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1 Abbreviations

ACC acetyl-CoA carboxylase

ADP adenosine di-phosphate

AlS auto-inhibitory sequence

AMPK AMP-activated protein kinase

ATP adenosine tri-phosphate

CAMKK?2 calmodulin kinase kinase 2

cAMP 3'-5'-cyclic adenosine monophosphate
COX cytochrome c oxidase

CREB cAMP response element binding protein
DRP1 dynamin-like protein 1

EPAC exchange protein activated by cAMP
ERR estrogen-related receptor

ETC electron transport chain

FRET foster resonance energy transfer

IMS inter-membrane space

LKB1 liver kinase B1

MELAS mitochondrial encephalomyopathy

MFF mitochondrial fission factor

NTPase nucleoside triphosphatase

OMM outer mitochondrial membrane
OXPHOS oxidative phosphorylation

PDE phosphodiesterase

PGCla peroxisome proliferator-activated receptor-y co-activator la
PKA protein kinase A

PKC protein kinase C

PP protein phosphatase

PPAR peroxisome proliferator-activated receptor
ROS reactive oxygen cycle

sAC soluble adenylyl cyclase




TCA

tricarboxylic acid cycle

TFAM mitochondrial transcription factor A
tmAC transmembrane adenylyl cyclase
ULK1 unc-51 like kinase 1




2 Introduction

Metabolic diseases, such as diabetes and obesity, are commonly associated with
cardiovascular disorders. Numerous modern therapeutic interventions to treat metabolic
diseases are directed towards modulation of the activity of AMP-activated protein kinase
(AMPK) (Yamauchi et al., 2002, Fryer et al., 2002, Hawley et al., 2002, Zhou et al., 2001), a key
energy sensor maintaining the energy balance within the cells. Thus, a thorough investigation
of AMPK function regulation, its upstream signaling and its downstream targets is important

to improve the outcome of the therapies based on the AMPK activity modulation.

2.1 Structure of AMPK and regulation of its activity

2.1.1 Structure of AMPK

AMPK is a heterotrimeric complex made up of one catalytic a-subunit and two regulatory
subunits, B and y. In humans, there are two subunits of a (a1 and a2) and B (81 and 32) and
three y subunits (y1, y2 and y3) (Stapleton et al., 1996, Thornton et al., 1998, Cheung et al.,
2000). Each AMPK complex is made up of at least one of each a, B and y-subunits with all
possible combinations, thus potentially forming 12 distinct AMPK complexes (Ross et al.,

2016b) (Fig. A).

The a-subunit possesses a highly conserved Ser/Thr kinase domain near the N-terminus in the
activation loop and an important amino acid residue, Thr172, which can be phosphorylated
by an upstream kinase (Hawley et al.,, 1996). In addition to regulation through
phosphorylation, AMPKa-subunit activity can also be self-regulated by the auto-inhibitory
sequence (AIS) located at the C-terminal of the a-subunit (Fig. A). In overexpression studies,
AlS-null AMPK demonstrated more than 10-fold increase in the activity as compared to wild-
type AMPK (Crute et al., 1998, Pang et al., 2007). The B-subunit of AMPK does not have any
catalytic activity. The B-subunit interacts with a- and y-subunits and acts as a scaffold in
assembling heterotrimeric complex of AMPK. In addition, B-subunit contains a carbohydrate-
binding domain that allows AMPK to interact with glycogen (Hudson et al., 2003). Such
association of AMPK with glycogen inhibits its activity (McBride et al., 2009). Recently, it has
been suggested that myristoylation of B-subunit is important for the membrane association

and activation of AMPK (Oakhill et al., 2010a).



The y-subunit contains four tandem cystathionine B-synthase (CBS) domains that enable
AMPK to respond to changes in the ratio of ATP to AMP (Xiao et al., 2007). Binding of AMP
and ADP to the y-subunit promotes AMPK activity (Hardie et al., 2011, Gowans et al., 2013,
Ross et al., 2016a) (Fig. A).

AMPK inactive state AMPK active state

LKB1
autoinhibitory CAMKK2
region

CBS domain

(— /
Downstream
targets

B a-B binding B-y binding B
domain domain

Fig. A. AMPK structure and activation.

Schematic representation of the AMPK structure showing the a-, B- and y-subunits and their
respective domains. The B-subunit acts like a platform to which the a- and y-subunits anchor
by binding to the conserved domains. The upstream kinases, such as LKB1 and CAMKK2,
phosphorylate AMPKa-subunit at Thr172. Allosteric activation happens by binding of AMP to
the CBS domains in y-subunit. The figure is modified from Ignoul and Eggermont (2005).

2.1.2 Regulation of AMPK activity

The two main mechanisms increasing AMPK activity are (i) phosphorylation at Thr172 in the
catalytic a-subunit by the upstream kinases and (ii) an increase in the ratio of AMP to ATP
reflecting energy demand (Fig. A). Two main kinases have been found to phosphorylate AMPK
at Thr172, i.e., the tumor-suppressor liver kinase B1 (LKB1) and the calcium-sensitive
calmodulin kinase kinase 2 (CAMKK2) (Hawley et al., 2003, Woods et al., 2003, Shaw et al.,
2004, Hurley et al., 2005, Hawley et al., 2005). Unlike AMPK, the activity of LKB1 is not
dependent on phosphorylation of its activation loop (Oakhill et al., 2010b). However, LKB1
requires binding of the scaffold protein, mouse protein 25a (MO25a) (Oakhill et al., 2010a)
and stabilization protein, Ste20-related adaptor (STRAD) (Oakhill et al., 2010a, Baas et al.,
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2003) for its activity. Together, they form a trimeric LKB1-STRAD-MO25a complex that is
constitutively active and has been shown to mediate AMPK Thr172 phosphorylation.
CAMKK2 can directly phosphorylate AMPK on Thrl72 in response to the cellular calcium
elevation (Hurley et al., 2005, Hawley et al., 2005, Woods et al., 2005), thus providing a
connection between calcium signaling and regulation of energy metabolism by AMPK
(Marcelo et al., 2016). Upstream of CAMKK2, a cAMP-regulated guanine nucleotide exchange
factors (EPAC) plays an important role, where stimulation of EPAC leads to calcium release
from the endoplasmic reticulum by promoting Rap2—phospholipase C—inositol triphosphate
signaling (Schmidt et al., 2001). Increased calcium release, in turn, activated CAMKK2 and led
to the phosphorylation of AMPK at Thr172 (Park et al., 2012).

The second important mechanism of AMPK stimulation is the increase in the AMP/ATP or
ADP/ATP ratios, i.e., under energy imbalance. Indeed, most of the energy-demanding cellular
processes are driven by the hydrolysis of ATP to ADP or AMP leading to the increase in
AMP/ATP or ADP/ATP ratio. Hence cells can sense their energy state by monitoring the
changes in AMP/ATP and ADP/ATP ratios. Binding of AMP, and also ADP with less affinity than
AMP, to AMPK at the CBS domain of the y-subunit enhances its activity possibly by two
mechanisms. First, by an allosteric mechanism, i.e., a conformational change in the structure,
allowing better binding of upstream kinases to AMPK (Hawley et al., 2003). Second, AMP
binding to AMPK protects AMPK from phosphatases by the allosteric mechanism and,
thereby, inhibits dephosphorylation at Thr172 (Davies et al., 1995b).

Mitochondrial inhibition and several physiological conditions, including exercise and nutrient
starvation, activate AMPK in vivo, most probably by increasing the ratio of AMP to ATP. Many
small-molecule activators of AMPK have been developed, which stimulate AMPK activity by
binding to the interface of the a- and B-subunits independent of the changes in AMP to ATP
ratio, like A769662, 991, PF739 and MK8722 (Cool et al., 2006, Xiao et al., 2013, Cokorinos et
al., 2017, Myers et al., 2017). AMP mimetic AICAR is one of the well-studied small molecules
as an allosteric activator of AMPK (Narkar et al., 2008). AICAR mimics the multiple effects of

AMP on AMPK causing an allosteric activation of AMPK.

In addition to the two main mechanisms that stimulate AMPK activity as described above,
TGF-B-activated kinase-1 (TAK1), an MAP kinase kinase kinase, has also been shown to

activate AMPK. Knockout of TAK1 in mouse embryonic fibroblasts led to poor AMPK activation
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in response to oligomycin or metformin treatments (Momcilovic et al., 2006). Another study
using cell-free assay has demonstrated that TAK1 directly phosphorylates AMPK at Thr172
(Xie et al., 2006).

Apart from AMPK activation, several kinases mediate the antagonizing effect on AMPK
activity. For example, protein kinase B has been shown to directly phosphorylate the a-
subunit of AMPK at Ser485 in rat heart preventing LKB1-mediated phosphorylation of AMPK
at Thr172 (Horman et al., 2006). Similar effects have been demonstrated in rat beta cell line
(INS-1) and mouse embryonic fibroblasts, where phosphorylation at Ser485 and subsequent
inhibition of AMPK activity were mediated by protein kinase A (PKA) (Hurley et al., 2006b).
Recently it has been shown in mouse embryonic fibroblasts and 293T cells that glycogen
synthase kinase 3 can phosphorylate the a-subunit of AMPK at Thr481 and Ser477, which
induces a structural change making Thr172 more accessible to protein phosphatases (PPs)
and hence promoting Thr172 dephosphorylation (Suzuki et al., 2013). Protein phosphatases
(PPs) also play an important role in regulating AMPK activity. Although the exact mechanisms
that modulate the action of PPs remain poorly understood, both PP2A and PP2C were shown
to dephosphorylate Thr172 on AMPK (Davies et al., 1995a, Kudo et al., 1996, Sanders et al.,
2007).

2.2 Role of AMPK in cell metabolism
Under metabolic stress, AMPK restores energy balance by inhibiting anabolism and by
promoting catabolism. Several biosynthetic pathways are inhibited by AMPK under conditions
of energy deficit. AMPK phosphorylates and inhibits acetyl-CoA carboxylases ACC1 and ACC2,
which are important for de novo lipid synthesis. In addition, AMPK inhibits de novo synthesis
of glucose (gluconeogenesis) by phosphorylating cyclic-AMP-regulated transcriptional co-
activator 2 (CRTC2) and class Il histone deacetylase (HDAC) and thereby promoting nuclear
exclusion of these proteins, which are important for the transcription of gluconeogenic genes
(Koo et al.,, 2005, Mihaylova et al., 2011). Processes involved in the hyperplasic or
hypertrophic cell growth are some of the important ATP consumers in the cells. Accordingly,
these processes are suppressed by AMPK via mTOR inhibition. By direct phosphorylation,
AMPK activates TSC2, the negative regulator of mTORC1 (Inoki et al., 2003), and inhibits
RAPTOR, a subunit of mMTORC1 needed for its activity (Gwinn et al., 2008). AMPK also directly
12



phosphorylates and activates eEF2K, a negative regulator of protein translation, and regulates
protein synthesis (Leprivier et al., 2013). Interestingly, eEF2K is a downstream target of the
mTOR pathway (Faller et al., 2015), in addition strengthening the several crosstalk and
connections between AMPK and mTOR signaling pathways controlling metabolism and cell
growth. Altogether, AMPK limits ATP consumption by inhibiting the processes of protein,

glucose and lipid synthesis during cellular energy stress.

For replenishing ATP stores, AMPK also actively pushes the cell to break down
macromolecules to generate energy. These processes include improved glucose uptake and
utilization, recycling of cellular macromolecules by autophagy and mobilization of lipid stores.
Indeed, AMPK enhances glucose uptake by phosphorylating TBC domain family member 1
(TBC1D1) that controls the translocation of glucose transporter GLUT4 and also thioredoxin-
interacting protein (TXNIP) that controls GLUT1 translocation in the cells (Wu et al., 2013,
Hardie, 2013). AMPK also affects the activity of a rate-limiting enzyme in glycolysis (PFK1) by
directly phosphorylating PFKFB3 (6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 3).
By doing this, AMPK increases the glycolytic flux under energy deprivation (Bando et al.,
2005). Apart from promoting glucose utilization, AMPK also stimulates the cells to use their
lipid stores. Particularly, AMPK stimulates the release of free fatty acids from triglyceride
stores by phosphorylating at Ser406 and inducing adipose triglyceride lipase (ATGL)
(Ahmadian et al., 2011). The released free fatty acids are then used for B-oxidation after being
imported into mitochondria. Interestingly, AMPK also controls the import of free fatty acids
into mitochondria. Mitochondria depend on carnitine palmitoyltransferase (CPT1) to import
free fatty acids and the activity of CPT1 can be potentially inhibited by malonyl-CoA generated
by ACC1 and ACC2. As mentioned earlier, AMPK phosphorylates and inhibits ACC and thereby
promotes the activity of CPT1 and mitochondrial import of free fatty acids (McGarry et al.,

1978, Saggerson, 2008).

2.3 Importance of AMPK in mitochondrial homeostasis
A mounting body of evidence details the necessity of AMPK in the regulation of several
aspects of mitochondrial life cycle (Fig. B). These aspects include control of mitochondrial

mass through stimulation of mitochondrial biogenesis, regulation of the shape of the
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mitochondrial network in cells and mitochondrial quality control through regulation of

mitochondrial clearance or mitophagy.

fusion

/‘ biogenesis

m &

AMPK @ \m‘itophagy

n'.‘. .
QFF) A ULK1
fission _/

Fig. B. AMPK regulates mitochondrial homeostasis.

AMPK regulates mitochondrial homeostasis at different steps by directly phosphorylating
several key players. AMPK phosphorylates mitochondrial fission factor (MFF) and promotes
mitochondrial fission, an important initial step in mitophagy, i.e., elimination of damaged
mitochondria via autophagy. AMPK phosphorylates ULK1, the upstream kinase involved in the
formation of autophagosome. To restore mitochondrial mass, AMPK also promotes
mitochondrial biogenesis by activating PGCla, which enhances the transcription of genes
required for mitochondrial biogenesis. Dotted arrows indicate direct phosphorylation by
AMPK. Image modified from Thornton (2017).

2.3.1 Role of AMPK in mitochondrial biogenesis

Mitochondrial biogenesis takes place to produce more ATP in response to increased cellular
energy expenditure. Growth and division of already existing mitochondria are the two
important processes in mitochondrial biogenesis. Growth is achieved by increasing the
mitochondrial mass via adding a new material to the already existing mitochondrial network.
In humans, mitochondrial DNA is just 16.6 kb in length with 37 genes encoding 13 proteins
and 24 RNAs. All these 13 proteins are involved in the formation of OXPHOS complexes

essential for mitochondrial respiration and ATP synthesis. Remaining mitochondrial
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membrane proteins and all matrix proteins (in total, >1000 proteins) are encoded by the

nuclear genome (Mishra and Chan, 2014).

One of the best studied experimental and physiological conditions that result in increased
mitochondrial mass is exercise. Muscle activity and exercise strongly promote mitochondrial
biogenesis pathways in order to increase the oxidative capacity of muscle fibers (Jornayvaz
and Shulman, 2010). Of importance, exercise strongly activates AMPK (Jornayvaz and
Shulman, 2010), thus, suggesting AMPK as a signaling link in the exercise-induced
mitochondrial biogenesis. In addition, upregulation of mitochondrial biogenesis in skeletal
muscle was observed when a constitutively active AMPKy3 subunit was overexpressed in mice
(Garcia-Roves et al., 2008). Another study observed that induction of mitochondria biogenesis
in muscles has been hindered in mice expressing a dominant-negative mutant of AMPK (loss-
of-function experiments) under energy stress (Zong et al., 2002). Similarly, defective
mitochondrial function and biogenesis was reported in mice having muscle-specific knockout
of AMPKa-subunits (Lantier et al., 2014). AMPK has also been shown to control mitochondrial
content in various cell and tissue types, including adipocytes (Mottillo et al., 2016), myoblasts
(Koka et al., 2014, Gerhart-Hines et al., 2011, Park et al., 2012), macrophages (Galic et al.,
2011) and hepatocytes (Hasenour et al., 2014). Taken together, these findings reiterate the

function of AMPK as a key regulator of mitochondrial biogenesis.

AMPK regulates mitochondrial biogenesis with the help of several downstream effectors.
Numerous nuclear-encoded mitochondrial proteins are under the transcriptional control of
the family of transcription factors called peroxisome proliferator-activated receptor y
coactivator 1 (PGC1) (Puigserver et al., 1998, Wu et al., 1999) (Fig. B). These transcription
factors establish their function with other transcription factors, like peroxisome proliferator-
activated receptors (PPARs) and estrogen-related receptors (ERRs) (Eichner and Giguére,
2011). Overexpression of PGCla in muscle is sufficient to promote mitochondrial biogenesis,
demonstrating PGCla as a master regulator of mitochondrial biogenesis (Lin et al., 2002). It
has been reported that expression of PGCla increased in response to the overexpression of
the constitutively active form AMPKy3 subunit (Garcia-Roves et al., 2008) and PGCla is
required to mediate the transcriptional upregulation of most of the genes involved in
oxidative phosphorylation upon AMPK activation (Jdger et al., 2007). PGCla gets activated
when phosphorylated on Ser538 and Thr177 by AMPK (Jager et al., 2007). In addition to
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phosphorylation, PGCla can be activated via deacetylation by NAD*-dependent deacetylase
sirtuin 1 (Park et al., 2012, Purushotham et al., 2009). AMPK supports NAD* synthesis, and
therefore Sirtl activity, by promoting the transcription of nicotinamide phosphoribosyl
transferase (Nampt), a rate-limiting enzyme in de novo NAD* synthesis (Brandauer et al.,

2013).

2.3.2 Role of AMPK in mitochondrial fission

Mitochondria build a dynamic, highly mobile and interconnected network by constantly
undergoing fusion and fission events (Mishra and Chan, 2016). Changes in mitochondrial
morphology have been linked to the changes in mitochondrial function and fate. Particularly,
it has been suggested that mitochondrial elongation or fusion improves ATP production under
stress conditions (Tondera et al., 2009). Also, such elongated form helps mitochondria to
exchange biomaterials and lipids molecules (Rambold et al., 2015) during nutrient starvation
and to evade mitophagy (Gomes et al., 2011, Rambold et al., 2011). Mitochondrial
fragmentation is also an important event in mitochondrial dynamics and is required for the
recycling of damaged mitochondria via mitophagy (Eiyama et al., 2013). Interestingly, insults
that induce mitochondrial fragmentation also potentially activate AMPK. For example,
inhibitors of the respiratory chain complex | (rotenone) and complex Il (antimycin A) readily
induced AMPK activation and mitochondrial fragmentation. By performing several
overexpression of dominant-negative AMPKa-subunit and AMPK knockout experiments, it
has been shown that AMPK is important for mitochondrial fragmentation (Toyama et al.,
2016). AMPK promotes mitochondrial fragmentation by phosphorylating MFF at Ser155 and
Ser173 residues (Toyama et al., 2016, Ducommun et al., 2015) (Fig. B). MFF is localized on the
mitochondrial outer membrane and acts as a key receptor of dynamin-like protein (DRP1),
which initiates mitochondrial fission by constricting mitochondria at the site of recruitment
(Otera et al., 2010). MFF needs to be phosphorylated at Ser155 and Ser173 in order to recruit
DRP1 and this phosphorylation of MFF requires AMPK activation (Toyama et al., 2016). Thus,
the shape of mitochondrial network, i.e., mitochondrial fission, is regulated by AMPK via

MFF-DRP1 axis.

2.3.3 Regulation of autophagy and mitophagy by AMPK
Autophagy is a process to recycle cellular components like organelles, macromolecules and

pathogens inside a specialized machinery called autophagolysosomes (Bento et al., 2016). The
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autophagy process is highly complex and controlled by several multiprotein complexes that
are involved right from the initiation to the completion of the autophagy. AMPK has been
reported to regulate several steps of this process. First, the AMPK-mediated inhibition of
mTOR activity liberates the autophagy initiating Unc-51 like kinase-1 (ULK1) from the mTOR-
mediated inhibitory phosphorylation (Kim et al., 2011b). Of note, ULK1 undergoes
phosphorylation by AMPK on at least four sites (Serd467, Ser555, Thr574 and Ser637) and,
thereby, initiation of autophagy (Egan et al., 2011, Kim et al., 2011a) (Fig. B). Of note, in ULK1-
knockout cells neither metabolic stress nor starvation failed to induce autophagy (Egan et al.,
2011). The study also reported the increased accumulation of defective mitochondria due to
lack of mitophagy in cells expressing mutated form of ULK1 that cannot be phosphorylated
by AMPK, showing the necessity of AMPK-mediated ULK1 phosphorylation in autophagy
(Egan et al., 2011).

While, autophagy generally denotes recycling and degradation of any unwanted cellular
constituents, mitophagy refers to the autophagy process that specifically involves
degradation of mitochondria. Dysregulation of mitophagy has been associated with
neurodegenerative diseases (Cha et al., 2015, Nah et al., 2015), improper heart development
(Gong et al.,, 2015) and aging (Sun et al.,, 2015). Several studies have also shown the
importance of AMPK and ULK1 in mitophagy (ltakura et al., 2012, Zhu et al., 2013, Honda et
al., 2014, Wu et al., 2014). Particularly, the importance of mitophagy mediated by AMPK was
reported in several contexts like during fasting and aging in muscles (Bujak et al., 2015), for
browning of adipose tissue (Mottillo et al., 2016), for prevention of hepatosteatosis in
hepatocytes (Inokuchi-Shimizu et al., 2014) and for promoting antimicrobial defense in
macrophages (Yang et al., 2014). For an efficient mitophagy, mitochondrial fission is an
essential initial step (Shirihai et al., 2015, Twig et al., 2008, Pryde et al., 2016), and studies
report AMPK to be one of the important players in promoting mitochondrial fission (detailed
in Section 1.3.2). Using fibroblasts isolated from mitochondrial encephalomyopathy (MELAS)
patients, Garrido-Maraver et al. (2015) have reported that the deleterious effect of increased
ROS formation due to impaired mitochondrial respiratory chain function and protein
synthesis was improved by activating AMPK that promoted mitophagic degradation of

dysfunctional mitochondria and mitochondrial biogenesis. Taken together, AMPK plays a
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prominent role in removing damaged mitochondria by mitophagy and restoring

mitochondrial mass with new mitochondria by promoting mitochondrial biogenesis.

Though stimulated AMPK activity has been extensively studied under several physiological
and pathological situations, conditions and pathways that control basal AMPK activity have
been poorly understood. Emerging data shed light on the significance of 3'-5'-cyclic
adenosine monophosphate (cAMP) signaling in modulating basal AMPK activity (Djouder et
al., 2010, Gerhart-Hines et al., 2011, Park et al., 2012, Koka et al., 2014). Hence, it is important
to have a proper understanding about the sources of cAMP production and its role in

regulation of AMPK activity.

2.4 cAMP signaling

Though cAMP was identified more than half a century ago to be an important cellular second
messenger, several intracellular signaling domains and pathways of cAMP are yet to be
elucidated. cAMP signaling is evolutionarily conserved and can be found in all species from
microorganisms to mammals. cAMP signaling has been reported to mediate several cellular
functions, such as cell growth (Stork and Schmitt, 2002) and death (Appukuttan et al., 2012a),
cell motility (Zimmerman et al., 2015), transcription regulation (Chowanadisai et al., 2010),
mitochondrial homeostasis (Di Benedetto et al., 2013, Acin-Perez et al., 2009, Valsecchi et al.,

2013, De Rasmo et al., 2015) and metabolism (Catterall, 2015).

Mammalian cell possesses two main sources of cAMP: classical transmembrane (tmAC) and
most recently identified soluble adenylyl cyclase (sAC) (Fig. C). sAC differs from the
membrane-bound tmAC in a unique way, that is, SAC is not membrane bound and is the major
source of cAMP in different intracellular compartments (Zippin et al., 2003). In addition, there
are nine forms of tmAC encoded by nine different genes, whereas sAC has different splice

variants encoded by a single gene (Chen et al., 2014).
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Fig. C. Sources of cAMP.

Transmembrane adenylyl cyclase (tmAC) produces cAMP upon ligand-induced activation of
G-protein-coupled receptors. Phosphodiesterases (PDE) actively hydrolyze cAMP and hence
prevent cAMP diffusion throughout the cells. sAC found in different cellular compartments
acts as a major source of intracellular cAMP.

All nine tmACs are coupled to G-protein receptors and hence hormones and
neurotransmitters (ligands) can either stimulate or inhibit the activity of tmACs based on
whether they are coupled to stimulatory (Gs) or inhibitory (Gi) G-protein receptors (Federman
et al., 1992) (Fig. C). In addition, kinases such as PKA, PKC and CAMKK2 can phosphorylate
and regulate the activity of tmACs (Gancedo, 2013). Upon stimulation by extracellular signals,
tmAC produces huge amount of cAMP from ATP that activates cAMP effector proteins such
as PKA, EPAC, cyclic nucleotide-gated ion channels (Kaupp and Seifert, 2002) and Popeye
domain containing proteins (Froese et al., 2012). Due to the hydrophilic nature of cAMP, it
can rapidly diffuse through the cytosol leading to an uncontrolled signaling cascade. Though
cytosolic viscosity slows the diffusion of cAMP (Feinstein et al., 2012), the uncontrolled
propagation of cAMP signaling is mainly suppressed by the presence of PDEs that hydrolyze
cAMP to AMP (Agarwal et al., 2016) (Fig. C). Thus, tmAC-dependent cAMP pool is restricted
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to sub-plasmalemmal compartment. Nevertheless, under certain conditions, like stimulation
with thyroid hormones or insulinotropic receptor, tmAC could produce cAMP intracellularly

due to internalization (Ismail et al., 2016, Calebiro et al., 2009).

sAC is a major source of intracellular cAMP. First identified in the testis, SAC expression has
been confirmed in almost all tissue and cell types investigated so far (Chen et al., 2000, Buck
et al., 1999). sAC, in a similar fashion to tmAC, has a tandem arrangement of two catalytic
domains C1 and C2 forming a pseudo-heterodimer. In contrast to tmAC, presence of sAC is
not restricted to plasma membrane, but has been reported in several subcellular
compartments such as cytosol, nucleus, mitochondria, centriole and lysosomes (Zippin et al.,
2003, Rahman et al., 2016) (Fig. C). sAC, insensitive to G-protein stimulations, is constitutively
active and can be stimulated by divalent cations like calcium and magnesium (Litvin et al.,
2003, Zippin et al., 2013). Of note, sAC is a unique evolutionary conserved bicarbonate sensor

with enzymatic activity (Steegborn, 2014).

2.5 Biochemistry of sAC

2.5.1 Isoforms of SAC

ADCY10 gene comprises 33 exons that encode the full-length form of sAC (sACfl) (Farrell et
al., 2008). It has been reported that sSAC mRNA undergoes extensive alternative splicing giving
rise to smaller splice variants in addition to the 187 kDa sACfl. The predominant splice variant
is a 50 kDa truncated isoform of sAC (sACt) that comprises only N-terminal part of the full
length peptide (Buck et al., 1999), including catalytic domains C1 and C2 connected by a linker
peptide (Fig. D). C2 domain plays an important role in specific binding of ATP as a substrate,
which can then be converted to cAMP by C1 domain. In vitro studies with purified sAC lacking
complete C1 domain showed no cyclase activity (Chen et al., 2014) The C-terminal part of the
sACfl has an autoinhibitory domain that functions together with the ATP-binding nucleoside
triphosphatase domain to inhibit sACfl activity (Leipe et al., 2004) (Fig. D). In addition,
presence of a heme-binding domain that binds gaseous activators, such as nitric oxide and
carbon monoxide, have been reported in the C-terminal region of sACfl, but not sACt
(Middelhaufe et al., 2012). sACt shows higher level of activity in comparison to sACfl, where

the activity of the sACfl is suppressed by the autoinhibitory domain at the C-terminal region
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(Chaloupka et al., 2006). In addition to sACt, several other splicing variants were identified in
human somatic tissue. These somatic sAC isoforms predominantly possess only C2 domain
(Fig. D) and require homo- or hetero-dimerization with a yet unknown protein for the C1

activity (Kamenetsky et al., 2006, Geng et al., 2005, Chen et al., 2014).

linker peptide C-terminal with
Cl1 | Cc2 AID, NTPase domain and heme-binding domain

s v B N
sACt N'I - . o
omaicsac vl - = —=C

Fig. D. Isoforms of sAC.

Schematic overview of different isoforms of sAC, including full length (sACfl), truncated (sACt)
and somatic (somatic sAC). Catalytic domains C1 and C2 are located at the N-terminal (N’)
region and are connected by a linker peptide. C-terminal (C’) region of sACfl includes an
autoinhibitory domain (AID), a nucleoside triphosphatase (NTPase) domain and a heme-
binding domain.

2.5.2 Regulation of sAC

A unique property of sAC is that it can get activated by bicarbonate, making sAC the only
protein with enzymatic activity that could be regulated by changes in bicarbonate
concentration. Bicarbonate directly binds and activates sAC in a pH-independent manner. By
performing in vitro studies with purified sAC, it has been shown that bicarbonate-induced
activation of sAC remained constant irrespective of the changes in pH (7—8.5) and this change
in pH itself had no effect on sAC activity under bicarbonate-free conditions (Chen et al., 2000).
The ECsp for the bicarbonate stimulation of mammalian sAC is in the range 10-25 mmol/I,
appropriate for sensing the physiological bicarbonate levels of 2—25 mmol/I (Chen et al.,
2000). It has been shown that bicarbonate binds between Lys95 and Argl76 residues and
increases the Vmax of SAC (Kleinboelting et al., 2014, Litvin et al., 2003).

For sAC to be active, binding of two divalent cations to the catalytic domains of the enzyme

is required, which helps to bind ATP and to convert the bound ATP to cAMP. Though in vitro
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studies using purified proteins demonstrate that sAC is most active in the presence of
manganese, it is unknown whether the intracellular concentration of manganese could
stimulate sAC activity (Chen et al., 2000). In addition to divalent cations, sAC activity can also
be influenced by the changes in cellular ATP concentrations, where reduced ATP

concentration results to the declined activity of sAC (Zippin et al., 2013).

As mentioned earlier, sAC is insensitive to the G-protein receptor signaling. Though there are
several residues that can be potentially phosphorylated, such as Tyr268 in the linker region
between C1 and C2 domains and the residues Thr1132 and Tyr1134 in the C-terminal region,
the relevance of these phosphorylation sites in regulating sAC activity or mobilization remains

unknown (Hornbeck et al., 2012).

2.5.3 Intracellular localization of sAC

SsAC has been identified in different cellular compartments, such as cytosol, nucleus,
mitochondria, centrioles and lysosomes (Zippin et al., 2003, Corredor et al., 2012, Monterisi
and Zaccolo, 2017, Zippin et al., 2004, Rahman et al., 2016). sAC-generated cAMP signaling is
involved in the regulation of multiple cellular functions. The signaling gets even more precise
as sAC along with cAMP effector proteins (PKA, EPAC) and cAMP degrading enzymes (PDEs)
forms cAMP micro-domains to strictly regulate cAMP signaling in various cellular
compartments (Agarwal et al., 2016, Carnegie et al., 2009). In addition, a dynamic nature of
sAC, i.e, translocation between subcellular compartments, was reported under certain
stimuli. Particularly, sAC translocates from cytosol to mitochondrial under various stresses
inducing mitochondrial pathway of apoptotic (Kumar et al., 2009, Appukuttan et al., 2012a,
Appukuttan et al., 2013) Furthermore, sAC shuttles between the nucleus and the cytosol and
is predominantly localized in the nucleus during active proliferation state of keratinocytes,

(Zippin et al., 2010)

2.5.4 Pharmacological regulation of sSAC

As sACis being involved in several pathologies and physiological processes (Zippin et al., 2010,
Flacke et al., 2013a, Appukuttan et al., 2013, Appukuttan et al., 2012a), development of
potent small molecules to either inhibit or activate sAC activity becomes inevitable. Although
potential sAC activators have yet to be developed, few inhibitors have already been

discovered.
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2-hydroxy estradiol (2-HE) and 4-hydroxy estradiol (4-HE) are derivatives of estradiol and have
been shown to inhibit purified mammalian sAC with an ICso of 2—8 umol/I. Unfortunately, 2-
HE and 4-HE can also inhibit some types of tmAC with comparable potency (Steegborn et al.,
2005b). It was postulated that 2-HE and 4-HE bind to the pocket adjacent to the enzyme’s
active site, which is common in both sAC and tmAC (Steegborn et al., 2005a). Another
compound KH7 ((E)-2-(1H-Benzo[d]imidazol-2-ylthio)-N'-(5-bromo-2-hydroxybenzylidene)
propanehydrazide) has been identified as a specific SAC inhibitor with an I1Csp of 3 umol/I (Hess
et al., 2005). KH7 shows good membrane permeability and has no significant effect on the
activation of tmACs up to 100 umol/I (Bitterman et al., 2013). KH7 has been widely used as a
pharmacological tool in most of studies (Flacke et al., 2013a, Kumar et al., 2014, Bitterman et
al., 2013). However, KH7 has been shown to induce some side effects, such as mitochondrial
and cellular toxicity (Ramos-Espiritu et al., 2016). Most recently, LRE1 has been identified as
an improved and highly specific inhibitor of sAC. LRE1 competes for the bicarbonate binding

site to inhibit sAC activity and shows no side effects like KH7 (Ramos-Espiritu et al., 2016).

2.6 Functional role of sAC

2.6.1 Role of sAC in cell growth

Initial studies supporting the role of sAC in cell growth demonstrated that a bicarbonate-
sensitive nuclear cAMP signaling via PKA was responsible for the activation of nuclear
transcription factor CREB (Zippin et al., 2004, Zippin et al., 2010). It has also been shown that
sAC translocates from cytosol to the nucleus when epithelial cells are induced to re-enter cell
cycle. In addition, predominant nuclear localization of sAC has been observed in the
keratinocytes from hyperproliferative skin diseases (Zippin et al., 2010). Similarly, sAC
overexpression was observed in human prostate carcinoma cell lines LNCaP and PC3 in
comparison to normal human prostate epithelial cell line PNT2 (Flacke et al., 2013a). Direct
evidence for the involvement of sAC in cell proliferation was shown when both sAC
knockdown and pharmacological inhibition significantly reduced the proliferation of LNCaP
and PC3 cells by causing cell cycle arrest in G2 phase (Flacke et al., 2013a). Mechanistic
analyses revealed that EPAC controls proliferation in several cell models, including prostate

carcinoma cells (Misra and Pizzo, 2009, Misra and Pizzo, 2013). It has been shown that
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treatment with specific EPAC activator induced cell proliferation in prostate carcinoma cells
(Misra and Pizzo, 2009). EPAC activity has been shown to be strongly dependent on sAC
activity in prostate carcinoma cells, where sAC inhibition significantly reduced the amount of
GTP-bound Rap1 (Flacke et al., 2013a). Hence, sAC seems to control cell proliferation in cancer

cells via activation of EPAC/Rap1 signaling.

In addition to cell proliferation, sAC has also been reported to affect non-proliferative cell
growth. sAC overexpression has been reported to promote axonal growth in embryonic
neurons (Wu et al., 2006). Correspondingly, stimulating sAC with bicarbonate increased axon
growth in cultured retinal ganglion cells, whereas inhibiting sAC activity attenuated the
growth of axon (Corredor et al.,, 2012). In addition, it has been shown that sAC plays an
important role in chronic B1-adrenergic stimulation induced hypertrophic growth of adult rat
ventricular cardiomyocytes, where both sAC knockdown and pharmacological inhibition
abolished the hypertrophic response to Bl-adrenergic stimulation (Schirmer et al., 2012).
Together, available reports suggest the importance of sAC in both proliferative and non-

proliferative cell growth.

2.6.2 Role of sAC in apoptosis

In rat coronary endothelial cells (Kumar et al., 2009) and rat cardiomyocytes (Appukuttan et
al., 2012a), stress stimuli like ischemia and acidosis lead to the mitochondria-dependent
apoptosis via sAC-PKA axis. Similarly, SAC-PKA axis is involved in the oxysterol-induced
apoptotic cell death (Appukuttan et al.,, 2013). Independent of stress stimulus, sAC
translocates from the cytosol to the mitochondrial outer membrane (Kumar et al., 2009,
Appukuttan et al., 2012a, Appukuttan et al., 2013). This translocation is accompanied by
mitochondrial binding of the pro-apoptotic protein Bax. Inhibition of sAC or PKA prevented
the phosphorylation of Bax at Thr167 and, thereby, its translocation to mitochondria
(Appukuttan et al., 2013, Appukuttan et al., 2012a). In a different stress model in smooth
muscle cells, treatment with H,O, demonstrated similar sAC translocation and PKA activation,
but Bax translocation was not observed. Instead, PKA-dependent activation of PP1 promoted
p38 inactivation by dephosphorylation. This loss of p38 activity decreased inactivation of pro-
apoptotic protein Bad that promotes mitochondrial pathway of apoptosis (Kumar et al.,

2014). All these data suggest the role of sAC in the mitochondrial pathway of apoptosis.
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2.6.3 sAC in cell motility

sAC is the only source of cAMP that promotes motility in sperm. Among the initial events in
the capacitation, calcium and bicarbonate activate sAC to produce cAMP and, thereby, induce
forward sperm motility (Tresguerres et al., 2011). Furthermore, sAC-knockout mice shows a
male infertility phenotype (Esposito et al., 2004). Recent reports have shown that sAC is also
involved in the regulation of trans-endothelial migration of leukocytes. In leukocytes, CD99
and sAC are co-localized in a signaling complex with ezrin and PKA. Stimulation of CD99
promotes SAC—PKA pathway that activates trans-endothelial migration, facilitating the

passage of leukocytes across the endothelium (Watson et al., 2015).

2.6.4 sAC in requlation of cellular pH

sAC plays an important role in the regulation of pH homeostasis (Chang and Oude-Elferink,
2014). In epididymis and in the collecting duct of the kidney, SAC—PKA signaling is involved in
the translocation of the vacuolar proton ATPase (V-ATPase) to the acid-secreting surface to
maintain pH homeostasis in those organs (Brown et al.,, 2012, Pastor-Soler et al., 2008).
Recently it was shown that sAC promotes lysosomal acidification by modulating V-ATPase
function. Lysosomes in sAC-knockout cells were shown to have higher pH with hindered
function, which could be reversed by treatment with membrane-permeable cAMP analogue

(Rahman et al., 2016).

2.6.5 Role of sAC in mitochondrial function

It has been proposed that mitochondria-localized sAC is the only source of cAMP in the matrix
(Acin-Perez et al., 2009). Increasing evidences suggest that cAMP—PKA pathway in the
mitochondrial matrix directly regulates TCA cycle and respiration and thereby affects
metabolism in mammalian cells (Acin-Perez et al., 2009, Schwoch et al., 1990, Papa et al.,
1999, Chen et al., 2004, Zhao et al., 2011, Grimsrud et al., 2012, Prabu et al., 2006, Fang et al.,
2007, Rasmo et al., 2010). Phosphoproteomic analyses have revealed that several enzymes
involved in the TCA cycle and OXPHOS complexes were phosphorylated at the PKA consensus
sites (Zhao et al., 2011, Grimsrud et al., 2012). By stimulating SAC—-cAMP axis in the matrix,
PKA has been shown to phosphorylate COXIV resulting in enhanced COX activity that supports
OXPHOS (Acin-Perez et al., 2009). It has also been shown that PKA phosphorylates Complex |
subunits (NDUFS4, ESSS and MWFE) of electron transport chain (ETC), which increases

Complex | activity and stability, and hence enhances respiration (Chen et al., 2004, De Rasmo
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et al., 2015, Scacco et al., 2000, Technikova-Dobrova et al., 2001, De Rasmo et al., 2012). In
addition, stability and activity of Complex V in isolated rat mitochondria required SAC—cAMP
signaling (De Rasmo et al., 2016). Recently, in primary rat cardiomyocytes, stimulation of sAC
with bicarbonate has been shown to produce cAMP, which in turn induced oxygen
consumption and ATP production and also increased the mitochondrial membrane potential
(Wang et al.,, 2016). Similarly, sAC-mediated changes in ATP production has been
demonstrated in liver cells (Acin-Perez et al., 2009) and in the brain (Hebert-Chatelain et al.,
2016). Of note, a similar mitochondria-localized cAMP pathway has been discovered in yeast,
where sAC-cAMP—-PKA axis is involved in the regulation of cytochrome c oxidase 5a activity
(Hess et al., 2014). This study demonstrates, therefore, an evolutionary conserved role of the

intra-mitochondrial sAC in modulating mitochondrial function.

As mentioned earlier, nuclear-localized sAC-PKA pathway lead to phosphorylation and
activation of transcription factor CREB in the nucleus (Zippin et al., 2010). Since CREB plays a
role in mitochondrial biogenesis (Ryu et al., 2005, Lee et al., 2005), it is tempting to speculate
that activation of sAC-PKA-CREB signaling, i.e., under exercise due to elevation of cytosolic
calcium and bicarbonate, the two main sAC activators, may promote mitochondrial
biogenesis. In a similar manner, CREB found in mitochondrial matrix is also
phosphorylated/regulated by matrix-localized sSAC—cAMP—PKA signaling, where CREB bind to
the cAMP response elements on the mitochondria DNA and promotes transcription (Lee et
al., 2005, Ryu et al., 2005, Cammarota et al., 1999, De Rasmo et al., 2009). Thus, in addition
to direct modulation of OXPHOS activity via PKA-dependent phosphorylation, intra- or extra-

mitochondrial cAMP signaling also affects mitochondrial biogenesis.
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3 Working hypothesis

Among several signaling pathways contributing to the AMPK activity, cAMP signaling emerges
to play an important role. Indeed, cAMP signaling promotes AMPK activity in endothelial cells
(Chen et al., 2013), muscle cells (Park et al., 2012) and adipocytes (Omar et al., 2009). These
effects have been attributed, at least partly, to the activation of EPAC. In contrast, inhibitory
effect of PKA-dependent phosphorylation of the a-subunit at $173, S485/491 or S497 has
been demonstrated (Ferretti et al., 2016, Hurley et al., 2006a). In addition, it has been
suggested that PKA stimulate AMPK via phosphorylation and activation of the upstream
kinase LKB1 (Kimball et al., 2004). The contradictory effect of these studies may be due to
differences in models or treatment patterns. Furthermore, the approach used in some studies
failed in specificity, i.e., total cCAMP was elevated by the inhibition of PDEs (Koka et al., 2014,
Park et al., 2012) without considering the sources of cAMP. Of note, the role of the cAMP
signaling has been exclusively attributed to the single cCAMP source, i.e., to the activity of the
G-protein-coupled transmembrane adenylyl cyclase (tmAC). The subsequent diffusion of
cAMP from plasmalemma throughout the cytosol is prevented by phosphodiesterases that
degrade cAMP. Apart from tmAC, a second source of cAMP, the type 10 soluble adenylyl
cyclase (sAC), has been demonstrated for mammalian cells (Zippin et al., 2003). sAC has been
shown to localize in various intracellular compartments. Particularly, cytosolic and nuclear
sAC localization allows building the cAMP pool proximal to the main AMPK localization
compartments. Whether sAC-dependent cAMP pool may modulate AMPK activity and,

thereby, mitochondrial homeostasis remains unknown and was the aim of this present study.
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Fig. E. Schematic representation of the hypothesis.
The broken line indicates the hypothetic signaling link between sAC-dependent cAMP pool
and AMPK.
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To check the hypothesis, following aims were set:

1. To investigate the effect of SAC knockdown on AMPK activity in H9C2 cells, adult rat

cardiomyocytes and coronary endothelial cells.

2. To explore the downstream cAMP targets (PKA or EPAC) that may mediate the effect
of sAC knockdown on AMPK activity in H9C2 cells.

3. To examine the effect of SAC knockdown in H9C2 cells on mitochondrial homeostasis.

4. To test the effect of SAC overexpression on AMPK activity and cellular energy balance

in H9C2 cells.

5. To study the effect of bicarbonate-mediated sAC stimulation on AMPK activity and

cellular energy balance in H9C2 cells.

6. To examine alteration of SAC-AMPK axis in cardiac pathology induced by myocardial

infarction in male and female mice.
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4 Materials

4.1 Devices

Analytical balance

Kern 440-47N (Germany)

Aspiration system

Integra VACUSAFE (Germany)

Binocular microscope

Axiovert 25, Carl Zeiss (Germany)

Centrifuge

Heraeus Megafuge 1.0 R, Kendro (Germany)

COz-Incubator

Thermo Scientific, HERAcell 150i (Germany)

Electrophoretic transfer

Trans-Blot® Cell, Bio-Rad (Germany)

Electroporator

Amaxa™ Nucleofector™ Il, Lonza (Germany)

ELISA-spectrophotometer

Benchmark Plus, Bio-Rad (Germany)

FACS machine

MACSQuant X, Miltenyi Biotech(Germany)

Fluorescence microscope

Zeiss (Germany)

Freezer 20°C

SANYO (Germany)

Fridge 4°C

Leibherr Comfort (Germany)

Imaging system

Bio-Rad ChemiDoc (Germany)

Luminometer

1420 Multilabel Counter Victor 3™, Perkin Elmer (USA)

pH-meter

Mettler Toledo (Germany)

Pipette controller

Accu-jet Pro® (Germany)

Rocking platform

WT16, Biometra (Germany)

StepOnePlus real-time PCR system

Applied Bioscience (Germany)

Sterile hood

Thermo Holten safe (Germany)

Table centrifuge

Eppendorf 5417 (Germany)

Thermomixer comfort

Eppendorf (Germany)

UV trans-illuminator

ThermoFischer Scientific (Germany)

Vortex

Genie 2, Scientific industry (USA)
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4.2 Consumables

96-well plate White or black plates, Corning™ (Germany)
Cell culture dishes 40, 60, 96 mm dishes Sarstedt (Germany)
Cell culture flasks T75, T175 flasks Sarstedt (Germany)

Cell culture plates 6, 12, 24 well plates Sarstedt (Germany)
Cover slips 24 mm Marienfeld-Superior (USA)

Falcon tubes 15, 50 ml tubes Sarstedt (Germany)

Nitrocellulose blotting membrane | Healthcare Life Science (Germany)

Pipet tips 10, 100, 1000 pl Sarstedt (Germany)

Pipets 5, 10, 25, 50 ml pipets Corning (Germany)

Safe-lock tubes 0.5, 1.5, 2 ml tubes Eppendorf (Germany)
4.3 Chemicals

All the chemicals were from Invitrogen (USA), Merck (Germany), Sigma-Aldrich Chemie
(Germany), Carl Roth (Germany), Serva (Germany), Gibco Life Technologies (Germany) and

Promega (Germany).

4.4 Buffers for live imaging

4.4.1 Standard buffer

Salts mmol/I|

KCL 5

NasP0O4:12H,0 1

MgSOs4 1
HEPES 20
NaCl 110
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4.4.2 Bicarbonate buffer

Salts mmol/I
KCL 5
NazP0O4-12H,0 1
MgSO4 1
HEPES 20
NacCl 68
NaHCO3 42

Standard buffer was adjusted to have pH around 7.4 at 35°C and bicarbonate buffer gassed

with 10% CO; before adjusting the pH to 7.4 at 35°C. Immediately before the experiment all

buffers were supplemented with glucose (8 mmol/l), sodium pyruvate (1 mmol/l) and calcium

chloride (2 mmol/I).

4.5 Plasmids used

s.No. Plasmids Backbone/promoter Source

1 GFP pTurbo/CMV Acin-Perez et al. (2009)
2 sAC pTurbo/CMV Acin-Perez et al. (2009)
3 Scramble shRNA pENTR4/U6 Watson et al. (2015)

4 SAC shRNA pPENTR4/U6 Watson et al. (2015)

5 Cytosolic AMPK FRET sensor pcDNA3/CMV Miyamoto et al. (2015)
6 Nuclear AMPK FRET sensor pcDNA3/CMV Miyamoto et al. (2015)
7 Cytosolic cAMP FRET sensor pcDNA3/CMV Lefkimmiatis et al. (2013)
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4.6 Kits used

ATPLite Luminescence Assay System

PerkinElmer (USA)

Cytotoxicity Detection Kit

Roth (Germany)

Direct cAMP ELISA Kit

Enzo (Germany)

NucleoBond® Plasmid Maxi Kit

Machery Nagel (Germany)

Pierce 660 nm Protein Assay

Thermo Scientific (USA)

Quick-gDNA Miniprep Kit

Zymo Research (Germany)

4.7 Antibodies used

Primary antibody
(dilution)

Secondary antibody
(dilution)

Band (kDa)

Company (cat.
number)

ACC (1:1000)

DaR (1:5000)

280

Cell Signalling (3676S)

AMPK (1:1000)

DaR (1:5000)

68

Cell Signalling (2332S)

GAPDH (1:10,000)

DaM (1:10,000)

36

MD Millipore (MAB374)

pACC (1:1000)

DaR (1:5000)

280

Cell Signalling (11818S)

pAMPK (1:1000)

DaR (1:5000)

68

Cell Signalling (2535S)

PGCla (1:1000)

DaR (1:5000)

105

Abcam (ab54481)

R21 (sAC, 1:1000)

DaM (1:5000)

50

CEP Biotech (R21.002)

Sirt3 (1:1000)

DaR (1:5000)

28

Cell Signalling (5490S)

SOD2 (1:1000)

DaR (1:5000)

25

MD Millipore (6-984)

B-Actin (1:5000)

DaR (1:10,000)

43

Santa Cruz (sc-1616-R)

TFAM (1:1000)

DaR (1:5000)

24

Acris (AP26439SU-N)

o-Tubulin (1:10,000)

DaM (1:20,000)

ca. 50

Sigma (T9026)

von Willebrand Factor
(1:500)

FITC-labelled DaR (1:1000)

270

Sigma (F3520)
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5 Methods

5.1 Cell culture and treatments

Cardiac rat embryonic myoblasts (H9C2, ATCC CRL-1446) was purchased from American Type
Culture Collection. Cells were expanded and frozen in aliquots within 4 weeks of purchase.
For the experiments, cells were thawed and cultured for no more than 4 further passages and
were not allowed to grow more than 60% confluence. Cells were cultured in phenol red-free
Dulbecco’s modified Eagle’s medium (DMEM, Sigma, #D2902), supplemented with 10% fetal
bovine serum (FBS), 21 mmol/l sodium bicarbonate and antibiotics (100 U/ml penicillin and
100 pg/ml streptomycin) in a 5% CO: incubator at 37°C. For experiments with different
bicarbonate stimulations, cells were cultured in DMEM containing either no bicarbonate (0%
CO3) or with 21 mmol/l (5% CO3), or 42 mmol/| bicarbonate (10% CO3) and supplemented
with 15 mmol/I HEPES and 3% FBS. NaCl was used to adjust osmolarity and pH was set to 7.4

with sodium hydroxide and hydrochloric acid.

5.2 Isolation and culturing of cardiomyocytes and coronary endothelial cells

Ventricular cardiomyocytes were isolated from male Wistar rats by perfusion of hearts with
collagenase type Il (300 U/ml) and cultured, as previously described (Appukuttan et al.,
2012a). For this purpose, adult male rats were euthanized using deep isoflurane (5%)
anesthesia, hearts were rapidly excised, washed with ice-cold 0.9% NaCl and connected to
the perfusion system. Anesthesia depth was monitored by limb withdrawal using toe
pinching. To separate cardiomyocytes from non-cardiac cells, cardiomyocytes were
sedimented by low force and short centrifugation (5 g, 1 min, four times) and finally without
centrifugation in medium containing 4% BSA. To prevent growth of non-myocytes, medium
was supplemented with 10 umol/I cytosine-B-p-arabinofuranoside. After 1 h of plating, cells
were washed with culture medium (2% fetal calf serum) to remove nonattached cells. A high
purity of cardiomyocyte culture (>93%) was confirmed by light microscopy. Experiments were
performed on the third day after preparation.

Coronary endothelial cells were obtained as a by-product of cardiomyocytes isolation as
described previously (Kumar et al., 2009). Myocytes-free cell suspension was plated for 1 h in
DMEM, supplemented with 20% FBS for the coronary endothelial cells to get attached to the

plate. The purity of the cell culture (>98%) was confirmed by immunochemical staining with
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antibodies against von Willebrand factor. Experiments were performed with monolayers

reaching 90% confluence.

5.3 sAC overexpression and knockdown

For sAC overexpression experiments, cells were transfected with either GFP or sAC encoding
plasmids. In short, 400000 cells were resuspended in 100 ul of electroporation buffer (5
mmol/l KCI, 15 mmol/l MgCl;, 50 mmol/l mannitol, 86.4 mmol/l Na;HPO4, 33.6 mmol/I
NaH,P0O4, pH=7.2) containing 8 ug plasmids and were electroporated using T-020 program for
HI9C2 cells and S-005 for coronary endothelial cells in Amaxa Nucleofector Il Device. After
electroporation, cells were seeded, resuspended in warm culture medium and were
distributed equally into 3 wells of a 6-well plate. All downstream analyses were carried out 24
h after transfection. For sAC knockdown experiments, cells were transfected either with
scramble or with sAC shRNA encoding plasmids. Electroporation procedure was the same as
for sAC overexpression. All downstream analyses were carried out 3 days after transfection.
SAC shRNA (5-GGGGTACCAAAAAAGTGGAAAGTGGAACGAAAGCATCTCTTGAATGCTTTCGTTC
CACTTTCCACAAACAAGGCTTTTCTCCAAG-3') was expressed by the U6 promoter and a
randomized sequence (scramble) based on sAC shRNA sequence was used as a control.
Hairpin loop in the sequence is underlined. Adenoviral infection was used to knockdown sAC
in adult rat primary cardiomyocytes. In short, adenoviral particles carrying sAC shRNA and
scramble shRNA construct were prepared using AdEasy Adenoviral Vector System (Agilent
Technologies). The recombinant virus particles were multiplied in HEK293 cells and recovered
by several freeze—thaw cycles. sAC knockdown in cardiomyocytes was achieved 3 days after

infection with 10° viral particles per milliliter culture medium (Appukuttan et al., 2012a).

5.4 Western blotting

Cells were lysed in Laemmli buffer and proteins were quantified using Pierce 660 nM Assay
Kit. Equal amounts of total proteins were separated on SDS-polyacrylamide gels and were
transferred to a nitrocellulose membrane. The membrane was blocked with 5% BSA in TBST
for 1 h at room temperature and then was incubated overnight with the primary antibody, as
listed in Section 4. Next day, the membrane was washed with TBST for 30 min and then was

incubated for 1 h at room temperature with HRP-conjugated secondary antibody. After 30
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min washing with TBST, the membrane was covered with an enhanced chemoluminescence
solution (100 mM Tris-HCI, pH 8.5; 0.225 mM coumaric acid; 1.25 mM luminol; 0.009% (v/v)
H.0;) for 2 min. Specific bands were visualized using Bio-Rad chemiluminescence system. To
confirm equal protein loading, membrane was stripped and immunodetected for actin,
tubulin or GAPDH. In case of animal studies, where expression of housekeeping proteins, such
as actin, tubulin or GAPDH was affected by myocardial infarction, ponceau staining was used

as the loading control.

5.5 cAMP quantification

The analysis of the total cellular cAMP content was performed using a cAMP ELISA Kit (Enzo,
Germany). Shortly, cells were washed with PBS and lysed using the ice-cold lysis buffer
provided with the kit. Lysates were loaded into the wells of the GxR IgG-coated 96-well plate
along with alkaline phosphatase conjugated cAMP and rabbit polyclonal antibody to cAMP
and incubated at room temperature for 2 h. A series of cAMP standards were used for
calibration. GxR IgG binds in a competitive manner to either cAMP from the lysate or to the
alkaline phosphatase conjugated cAMP. After incubation, the plate was washed, leaving only
bound cAMP. Further addition of the substrate solution generated a yellow color when
catalyzed by the alkaline phosphatase. The yellow color was read at 405 nm in a microplate
reader. The amount of signal is indirectly proportional to the amount of cAMP in the lysates.
The measured absorbance at 405 nm was used to calculate the concentration of the cAMP by
applying a calibration curve. Values were presented as a ratio of cAMP to total protein

content.

5.6 Analysis of lactate dehydrogenase in culture medium

Lactate dehydrogenase (LDH) activity in the cell culture medium was used as an indicator for
cell toxicity and was determined applying the Cytotoxicity Detection Kit (Roche Applied
Science). After each experiment, culture medium was centrifuged at 500 g for 5 min at 4°C
and the supernatant was used for LDH analysis applying ELISA reader. A set of LDH standards
were measured along with the samples and used for calibration. LDH activity was expressed

in mu/ml.
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5.7 Measurement of mitochondrial mass

Relative amounts of nuclear DNA and mitochondrial DNA (mtDNA) were determined by
guantitative real-time PCR. The ratio of mtDNA to nuclear DNA reflects the mitochondrial
content in a cell. Total genomic DNA was isolated using Quick-gDNA Miniprep Kit (Zymo
Research). Quantitative PCR was performed by using the following primers (mtDNA specific
cytochrome b primers, forward 5'-CCACATCTGCCGAGACGTAA-3', reverse 5'-
TAGTCCTCGTCCCACATGGA-3'; and nuclear DNA specific B-globin primers, forward 5'-
AAGTACCACTAAGCCCCCTTTC-3/, reverse 5-GGGAACACAAAAGACCTCTTCTGG-3') and SYBR
Green PCR Kit in a StepOnePlus real-time PCR system (Applied Biosystem). mtDNA content
was normalized to nuclear DNA content and values were expressed as relative units (r.u.).
MitoTracker MitoGreen dye (Invitrogen) accumulates in mitochondria irrespective of
mitochondrial membrane potential. Difference in the MitoGreen fluorescence in the cells can
be used as an indication of difference in the mitochondrial mass (Pendergrass et al., 2004).
Briefly, cells were loaded with MitoGreen (100 nmol/I) at 37°C for 20 min. Cells were then
washed, trypsinized and resuspended in ice-cold PBS and were subjected to FACS analysis.
Cells were excited at 490 nm and the emission fluorescence was collected at 535 nm. At least

10,000 events were recorded per sample and values were expressed as arbitrary units (a.u.).

5.8 Determination of mitochondrial membrane potential

Mitochondrial membrane potential was determined by measuring the ratio between
membrane potential-dependent TMRM to membrane potential-independent MitoGreen
(Thermo Fisher Scientific, Germany) staining. Since changes in mitochondrial mass influence
TMRM loading, MitoGreen staining was used to avoid the influence of changes in
mitochondrial mass. For this purpose, H9C2 cells were loaded with TMRM (50 nmol/I) and
MitoGreen (100 nmol/l) at 37°C for 20 min. Cells were then washed, trypsinized and
resuspended in ice-cold PBS and were subjected to FACS analysis. Cells were excited at 490
nm and the emission fluorescence was collected at 535 nm for MitoGreen and 590 nm for
TMRM. Mitochondrial membrane potential was expressed as the fluorescence ratio of TMRM

to MitoGreen fluorescence. At least 10,000 events were recorded per sample.
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5.9 ATP measurements

Total cellular ATP was measured using ATPLite Luminescence Assay System (PerkinElmer).
Briefly, cells were washed with PBS and lysed using the ice-cold lysis buffer (ATPLite Kit). Cell
lysates were transferred to a white-walled 96-well plate. Similarly, ATP standards were serially
diluted in ATPLite lysis buffer and were transferred to the same white-walled 96-well plate for
calibration. Lyophilized ATPLite substrate was solubilized with ATPLite substrate buffer and
was added to the wells containing either cell lysates or ATP standards. The plate was incubated
for 2 min at dark and the bioluminescence was measured using the Victor Luminometer
(PerkinElmer) and the amount of ATP in the lysates was calculated using the calibration curve.

Values were presented as a ratio of ATP to total protein content.

5.10 Detection of cellular and mitochondrial reactive oxygen species

To examine total cellular reactive oxygen species (ROS) formation, cells were loaded with DCF
(2',7'-dichlorodihydrofluorescein diacetate, succinimidyl ester, 10 umol/l, Invitrogen), a
nonfluorescent dye, which is converted into the highly fluorescent DCF in the presence of free
radicals. DCF fluorescence was analyzed by excitation at 488 nm and emission at 530 nm
applying ELISA reader. Values were presented as a ratio of DCF fluorescence to protein.
Similarly, formation of mitochondrial ROS was examined by loading cells with MitoSox (10
umol/l, Invitrogen), a fluorogenic dye that accumulates in mitochondria. It is rapidly oxidized
by superoxide and produces red fluorescence. MitoSox fluorescence was analyzed by
excitation at 510 nm and emission at 580 nm applying ELISA reader. Values were presented as

a ratio of DCF fluorescence or MitoSox fluorescence to total protein.

5.11 FRET experiments and live imaging

For FRET-based live cell imaging, cells were transfected with plasmids encoding the
corresponding sensors. Transfection was performed by electroporation as mentioned earlier.
After electroporation, cells were resuspended in warm culture medium and were distributed
equally into 3 wells of a 6-well plate containing 24 mm diameter glass coverslips. Twenty-four
hours after transfection, FBS in the culture medium was reduced to 5% and cells were

cultured for another 24 h.
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FRET-based live cell imaging was performed in temperature controlled (350C) gas-tight or
open chamber. For experiments with different inhibitors and activators, cells were maintained
in the standard buffer (see Section 4.4.1 for buffer composition) and the live imaging was
performed in an open chamber, so that the chemical compounds can be added directly into
the chamber. For experiments with bicarbonate stimulation, cells were initially superfused
with the standard buffer in a gas-tight chamber. After 10 min stabilization, superfusion was
changed from the standard buffer to the bicarbonate buffer (see Section 4.4.2 for buffer
composition). Bicarbonate buffer was pre-gassed and was also gassed during the experiment
with air containing 10% CO,. cAMP sensors were excited at 430 nm and the emission light was
acquired at 470 nm and 535 nm, where 470/535 nm ratio showed the changes in cAMP
concentration over time. AMPK sensors were excited at 430 nm and the emission light was
acquired at 475 nm and 535 nm, where 535/475 nm ratio showed the changes in AMPK
activity over time. Images were acquired for every 10 s with an invert microscope (oil
immersion objective 40x, Zeiss, Germany) and imaging system (Visitron, Germany). The
analysis of the FRET signal was performed by VisiView software (Visitron, Germany). Emission
signals obtained in the cell-free region (background) were subtracted from corresponding
emission signals obtained within the region of interest and presented as ratio of 470/535 nm

for cAMP concentration and 535/475 nm for AMPK activity.

5.12 Statistical analysis

The data are given as mean + SEM, where mean indicates biological replicates. Comparisons
of the mean between two groups were performed using unpaired two-tailed t-tests assuming
equal variance. For more than two groups, two-way ANOVA followed by Bonferroni post-test

was used. Statistical significance was accepted when P < 0.05.
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6 Results

6.1 Transfection protocol optimization

Since the majority of experiments performed in this study require expression of certain
proteins or shRNA, the electroporation-based transfection protocol with plasmids was first
optimized using GFP-encoding plasmids in H9C2 cells. Among different concentrations of GFP-
encoding plasmids tested (Fig. 1A, C), 8 ug plasmids per 400,000 cells gave a maximal efficacy,
i.e., 76.6 £ 0.3% (mean  SD, n=2) after 48 h of transfection. This transfection protocol led to

a slight elevation of cell death as demonstrated by trypan blue staining and LDH assay (Fig.

1D, E).
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Fig. 1. Optimization of transfection protocol in H9C2 cells.

(A) Fluorescent microscopy images of H9C2 cells overexpressing GFP (green) with
indicated amount of plasmid used per electroporation. Nuclei were stained with
Hoechst 33342 (blue). (B and C) FACS analysis of GFP-positive cells 24 h and 48 h after
transfection with indicated amount of plasmid used per electroporation. (D)
Percentage of trypan blue positive cells at indicated time points after electroporation
alone or with GFP-encoding plasmids. (E) Quantification of LDH released into the cell
culture medium 24 h after transfection. The red dotted line indicates maximal LDH
released after treatment with 0.1% triton X-100. In B—E, values are expressed as mean
+SD; n=2.
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6.2 sAC controls basal AMPK activity

6.2.1 sAC knockdown affects basal AMPK activity in HIC2 cells

To check whether sAC influences basal AMPK activity, sAC knockdown has been performed in
HIC2 cells via transfection with sAC-targeted shRNA. Significant reduction of sAC expression
and total cellular cAMP content was observed 3 days after transfection (Fig. 2A, B). These
effects were accompanied by reduced phosphorylation of AMPK and its downstream target
acetyl-CoA carboxylase (ACC), indicating a decline in AMPK activity (Fig. 2C, D). ACC is the
direct downstream target of AMPK and the phosphorylation level of ACC is used as a marker

of AMPK activity in the cell (Yan et al., 2015).
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Fig. 2. sAC knockdown reduces basal AMPK activity in H9C2 cells.
Analysis of total cellular cAMP (A) as well as western blot analyses of sAC (B), pAMPK
(C) and pACC (D) were performed in H9C2 cells 3 days after transfection with plasmids
encoding either scramble or sAC-targeted shRNA. Values are expressed as mean *
SEM; n=12 for cAMP and n=6 for sAC, pAMPK and pACC. **P<0.01 and ***P<0.001 vs
scramble.

6.2.2 sAC knockdown reduces basal AMPK activity in primary cells
To examine whether the sAC knockdown-induced downregulation of AMPK activity in H9C2
cells can be reproduced in other cell types, sAC knockdown was performed in ventricular

cardiomyocytes and coronary endothelial cells isolated from adult male rats. Knockdown of
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sAC in cardiomyocytes has been previously optimized using adenoviral vector carrying sAC-
targeted shRNA (Appukuttan et al., 2012a). sAC knockdown in cardiomyocytes 3 days after
transfection resulted in about 80% reduction in sAC protein level (experiments performed in
cooperation with Dr. A. Appukuttan, Ruhr-University Bochum (Appukuttan et al., 2012a)) and
led to the significant reduction in AMPK activity as demonstrated by reduced phosphorylation
of AMPK and ACC (Fig. 3A-C).

The effect of SAC knockdown was further tested in rat coronary endothelial cells. The purity
of the cell isolation and culture (>98%) were confirmed by immunochemical staining with
antibodies against von Willebrand factor (Fig. 3D). A similar electroporation-based protocol
was used for sAC knockdown in endothelial cells as described for H9C2 cells (detailed in
Section 5.2). In consistent with H9C2 cells and adult cardiomyocytes, sAC knockdown
significantly reduced AMPK phosphorylation in endothelial cells (Fig. 3E, F). Thus, sAC

knockdown leads to the downregulation of AMPK activity in a cell type independent manner.
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Fig. 3. sAC knockdown reduces basal AMPK activity in adult rat cardiomyocytes and
coronary endothelial cells.
Western blots analyses of sAC, pAMPK and pACC were performed in adult rat
cardiomyocytes (A—C) 3 days after transfection with DNA encoding either scramble or
sAC-targeted shRNA. (D) Representative immunofluorescence image of coronary
endothelial cells stained with endothelial cell-specific marker von Willebrand factor
(green) and counterstained with DAPI (blue) for nuclei. Western blots analyses of sAC
and pAMPK were performed in rat coronary endothelial cells (E-F) 3 days after
transfection with DNA encoding either scramble or sAC-targeted shRNA. Values are
expressed as mean * SEM; n=8 for adult rat cardiomyocytes and n=4 for coronary
endothelial cells. **P<0.01 and ***P<0.001 vs scramble.

6.3 EPAC mediates sAC-dependent regulation of AMPK activity

Since the sAC knockdown was accompanied by significant reduction of the cellular cAMP, we
aimed to find out which downstream targets of cAMP, i.e., PKA or EPAC, are involved in the
regulation of AMPK activity by sAC. For this purpose, sAC knockdown cells were treated either
with PKA or EPAC agonist. Treatment with specific PKA agonist had no effect on the AMPK
phosphorylation in sAC knockdown cells, whereas it reduced AMPK phosphorylation in
control cells (Fig 4A, B). In contrast, EPAC agonist rescued the effect of sAC knockdown (Fig.

4C, D). Thus, sAC—EPAC axis is involved in regulation of the basal AMPK activity.
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Fig. 4. EPAC mediates sAC-dependent regulation of AMPK activity in H9C2 cells.
Western blot analyses of SAC and pAMPK were performed in H9C2 cells 3 days after
transfection with plasmids encoding either scramble or sAC-targeted shRNA. Before
lysis, cells were treated either with PKA agonist, 200 umol/l 6-Bnz-cAMP (A-B), or with
EPAC agonist, 200 pmol/l 8-CPT-2Me-cAMP (C-D), for 1 h. Values are expressed as
mean + SEM; n=4 for PKA agonist and n=6 for EPAC agonist. **P<0.01 and ***P<0.001
vs scramble control.

6.4 Role of SAC-AMPK axis in mitochondrial homeostasis

6.4.1 Downregulation of SACFAMPK axis affects mitochondrial health and cellular redox
and energy balances

Since AMPK activity is a key regulator of mitochondrial homeostasis (Herzig and Shaw, 2017),

we proved the effects of sAC knockdown on mitochondrial parameters. Downregulation of

sAC expression was accompanied by mitochondrial depolarization and increased basal

mitochondrial ROS formation (Fig. 5A, B). Consistently, these effects were accompanied by

the increased total cellular ROS formation and reduced total ATP content (Fig. 5C, D).
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Similarly, sAC knockdown increased basal mitochondrial ROS formation in primary endothelial

cells (Fig. 5E).
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Fig. 5.

Effect of sSAC knockdown on mitochondrial membrane potential, ROS formation and
cellular ATP.

Analyses of mitochondrial membrane potential (A, n=6), mitochondrial ROS (B, n=6),
total cellular ROS (C, n=7) and total cellular ATP (D, n=7) in H9C2 cells and
mitochondrial ROS in coronary endothelial cells (E, n=3) were performed either in
untransfected cells (control) or in cells 3 days after transfection with plasmids
encoding either scramble or sAC-targeted shRNA (sAC shRNA). Treatments with 10
umol/I antimycin A and 1 mmol/I H20; for 1 h were used as positive controls and the
cytotoxicity of the treatments with antimycin A and H,0; was determined by LDH
assay (F, n=3). Treatment with 1 mmol/I NaCN and 5 mmol/| 2-deoxy-b-glucose (NaCN
+ 2DOG) for 40 min was performed for metabolic inhibition. Values are expressed as
mean + SEM. **P<0.01 and ***P<0.001 vs scramble.
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6.4.2 Downregulation of SAC-FAMPK axis affects mitochondrial clearance

The sAC knockdown-induced mitochondrial depolarization and ROS formation may be due to
the disturbed mitochondrial clearance, or mitophagy, leading to the accumulation of
damaged mitochondria. To prove this hypothesis, mitochondrial mass was examined in H9C2
cells. Indeed, mitochondrial mass was significantly increased after sAC knockdown as
demonstrated by the elevation in MitoGreen staining, a membrane potential independent
mitochondrial dye (Pendergrass et al., 2004) (Fig. 6A). The increase in mitochondrial mass was
further confirmed by the elevation of mtDNA/nucDNA ratio (Fig. 6B). Similarly, sAC

knockdown increased mitochondrial mass in primary endothelial cells (Fig. 6C).
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Fig. 6. sAC knockdown leads to the elevation of mitochondrial mass.

Analysis of mitochondrial mass as measured by MitoGreen staining (A, n=6) and by
the ratio of mtDNA to nuclear DNA (nucDNA) (B, n=6) in h9C2 cells and by MitoGreen
staining (C, n=4) in coronary endothelial cells was performed either in untransfected
cells (control) or in cells 3 days after transfection with plasmids encoding either
scramble or sAC-targeted shRNA. Treatment with 50 umol/I resveratrol for 24 h was
used as a positive control (Park et al., 2012). Values are expressed as mean + SEM.
**P<0.01 and ***P<0.001 vs scramble.

6.4.3 Downregulation of SAC-AMPK axis affects mitochondrial biogenesis
To exclude the potential effect of mitochondrial biogenesis on the elevation of mitochondrial
mass induced by sAC knockdown, expression analysis of two key regulators of mitochondrial

biogenesis, i.e., nuclear PGCla and mitochondrial TFAM, was performed. We found that
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expression of PGCla and TFAM was significantly reduced by sAC knockdown (Fig. 7A-C). Of
note, the expression of two key mitochondrial enzymes controlling mitochondrial function
and ROS formation, i.e., Sirt3 and SOD2, was also significantly reduced under sAC knockdown
(Fig. 7A, D and E). Thus, downregulation of sAC significantly reduced mitochondrial biogenesis
and clearance resulting in the accumulation of damaged mitochondria and disturbed cellular

energy and redox balance.
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Fig. 7. sAC knockdown suppresses mitochondrial biogenesis in H9C2 cells.
Western blot analyses of PGCla, TFAM, SOD2 and Sirt3 were performed 3 days after
transfection with plasmids encoding either scramble or sAC-targeted shRNA. Values
are expressed as mean * SEM; n=5. **P<0.01 and ***P<0.001 vs scramble.

6.5 Overexpression of sSAC promotes AMPK activity

Several reports demonstrated that upregulation of cAMP signaling affects AMPK activity,
though data are controversial and AMPK activation as well as inhibition has been reported
(Hurley et al., 2006b). Thus, to prove whether upregulation of sAC expression affects activity
of AMPK, an overexpression of the active 50 kDa sAC isoform (Appukuttan et al., 2014) has
been performed in H9C2 cells. GFP-encoded plasmids with the same construct were used as

control.
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Fig. 8. Overexpression of sAC promotes AMPK activity in HO9C2 cells.

Analysis of total cellular cAMP (A) as well as western blot analyses of sAC (B), pAMPK

(C) and pACC (D) were performed 24 h after transfection with plasmids encoding
either GFP or 50 kDa sAC isoform. Values are expressed as mean + SEM; n=4. *P<0.05

and ***P<0.001 vs GFP.

sAC overexpression significantly elevated cellular cAMP concentration (Fig. 8A, B) and

increased AMPK and ACC phosphorylation (Fig. 8C, D). Noteworthy, these effects were

accompanied by the significant increase in cellular ATP content, whereas no effect was found

on the mitochondrial mass after sAC overexpression (Fig. 9A, B).
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Fig. 9. sAC overexpression supports energy balance in H9C2 cells.

Analyses of total cellular ATP (A) and mitochondrial mass (B) were performed 24 h

after transfection with plasmids encoding either GFP or 50 kDa sAC isoform.
Treatment with 1 mmol/I NaCN and 5 mmol/| 2-deoxy-D-glucose (NaCN + 2DOG) for
40 min was performed for metabolic inhibition. Values are expressed as mean + SEM;

n=4. ***p<0.001 vs GFP.
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6.6 Stimulation of sAC with bicarbonate

6.6.1 Stimulation of SAC promotes AMPK activity

As a different approach for the upregulation of sAC signaling (other than sAC overexpression),
sAC activity was stimulated by treatment with bicarbonate, a natural sAC activator
(Steegborn, 2014). We found that bicarbonate dose-dependently increased phosphorylation
of AMPK and ACC (Fig. 10A) and was stable for at least 24 h (Fig. 10B). Since the effect of
bicarbonate could be prevented by sAC knockdown (Fig. 10C), we suggested a causal role of

sAC in bicarbonate-induced AMPK activation.
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Fig. 10.Stimulation of sAC promotes AMPK activity in H9C2 cells.

Western blot analyses of pAMPK and pACC were performed 1 h after bicarbonate
stimulation (A) or at different time points as indicated (B). (C) Western blot analysis of
pAMPK was performed 3 days after transfection with plasmids encoding either
scramble or sAC-targeted shRNA. Before lysis, cells were stimulated with 42 mmol/I
bicarbonate for 1 h. For B and C, values are expressed as mean + SEM; n=4. *P<0.05,
*¥*P<0.01 and ***P<0.001 vs 0 mmol/I bicarbonate group of corresponding time
points in B and vs scramble in C.

6.6.2 Stimulation of SAC promotes AMPK activity in cytosol

To strengthen the findings, in addition to the western blot analysis, a FRET-based live imaging
of cAMP concentration and AMPK activity was performed in H9C2 cells treated with
bicarbonate. To check the responsiveness of untargeted (mainly localized in cytosol) and
nuclear-targeted FRET-based AMPK activity sensors, a metabolic stress model, i.e., treatment
with 1 mmol/I NaCN and 5 mmol/l 2-deoxy-D-glucose (NaCN + 2DOG), was used (Wright et

al., 2003, Miyamoto et al., 2015). It has been shown that under metabolic stress AMPK gets
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activated and translocates to the nucleus (Kodiha et al., 2007). Fig. 11A and B shows that the
sensors are responsive to the changes in the activity of AMPK in both cytosol and nucleus. In
addition, treatment with specific AMPK activator A769662 leading to the increase of FRET-
ratio further confirms the validity of the AMPK activity assay (Fig. 11C).
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Fig. 11.Characterization of FRET-based AMPK activity sensors in H9C2 cells.
Representative kinetics of AMPK activity observed in cytosol (A) and in nucleus (B)
after treatment with 1 mmol/I NaCN and 5 mmol/I 2-deoxy-b-glucose (NaCN + 2DOG),
or in cytosol (C) after treatment with 100 umol/l A769662, an AMPK activator. Inserts
show the expression of AMPK-FRET sensors in cytosol or nucleus. D — E shows the
guantification of the kinetics shown in graphs A — C. Values are expressed as mean *
SEM; n=3. **P<0.01 vs the basal activity.

Using the advantage of FRET technology, cells were transfected with untargeted EPAC-based
cAMP probe (Lefkimmiatis et al., 2013) to monitor the changes in cytosolic cAMP
concentration upon bicarbonate stimulation. As shown in Fig. 12A, bicarbonate stimulation
increased the cAMP concentration, which could be prevented by preincubation with LRE1, a

specific sAC inhibitor (Ramos-Espiritu et al., 2016). Similarly, AMPK activity was markedly
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elevated under bicarbonate treatment and this effect was attenuated by sAC inhibition with
LRE1 (Fig. 12B). These findings further argue for the sAC-dependent increase of the cytosolic

cAMP concentration and AMPK activity under bicarbonate treatment.
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Fig. 12.Stimulation of sAC promotes AMPK activity in cytosol of HI9C2 cells.
Representative kinetics of cytosolic cAMP level (A) and AMPK activity (B) as well as
AMPK activity in cytosol and nucleus (C) upon stimulation with bicarbonate. To inhibit
sAC, cells were preincubated for 15 min with specific SAC inhibitor LRE1 (100 pumol/I).
Data are representative of at least three (A and B) or four (C) individual experiments
with similar results.

To find out which subcellular AMPK compartments were affected by sAC-dependent cAMP
pool, H9C2 cells were transfected either with untargeted AMPK activity sensor, i.e.,
cytosolically localized sensor, or with sensors targeted to nucleus as previously described
(Miyamoto et al., 2015). We found that treatment with bicarbonate led to the rapid elevation
of AMPK activity in cytosol, but not in nucleus (Fig. 12B, C). Similar to sAC overexpression,
stimulation of sAC with bicarbonate significantly increased cellular ATP content without
affecting mitochondrial mass (Fig. 13A, B). Altogether, these finding show that stimulation of
sAC with bicarbonate leads specifically to the activation of cytosolic AMPK, resulting in

improved cellular energy balance.
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Fig. 13.Stimulation of sAC supports cellular energy balance.

Analyses of total cellular ATP (4 h treatment, A) and mitochondrial mass (24 h
treatment, B) were performed after incubating the H9C2 cells in growth medium with
21 or 42 mmol/I bicarbonate. Treatment with 1 mmol/lI NaCN and 5 mmol/l 2-deoxy-
D-glucose (NaCN + 2DOG) for 40 min was performed for metabolic inhibition.
Treatment with 50 umol/l resveratrol for 24 h was used as a positive control. Values
are expressed as mean + SEM, n=4 for ATP and mean + SD, n=2 for mitochondrial mass.
*P<0.05 vs 21 mmol/I bicarbonate group.

6.6.3 Stimulation of SAC, but not tmAC, promotes AMPK activity

Apart from sAC, tmAC is also a major source of cAMP in the cell, though restricted to sub-
plasmalemmal compartments (Steegborn, 2014). Several reports suggested that tmAC
activation leads to PKA-dependent phosphorylation of AMPK at inactivating site Ser173
(Hurley et al., 2006b). To examine whether stimulation of the tmAC affects AMPK activity,
treatment with tmAC activator forskolin was performed and FRET-based cytosolic cAMP
content and AMPK activity were analyzed. Similar to the bicarbonate stimulation of sAC,
stimulation of tmAC with forskolin increased cytosolic cAMP content (Fig. 14A). Surprisingly,
forskolin treatment had no effect on AMPK activity (Fig. 14B). Blocking cAMP degradation by
inhibiting PDEs with pan-inhibitor IBMX during forskolin treatment also failed to promote
AMPK activity in cytosol (Fig. 14A, B). Altogether, these findings suggest the role of sAC, but

not tmAC, in cAMP-dependent activation of AMPK.
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Fig. 14.Stimulation of sAC, but not tmAC, promotes AMPK activity in H9C2 cells.
Representative kinetics of cAMP level (A) and AMPK activity (B) in cytosol upon
bicarbonate (blue line) or forskolin stimulation (red line). Black line indicates the
treatment period. Treatment with 200 pmol/l IBMX (a pan-inhibitor of PDEs) was
performed to prevent cAMP degradation. Data are representative of four to five
individual experiments with similar results.

6.7 Alterations of sSAC-AMPK axis in cardiac pathology

A recent study demonstrated that heart failure induced by pressure overload in male rats
leads to pronounced downregulation of sAC in cardiac tissue (Wang et al., 2016). To prove
whether cardiac pathologies are associated with dysregulation of sSAC-AMPK axis, myocardial
infarction (MI) model induced by permanent ligation of the left anterior descending artery
has been applied in male and female mice. All animal experiments as well as functional and
morphological analyses were performed as previously described (Schuster et al., 2016). For
this thesis, the lysates of remote cardiac area, septum, were further used for western blot

analysis.

Sham animals underwent the same surgical procedure, but the ligature was not tied. Applying

cardiac tissue samples obtained in this study, the follow-up analyses were performed.
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Fig. 15.Effect of Ml on left ventricular function and morphology.
High-resolution echocardiographic measurement of the left ventricular ejection
fraction (EF%) (A), left ventricular end-diastolic volume (LVEDV) (B) and left ventricular
mass (LV mass) (C) was performed 2 weeks after permanent coronary artery ligation
(MI) in male (') and female (9) mice. Values are expressed as mean = SEM; n=4-5 for
sham and n=8-10 for MI groups. *P<0.05 and ***P<0.001 vs corresponding sham

group.

Ml led to the pronounced reduction of ejection fraction (Fig. 15A) and significant elevation of

left ventricular end-diastolic volume (Fig. 15B) in a sex-independent manner, though no

significant alterations have been found in left ventricular mass (Fig. 15C). The complete

pathophysiological information can be retrieved from the work of Schuster et al. (2016).

(A)

sAC/ponceau (r.u.)

1.2 -
1
1

0.8 4

04 4

0 T
A& N
2 2
&S €

(B)

pAMPK/AMPK (r.u.)

1.2 1
1
1

0.8 4

04 4

0 T
g &
2 2
,@@ «

Fig. 16.Male and female sham animals have similar cardiac sAC and pAMPK expression.
Western blot analyses of sAC and pAMPK were performed in the septum samples of
male () and female (@) mice 2 weeks after sham operation (A and B). Values are
expressed as mean = SEM; n=4-5. sAC expression was normalized to the ponceau

signal as described in Section 5.4.

By performing western blot analysis of SAC and pAMPK in the septum samples of these

animals, we found no difference in the expression of both proteins between male and female
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in control, sham operated groups (Fig. 16A, B). Ml led to the significant reduction of AMPK
phosphorylation in male mice, whereas it was preserved in female mice (Fig. 17A, B).
Interestingly, the female sex specific protection of AMPK activity under MI was accompanied
by the significant elevation of sAC expression (Fig. 17C, D). No effect of Ml on sAC expression
was found in male mice. Thus, expression sAC and pAMPK is affected by MI in a sex-

dependent manner.

d Q

(A) (B)

_ 12 - 1.2 -

3 3 3 1 - I

X 08 X 08 - 1

Z 06 Z 0.6 -

s s

%04 n_0.4-

=
EUZ EO.Z-
0 0 . .

& N
2
P

G
G

L]
)
*
*

2 -
_ _ T
3 16 1 3 1.6 - .
3 1.2 3 1.2
; g i
50.8- S 08
'&04 oy
g v 20.4-
w W
0' 0 T 1
¢ » P\
2
& g

Fig. 17.MI affects sAC expression and AMPK phosphorylation in a sex-dependent manner.
Western blot analyses of pAMPK (A and B) and sAC (C and D) were performed with
the septum samples of male (J') and female (%) mice 2 weeks after sham operation
or coronary artery ligation (Ml). Values are expressed as mean + SEM; n=4-5 for sham
and n=9-10 for MI groups. **P<0.01 vs sham.
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7 Discussion

7.1 Aims and main findings

The aim of this study was to prove the role of sAC in regulating AMPK activity and its functional
significance for mitochondrial homeostasis.

The main findings are as follows:

1. Downregulation of sAC expression in H9C2 cells as well as in primary adult rat
cardiomyocytes and coronary endothelial cells significantly reduced the basal AMPK
activity.

2. Treatments with EPAC, but not PKA, activator rescued the effect of SAC
downregulation on AMPK activity demonstrating its causal role in the SAC-AMPK axis.

3. Downregulation of sSAC markedly disturbed mitochondrial and cellular homeostasis as
shown by:

a) elevation of mitochondrial and total cellular ROS formation;
b) mitochondrial depolarization;

c) suppressed mitochondrial biogenesis;

d) disturbed mitophagy;

e) reduced cellular ATP content.

4. sAC overexpression or stimulation with bicarbonate increased AMPK activity and
supported cellular energy balance.

5. In contrast to sAC, stimulation of tmAC did not affect AMPK activity.

6. Analysis of the SAC-AMPK signaling in mouse model of myocardial infarction revealed
an increased sAC expression in female, but not in male injured hearts, which was

associated with improved pAMPK to AMPK ratio in female hearts.

7.2 sSAC-AMPK axis characterization

AMPK is a key sensor of the cellular energy balance and has been shown to be strongly
activated by AMP and ADP binding to y-subunit or by phosphorylation at Thr172 of the a-
subunit. Furthermore, several signaling pathways, like ROS and TAK1 (Herzig and Shaw, 2017),
regulate AMPK activity. The seminal study of Park et al. (2012) also emphasized the
stimulating action of cAMP signaling on AMPK activity and mitochondrial health. However,

the approach used by the authors failed in specificity, i.e., total cCAMP was elevated by
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inhibition of PDEs. Of note, other studies applying more specific approach, i.e., stimulation of
Gs-protein-coupled receptors, demonstrated an opposite, i.e., inhibitory, effect of cAMP
elevation (Hurley et al., 2006b, Djouder et al., 2010, Damm et al., 2012). In these studies,
specifically a sub-plasmalemmal cAMP pool was affected by the stimulation of tmAC. Thus, it
seems that AMPK activity regulation by cAMP signaling is compartment-dependent. The
current model of cAMP signaling describes two main cAMP compartments built by two
distinct types of cAMP synthesizing enzymes, i.e., tmAC and sAC (Zippin et al., 2003). The
tmAC synthetizes cAMP in response to the stimulation of Gs-protein-coupled receptors.
However, this cAMP pool is mainly restricted to plasmalemma due to the activity of PDEs
(Chen et al., 2000). In contrast, SAC demonstrates a basal activity and builds cAMP pools in
various intracellular compartments, like nucleus and cytosol, i.e., in close proximity to the
main AMPK compartments. Thus, sAC is an ideal candidate for regulating the AMPK activity
by cAMP and particularly under basal conditions. Indeed, by performing sAC knockdown in
HIC2 cells, a significant downregulation of AMPK activity was observed in this study (Fig. 2).
This effect seems to be not restricted to the particular cell type and was also observed in
primary cardiomyocytes as well as in coronary endothelial cells (Fig. 3). Therefore, sAC plays
an essential role in supporting the basal AMPK activity independent of the cell type.

To analyze the potential downstream target of sAC involved in the basal AMPK activity
regulation, we examined the role of PKA and EPAC. Previous reports suggested their
controversial role in regulating AMPK activity, i.e., stimulating effect of EPAC (Park et al.,
2012) and inhibitory effect of PKA (Hurley et al., 2006b). In accordance with these reports, we
found that activation of EPAC, but not PKA, rescued AMPK activity in sAC-knockdown cells.
Consistently, in control cells treatment with EPAC agonist promoted AMPK activity, whereas
PKA agonist suppressed it. Thus, SAC-EPAC axis positively regulates AMPK activity under basal
conditions (Fig. 4).

Due to the significance of AMPK in regulating cell metabolism and mitochondrial homeostasis
as well as association of AMPK downregulation with aging and several diseases (Herzig and
Shaw, 2017), intensive efforts have been undertaken to develop tools leading to the
upregulation of AMPK activity, like AMPK agonists, resveratrol or PDE inhibitors (Cool et al.,
2006, Xiao et al., 2013, Cokorinos et al., 2017, Myers et al., 2017, Narkar et al., 2008, Park et
al.,, 2012). Therefore, we were interested to examine whether upregulation/stimulation of

sAC promotes AMPK activity. Since bicarbonate is a natural sAC stimulator (Chen et al., 2000),
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we treated cells with bicarbonate and observed a stable, at least for 24 h, and dose-
dependent upregulation of AMPK activity. This effect of bicarbonate is likely due to the
activation of sAC, because (i) bicarbonate leads to the elevation of cAMP (Chen et al., 2000)
(Fig. 12A) and (ii) sAC knockdown or pharmacological sAC inhibition prevented the
bicarbonate effect on AMPK activity (Figs. 10C and 12B). Noteworthy, bicarbonate specifically
elevated AMPK activity in cytosol, but not in nucleus. This finding shows that AMPK activated
in cytosol does not translocate to nucleus, like it was observed under metabolic inhibition
(Kodiha et al., 2007) (Fig. 11A and B). Similar to the sAC stimulation, sAC overexpression
significantly promoted AMPK activity (Fig. 8). In accordance with our findings, the previous
report of Jaitovich et al. (2015) demonstrated that hypercapnia, i.e., a state of the increased
intracellular bicarbonate concentration due to the activity of carbonic anhydrases (Chen et
al., 2008), leads to AMPK activation in skeletal muscle, though no mechanisms have been
analyzed.

In contrast to sAC, activation of tmAC had no effect on AMPK activity as demonstrated by
FRET-based live imaging. The inhibitory effect of tmAC stimulation on AMPK activity has been
found previously in several cell types and was attributed to the PKA-dependent
phosphorylation of the AMPKa-subunit at S173, S485/491 or S497 (Ferretti et al., 2016,
Djouder et al., 2010), which prevents other kinases from phosphorylating AMPK at Thr172.
Altogether, the findings of the study argue for the positive regulation of AMPK activity, either
basal or stimulated, specifically by sAC-dependent cAMP pool, whereas tmAC, when

stimulated, suppressed AMPK activity (Djouder et al., 2010).

7.3 sAC-AMPK axis regulates mitochondrial homeostasis

It is well established that AMPK is a key regulator of mitochondrial homeostasis (Herzig and
Shaw, 2017). Particularly, AMPK promotes the activity and expression of PGCla and ERRa,
transcription regulators required for the expression of nuclear-encoded mitochondrial
proteins (Garcia-Roves et al., 2008, Jager et al., 2007, Hu et al., 2011). On the other hand,
AMPK promotes the removal of damaged mitochondria by mitophagy, e.g., via
phosphorylation and activation of MFF and ULK1 (Egan et al., 2011, Toyama et al., 2016).
Therefore, we were interested to know whether sAC-dependent regulation of AMPK activity
could be translated to the mitochondrial biology. Indeed, we found that sAC knockdown
significantly reduced mitochondrial biogenesis (Fig. 7), which was accompanied by
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mitochondrial depolarization, increased mitochondrial ROS formation and reduced cellular
ATP content, i.e., typical fingerprints of mitochondrial dysfunction (Fig. 5). Surprisingly, we
found a significant increase of mitochondrial mass (Fig. 6). Together with suppressed
biogenesis (Fig. 7), the elevation of mitochondrial mass is a strong indicator of disturbed
mitochondrial clearance or mitophagy (Xiao et al., 2016). Thus, downregulation of SACFAMPK
axis leads to the disturbance of mitochondrial clearance followed by the accumulation of
dysfunctional mitochondria, energy imbalance and oxidative stress. In contrast, both sAC
overexpression and sAC stimulation (with bicarbonate) increased total cellular ATP content
(Figs. 9 and 13), thus supporting the idea that SAC-AMPK axis is involved in mitochondrial
homeostasis. In line with our findings, previous reports demonstrated that AMPK activation
in the heart was important to prevent depletion of ATP during ischemia (Xing et al., 2003) and
to promote glucose uptake and ATP recovery (Russell et al., 2004) and to reduce ROS
formation (Zaha et al., 2016) during reperfusion. In addition, AMPK activation improved
mitochondrial respiratory chain function and protein synthesis in the isolated fibroblasts from
MELAS patients (Garrido-Maraver et al., 2015).

Altogether, the findings of the study demonstrate that a positive effect of sAC-specific cCAMP
pool on AMPK activity is translated to mitochondrial homeostasis and cellular energy and

redox balance.

7.4 Translational aspect of the SAC-AMPK signaling

Accumulating data suggest the involvement of sAC in numerous pathologies accompanied by
excessive cell death (Chagtoo et al., 2017, Appukuttan et al., 2012b) or growth (Flacke et al.,
2013b, Misra and Pizzo, 2009, Misra and Pizzo, 2013, Wu et al., 2006, Corredor et al., 2012).
Of note, a recent study of Wang et al. (2016) showed that advanced heart failure in rats is
accompanied by a significant downregulation of sAC expression and increased sensitivity of
mitochondria to calcium stress, and therefore demonstrating a potential role of sAC in
cardiomyopathy. Whether this sAC downregulation contributes to the AMPK activity remains
unknown. In this study, we tracked the alterations of sAC and pAMPK expression in the
remote cardiac tissue in mouse that underwent Ml (Figs. 16 and 17). Surprisingly, we found a
significant upregulation of sAC expression in female, but not in male mice. Furthermore, Ml
led to the significant downregulation of AMPK in male, but not in female, hearts. Thus, one

may suppose that preserved activity of AMPK in injured female hearts may be due to the
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enhanced sAC expression. Of note, in contrast to the Wang’s study (Wang et al., 2016) which
demonstrates downregulation of SAC under TAC-induced cardiomyopathy in male rats, Ml did
not affect sAC expression in male mice, whereas increased it in female animals. This
discrepancy is may be due to the differences in species (mouse vs rat) or in the model of
cardiomyopathy (Ml vs TAC).

The finding that sAC and pAMPK expression is altered under Ml in a sex-dependent manner
merits further consideration. Though, there are no data describing sex differences in sAC
expression, several reports emphasized the role of estrogen in AMPK activity in heart
physiology or pathology. Indeed, estrogen-mediated AMPK signaling activation has been
attributed to the cardiomyocytes protection during angiotensin ll-induced heart hypertrophy
and injury in mice (Shen et al., 2014). Another study performed in ovariectomized rats showed
that estrogen reduced cardiac apoptosis by increasing AMPK activation in aorta and heart
(Bendale et al., 2013). Thus, estrogen positively influences AMPK activity. However, the
underlying cellular mechanisms remain unknown. The present study suggests sAC as a
potential signaling link between estrogen and AMPK, though the causal effect of sAC

overexpression on AMPK activity in injured hearts still have to be confirmed.
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8 Conclusions

This study reports that a sAC-specific cAMP pool positively affects AMPK activity and plays a
pivotal role in mitochondrial homeostasis (Fig. 18). In brief, we show that sAC downregulation
leads to the reduction of AMPK activity in cardiac H9C2 cells, primary adult rat cardiomyocytes
and coronary endothelial cells, i.e., in a cell type independent manner. Treatment with EPAC
agonist recovered AMPK activity upon sAC knockdown, whereas treatment with PKA agonist
failed to rescue AMPK activity after sAC knockdown and even inhibited AMPK activity in
control cells. Thus, EPAC, but not PKA, is a signaling link between sAC and AMPK.
Downregulation of SAC-AMPK axis resulted in mitochondrial depolarization, increased total
cellular and mitochondrial ROS formation and reduced cellular ATP content. Of note,
mitochondrial mass was increased and mitochondrial biogenesis was reduced in sAC-

knockdown cells. These findings suggest the disturbed mitochondrial clearance.
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Upregulation of sAC activity by either sAC overexpression or stimulation with bicarbonate
significantly increased AMPK activity and supported cellular energy status by increasing total
cellular ATP. In contrast to sAC, stimulation of tmAC with forskolin had no effect on AMPK
activity. These findings suggest a clear difference in the effect of the two main cAMP pools on
AMPK activity, i.e., tmAC- and sAC-synthesized cAMP.

By analyzing the alteration of sAC expression and pAMPK level in the mouse model of MI, we
found an increased sAC expression in female, but not in male injured hearts, which was
associated with improved pAMPK to AMPK ratio in female hearts (Fig. 19). These findings

suggest a sex difference in alteration of SAC-AMPK axis in cardiac pathology.
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Fig. 19.Schematic representation of the sex differences observed in mice septum after Ml.
Green arrow denotes increase in the expression of sAC and red arrow denotes reduction in
the phosphorylation of AMPK. Dotted arrow indicates hypothetical signaling. & indicates
male and @ indicates female.

AMPK, being a central regulator of several metabolic pathways and mitochondrial
homeostasis, appears to be a promising target for treating obesity, insulin resistance, type 2
diabetes, nonalcoholic fatty liver disease and cardiovascular diseases. The findings of this
study provide a novel understanding in the molecular basis of diseases associated with
mitochondrial dysfunction and can contribute to the development of strategies to fight

mitochondrial dysfunction by modulating SAC-AMPK axis.
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9 Limitations of the study and outlook

First, the major part of the study was performed with immortalized rat cardiomyoblast H9C2
cells. To add more value and translational significance to the study, more experiments with
primary cardiomyocytes or coronary endothelial cells should be performed. However, the
main aim of the study was to elucidate the basic cell signaling and, hence, using a cellular
system free of in vivo stimuli, such as hormones and metabolites, has an advantage. In
addition, the study involved genetic manipulation of sAC and expression of FRET sensors. For
these reasons, H9C2 cells seemed to be a suitable model..

Second, the causal role of AMPK in the effects of SAC up- and downregulation on the cellular
energy balance and mitochondrial homeostasis still has to be confirmed. Indeed, the
mitochondrial matrix-localized sAC plays a key role in the activity of the electron transport
chain and, thereby, in ATP synthesis (Acin-Perez et al., 2009, Acin-Perez et al., 2011). Thus,
one may suppose that sAC knockdown may also affect this intra-mitochondrial cAMP
signaling, leading to the mitochondrial depolarization and ROS formation independent of
AMPK downregulation. In addition, the recent report of Rahman et al. (2016) shows that sAC
activity supports lysosomal function, suggesting that sAC downregulation may directly, i.e.,
independent of AMPK, disturb mitochondrial clearance leading to the accumulation of
damaged mitochondria as has been found in this study.

Third, though a female sex specific alteration in SAC overexpression and AMPK activity has
been observed under MI, whether a causal link between sAC and AMPK, in fact, exists in this
or other forms of cardiomyopathy and whether sAC-AMPK axis plays a causal role in the

cardiac pathology still have to be elucidated.
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10 Summary

In this study, the effect of sSAC on the AMPK activity and mitochondrial homeostasis was
analyzed. sAC knockdown led to the depletion of cellular cAMP concentration accompanied
by decreased AMPK activity in cardiac H9C2 cells, adult rat cardiomyocytes and coronary
endothelial cells. EPAC, but not PKA, is a signaling link between sAC and AMPK. Functionally,
sAC knockdown led to the mitochondrial depolarization, reduced cellular ATP content and
increased mitochondrial ROS formation. Furthermore, sAC downregulation led to the
disturbed mitochondrial clearance, as indicated by increased mitochondrial mass and reduced
mitochondrial biogenesis. Consistently, SAC overexpression or stimulation with bicarbonate
significantly increased AMPK activity and cellular ATP content, whereas stimulation of tmAC
had no effect. By analyzing SACFAMPK signaling in mouse model of myocardial infarction, we
found an increased sAC expression in female, but not in male injured hearts, which was
associated with reduced pAMPK to AMPK ratio. No changes in AMPK activity was observed in
injured female hearts. The study reveals a novel SACFAMPK signaling axis, which is cell type
independent and that significantly contributes to the cellular energy and redox balance by
supporting mitochondrial biogenesis and clearance. Activation of the axis improved cellular
energy balance. The study provides an evidence for potential translational significance of the

sAC-AMPK signaling in myocardial infarction in a sex-dependent manner.
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Zusammenfassung

In der vorliegenden Studie wurde der Effekt von sAC auf die AMPK Aktivitat und
mitochondriale Homdostase untersucht. Der sAC-Knockdown fiihrte zu einer Abnahme der
zellularen cAMP-Konzentration, begleitet von einer verminderten AMPK-Aktivitat in kardialen
H9C2-Zellen, adulten Ratten Kardiomyozyten und koronaren Endothelzellen. EPAC, aber nicht
PKA, stellt einen Link innerhalb der Signaltransduktion zwischen sAC und AMPK dar.
Funktionell fiihrte der sAC-Knockdown zu mitochondrialer Depolarisation, reduziertem
zellularem ATP-Gehalt und erhéhter mitochondrialer ROS-Bildung. Dartiber hinaus fiihrte die
Runterregulierung von sAC- zu einer gestdrten mitochondrialen Clearance, was durch eine
erhohte mitochondriale Masse und eine reduzierte mitochondriale Biogenese indiziert wurde.
Konsistent dazu, erhdhte die sAC-Uberexpression oder Stimulation mit Bicarbonat signifikant
die AMPK-Aktivitat und den zellularen ATP-Gehalt, wohingegen die Stimulation von tmAC
keine Wirkung zeigte. Durch die Analyse von sAC-AMPK-Signalen im Mausmodell fur
Myokardinfarkte fanden wir eine erhohte sAC-Expression bei weiblichen, aber nicht bei
mannlichen verletzten Herzen, was mit einem reduzierten pAMPK-zu-AMPK-Verhaltnis
einherging. Bei verletzten weiblichen Herzen wurden keine Veranderungen der AMPK-
Aktivitat beobachtet. Die Studie zeigt eine neue sAC-AMPK-Signalachse auf, die
zelltypunabhangig ist und durch Unterstiitzung der mitochondrialen Biogenese und Clearance
signifikant zur zelluldren Energie- und Redoxbilanz beitragt. Die Aktivierung dieser Achse
verbessert die zelluldre Energiebilanz. Die Studie liefert einen Beleg fir die mogliche
translationale Signifikanz der sAC-AMPK-Signalgebung beim Myokardinfarkt in einer

geschlechtsabhangigen Weise.
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