends on the balance between glycogen
synthase activity and glycogen phosphorylase activity. Since the inhi-
bition of sAC-cAMP-Epacl signaling promoted glycogenolysis in the
absence of glucose, leaving glycogen synthase without substrate, we
anticipated that inhibition of sAC-cAMP-Epacl signaling promotes
glycogen breakdown by promoting the conversion of glycogen phos-
phorylase from the inactive “T state” to the active “R state”. This T-to-R
conversion is stimulated by phosphorylase kinase-mediated phosphor-
ylation of the Ser-15 residue of glycogen phosphorylase [34,58,59]. In
the presence of glucose, both the sAC-specific inhibitor LRE1 and the
tmAC-specific activator forskolin increased Ser-15 phosphorylation of
glycogen phosphorylase (PYGL) in HepG2 cells (Fig. 6A), albeit with a
kinetics slower than that of the ECAR increase observed in the absence of
glucose (Fig. 1C). Of note, rotenone did no induced significantly Ser-15
phosphorylation in HepG2 cells as compared to the DMSO control
(Fig. 6A). Late changes in phosphorylase phosphorylation in HepG2 cells
were also induced by the Epacl inhibitor (R)-CE3F4 (Fig. 6B). In H69
human cholangiocytes, sAC or Epacl inhibition induced an early in-
crease in phosphorylase phosphorylation (Fig. 6C and D). These obser-
vations support that sSAC-cAMP-Epacl signaling also regulates glycogen
breakdown in the presence of glucose.

4. Discussion

Our present study shows that sAC-mediated regulation of glycogen
breakdown occurs by a completely novel sAC-cAMP-Epacl signaling
pathway, which operates in an opposite way compared to the canonical
tmAC-cAMP-PKA signaling. The current evidence support that cAMP
signaling operates in compartmentalized micro- or nano-domains
[7,20,22] with the spatial specificity governed by several mechanisms,
including buffering by regulatory units of PKA [23], degradation by
phosphodiesterases (PDEs) [24,25], scaffolding proteins [28,60], and
cAMP-impermeable membranes such as the mitochondrial inner mem-
brane [16]. Our findings show that, despite both engaging the cAMP
signaling in the cytosol, sAC-derived cAMP suppresses glycogen break-
down by engaging cAMP effector Epacl while the tmAC-derived cAMP
engages PKA to stimulate glycogen breakdown. Our findings thus sup-
port that the specificity of cAMP signaling can also be maintained at the
level of cAMP effectors. In line with this reasoning, tmAC-derived cAMP
engages PKA to suppress protein kinase B (PKB/Akt) activation, but
promotes PKB/Akt activation when engaging Epacl [61].

4.1. sAC-cAMP-Epacl signaling as a novel mechanism to regulate
glycogen metabolism for autonomous energy homeostasis in cells

Glycogen, albeit often at a lower level than the specialized glycogen-
storing tissues (i.e. the liver and muscles), is also normally present in
non-specialized tissues or accumulates in some pathologic conditions (e.
g. brain [62,63], kidney [64], heart [65], adipose tissues [66,671,
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Fig. 2. Inhibition of soluble adenylyl cyclase promotes glycogenolysis in HepG2 cells.

(A) HepG2 cells were pre-incubated with 5.5 mM glucose for 1 h. After harvesting baseline samples, cells were incubated with medium without glucose in the
presence of 0.1 % DMSO (vehicle control), 50 pM LRE1 or 1 pM forskolin for another hour and then harvested for glycogen determination. Data were expressed as %
of the baseline value (154 + 21 nmol glucosyl unit per mg protein, n = 6) and mean + SD. (B) HepG2 cells were treated exactly as described under (A) and the lactate
concentration in the medium was determined in samples taken after 60 min of incubation. Data represent mean =+ SD of triplicate samples. Results shown are
representative of 2 independent experiments. (C) HepG2 cells were pre-incubated with 5.5 mM glucose for 1 h. After harvesting baseline samples, cells were refreshed
with medium + 5.5 mM glucose + 50 pM LRE1 for another hour and then harvested for glycogen determination. Data were expressed as % of the baseline value (231
=+ 22 nmol glucosyl unit per mg protein, n = 3) and mean + SD. (D) HepG2 cells were pre-incubated with 5.5 mM glucose for 1 h. After harvesting the baseline
samples, cells were exposed to media without glucose in the presence of 0.1 % DMSO, 50 yM LRE1, or 50 pM LRE1 + 100 pM CP-91149. Glycogen content was
determined after 30 and 60 min of incubation. Data are expressed as % of the baseline value (119 + 2 nmol glucosyl unit per mg protein, n = 4) and mean + SD. (E)
HepG2 cells were acutely transduced with lentiviruses carrying the control short hairpin (SHC) or sAC knockdown short hairpin constructs (SACKD #128, #1280,
#1388). The efficiency of sAC knockdown was evaluated by immunoblotting. Data represent two independent lentiviral transductions. (F) HepG2 cells were acutely
transduced with lentivirus carrying the control short hairpin (SHC) or the sACKD short hairpin #1388. Two days after lentiviral transduction, medium lactate-to-
pyruvate ratios were determined in the presence of 5.5 mM glucose. Data from three independent experiments are expressed as mean + SD. (G-H) HepG2 cells
were transduced with lentiviruses carrying the control short hairpin (SHC) or the sACKD hairpin #1388. Cells were pre-incubated with 5.5 mM glucose for 1 h and
the medium was acutely switched to the glucose-free medium in the presence and absence of 30 pM CP-91149 for 1 h to determine glycogen breakdown. The
reduction of glycogen levels in cells (G) and the secretion of L-lactate (H) was normalized to protein content. Data from three independent experiments are expressed
as mean =+ SD. Statistical analysis: (A-B) One-way ANOVA with Tukey's multiple comparisons test. (C-D) Two-way ANOVA with $idak's multiple comparisons test. (E)

Two-tailed unpaired Student's t-test. (G-H) Two-way ANOVA with Tukey's multiple comparisons test.

P < 0.001; **, P < 0.002; *, P < 0.033.

macrophages [68], and tumor cells of various tissue origins [48]). The
glycogen store in the non-specialized tissues likely supports certain
tissue-specific functions. For instance, the glycogen store of astrocytes
can serve as an emergency energy source for neurons in the brain and is
critical for learning and memory [69,70]. Although also equipped with
the enzymatic machinery for glycogen metabolism (e.g. glycogen
phosphorylase and glycogen synthase), non-specialized tissues in gen-
eral do not express the GPCRs (e.g. glucagon receptor) necessary to
engage the canonical glucagon regulation by the tmAC-cAMP-PKA
signaling. This implies that other mechanisms exist in these cells to
regulate the metabolism of glycogen. Our present study shows that sAC
regulates glycogenolysis via a novel sAC-cAMP-Epacl signaling
pathway that suppresses glycogen breakdown in cells of both specialized
and non-specialized tissue origins, including liver, kidney, breast, and
intestines. Because sAC is not regulated by GPCR or G proteins, is
expressed in most tissues, and functions as an evolutionarily conserved
metabolic sensor for ATP (due to high Ky, for ATP) and Krebs cycle ac-
tivity (via bicarbonate, derived from CO5 of Krebs cycle) [6,11,13], the
sAC-cAMP-Epacl signaling likely represents a regulatory mechanism to
use glycogen stores to maintain autonomous energy homeostasis in cells.
Under well-fed conditions, sufficient ATP and Krebs cycle activity is
sensed by sAC and the sAC-cAMP-Epacl signaling prevents unnecessary
breakdown of glycogen. On the other hand, when cells are starved of
nutrients or oxygen, low cellular ATP or Krebs cycle activity decreases
sAC activity, leading to enhanced glycogen breakdown for ATP gener-
ation. Importantly, we found that under glucose starvation, sAC inhi-
bition did not reduce FCCP-uncoupled, indicating that the transient OCR
suppression is a secondary response to an increased ATP production
from glycogen breakdown and glycolysis (Figs. 1 and S2). The regulation
of glycogen breakdown in glucose-starved conditions (this study) and
the regulation of the switch between glycolysis and oxidative phos-
phorylation in glucose-sufficient conditions [19] by sAC-cAMP-Epacl
signaling together support that sAC is a metabolic sensor and regu-
lator of autonomous energy homeostasis in cells.

4.2. How sAC-cAMP-Epacl signaling regulates glycogen breakdown

In this study, we showed that suppression of SAC-cAMP-Epac1 leads
to Ser-15 phosphorylation of the liver-form glycogen phosphorylase
(PYGL) as a mechanism of glycogen breakdown (Fig. 7). The Ser-15
residue of PYGL is the primary phosphorylation site of phosphorylase
kinase and is present in all three mammalian glycogen phosphorylase
isoforms: the liver-form (encoded by PYGL), the muscle form (encoded
by PYGM), and the brain-form (encoded by PYGB). Expression data from
the Human Protein Atlas showed that the cell lines used in this study
(HepG2, Caco-2, HEK293, and HelLa) express both the liver-form and the
brain-form glycogen phosphorylase, but not the muscle-form

phosphorylase (Supplementary Fig. S5A) [71]. However, because the
activity of the muscle-form and the brain-form glycogen phosphorylases
is also increased upon Ser-15 phosphorylation by phosphorylase kinase,
sAC-cAMP-Epacl signaling is also expected to regulate the glycogen
metabolism in tissues expressing the muscle-form or the brain-form
glycogen phosphorylases. Ser-15 phosphorylation of glycogen phos-
phorylases is regulated by the cyclic cascade of phosphorylase kinase
and phosphoprotein phosphatase 1 (PP-1). In HepG2 cells, when
inhibiting PP-1 with okadaic acid, we did not observe any ECAR tran-
sient as seen with sAC or Epacl inhibition (data not shown), indicating
that sAC-cAMP-Epacl signaling does not increase Ser-15 phosphoryla-
tion of glycogen phosphorylase via inhibition of PP-1. Therefore, sup-
pression of sAC-cAMP-Epacl signaling most likely leads to activation of
phosphorylase kinase.

How Epacl inhibition leads to activation of phosphorylase kinase
would require further studies and we can only speculate the possible
mechanism here. Phosphorylase kinase is a 1300 kDa oligomer
(0t4P4y404) made from four different subunits and operates by the
“disinhibition-activation mechanism” [72]. The y-subunit of phosphor-
ylase kinase is the catalytic subunit and is inherently active. The a-, -,
and d-subunits are regulatory subunits and suppress the activity of
y-subunit in the oligomerized state. The &-subunit is identical to
calmodulin. The expression levels of individual subunits in cell lines
used in this study and reference cell types are summarized in Supple-
mentary Fig. S5B-S5E. Epacl has been shown to form a complex with
and activate calmodulin-dependent protein kinases (CaMKII) in mito-
chondria [73,74] and at the plasma membrane [75]. It is unknown if
Rapl activation by Epacl is required for forming the Epacl-CaMKII
complex, but indirect evidence suggests that Rapl interacts with
calmodulin [76]. Importantly, both genetic and pharmacological sup-
pression of CaMKII leads to increased cytosolic free [Ca®*], which can
activate phosphorylase kinase [77,78]. Moreover, on sarcoplasmic re-
ticulum, CaMKII was reported to assemble a glycolytic enzyme complex
consisting of phosphorylase kinase, aldolase A, glyceraldhyde-3-
phosphate dehydrogenase, enolase, pyruvate kinase, and lactate dehy-
drogenase [79]. Based on the interactions between Epacl, CaMKII and
phosphorylase kinase, we speculate that the suppression of sAC-cAMP-
Epacl signaling could inhibit CaMKII and increase basal free [Ca®*] in
the cytosol to activate phosphorylase kinase via its &-subunits
(calmodulin). This would constitute a mechanism that operates inde-
pendently of the tmAC-cAMP-PKA signaling, which activate the phos-
phorylase kinase by phosphorylating the o- and p-subunits.

Another possible mechanism for Epacl signaling to regulate
glycogen metabolism is through Rapl-dependent activation of mTOR
(mammalian target of rapamycin) complex 1 (mTORC1) [80,81]. In
tuberous sclerosis complex (TSC), loss-of-function mutations in TSC1 or
TSC2 cause hyperactivation of mTORC1, which causes pathologic
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Fig. 3. Effects of sAC inhibition on glycogen levels in primary mouse hepatocytes and H69 cholangiocytes.

(A) Primary mouse hepatocytes were incubated in the presence of 5.5 mM glucose for 4 h with 50 pM LRE1 or 0.1 % DMSO (vehicle control). Glycogen content was
determined and normalized to protein content. Data are expressed as % of the vehicle control value (132 + 6 nmol glucosyl unit per mg protein, n = 3) and mean +
SD of triplicate determinations. (B) Primary mouse hepatocytes were acutely starved of glucose in the presence or absence of 50 pM LRE1 and 100 pM CP-91149 for
1.5 h. Glycogen content was determined and normalized to protein content. Data are expressed as % of the baseline value (224 + 16 nmol glucosyl unit per mg
protein, n = 3) and mean =+ SD. (C) H69 cholangiocytes were preincubated with 5.5 mM glucose for 1 h. After harvesting baseline samples, cells were incubated with
medium + 5.5 mM glucose + 50 pM LRE1 for 30 min and then harvested for glycogen determination Data are expressed as % of the baseline value (52 + 3 nmol
glucosyl unit per mg protein, n = 3) and mean =+ SD. (D) H69 cholangiocytes were pre-incubated with 5.5 mM glucose for 1 h. After harvesting baseline samples, the
incubations were continued in the presence of 0.1 % DMSO (vehicle control), 50 pM LRE1, or 1 pM forskolin for 1 h. Glycogen content was determined and
normalized to protein content. Data are expressed as % of the baseline value (213 + 8 nmol glucosyl unit per mg protein, n = 3) and mean + SD. All data are
representative of 2-3 independent experiments. Statistical analysis: (A) Two-tailed unpaired Student's t-test (B) Two-way ANOVA with Dunnett's multiple com-
parisons test. (C) Two-way ANOVA with Siddk's multiple comparisons test. (D) One-way ANOVA with Siddk's multiple comparisons test. ***, P < 0.001; **, P <

0.002; *, P < 0.033; ns, not significant.

glycogen accumulation in tissues [82,83]. It is therefore possible that
under nutrient-sufficient conditions, SAC-cAMP-Epacl-Rapl signaling
can maintain the glycogen store via mTORC1 activity.

4.3. Secondary mechanisms in sAC-cAMP-Epac1-mediated glycogen
regulation

The activity of phosphorylase kinase is highly pH-dependent, with
the activity at pH 8.2 being 14- to 25-fold higher than at pH 6.8 [84,85].
Therefore, the ECAR transient (i.e. transient increase in proton efflux)
can in theory cause a reciprocal intracellular alkalinization to stimulate
phosphorylase kinase activity and glycogen breakdown. The increased
glycolytic flux from glycogen breakdown can lead to further extracel-
lular acidification and reciprocal intracellular alkalinization, forming a
positive feedback loop to drive further glycogen breakdown. Consis-
tently, we observed that the kinetics of Ser-15 phosphorylation of

glycogen phosphorylase upon suppression of SAC-cAMP-Epac1 signaling
(Fig. 6) lags behind the kinetics of the ECAR transient (Figs. 1 and 4).
Phosphorylase kinase is allosterically stimulated by ADP [86] and
glycogen phosphorylase is allosterically activated by AMP [58]. sAC-
cAMP signaling has been shown by us and others to regulate Complex
I and complex IV of the mitochondrial electron transport chain by PKA
or Epacl [13,19,46,51]. Therefore, a decrease in sAC activity can also
regulate glycogen metabolism via secondary changes in the adenylate
nucleotides. Although we did not observed changes in total ATP pro-
duction rates and adenylate energy charges by sAC inhibition (Fig. S2),
sAC inhibition did however increase AMPK activity as shown by
increased ACC phosphorylation (Fig. S4). Therefore, acute sAC inhibi-
tion likely caused a transient elevation of cytosolic [ADP]/[ATP] and
[AMP]/[ATP] ratios, which, although rapidly rectified, might be suffi-
cient to allosterically activate AMPK, phosphorylase kinase and
glycogen phosphorylase. Similarly, Jakobsen et al. also reported
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Fig. 4. sAC-derived and tmAC-derived cAMP engage different cCAMP effectors to regulate glycogen breakdown.

(A) HepG2 cells were pre-incubated for 1 h in HBSS for ambient air with 125 uM octanoate and then the extracellular acidification rate (ECAR) was measured with
the Seahorse Flux Analyzer XF96. After the baseline measurement, 0.1 % DMSO (vehicle control, n = 6), 50 uM (R)-CE3F4 (n = 6), 10 pM ESI-05 (n = 4) or 10 pM
H89 (n = 5) was injected, followed by oligomycin A (OA), carbonyl cyanide-p-trifluoromethoxy-phenyl hydrazone (FCCP), and antimycin A (AA) and rotenone (Rot).
Data are presented as mean + SD. (B-C) HepG2 cells (B) and H69 cholangiocytes (C) were acutely incubated in glucose-free medium for 60 min in the presence of 0.1
% DMSO (vehicle control), 50 pM (R)-CE3F4, 10 uM ESI-05, or 10 uM H89. HepG2 cells were also treated with 100 pM dibutyryl-cAMP (db-cAMP) as positive control.
Glycogen content was determined and normalized to protein content. Data are expressed as % of the baseline value (HepG2: 71 + 3 nmol glucosyl unit per mg
protein, n = 4. H69: 130 + 13 nmol glucosyl unit per mg protein, n = 4) and mean + SD. (D-E) HepG2 cells (D) and H69 cholangiocytes (E) were incubated in the
experimental medium containing 5.5 mM glucose for 1 h in the presence of 0.1 % DMSO (vehicle control), 50 uM (R)-CE3F4, 10 pM ESI-05, or 10 pM H89. HepG2
cells were also treated with 100 pM dibutyryl-cAMP (db-cAMP) as positive control. Glycogen content was determined and normalized to protein content. Data are
expressed as % of the baseline value (HepG2: 74 + 2 nmol glucosyl unit per mg protein, n = 4. H69: 147 + 9 nmol glucosyl unit per mg protein, n = 4) and mean +
SD. All data are representative of 2-3 independent experiments. Statistical analysis: (A) The maximal effects of DMSO, (R)-CE4F4, ESI-05, H89 on ECAR were
calculated as the differences of the ECAR values of the cycles before and after compound injection. Two-tailed unpaired Student's t-test. (B-E) One-way ANOVA with
the Dunnett's multiple comparisons test (compared to DMSO). ***, P < 0.001; **, P < 0.002; *, P < 0.033; ns, not significant.

10



P.F.V. Bizerra et al. BBA - Molecular Cell Research 1871 (2024) 119585

A
Glucose-fed HepG2 DMISO LR|E1 Rotefione
0
4007 -0~ 0.1% DMSO — _% °
°
_ DMSO -0- 50 UM LRET1 3 20 ;,io
£ 300 r[ LRE1 -e- 15 nM rotenone [
£ Rotenone g .40
) L
'S 200+ x -60-
: g +
& 2 -80— et oo
100+
o ¥ Kok ok
© 100 ns
0 : : : : ) = *%
0 15 30 45 60 75 -120-
Time (minutes)
B
Octanoate-fed HepG2 25— *
30+ -©- 0.1% DMSO
DMSO -0~ 50 uM LRE1 20 * %k * %k %k
= LRE ~©- 15 nM Rotenone 14 15
E 204 Rotenone g T
I ] oo
g q 10 .J;
z .
< 104 <E’§ 5 &
“ 0 of=0 F::I
ok
0 - - : : ,
0 18 30 45 60 75 -5~ DMSO LRE1 Rotenone
Time (minutes)
C D
Octanoate-fed HepG2 Octanoate-fed HepG2
15 min incubation 15 min incubation
400 ns 80 ns
c _ c
.‘g = *kk % 5 60 *
o 2 300 T g
%) e © = n
g a S 8
9 @ 200- S & 40 T .
O £ c T
e Q S
§= 85 | o |=m
Q O o~ .
()] £ 100 g‘e_, 20 ﬁ
| c =
-l = o
0- 0 T T
N ) N ]
& & & & & &
Q v O\'eo Q v 6\0
23 &

Fig. 5. sAC regulates glycogen breakdown independently of complex I inhibition.

(A) HepG2 cells were pre-incubated in HBSS for ambient air in the presence of 5.5 mM glucose for 30 min and then the oxygen consumption rate (OCR) was measured
with the Seahorse Flux Analyzer XF96. After baseline measurement, 0.1 % DMSO (vehicle control, n = 8), 50 pM LRE1 (n = 5) or 15 nM rotenone (n = 6) was
injected. (B) HepG2 cells were pre-incubated in HBSS for ambient air in the presence of 125 pM octanoate for 30 min and then the oxygen consumption rate (ECAR)
was measured with the Seahorse Flux Analyzer XF96. After baseline measurement, 0.1 % DMSO (vehicle control, n = 6), 50 pM LRE1 (n = 6) or 15 nM rotenone (n =
6) was injected. (C-D) HepG2 cells were pre-incubated in glucose-free HBSS with 125 pM octanoate for 30 min and then the medium was replaced by the same
incubation medium containing 0.1 % DMSO (vehicle control), 50 pM LRE1 or 15 nM rotenone. After 15 min of incubation, samples were taken from the extracellular
medium to determine lactate release (C) and cell lysates were prepared to determine cellular glycogen levels (D). Data are presented as mean + SD of quadruplicate
determination. Statistical analysis: (A-B) The maximal effects of the treatment on coupled OCR or ECAR were calculated as the differences of the OCR or ECAR values
of the cycles before and after compound injection. Two-tailed unpaired Student's t-test. (C) One-way ANOVA with Tukey's multiple comparisons test. (D) ***, P <
0.001; **, P < 0.002; *, P < 0.033; ns, not significant.

11



P.F.V. Bizerra et al.

BBA - Molecular Cell Research 1871 (2024) 119585

A B
HepG2 HepG2
t=0 t=5 t=15 t=30" t=30"
N
c £ g & s £ s
S 9] S o S 9] 2 & 8 g
23 %82 gt 83 ? ¢ I
2 € 5 8 3 = ¢ 2 2 = 5 8
— 100kD — 100 kD
p-PYGL - [ —— e ———-— - = p-PYGL g -
(Ser-15) (Ser-15) 50
—75kD - - e o
ook — 100 kD
Total - — Total
PYGL — —~—— -— ———-~~ PYGL — —— v —
—75kD —75kD
p-PYGL/total PYGL p-PYGL/total PYGL
ratio 1.13 0.87 0.56 0.77 1.13 0.54|1.06 1.30 1.87 1.05{1.71 2.52 3.66 1.48 ratio 2.07 4.80 1.37 2.74 |1.00
C D
H69 cholangiocytes H69 cholangiocytes
t=5 t=15 t=30’ t=5 t=15 t=30"
c c c ¥ a T a S o
35 35 5 ® S o s m S
2z33$28gz%8g % 283383343
2 % 2 85 28 535 8 2 = 3 Z = 258 = 3
—100kD
p-PYGL — S — p-PYGL . b — | —100kD
(Ser-15) —75kD (Ser-15) —75kD
Total —100kD Total —100kD
| D D S e e N e Nt
PYGL —75kD PYGL —75kD

p-PYGL/total PYGL

ratio 1.00 1.91 351 103 301 4.84 232 3.97 541

p-PYGL/total PYGL

ratio 1.00 2.51 1.10 0.85 3.42 1.76 | 3.32 4.65 4.02

Fig. 6. Inhibition of SAC-cAMP-Epac]l signaling leads to activation of glycogen phosphorylase.

(A) HepG2 cells were incubated in serum-free DMEM containing 5.5 mM glucose for 1 h. Cells were then treated with 0.1 % DMSO (vehicle control), 50 pM LRE1, 1
pM forskolin, or 15 nM rotenone for 5, 15, and 30 min. Phosphorylation of Ser-15 of liver form glycogen phosphorylase (PYGL) was examined in cell lysates by
immunoblotting. (B) HepG2 cells were incubated as in (A) but treated with 50 pM (R)-CE3F4, 10 uM ESI-05, or 100 pM db-cAMP for 30 min. Phosphorylation of Ser-
15 of liver form glycogen phosphorylase (PYGL) was examined by immunoblotting. (C) H69 cholangiocytes were incubated under the same conditions as described in
(A) and then challenged with 0.1 % DMSO (vehicle control), 50 pM LRE1 or 1 uM forskolin for the time periods indicated. Phosphorylation of PYGL was determined
in cell lysates. (D) H69 cholangiocytes were incubated as described in (C) and then treated with 0.1 % DMSO (vehicle control), 50 pM (R)-CE3F4, or 100 pM db-cAMP
for 30 min. Phosphorylated PYGL (p-PYGL) and total PYGL signals were quantified by densitometry and the p-PYGL/total PYGL ratio were calculated and normalized
to the baseline (t = 0) sample(s) (A and B) or the DMSO control at t = 5' (C and D). Results shown are representative of 2-3 independent experiments.

increased AMPK activity and concomitant glycogen breakdown in mu-
rine astrocytes following acute sAC inhibition [36].

4.4. Role of AMPK in sAC-cAMP-Epac1-dependent regulation of glycogen
breakdown

The exact contribution of AMPK activation to glycogen breakdown
by sAC inhibition would depend on the availability of extracellular
glucose and the downstream effectors of AMPK in individual cell types.
AMPK has been shown to phosphorylate glycogen synthase at the Ser-7
residue, which suppresses glycogen synthase activity by increasing its
Ky, for UDP-glucose (the substrate) and glucose-6-phosphate (G6P, an
allosteric activator) [56,57]. It should be noted however that the same
Ser-7 site is also phosphorylated by PKA, phosphorylase kinase, and
glycogen synthase kinase 3 [56,87]. On the other hand, phospho-peptide
analysis revealed no stoichiometric phosphorylation of glycogen phos-
phorylase by AMPK [56]. In the absence of extracellular glucose
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(Fig. 7A), glycogen synthase is essentially inactive due to very low levels
of intracellular UDP-glucose and glucose-6-phosphate. Therefore,
although AMPK-dependent phosphorylation of glycogen synthase can
further suppress glycogen synthase activity, the added effect is likely
limited. Consistently, In HepG2 cells, activation of AMPK by rotenone
treatment also did not result in increased Ser-15 phosphorylation of
PYGL and induced a much smaller glycogen degradation compared to
sAC or Epacl inhibition (Figs. S4, 5 and 6A). Taken together, AMPK
activation is unlikely to be a primary mechanism of glycogen breakdown
induced by sAC or Epacl inhibition in the absence of glucose.

In the presence of extracellular glucose (Fig. 7B), glycogen synthase
activity is high and AMPK activation can indeed lower glycogen syn-
thase activity by phosphorylation; if phosphorylase is also activated at
the same time, AMPK can potentiate net glycogen breakdown by
reducing the “recycling” of glucose-1-phosphate derived from glyco-
genolysis. However, AMPK activation also increases glucose transporter
1 (GLUT1) levels at the plasma membrane to facilitate glucose uptake
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Fig. 7. Working models of how sAC regulates glycogen metabolism.

Binding of epinephrine or glucagon to their cognate G-protein-coupled receptors at the plasma membrane (not shown) releases the a-subunit (G,) of the hetero-
trimeric G-protein, which activates the transmembrane adenylyl cyclases (tmACs). The canonical tmAC-cAMP-PKA signaling leads to glycogen breakdown by a
phosphorylation cascade that activates phosphorylase kinase (PhK) and glycogen phosphorylase (PYGL, pSer'®). In contrast, soluble adenylyl cyclase (sAC) activity is
not regulated by G-proteins, but is maintained by bicarbonate, Ca?*, and ATP. The novel SAC-cAMP-Epacl signaling operates oppositely to the tmAC-cAMP-PKA
signaling and suppresses glycogen breakdown. (A) In the absence of glucose, inhibition of the sAC-cAMP-Epacl signaling leads to activation of glycogen phos-
phorylase by Ser-15 phosphorylation, resulting in glycogen breakdown. Note that the inhibition of SAC-cAMP-Epacl signaling also activates AMP-activated protein
kinase (AMPK) due to suppression of complex I activity in mitochondria. AMPK can phosphorylate glycogen synthase (GS) at the Ser-7 residue to reduce GS activity,
although the GS activity is already low due to low levels of glucose-6-phosphate (G6P) and UDP-glucose in the absence of glucose. (B) In the presence of glucose,
inhibition of sAC-cAMP-Epacl signaling also leads to increased PYGL activity and reduced GS activity. However, the activation of AMPK can increase glucose influx
by increasing glucose transporter 1 (GLUT1) at the plasma membrane; the resulting rise in G6P and UDP-glucose levels can counteract GS inhibition by Ser-7
phosphorylation to prevent glycogen depletion. In the presence of glucose, the effect of SAC-cAMP-Epacl inhibition on the steady state glycogen level depends
on the balance of the overall activity of glycogen breakdown and synthesis. The models presented in 7A and 7B represent two extremes of glucose availability in
pathophysiology. Abbreviation: PM, plasma membrane; OMM, outer mitochondrial membrane; IMS, intermembrane space of mitochondria; IMM, inner mito-
chondrial membrane; OxPhos, oxidative phosphorylation; PKA, protein kinase A; Epacl, exchange factor directly activated by cAMP 1; MCT, monocarboxylate
transporter.

[88,89]. Thus, depending on the glucose influx and the resulting in- From the viewpoint of autonomous cellular metabolism, the cellular
crease in intracellular G6P and UDP-glucose levels, allosteric activation levels of ATP, bicarbonate (an index of Krebs cycle activity), and local
and high substrate availability could overcome the covalent suppression [Ca?"] feed back to the sAC-cAMP-Epacl signaling to prevent unnec-
of Ser-7 phosphorylation, which does not affect the V¢ of glycogen essary glycogenolysis and wasteful lactate secretion during glucose
synthase [57]. Indeed, pharmacological AMPK activation and constitu- starvation and, in some cell types, also in the presence of glucose. Our
tive AMPK activation due to mutations in PRKAG2 both increase muscle data strongly underscore the versatility of cAMP signaling and the
glycogen levels in vivo and ex vivo [90-93]. Thus, in the presence of concept of signaling microdomains, where adenylyl cyclases, cAMP-
glucose, the balance of AMPK-dependent suppression of glycogen syn- degrading phosphodiesterases, cAMP effectors, and downstream tar-
thase, AMPK-induced glucose uptake via GLUT1, and the expression gets together maintain the spatial and functional specificity of different

level of glycogen synthase decides the glycogen synthesis rate, which cAMP signaling within a cell [7,20].
counteracts the increased glycogen breakdown rate induced by inhib-

iting sAC. The differences in glycogen synthesis rates likely explain why, 5. Conclusions

in the presence of glucose, sAC inhibition remained effective in reducing

the glycogen level in H69 cholangiocytes (Fig. 3C) but had a much Our study shows that, in a variety of cell types, cAMP generated by
smaller effect on HepG2 cells (Fig. 2C). soluble adenylyl cyclase in the cytosol signals via the cAMP effector

Epacl to suppresses glycogen breakdown while cAMP generated by the
transmembrane adenylyl cyclases located at the plasma membrane sig-

4.5. sAC-cAMP-Epacl signaling as a potential therapeutic target to nals via the cAMP effector PKA to promote glycogen breakdown. Our
reverse pathologic glycogen accumulation data highlight the importance of cAMP microdomain organization for
distinct metabolic regulation and establish sAC as a novel regulator of

Pathologic glycogen accumulation impairs cellular and organ func- glycogen metabolism.

tions and is responsible for key disease manifestations in several genetic

and hereditary diseases. In glycogen storage disease, pathological CRediT authorship contribution statement

glycogen accumulation can occur in liver, skeletal muscle, and cardiac

muscle, leukocytes, and fibroblasts, depending on the underlying ge- Paulo F.V. Bizerra: Investigation, Formal analysis, Validation,

netic mutation [94,95]. In Lafora disease, loss-of-function mutations of Visualization, Writing - review & editing, Funding acquisition. Eduardo
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