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Abstract 

The 5' AMP-activated protein kinase (AMPK) is a nutrient-sensitive kinase that 

plays a key role in the control of cellular energy metabolism. We have explored here 

the relationship between AMPK and Ca2+ signaling by looking at the effect of an AMPK 

activator (A769662) and an AMPK inhibitor (dorsomorphin) on histamine-induced Ca2+-

release from the endoplasmic reticulum (ER) in HeLa cells. Our data show that 

incubation with A769662 (EC50=29 µM) inhibited histamine-induced Ca2+-release from 

the ER in intact cells, as well as inositol-1,4,5-trisphosphate (IP3)-induced Ca2+ release 

in permeabilized cells. On the contrary, dorsomorphin (EC50=0.4 µM) activated both 

histamine and IP3-induced Ca2+-release and reversed the effect of A769662. These 

results suggest a direct effect of AMPK regulation on IP3 receptor (IP3R) function. A 

phosphoproteomic study did not reveal changes in IP3R phosphorylation, but showed 

significant changes in phosphorylation of proteins placed upstream in the IP3R 

interactome and in several proteins related with Ca2+ metabolism, which could be 

candidates to mediate the effects observed. In conclusion, our data suggest that AMPK 

negatively regulates IP3R. This effect constitutes a novel and very important link 

between Ca2+ signaling and the AMPK pathway.  

 

 

Key Words: AMPK, inositol-1,4,5-trisphosphate receptor, Ca2+ signaling, endoplasmic 
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1. Introduction 

5' AMP-activated protein kinase (AMPK) plays a key role in cellular energy 

homeostasis. AMPK is a sensor of adenine nucleotides that is activated when cellular 

energy is low and tries to restore energy balance by activating ATP-producing catabolic 

pathways and inhibiting ATP-consuming anabolic pathways. In addition, recent studies 

suggest that it may be able to sense glucose levels directly by a non-canonical 

mechanism, that is, independently of changes in adenine nucleotides [1]. Activation of 

AMPK leads to modulation of several metabolic pathways, including stimulation of 

hepatic fatty acid oxidation and ketogenesis, inhibition of cholesterol synthesis, 

lipogenesis, and triglyceride synthesis, inhibition of adipocyte lipolysis and lipogenesis, 

stimulation of skeletal muscle fatty acid oxidation and muscle glucose uptake [2].  

 

The effects of AMPK on energy metabolism are in part mediated by inhibition of 

the mTOR pathway. Together with insulin signaling, AMPK and mTOR are the key 

nutrient sensitive pathways that adapt metabolism to the nutrient intake. Moreover, 

these pathways appear to be critical effectors of aging, mTOR on the pro-aging side 

and AMPK on the pro-longevity side [3,4]. Understanding the regulation of these 

pathways is therefore essential to uncover the relationship between metabolism and 

aging, and to find new approaches to slow the aging process.  

 

AMPK activation can be triggered by phosphorylation of T172 in the α-subunit 

or by AMP/ADP binding to the γ-subunit. ATP competitively inhibits the binding of both 

AMP and ADP to the γ-subunit, and thus AMPK behaves as a sensor of AMP/ATP or 

ADP/ATP ratios. Phosphorylation at T172 of the AMPK α-subunit can be carried out by 

several kinases, one of them the calcium-/calmodulin-dependent kinase kinase 2 

(CaMKK2). The interaction of CaMKK2 with AMPK only involves the α and β subunits 
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of AMPK. Using this mechanism, AMPK becomes activated by changes in calcium 

levels but not by changes in AMP/ATP or ADP/ATP ratios [5,6].  

 

There is considerable evidence for the role of Ca2+ signaling in the modulation 

of the nutrient-sensitive pathways, although the mechanisms are not completely known 

[7]. Regulation of mTOR and AMPK by Ca2+ may take place at several levels. First, 

activation by Ca2+ of CaMKK2 leads to AMPK activation, which in turn inhibits mTOR. 

Using this pathway, Ca2+ indirectly inhibits mTOR [8]. On the other hand, there is also 

evidence that Ca2+ can directly activate mTOR. It has been described that amino acids 

added to nutrient-deficient cells induce an increase in cytosolic Ca2+ that activates 

mTOR through the binding of the Ca2+-calmodulin complex to a class III 

phosphatidylinositol 3-kinase necessary for the activation of mTOR [9]. Likewise, it has 

been described that muscle hypertrophy induced by training is mediated by the 

activation of Ca2+ channels of the TRPV1 type, which produce Ca2+ entry into the 

cytosol. An increase in cytosolic Ca2+ would produce a direct and immediate activation 

of mTOR, responsible for initiating the hypertrophy process [10]. In these cases, the 

increase in cytosolic Ca2+ would have an activating effect on mTOR. 

 

One of the key mediators of Ca2+ fluxes linked to the activity of mTOR and 

AMPK is the inositol triphosphate receptor (IP3R), which releases Ca2+ from the 

endoplasmic reticulum (ER) and is also responsible for transferring Ca2+ from the ER to 

the mitochondria through close contacts between the organelles. These contacts, 

called Mitochondrial Associated ER Membranes (MAMs), contain both IP3R and 

mitochondrial Ca2+ uptake channels, the so-called mitochondrial Ca2+ uniporters 

(MCU). In addition to IP3R and MCU, it has been shown that mTORC2 is also in MAM, 

controls its integrity and is able to activate AKT kinase, which finally phosphorylates 

and inhibits IP3R [11]. On the other hand, it has also been reported that mTOR is able 

to directly phosphorylate and activate IP3R [12–14]. The resulting increased Ca2+ 
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transfer between ER and mitochondria would lead to increased ATP production and 

subsequent AMPK inhibition [15].  

 

In turn, variations in the activity of the IP3R can alter the nutrient sensitive 

pathways. When the release of Ca2+ mediated by IP3R is reduced, Ca2+ entry to the 

mitochondria decreases and this reduces the rate of ATP synthesis. This energy deficit 

activates AMPK, which in turn inhibits mTOR. In this way, a deficient Ca2+ transfer 

between ER and mitochondria may lead to mTOR inhibition [8] and may significantly 

impair survival of tumorigenic cells [16]. Finally, it has also been described that mTOR 

is capable of activating the store-operated Ca2+ entry pathway (SOCE), via an increase 

in the expression of the STIM1 / Orai1 proteins responsible for this pathway [17].  

 

 In summary, it has been described in the literature that Ca2+ homeostasis and 

nutrient-sensitive pathways have multiple interactions, but the mechanisms and sense 

of interaction are not yet clear. We have studied the effect of AMPK modulators on 

intracellular Ca2+ signaling in cytosol, mitochondria and endoplasmic reticulum. Our 

data show that the AMPK activator A769662 inhibits Ca2+ release from the 

endoplasmic reticulum through the IP3R, while the AMPK inhibitor dorsomorphin 

enhances IP3-induced Ca2+ release. This suggests that AMPK, besides being activated 

by a Ca2+-sensitive mechanism (via CaMKK2), it may also directly modulate Ca2+ 

signaling at the IP3R level.  

 

2. Methods 

2.1. Cell culture and targeted aequorin expression.   

HeLa cells were grown in Dulbecco's modified Eagle's medium supplemented 

with 10% fetal calf serum, 100 i.u. ml-1 penicillin and 100 i.u. ml-1 streptomycin. The 

constructs for aequorin targeted to the cytosol, mutated aequorin targeted to the 

mitochondria and double-mutated aequorin targeted to the endoplasmic reticulum (ER) 



6 
 

have been described previously [18,19]. Transfections were carried out using 

Metafectene (Biontex, Munich, Germany).  

 

2.2. Ca2+C, [Ca2+]M and [Ca2+]ER measurements with aequorin.  

HeLa cells were plated onto 13 mm round coverslips and transfected with the 

corresponding plasmid. For aequorin reconstitution, HeLa cells were incubated for 1-2h 

at room temperature in standard medium (145mM NaCl, 5mM KCl, 1mM MgCl2, 1mM 

CaCl2, 10mM glucose, and 10mM HEPES, pH 7.4) with 1M of wild-type 

coelenterazine (for Ca2+C and [Ca2+]M measurements) or 1M of coelenterazine i (for 

[Ca2+]ER measurements). After reconstitution, cells were placed in the perfusion 

chamber of a purpose-built luminometer and perfused with external medium prior to the 

stimuli.  

 

For the [Ca2+]ER measurements in permeabilized cells, [Ca2+]ER was reduced 

before reconstitution by incubating the cells for 10 min with the sarcoplasmic and 

endoplasmic reticulum Ca2+-ATPase inhibitor 2,5-di-tert-buthyl-benzohydroquinone 

(BHQ) 10µM in standard medium supplemented with 0.5mM EGTA. Cells were then 

washed and incubated for 1h at room temperature in the same medium with 1µM of 

wild-type coelenterazine. Then, the coverslip was placed in the perfusion chamber of 

the luminometer, and standard medium containing 0.5mM EGTA was perfused for 5 

min, followed by 1 min of intracellular medium (130mM KCl, 10mM NaCl, 1mM MgCl2, 

1-10mM potassium phosphate, 0.5mM EGTA, 1mM ATP, 20M ADP, 10mM L-malate, 

10mM glutamate, 20mM Hepes, pH 7) containing 50M digitonin. Then, intracellular 

medium without digitonin was perfused for 5 min, followed by a 100nM [Ca2+] buffer 

prepared in intracellular medium to refill the ER with Ca2+. Temperature was set at 

37ºC during the experiments. Calibration of the luminescence data into Ca2+ was 
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made using an algorithm as previously described [20]. Statistical data are given as 

meanS.E.M.  

 

Dorsomorphin was always added to the culture medium 48h prior to the 

experiments. In the case of A769662, it was either added to the culture 48h prior to the 

experiments or incubated with the cells for 2h at 37ºC just before the experiments. This 

last method proved to be more effective to reach the maximum effect, and was also 

used for two other inhibitors, metformin and AICAR.  

 

2.3. Phospho-proteomics 

Cell lysis and phosphopeptide enrichment.  

A769662, dorsomorphin and non-treated Hela cell lysis was carried out for 20 

min at 4°C in RIPA buffer containing broad spectrum kinase and phosphatase inhibitors 

(Roche, Madrid, Spain). After reduction and alkylation, proteins were precipitated, 

digested with an enzyme cocktail of trypsin/LysC (Promega, WI, USA) and the resulting 

peptides were isobarically labelled with Tandem Mass Tag 10plex™ (TMT-10-plex from 

Thermo Scientific, IL, USA). The differentially labeled samples were then pooled after 

reaction quenching with hydroxylamine and cleaned-up (Oasis HLB cartridges from 

Waters, MA, USA). The samples were finally dried and enriched for the phosphorylated 

peptides with TiO2 Mag Sepharose magnetic beads (GE Healthcare, Glattbrugg, 

Switzerland) according to the manufacturer’s instruction and analyzed with reversed-

phase liquid chromatography tandem mass spectrometry (RP-LC MS/MS). In parallel, 

non-phospho-enriched fractions (i.e., 1/10 of the samples) were kept for 

complementary RP-LC MS/MS analysis.  

 

Reversed-phase liquid chromatography tandem mass spectrometry.  

The samples (non-enriched and enriched fractions) were dissolved in 

H2O/CH3CN/formic acid 96.9/3/0.1 for RP-LC MS/MS analysis. RP-LC MS/MS was 
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performed on an Orbitrap Fusion Lumos Tribrid mass spectrometer and an Ultimate 

3000 RSLC nano system (Thermo Scientific, IL, USA) as previously described [21]. 

Proteolytic peptides were trapped on a PepMap 300 µm × 1 mm (C18, 5 µm, 100 Å) µ-

pre-column, and separated on an Acclaim PepMap RSLC 75 µm × 50 cm (C18, 2 µm, 

100 Å) column (Thermo Scientific, IL, USA) coupled to a stainless steel nanobore 

emitter (40 mm, OD 1/32”) (Thermo Scientific, IL, USA). The column was heated to 

50°C using a PRSO-V1 column oven (Sonation, Biberach, Germany). Peptide 

separation was performed with a gradient of mobile phase A (H2O/CH3CN/FA 

97.9/2/0.1) and B (H2O/CH3CN/FA 19.92/80/0.08): from 6.3% to 11% B over 12 min, 

from 11% to 25.5% B over 117 min and from 25.5% to 40% B over 28 min, with final 

elution (98% B) and equilibration (6.3% B) for a further 23 min. The flow rate was 220 

nLꞏmin−1 with a total analysis time of 180 min.  

  

Data were acquired using a data-dependent method. A positive ion spray 

voltage of 1700 V and a transfer tube temperature of 275 °C were set up. For MS 

survey scans in profile mode, the Orbitrap resolution was 120000 at m/z = 200 

(automatic gain control (AGC) target of 2 × 105) with a m/z scan range from 300 to 

1500, RF lens set at 30%, and maximum injection time of 100 ms. For MS/MS with 

higher-energy collisional dissociation (HCD) at 35% of the normalized collision energy, 

AGC target was set to 1 × 105 (isolation width of 0.7 in the quadrupole), with a 

resolution of 50000 at m/z = 200, first mass at m/z = 100, and a maximum injection 

time of 86 ms with Orbitrap acquiring in profile mode. A duty cycle time of 3 s (top 

speed mode) was used to determine the number of precursor ions to be selected for 

HCD-based MS/MS. Ions were injected for all available parallelizable time. Dynamic 

exclusion was set for 60 s within a ± 10 ppm window. A lock mass of m/z = 445.1200 

was used. 
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Mass spectrometry data processing.  

Protein identification was performed using Mascot 2.4.0 (Matrix Sciences, 

London, UK) against the human proteome database, UniProtKB (27/08/2014 release; 

71785 entries). Trypsin was selected as the proteolytic enzyme, with a maximum of two 

potential missed cleavages. Peptide and fragment ion tolerance were set to, 

respectively, 10 ppm and 0.02 Da. Fixed modifications included carbamidomethylation 

of cysteine TMT-labeling of lysine and TMT-labeling of peptide amino terminus. 

Variable modifications included oxidation of methionine, deamination of asparagine and 

glutamine, and phosphorylation of serine, threonine, and tyrosine. Mascot result files 

from both non-enriched and enriched fractions were loaded together into Scaffold Q+S 

4.3.2 (Proteome Software, OR, USA) for normalization purposes and further searched 

with X! Tandem (The GPM, thegpm.org; version CYCLONE (2010.12.01.1)). Both 

peptide and protein false discovery rates were fixed at 1% maximum, with a one-

unique-peptide criterion to report protein identification. Scaffold PTM 3.0.0 (Proteome 

Software) was used to annotate post-translational modifications from Scaffold results. 

Minimum localization probability was 95%. Isobaric tagging quantitative values for 

phosphorylated peptides were exported from Scaffold PTM and relative quantification 

of phosphorylation sites was computed using an in-house script with R version 3.1.1 

(http://www.r-project.org/). 

 

2.4. Materials. 

Coelenterazine wild-type and coelenterazine i were obtained from Biotium Inc., 

Hayward, Ca, U.S.A. A769662, dorsomorphin, ML-347, and DMH1 were from Tocris, 

Bristol, U.K. Inositol 1,4,5-trisphosphate was from Sigma, Madrid. Other reagents were 

from Sigma, Madrid, Spain or Merck, Darmstadt, Germany.  
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3. Results.  

3.1. Effect of AMPK modulators on histamine-induced cytosolic and 

mitochondrial [Ca2+] peaks.  

We have studied the effects of the AMPK activator A769662 and the AMPK 

inhibitor dorsomorphin on intracellular Ca2+ signaling in HeLa cells. The human cervical 

cancer HeLa cell line has been widely used to study subcellular Ca2+ signaling after 

hormone stimulation. In fact, the first dynamic [Ca2+] measurements inside 

mitochondria and endoplasmic reticulum were obtained in HeLa cells stimulated with 

histamine [22,23]. HeLa cells express endogenous histamine H1 G-protein coupled 

receptors that elicit a very strong response of IP3 production followed by IP3R activation 

and Ca2+ release from the ER [24].  Regarding the modulators, A769662 has been 

shown to activate AMPK by direct binding to the enzyme [25,26]. On the other hand, 

dorsomorphin (originally called Compound C) is a potent inhibitor of AMPK [27], 

although it has also been found to inhibit potently several bone morphogenetic protein 

type I receptors [28]. Both A769662 and dorsomorphin have been widely used in HeLa 

cells to activate or inhibit AMPK, and they have been described as effective AMPK 

modulators in these cells at the concentrations used in this paper [29–33].   

 

Fig. 1a shows the effects of these compounds on the cytosolic [Ca2+] peak 

induced by histamine. They induce opposite effects. A769662 reduces the height of the 

peak while dorsomorphin enhances it, and both effects were highly significant. Fig 1b 

shows that the same effects were obtained in the absence of extracellular Ca2+, that is, 

in the presence of EGTA in the extracellular medium. This means that these 

compounds act on IP3-induced Ca2+-release triggered by histamine and not on the 

store operated Ca2+ entry activated as a consequence of ER Ca2+ depletion. Fig. 1c 

shows the effects of these compounds on the mitochondrial Ca2+ uptake induced by 

histamine. During stimulated ER-Ca2+ release, mitochondria takes up Ca2+ from local 
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high-Ca2+ microdomains generated in the cytosolic mouth of the IP3R channels. This 

ER-mitochondria Ca2+ transfer occurs at MAMs, where both ER-IP3R and mitochondrial 

MCU channels are placed [34]. This preferential Ca2+ pathway between both organelles 

allows mitochondria to sense and amplify the cytosolic [Ca2+] signaling induced by Ca2+ 

release from the ER. Fig. 1c shows that the mitochondrial [Ca2+] peak induced by 

histamine in control cells is much larger than the cytosolic one, around 20µM as 

previously reported [35]. Moreover, as a result of the amplification, the compounds 

A769662 and dorsomorphin produced also much larger effects, inhibition in the case of 

A769662 and activation in the case of dorsomorphin. A769662 inhibited the histamine-

induced cytosolic [Ca2+] peak by 16±3%, but reduced the mitochondrial [Ca2+] peak by 

45±3%. Similarly, dorsomorphin increased the histamine-induced cytosolic [Ca2+] peak 

by 17±2% and the mitochondrial one by 65±6%.  

 

These effects were obtained using a histamine concentration (100µM) that 

produces maximum IP3 concentrations in these cells [24], but the same effects were 

obtained after submaximal stimulation (5µM histamine), that produces smaller and 

more physiological IP3 concentrations (Supplementary Fig. 1A). To exclude that the 

changes in mitochondrial Ca2+ uptake could be due to changes in the expression 

of the mitochondrial Ca2+ uniporter complex or changes in membrane potential, 

we measured the rate of mitochondrial Ca2+ uptake in permeabilized cells after 

addition of a controlled Ca2+ buffer. We found no changes in the rate of 

mitochondrial Ca2+ uptake among treated and untreated cells (Supplementary 

Fig. 1B).  Control experiments also showed that the solvent added with the AMPK 

modulators (DMSO) had no effect by itself on the mitochondrial Ca2+ peak 

(supplementary Fig. 1C). We have also tested the effects of two other AMPK 

activators, metformin and AICAR. Supplementary Fig. 1D shows that they also 

reduced the mitochondrial [Ca2+] peak induced by histamine, although the effect 
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was much smaller than that induced by A768662. This is consistent with their 

mechanism of action (see below).  

 

Fig. 2 shows the dose-response curves for the effects of A769662 and 

dorsomorphin on the histamine-induced mitochondrial Ca2+ uptake. The amplification of 

the effects of these compounds on histamine-induced mitochondrial Ca2+ uptake 

provides a much better resolution of the effects at different concentrations of the drugs. 

The upper panels (a and b) show the effects of different concentrations of both 

compounds in a typical experiment. The middle panels (c and d) show the statistics of 

a series of experiments performed at each concentration, and the lower panels (e and 

f) show the dose response curves obtained. Half-maximal inhibition of the histamine-

induced mitochondrial Ca2+ peak was obtained at 29µM A769662, and half-maximal 

activation was obtained at 0.4 µM dorsomorphin.  

 

3.2. Effect of AMPK modulators on ER-Ca2+ release.  

The data of Figs. 1 and 2 show that A769662 and dorsomorphin induce the 

same effect (decrease for A769662 and increase for dorsomorphin) on both cytosolic 

and mitochondrial [Ca2+] peaks induced by histamine. This suggests that both AMPK 

regulators influence calcium signaling at the level of ER Ca2+ release induced by 

histamine. Indeed, Fig. 3a shows that A769662 strongly inhibited the ER Ca2+ release 

induced by histamine, while dorsomorphin enhanced it. The statistics shows the mean 

values of the maximum [Ca2+]ER decrease induced by histamine addition. A769662 

largely inhibited Ca2+ release, while dorsomorphin produced the opposite effect.   

 

The effects of A769662 and dorsomorphin on histamine-induced ER Ca2+-

release suggest that these compounds influence IP3R function, which is responsible for 

ER Ca2+ release triggered by histamine. However, we could still not exclude an effect 

of these compounds on the histamine receptor or the pathway responsible for IP3 
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production after histamine action. We have then tested the effect of A769662 and 

dorsomorphin on ER Ca2+-release induced directly by IP3 in permeabilized cells. Fig 3b 

shows that the same modulation can be obtained under these conditions. A769662 

reduced IP3-induced Ca2+ release and dorsomorphin enhanced it, confirming that the 

effect takes place directly at the IP3R level. In conclusion, A769662 and dorsomorphin 

produce an opposite modulation of IP3R activity, inhibition in the case of A769662 and 

activation in the case of dorsomorphin. Fig. 3b shows also that the rate of refilling 

with Ca2+ of the ER was not modified by these compounds.  

 

3.3. Effect of BMPR inhibitors on histamine-induced cytosolic and mitochondrial 

[Ca2+] peaks.  

Dorsomorphin, also called compound C, has been widely used as a selective 

AMPK inhibitor. However, it is also a potent inhibitor of bone morphogenetic protein 

type I receptors (BMPR) [36]. To exclude that the effect of dorsomorphin could be 

mediated by inhibition of BMPR, we have tested two different inhibitors of BMPR, which 

have no activity on AMPK (ML347 and DMH1). These compounds are even more 

potent inhibitors of BMPR than dorsomorphin [37], and were thus assayed at the same 

concentration. Fig. 4, a and b, shows their effect on the cytosolic and mitochondrial 

[Ca2+] peak induced by histamine. None of them increased the cytosolic or the 

mitochondrial [Ca2+] peak. In fact, both produced significant reductions in the height of 

the cytosolic [Ca2+] peak, in contrast with the very significant increase induced by 

dorsomorphin. Moreover, dorsomorphin reversed the inhibition of the histamine-

induced mitochondrial [Ca2+] peak induced by the AMPK activator A769662 (Fig. 4c). In 

conclusion, the effect of dorsomorphin on the IP3R is not mediated by BMPR inhibition, 

but rather by AMPK inhibition.  

 

3.4. Phosphoproteomic study. 
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To obtain further insight on the mechanism of the effect of A769662 and 

dorsomorphin, we looked for changes in the protein phosphorylation state generated by 

the treatment with either A769662 or dorsomorphin. The comparative 

phosphoproteomic study reveals 304 P-sites with significant changes in 

phosphorylation induced by A769662 (Fig. 5A, Supplementary Table 1) and 257 P-

sites having significant changes in phosphorylation induced by dorsomorphin (Fig. 5B, 

Supplementary Table 2). As we could not detect any significant changes in 

phosphorylation of the IP3R itself, we tested for possible changes in the expression of 

IP3R after incubation of cells with AMPK modulators. Supplementary Fig. 2 shows the 

mean level of the peptides obtained in the phosphoproteomic study from the two IP3R 

isoforms present in the HeLa cells (3 peptides for type 1 (ITPR1) and 2 peptides for 

type 3 (ITPR3)). None of them experienced significant changes in expression after the 

treatments.  

 

As we could not find changes in expression of phosphorylation of IP3R, the 

effect of the AMPK modulators was probably indirect, mediated by an IP3R upstream 

signaling pathway. Thus, we made a search for candidates to participate in this 

signaling pathway among the proteins that had shown significant changes in 

phosphorylation induced by the modulators. First, we found that several of these 

proteins belonged to the IP3R interactome. Fig. 5C shows a Venn diagram listing the 

candidate genes resulting from this study and Fig. 5D shows the differences in 

phosphorylation status obtained for these genes (Additional data in Supplementary Fig. 

3). This group included transcription factors such as c-Myc or SP1, the transcriptional 

regulator HCFC1, the small GTPase SPAG1 and several kinases, such as ERK1/2 

(MAPK1/3), whose phosphorylation was increased by A769662, and PKCα and 

GSK3B, whose phosphorylation was decreased in the presence of dorsomorphin.  
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In addition, a Gene Ontology study was performed applying Metacore 

(Thompson Reuters) to reveal proteins related to Ca2+-signaling which become 

phospho-regulated in the presence of A769662 or dorsomorphin. Supplementary table 

3 shows the full list of proteins obtained under these conditions, classified according to 

their participation in different calcium signaling pathways. Some of them are directly 

related with the regulation of Ca2+ release from the endoplasmic/sarcoplasmic 

reticulum. Fig. 5E shows a Venn diagram listing the candidate genes that meet these 

conditions and Fig. 5F shows the differences in phosphorylation status obtained for 

these genes. Among them, it is worth to mention the phospho-regulation of 

phosphodiesterase 3A (PDE3A), which becomes phosphorylated in the presence of 

A769662 (1.2534 fold, S570) and dephosphorylates in the presence of dorsomorphin 

(0.84 fold, S408) (Fig. 5E). PDE3b is also phosphorylated in the presence of A769662, 

and the group also includes the Ca2+-dependent apoptosis inhibitor NOL3 (ARC), 

whose phosphorylation decreases in the presence of A769662.   

 

4. Discussion 

The relationship between AMPK regulation and Ca2+ signaling is still unclear. 

We have investigated here the effects of the AMPK activator A769662 and the AMPK 

inhibitor dorsomorphin on subcellular Ca2+ signaling in HeLa cells. Our results show 

that A769662 and dorsomorphin have a clear and opposite effect on IP3-induced ER 

Ca2+ release. The AMPK activator inhibited IP3-induced ER Ca2+ release and the 

AMPK inhibitor activated it. In both cases, the effects were large enough to produce 

highly significant changes in the histamine-induced cytosolic and mitochondrial [Ca2+] 

peaks. In particular, the Ca2+ transfer between ER and mitochondria was specially 

affected, as the AMPK modulators dramatically modified agonist-induced mitochondrial 

[Ca2+] increase. Our data indicate that the AMPK modulators directly influence IP3R 

activity, as they produced similar effects on histamine-induced Ca2+ release in intact 

cells and on IP3-induced Ca2+ release in permeabilized cells. However, the resting 
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[Ca2+]ER was not modified, indicating that the compounds only modulate the 

response of the IP3R to IP3, and have no direct effect in the absence of IP3. 

 

A769662 is a direct activator of AMPK which stimulates its activity even in the 

absence of AMPK phosphorylation [38]. The EC50 for inhibition by A769662 of IP3-

induced Ca2+ release was 29µM, a concentration in the same range as previously 

determined to activate AMPK in HeLa cells [29,30]. The smaller effect of metformin 

and AICAR is consistent [29,38] with the fact that A769662 is a direct activator of 

AMPK, while metformin and AICAR are indirect activators of AMPK that induce 

its phosphorylation by either LKB1 kinase (absent in HeLa cells) or CaMKKβ.   In 

fact, it has been reported before that A769662 is a much better AMPK activator in 

HeLa cells than metformin or AICAR [39]. Regarding dorsomorphin/Compound C, it 

was originally identified as an inhibitor of AMPK and it has been widely used as an 

AMPK inhibitor in HeLa cells [31–33]. However, it has been found that it is also a 

potent inhibitor of several BMPR [36]. In our work, the EC50 for stimulation by 

dorsomorphin of the histamine-induced [Ca2+]M peak was very low, only 0.4µM, 

compatible with a specific effect either on AMPK or BMPR. To distinguish between 

these two possibilities, we have assayed the effect on Ca2+ homeostasis of two 

different BMPR inhibitors which have no effect on AMPK. Our data show that these 

inhibitors did not reproduce at all the effects of dorsomorphin on the cytosolic and 

mitochondrial [Ca2+] peaks induced by histamine, suggesting that the effect of 

dorsomorphin shown here is not due to BMPR inhibition. Moreover, dorsomorphin 

reversed the effects of the AMPK activator A769662 on the histamine-induced [Ca2+]M 

peaks, suggesting that its effects are actually due to AMPK inhibition.  

 

The observed effect of the modulators is consistent with the well-known 

effects of AMPK on metabolism and with the general antagonism between AMPK and 

mTOR activation. We find that an AMPK activator inhibits IP3-induced Ca2+ release, 
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while an AMPK inhibitor activates it. As Ca2+ is a key second messenger for cell 

activation, inhibition of Ca2+ release should slow down energy consumption for different 

Ca2+-dependent activities such as contraction, secretion, proliferation, and others. In 

addition, less energy would be required to restore the Ca2+ gradients via ATP-

dependent Ca2+ pumps. Therefore, inhibition of IP3R may reduce energy expenditure. 

Furthermore, inhibition of IP3R should also reduce Ca2+ transfer from ER to 

mitochondria, and this should slow down ATP production. This apparent contradiction 

adds to some other uncertainties that remain on the relationship between nutrient-

sensitive pathways and Ca2+ signaling. As we have mentioned before, mTOR has been 

reported to induce both activation [12–14] and inhibition [11] of IP3R. Similarly, the 

regulation of autophagy by Ca2+, involving AMPK and mTOR as active players, is 

highly controversial. While considerable evidence suggests that cytosolic Ca2+ favors 

autophagy, under some conditions it seems to have the ability to block it as well [40].  

 

We would like to highlight that IP3R-induced Ca2+ transfer from ER to 

mitochondria has been shown to be essential to maintain mitochondrial function and 

cellular energy balance not only in normal cells, but especially in cancer cells. Genetic 

or pharmacological inhibition of IP3R produces cell death with much greater potency in 

cancer cells than in normal cells, and IP3R seems to play an important role in cancer 

progression and metastasis (see [41] for a review). Under this perspective, the 

regulation of IP3R by AMPK described here may be of interest for cancer research.   

 

The mechanism linking AMPK regulation to ER Ca2+ release will require further 

studies. In order to obtain some additional information on the possible mechanisms, we 

performed a phosphoproteomic study looking for changes in protein phosphorylation 

induced by treatment with these compounds. This study showed that A769662 and 

dorsomorphin generate a large amount of changes in the protein phosphorylation 

pattern. In the case of A769662, the phosphorylated proteins include several targets of 
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AMPK, such as acetyl-CoA carboxylase or Raf, consistent with activation of AMPK in 

the presence of this compound. However, the large number of protein phosphorylation 

changes makes it difficult to define clearly the mechanisms involved.  

 

Analysis of the phosphoproteomic data suggests several possible candidates to 

mediate the effects, although much further work is required to test it. First, several 

kinases which are upstream of the IP3R in the interactome become phosphorylated or 

dephosphorylated in the presence of these compounds. They are ERK1/2 (MAPK1/3), 

whose phosphorylation was increased by A769662, and PKCα and GSK3B, whose 

phosphorylation was decreased in the presence of dorsomorphin. Both ERK1/2 and 

PKC have been shown to phosphorylate IP3R [42]. In addition, we should mention the 

phosphodiesterase PDE3A, which becomes phosphorylated in the presence of 

A769662 and dephosphorylates in the presence of dorsomorphin. PDE3A (as well as 

PDE3B, which also becomes phosphorylated in the presence of A769662) has been 

found associated with the endoplasmic reticulum [43] and cAMP is an important 

activator of the IP3R, both directly and via PKA-mediated phosphorylation [44]. 

Activation of PDE in the presence of A769662 could therefore reduce the cAMP 

concentration (from the resting levels, see [45,46]) and thereby inhibit the IP3R. In fact, 

it has been shown that a closely related phosphodiesterase, PDE4B, is phosphorylated 

by AMPK at three sites [47]. Finally, we should mention the Ca2+-dependent apoptosis 

inhibitor NOL3 (ARC), whose phosphorylation decreases in the presence of A769662 

(Fig. 5F). It may also be an interesting candidate, as it has been shown to regulate 

Ca2+-release from sarcoplasmic reticulum [48].  

 

5. Conclusions.  

Our data suggest that AMPK negatively regulates IP3-induced Ca2+ release from 

the ER, although further studies are required to investigate the mechanism of this 

effect. This modulation reinforces the link between Ca2+ signaling and the AMPK 
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pathway and places the IP3R, also regulated by mTOR, as a key signaling hub for 

these two major nutrient-sensitive pathways.  
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Figure Legends 

 

Fig. 1. Effects of A769662 and dorsomorphin on the cytosolic and mitochondrial 

[Ca2+] peaks induced by histamine. HeLa cells were transfected with either 

cytosolic aequorin (panels a and b) or mitochondrially targeted mutated aequorin 

(panel c) and then cultured during 48h with either none, 50µM A769662 or 1µM 

dorsomorphin. Then, cells were reconstituted with wild-type coelenterazine and 

stimulated with 100µM histamine as shown in the figure. In panel b, medium 

containing 0.5 mM EGTA instead of 1mM Ca2+ was perfused when indicated. The 

right part of each panel shows the statistics of the [Ca2+] peaks. The numbers on 

top of the bars are the number of experiments of each type. *, p<0.05; ***, 

p<0.005.   

 

Fig. 2. Dose-response relationship of the effects of A769662 and dorsomorphin 

on the mitochondrial [Ca2+] peaks induced by histamine. HeLa cells were 

transfected with mitochondrially targeted mutated aequorin and then cultured 

during 48h with either none or different concentrations of dorsomorphin. In the 

case of A769662, cells were incubated with different concentrations of the 

compound for 2h at 37ºC prior to the experiment. Then, cells were reconstituted 

with wild-type coelenterazine and stimulated with 100µM histamine as shown in 

panels a and b. Panels c and d show the statistics of the effects obtained in a 

series of experiments similar to those of panels a and b.  The numbers on top of 

the bars are the number of experiments of each type. Panels e and f show the 

dose-response curve fitted to the experimental data and the EC50 obtained for 

each of the compounds. ***, p<0.005.   
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Fig. 3. Effects of A769662 and dorsomorphin on ER-Ca2+ release induced by 

histamine. HeLa cells were transfected with ER-targeted double-mutated 

aequorin and then cultured during 48h with either none or 1µM dorsomorphin. In 

the case of A769662, cells were incubated with 100µM of the compound for 2h at 

37ºC prior to the experiment. In panel a, cells were reconstituted with 

coelenterazine i and then stimulated with 100µM histamine, as shown in the 

figure. In panel b, cells were permeabilized as described in Methods and 

reconstituted with coelenterazine wild-type. Then, as indicated in the figure, a 

100nM [Ca2+] buffer was perfused to refill the ER followed by 2µM IP3. The 

insets show the statistics of the effects obtained in a series of experiments similar 

to those of panels a and b.  The numbers on top of the bars are the number of 

experiments of each type. ***, p<0.005. The effect of each compound is 

compared with the control.   

 

Fig. 4. Effects of the BMPR-inhibitors ML347 and DMH1 and of the AMPK/BMPR 

inhibitor dorsomorphin on the cytosolic and mitochondrial [Ca2+] peaks 

induced by histamine. HeLa cells were transfected with either cytosolic 

aequorin (panel a) or mitochondrially targeted mutated aequorin (panels b and c) 

and then cultured during 48h with either none, 1µM of ML347, DMH1 or 

dorsomorphin, or 50µM of A769662. Then, cells were reconstituted with wild-type 

coelenterazine and stimulated with 100µM histamine as shown in the figure. The 

right part of each panel shows the statistics of the [Ca2+] peaks. The numbers on 

top of the bars are the number of experiments of each type. *, p<0.05; ***, 

p<0.005. The effect of each compound is compared with the control.   
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Fig. 5. Effects of AMPK modulators on Hela cells phospho-proteome. A) Volcano 

plot displaying significant regulated P-sites in presence of A769662. B) Volcano 

plot displaying significant regulated P-sites in presence of dorsomorphin. C) 

Identification of upstream IP3R interactors significantly regulated in the presence 

of A769662 and Dorsomorphin (Venn diagram). The genes corresponding to the 

intersections are mentioned on the right, and panel D shows the magnitude of the 

changes in those genes. D) Left plot: effect of dorsomorphin on the 

phosphorylation status of SP1, HCFC1, PKCα and GSK. Right plot: effect of 

A769662 on the phosphorylation status of c-Myc, HCFC1, Erk1/2 and SPAG13 

(p-status in lineal scale).  E) Identification of genes belonging to gene ontologies 

including the terms: Endoplasmic reticulum / Sarcoplasmic reticulum and calcium, 

and significantly regulated in presence of A769662 and Dorsomorphin (Venn 

diagram). The genes corresponding to the intersections are mentioned on the 

right, and panel F shows the magnitude of the changes in those genes. F) Left 

plot: effect of dorsomorphin on the phosphorylation status of PDE3. Right plot: 

effect of A769662 on the phosphorylation status of PDE3a, PDE3b and NOL3 (p-

status in lineal scale).   
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Supplementary information: Suppl. Fig. 1, 2 and 3, and Suppl. Tables 1, 2 and 3.  

 

Suppl. Fig. 1. Panel a. Effect of the AMPK modulators under a submaximal 

stimulation with histamine 5μM. Cells incubated for 48h with 1µM 

dorsomorphin of for 2h with 100µM A769662 were stimulated with 5µM histamine 

as indicated. The right panel shows the statistics (mean±s.e.). ***, p<0.005. 

Panel b. Effect of the AMPK modulators on mitochondrial Ca2+ uptake 

induced by a Ca2+ buffer in permeabilized cells. Cells treated or not with the 

modulators were permeabilized and perfused with a 5.5µM [Ca2+] buffer.  

Panel c. Control experiment on the effect of the solvent of the AMPK modulators. 

Cells were incubated by 48h with either none or 0,02% DMSO (the maximum 

DMSO added with the compounds). The left panel shows the mean histamine-

induced mitochondrial [Ca2+] peak obtained in the two conditions, and the right 

panel shows the statistics (mean±s.e.). No significant effect was obtained. Panel 

d. Cells were treated for 2h with the AMPK activators A769662 100µM, 

metformin 1mM and AICAR 1mM and the effect of 100µM histamine on 

mitochondrial [Ca2+] was tested.  

  

Suppl. Fig. 2. Mean level of the peptides obtained in the phosphoproteomic study 

from the two IP3R isoforms present in HeLa cells (3 peptides for type 1 

(ITPR1) and 2 peptides for type 3 (ITPR3)).  

 

Suppl. Fig. 3. Network showing direct upstream IP3R interactors significantly 

phospho-regulated in presence of AMPK modulators. The central node 

(object) of the network correspond to the IP3R. The rest of the object represents 

direct upstream interactors previously curated in the Metacore® database. 
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Significant regulated objects at the phosphorylation level in presence of A669662 

(Fig 3a) or dorsomorphin (Fig. 3b) are indicated with red spots on the upper right 

corner. Panel B of each Figure lists the significant regulated interactors, 

indicating the phosphorylation fold change, the P-site involved, the mechanism of 

interaction, the effect and some references.  

 

 

 

Suppl. Table.1. List of significantly regulated phospho-sites upon A669662 

treatment.  The table shows phospho-site quantification of five experimental 

replicates performed on both experimental conditions (control and A669662), 

including delta differences and p-values. The table displays only regulated 

phospho-sites with p-values≤0.05 (unpaired t-test) and includes information on 

the phosphorylation sites identified and quantified, comprising localization 

probability, peptide sequence and protein accession number (Uniprot KB). 

 

Suppl. Table.2. List of Significantly regulated phospho-sites upon dorsomorphin 

treatment. The table shows phospho-site quantification of five experimental 

replicates performed on both experimental conditions (control and dorsomorphin), 

including delta differences and p-values. The table displays only regulated 

phospho-sites with p-values≤0.05 (unpaired t-test) and includes information on 

the phosphorylation sites identified and quantified, comprising localization 

probability, peptide sequence and protein accession number (Uniprot KB). 

 

Suppl. Table 3. Significantly phospho-regulated proteins belonging to gene 

ontologies including the term “Calcium”. Phospho-regulated proteins IDs 

(Uniprot KB) were matched to the corresponding genes. Subsequently genes 

were assigned to gene ontologies using Metacore ®. The table displays for every 
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particular ontology containing the term “Calcium” an enrichment analysis (p-value 

and FDR) and the list of regulated genes (A769662 and dorsomorphin) identified. 
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