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AMPK pathway to ULK1 and mTORCI.
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(Background: Amino acids and cell Ca®" are potent regulators of autophagy that are thought to act independently of each
Results: Withdrawal of essential amino acids increases cytosolic Ca*>" and subsequently activates autophagy via a CaMKK--

Conclusion: A Ca®*-dependent pathway regulates autophagy under amino acid starvation.
Significance: This new pathway would contribute to better understand autophagy regulation.
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Autophagy is the main lysosomal catabolic process that
becomes activated under stress conditions, such as amino acid
starvation and cytosolic Ca®* upload. However, the molecular
details on how both conditions control autophagy are still not
fully understood. Here we link essential amino acid starvation
and Ca”" in a signaling pathway to activate autophagy. We show
that withdrawal of essential amino acids leads to an increase in
cytosolic Ca*, arising from both extracellular medium and
intracellular stores, which induces the activation of adenosine
monophosphate-activated protein kinase (AMPK) via Ca®*/cal-
modulin-dependent kinase kinase- 3 (CaMKK- ). Furthermore,
we show that autophagy induced by amino acid starvation
requires AMPK, as this induction is attenuated in its absence.
Subsequently, AMPK activates UNC-51-like kinase (ULK1), a
mammalian autophagy-initiating kinase, through phosphoryla-
tion at Ser-555 in a process that requires CaMKK- 3. Finally, the
mammalian target of rapamycin complex C1 (mTORC1), a neg-
ative regulator of autophagy downstream of AMPK is inhibited
by amino acid starvation in a Ca?*-sensitive manner, and
CaMKK-f appears to be important for mTORCI inactivation,
especially in the absence of extracellular Ca>*. All these results
highlight that amino acid starvation regulates autophagy in part
through an increase in cellular Ca®>* that activates a CaMKK- 8-
AMPK pathway and inhibits mTORC1, which results in ULK1
stimulation.

Cellular homeostasis is maintained by the proper balance
between the biosynthesis and the degradation of macromole-
cules and organelles. Macroautophagy, hereafter simply called
autophagy, is a main catabolic process for the clearance of
intracellular components in lysosomes (1). Under full nutrient
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conditions, autophagy remains at low basal levels in most cells,
whereas under starvation and other stress conditions it rises to
play a main role in cell survival by delivering nutrients and
damaged cell components to lysosomes (2, 3). The most impor-
tant negative regulators of autophagy are hormonal (e.g. insu-
lin) and nutritional (e.g. amino acids) (1, 4). The serine-threo-
nine kinase mammalian target of rapamycin complex C1
(mTORCI1)? is to date the best known sensor for the availability
of energy and nutrients. For example, it is negatively and posi-
tively regulated, respectively, by the adenosine monophos-
phate-activated protein kinase (AMPK) and the insulin signal-
ing pathways. AMPK is activated by various kinases, including
the Ca®"*/calmodulin-dependent kinase kinase-8 (CaMKK-g)
(5), and its inhibitory effect on mTORC1 occurs via phosphor-
ylation of TSC2 in the tuberous sclerosis complex TSC1/2,
which has GTPase-activating protein activity toward its sub-
strate, the Ras-family GTP-binding protein Rheb (6). Even
though the involvement of AMPK in the inhibition of mMTORC1
is now well established, its direct role inducing autophagy has
been only recently described by reporting its involvement in the
phosphorylation of ULK1 (UNC-51-like kinase), a mammalian
ortholog of the yeast protein kinase Atgl that is required to
initiate autophagy (7). In the presence of nutrients, mTORC1
has also the ability to prevent ULK1 activation by phosphory-
lating this protein at a residue that is different from those phos-
phorylated by AMPK, disrupting in this way the interaction
between ULK1 and AMPK (8).

Ca®" ion is a major intracellular second messenger regulat-
ing many physiological functions in the cells, such as secretion,
contraction, metabolism, gene transcription, death, etc., and is
also involved in some pathological processes (9, 10). Although
the spatial and temporal distribution of Ca®>" in the cytosol,

3 The abbreviations used are: nTORC1, mammalian target of rapamycin com-
plex 1; AMPK, AMP-activated protein kinase; [Ca®"],, cytosolic Ca®* levels;
CaMKK-B; Ca®"/calmodulin-dependent kinase kinase-3; ER, endoplasmic
reticulum; LC3, microtubule-associated protein1 light chain 3; MEF, mouse
embryonic fibroblast; ULK1, UNC-51-like kinase; KH, Krebs-Henseleit medi-
um; AA, amino acids; p70S6K, phosphorylation of the ribosomal protein S6
kinase 1.
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mitochondria, endoplasmic reticulum (ER), and nucleus deter-
mines one of the most commonly recognized and well studied
intracellular signals (11, 12), its role in autophagy is hitherto
poorly understood. A pioneering study demonstrated the
importance of Ca®* storage within intracellular compartments,
rather than cytosolic Ca®", for autophagy stimulation (13).
However, another report provided evidence that, at least under
certain conditions, autophagy is inhibited when cytosolic Ca**
increases (14), whereas others reported that rises in cytosolic
Ca®>" stimulate autophagy (5). It is believed that the positive
effects of Ca®>* on autophagy occur via activation of AMPK and
are mTORC1-dependent (5), whereas the inhibition of
autophagy by Ca®* does not require AMPK and is independent
of mTORC1 (14). Thus, apparently conflicting results exist
concerning the role of cytosolic Ca*>" and intracellular stores of
Ca®" in autophagy.

We have recently found that three Ca®>* binding proteins,
copine 1, annexin A1, and annexin A5, translocate under essen-
tial amino acid starvation to lysosomal membranes. This trans-
location occurs in a Ca®"-dependent manner, at least for
annexin A5, which was also shown to stimulate autophagy (15).
This led us to consider a possible link between autophagy
induction under this condition and intracellular Ca>". Thus,
we investigated in this work the dependence on cellular Ca*" of
autophagy induced by essential amino acid starvation. We
demonstrate for the first time that withdrawal of amino acids
provokes an increase in cytosolic Ca®" that originates from
both extracellular and, to a larger extent, intracellular stores.
We also describe a pathway by which amino acid starvation
could activate autophagy through Ca®" signaling.

EXPERIMENTAL PROCEDURES

Materials—Minimum essential medium, Dulbecco’s modi-
fied Eagle’s medium (DMEM), human insulin, 3-methylad-
enine, EGTA (ethylene glycol tetraacetic acid), ionomycin,
insulin, and NH,Cl were purchased from Sigma. Minimum
essential medium, amino acids 50X, fetal bovine serum (FBS),
fura-2AM, and fluo-3AM were supplied by Molecular Probes,
Invitrogen. Leupeptin was from Peptide Institute, Inc., and
rapamycin was from Calbiochem. The following antibodies
were used: anti-microtubule-associated proteinl light chain 3
(anti-LC3) from Nanotools, anti-CaMKK-B and anti-
CaMKK-a from Santa Cruz Biotechnology, anti-AMPK/P-
AMPK (Thr-172), anti-p70S6K/P-p70S6K (Thr-389), anti-
ULK1/P-ULK1 (Ser-555)/P-ULK (Ser-757), and anti-mTOR
from Cell Signaling, and anti-B-actin and horseradish peroxi-
dase-labeled secondary antibodies from Sigma. Radioisotopes
were obtained from Amersham Biosciences. The CaMKK-«/f
inhibitor STO-609 and BAPTA-AM (1,2-bis(2-aminophenoxy)
ethane-N,N,N,N-tetraacetic acid tetrakis(acetoxymethyl ester))
were from Tocris Bioscience. Other reagents, purchased from
Sigma, Invitrogen, or Calbiochem, were of analytical grade.

Cell Culture, Treatments, and Transfections—NIH3T3
mouse embryonic fibroblasts and HeLa cells, obtained from the
European Collection of Animal Cell Cultures, were grown at
37 °Cin a humidified atmosphere of 5% (v/v) CO,, airin DMEM
or minimum essential medium with 10% heat-inactivated FBS
and 1% penicillin and streptomycin. Normal human skin fibro-
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blasts 3349B were obtained from the Coriell Institute for Med-
ical Research (Camden, NJ) and were grown as described (4).
Mouse embryonic fibroblasts (MEFs) double knock-out (KO)
for AMPKa1/2 subunits (el ~/~ and @2~/ ") and wild type con-
trols, kindly provided by Dr. B. Viollet (Institut Cochin,
INSERM U1016, CNRS UMR 8104, Université Paris Descartes,
Dept. of Endocrinology, Metabolism and Cancer, 24 rue du
Faubourg Saint Jacques, 75014 Paris), were grown as described
previously (16). Krebs-Henseleit medium (KH, 18.4 mm NaCl,
4.75 mm KCl, 1.19 mm KH,PO,, 2.54 mMm MgSO,, 2.44 mm
CaCl,2H,0, 28.6 mM NaHCO,, 20 mm glucose) with 10 mm
Hepes, pH 7.4, was used for high proteolysis (starvation) con-
ditions. For low proteolysis conditions, insulin (0.1 wMm), and
essential amino acids (at two times the concentration present in
the growth media (4)) were added to KH. Incubations without
extracellular Ca®>* were carried out in the same KH but without
CaCl, and supplemented with 100 um EGTA.

For RNAi-mediated inhibition of the expression of
CaMKK-B, CaMKK-a, and AMPK genes, cells were transfected
72 h before analysis with small interfering RNAs (siRNAs) using
X-tremeGENE siRNA Transfection Reagent (Roche Applied
Science) according to the manufacturer’s instructions. The
siRNAs that target mouse CaMKK- mRNA and the negative
controls were purchased from Ambion Inc., whereas those that
target AMPK were purchased from Santa Cruz Biotechnology.
All of them were tested and used at a final concentration of
15 nm.

Measurements of Intracellular Ca”*—For cytosolic Ca*"
imaging, cells were loaded with 5 um fura-2AM for 30 min at
37 °C in KH. Fura-2AM fluorescence was measured at 340 and
380 nm excitation, and emission was detected with a 520 emis-
sion filter at intervals of 5 s. Analysis was done using
Hamamatsu or MetaMorph/MetaFluor Analyst (Universal
Imaging Corp., Downingtown, PA). Assays were carried out on
a Zeiss Axiovert 200 inverted microscope equipped either with
cooled CCD digital cameras or as part of a Zeiss LSM 510 con-
focal microscope (Carl Zeiss, Jena, Germany).

For Ca®>" measurements by flow cytometry, cells were loaded
with 5 uMm fluo-3AM for 30 min, detached with trypsin-EDTA,
washed once, and resuspended (10° cells/ml) in the appropriate
medium. In each experiment, 10,000 cells were analyzed by
fluorescence-activated cell sorting (FACS) using a 488 * 20-nm
band-pass filter and a Cytomics FC 500 flow cytometer (Beck-
man Coulter).

Measurement of Intracellular Protein Degradation—
NIH3TS3 cells were incubated for 48 h in fresh full medium with
2 uCi/ml [*H]valine followed by a 24-h chase in fresh full
medium containing 10 mm L-valine to degrade short-lived pro-
teins (17). Then, degradation of long-lived proteins was meas-
ured for 4 h with the indicated treatments. Total and
autophagic protein degradation were calculated as previously
described (17).

General Procedures—The immunoblotting procedures were
carried out as before (17). Phospho-specific antibodies were
always used in the first round. After treating the membranes
with stripping buffer (0.25 m glycine, pH 2.3), they were probed
using the antibodies that recognize the total amount of the pro-
tein of interest. Detection of low signals was carried out with the
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FIGURE 1. Withdrawal of amino acids raises cytosolic Ca**, derived from both extracellular and intracellular stores. For Ca®>" measurements, fura-2AM-
loaded NIH3T3 cells were imaged as described under “Experimental Procedures.” The mean values from =40 cells from eight independent experiments are
shown. The [Ca?*], are compared in cells incubated as indicated in KH with and without amino acids (AA) and 0.1 um insulin either together (A) or separately
(Band C, respectively). In D the effect of amino acids on [Ca® "], was measured in cellsincubated in KH without CaCl, and containing 100 um EGTA. Panel E shows
a representative experiment where a second round of amino acid addition and withdrawal was carried out in cells incubated as in D. To assess the viability of

the cells, ionomycin (1 um) was used as a positive control in each experiment.

Amersham Biosciences ECL Prime Western blotting Detection
Reagent. Comparisons between different conditions, after cal-
culating mean and S.D. values were by Student’s ¢ test. p values
were considered significant at p < 0.0005 (***), p < 0.005 (**),
and p < 0.05 (*).

RESULTS

Withdrawal of Amino Acids Increases Intracellular Ca*"
Levels—To test whether cytosolic Ca>" levels ([Ca®>"],) vary
under conditions that produce high (KH alone) and low (KH
plus insulin and amino acids) proteolysis, we measured their
kinetic changes under these conditions in fura-2AM-loaded
NIH3TS3 cells. We found that in the cells incubated with KH,
[Ca®*], are significantly higher without insulin and amino acids
than in the presence of both proteolytic regulators (Fig. 14 and
Table 1). The KH-induced [Ca®*], increase is characterized by
a rapid initial rise that quickly becomes stabilized. We also
measured, separately, the effects of insulin and amino acids;
amino acids induce a decrease in [Ca>"]_, whereas insulin does
not provoke any change (Fig. 1, B and C, and Table 1).

To examine whether the increase in [Ca>"], observed under
high proteolysis conditions (KH alone) was due to extracellular
Ca*" influx or to release of Ca®** from an intracellular store,
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cells were incubated in KH without extracellular Ca*" and con-
taining the cell-impermeant Ca®>* chelator EGTA. As shown in
Fig. 1D, the addition or withdrawal of amino acids from a Ca>" -
free medium produces changes in [Ca®>"], similar to those
observed in the presence of extracellular Ca>" (see Fig. 1A and
Table 1) but that occur to a lower extent. The same effects were
observed with and without extracellular Ca>" in HeLa cells
(supplemental Fig. S1, A and B) and in 3349B human fibroblasts
(supplemental Fig. S1, C and D). Moreover, a second round of
amino acid withdrawal still produces an increase in [Ca**],
(Fig. 1E and supplemental Fig. S1, A and B).

These data indicate that although the observed rise in
[Ca®>*], when the cells are incubated without essential amino
acids depends in part on Ca®>" entry from the extracellular
medium, this increase mainly comes from intracellular Ca>"
stores.

Withdrawal of Amino Acids Activates AMPK in a CaMKK-
B-dependent Way—Amino acid removal activates autophagy
by complex mechanisms still not fully understood (1, 18). In
addition, it is also known that both extracellular- and ER-de-
rived Ca®" induce autophagy through the activation of AMPK
by Ca®>*/CaMKK (5). Therefore, we asked if this signaling path-
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TABLE 1

Effects of insulin and/or amino acids on [Ca®*],

Fura-2AM-loaded NIH3T3 cells were incubated in KH with and without the indicated stimuli as in Fig.1, A~D. Changes in [Ca®"], recording (ratio 340 nm/380 nm) were
measured before (2.5 min), during (10 min), and at the end of the stimulus (20 min). The effects of stimulus addition and withdrawal were calculated from these data as
indicated in the corresponding column, and the differences in the values at these times were found to be statistically significant at p < 0.0005 (***). NS, no significant
difference). n corresponds to the number of analyzed cells from different cultures with a positive response to ionomycin.

Ratio 340 nm/380 nm
Addition Withdrawal
Stimulus 2.5 min 10 min 20 min (10-2.5 min) (20-10 min) n
AA 0.240 = 0.010 0.208 = 0.007 0.252 * 0.009 —0.032 = 0.003*** 0.044 = 0.002*** 363
Insulin 0.228 + 0.005 0.227 = 0.004 0.226 * 0.005 —0.001 = 0.001 NS 0.001 = 0.001 NS 349
AA + Insulin 0.231 = 0.009 0.198 = 0.008 0.241 = 0.006 —0.033 = 0.001*** 0.043 = 0.002*** 352
AA” 0.121 * 0.004 0.089 = 0.005 0.125 = 0.004 —0.032 = 0.001*** 0.036 = 0.001*** 365

“ Cells incubated in KH as above, but without CaCl, and supplemented with 100 um EGTA.

way was also implicated in the observed effects of amino acid
starvation on Ca®" levels or, in other words, if both groups of
separate observations could be related.

First, we determined in our experimental system whether or
not amino acid starvation activates AMPK, analyzing its Thr-
172 phosphorylation. Under amino acid starvation, phosphor-
ylation of AMPK is slightly lower in the absence (—CaCl,) of
extracellular Ca*>" than in its presence (+ CaCl,) (supplemental
Fig. S2, Band C). This is in agreement with the observed effects
of amino acid starvation on [Ca>"]_in cells incubated in a Ca** -
free medium (Fig. 1D) and also with previous reports showing
that Ca®" plays a crucial role in the activation of this kinase (5,
19). Furthermore, withdrawal of amino acids with and without
extracellular Ca®>" activates AMPK (Fig. 24, see the first and
second lanes in + CaCl,and —CaCl,). To analyze the possibility
of a Ca®"-dependent activation of AMPK by withdrawal of
amino acids, we used the intracellular Ca?" chelator BAPTA-
AM. Chelation of intracellular Ca>" by BAPTA-AM dimin-
ishes this activation in the presence of extracellular Ca®>* and
eliminates it in its absence, indicating a Ca*>"-dependent acti-
vation of AMPK by amino acid starvation (Fig. 2A4). Activation
of AMPK can be mainly accomplished via its phosphorylation
by the tumor suppressor kinase LKB1 (when energy levels are
low) and by CaMKK- and to a lesser extent by CaMKK-« (in
response to an increase in [Ca®*]) (19, 20). As demonstrated
above, withdrawal of amino acids increases [Ca®*]_. Thus, we
speculated that this effect could activate AMPK in NIH3T3
cells through CaMKK-a/B. To test this hypothesis, we first
treated the cells with a CaMKK-«/ inhibitor (STO-609) (21).
As shown in Fig. 2B (see the two last bands in +CaCl, and
—CaCl,), STO-609 abolishes the activation of AMPK produced
in the absence of amino acids and with and without extracellu-
lar Ca®>". To further confirm these effects, we carried out the
same experiments but now using CaMKK-B-specific siRNAs.
The observed AMPK phosphorylations in CaMKK-S-silenced
cells (Fig. 2C) are fully consistent with the results obtained with
STO-609 (Fig. 2B). To distinguish between the involvement of
CaMKK-B and CaMKK-« in this pathway, we compared the
silencing effect of each one. A possible higher expression of one
CaMKK in response to the knockdown of the other is ruled out
in supplemental Fig. S2A. In general, CaMKK-a knockdown
produces much less effect than that of CaMKK-f3 (supplemen-
tal Fig. S2, B and C). In contrast to CaMKK-f3, silencing of
CaMKK-a does not fully abolish the activation of AMPK pro-
duced by amino acid starvation. Under CaMKK-a silencing,

38628 JOURNAL OF BIOLOGICAL CHEMISTRY

this activation persists in the absence of extracellular Ca*>* and
is abrogated in its presence. This suggests that the activation of
AMPK under amino acid starvation by CaMKK-a depends on
extracellular Ca>* and not on Ca®" derived from intracellular
stores. Taken together, these results show that in NIH3T3 cells,
withdrawal of amino acids activates AMPK by a signaling path-
way involving Ca*>* and the CaMKKs, mainly the 8 isoform and
to a lesser extent the .

AMPK Is Involved in the Induction of Autophagy by Amino
Acid Starvation—To elucidate a possible role of AMPK in the
inhibition of autophagy by amino acids, we took advantage of
the availability of AMPK KO MEFs (see “Experimental Proce-
dures”). Autophagy was first assessed by the levels of LC3-1I, the
processed and lipidated form of LC3-I that is recruited to
autophagosomes (22). As LC3-1I is degraded in autolysosomes,
awell established procedure to investigate autophagosome for-
mation is based on the inhibition with various agents of lyso-
somal proteases and/or of the fusion process between lyso-
somes/endosomes and autophagosomes (23). Under these
conditions, the levels of LC3-II are indicative of the formation
rate of autophagosomes i.e. the autophagic flux (2, 24, 25). Here,
we used leupeptin and ammonium chloride (17, 26, 27), but
similar results were obtained with 500 nm bafilomycin A (data
not shown). Because LC3-1 is reported to be less stable and less
immunoreactive than LC3-II (28), we used the LC3-II/actin
ratio to assess autophagy (28, 29). Fig. 34 shows that in WT
(wild type) MEFs under amino acid starvation, LC3-II levels
increase 3 times in the presence of extracellular Ca*>" and
slightly less (2.7 times) in its absence. These values are reduced
in AMPK KO MEFs to 2.3 (23% reduction) and 1.4 (48% reduc-
tion) times, respectively. These data suggest that AMPK is
involved in the activation of autophagy by amino acid starva-
tion, especially in the absence of extracellular Ca*>*. To further
confirm these results, we carried out pulse-chase experiments
to analyze the degradation of long-lived proteins by autophagy
using its inhibitor 3-methyladenine (17, 25). Similar rates of
autophagic degradation under amino acid starvation were
observed in AMPK WT and KO cells, possibly because of
mechanisms that compensate for the lack of AMPK to assure
the survival of the cells under this stress condition. Results show
that the inhibitory effect of amino acids on autophagy is greater
in WT than in KO cells (Fig. 3B), confirming a requirement of
AMPK in the regulation of autophagy by amino acids. Thus, in
WT MEFs, in the presence and absence of extracellular Ca*™,
withdrawal of amino acids increases autophagy 11.3 and 9.1
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FIGURE 2. Withdrawal of amino acids activates AMPK phosphorylation in a CaMKK-B-dependent way. A, NIH3T3 cells were grown for 2 h in KH and AA
with (+Cadl,) or without CaCl, and supplemented with 100 um EGTA (—CaCl,) in the presence or absence of 10 um BAPTA-AM. In the last 30 min of incubation,
AA were removed or not, as indicated. Cell extracts (75 ug of protein) were analyzed by immunoblot using anti-AMPK, anti-P-AMPK (Thr-172) and, as a loading
control, anti-actin antibodies. B, NIH3T3 cells were grown for 60 min in KH and AA with (+CaCl,) or without CaCl, and supplemented with 100 um EGTA
(—CaCl,) in the presence or absence of 25 um STO-6009. In the last 30 min of incubation, AA were removed or not as indicated. Cell extracts (75 ug of protein)
were analyzed by immunoblot using the same antibodies as in A. NS, not significant. C, NIH3T3 cells were transfected with CaMKK-f3 (Si CaMKK-B) or with
negative control (C-) siRNAs. After 72 h, cells were incubated as above and analyzed by immunoblot using the same antibodies as in A plus anti-CaMKK-.
Densitometric measurements of the ratio of P~-AMPK to total AMPK from four independent experiments in each case are shown below in B and C. Differences
were found to be statistically significant at p < 0.0005 (***). NS, no significant difference.

times, respectively, whereas in AMPK KO MEFs, these
increases are only 2.7 and 2.3 times. Moreover, and consistent
with the findings that Ca®>* induces autophagy in an AMPK-de-
pendent way (5), only WT but not AMPK KO MEFs show a
moderate increase in the rate of autophagic degradation when
extracellular Ca®" is present (Fig. 3B, compare the fourth and
eighth columns in the histogram).

Next we tested whether AMPK silencing by specific siRNAs
has similar effects on autophagy induction by amino acid star-
vation. We found that AMPK down-regulation considerably
decreases the levels of LC3-1II in the absence and particularly in
the presence of inhibitors of lysosomal proteases (Fig. 3C), in
agreement with its well established role in the activation of
autophagy (7, 8). Furthermore, and in accordance with the pre-
vious results, the induction of autophagy by withdrawal of
amino acids is attenuated under AMPK silencing both in the
presence (2.2 times in C-siRNA-transfected cells versus 1.6
times in silenced cells) and in the absence (1.8 times in C-siRNA
transfected cells versus 1.1 times in silenced cells) of extracellu-
lar Ca*>* (Fig. 3C).

Although results were qualitatively similar in AMPK-si-
lenced cells and AMPK KO MEFs, the autophagic responses
were milder in the latter. In this regard AMPK is known to
inhibit the activity of mTORCI, a complex with a well known
inhibitory function in autophagy. Therefore, we compared the
effects of AMPK silencing and KO on mTORCI1 activity, meas-
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ured by the Thr-389 phosphorylation of the ribosomal protein
S6 kinase 1 (p70S6K) (30). The results show that with or with-
out extracellular Ca>" and in contrast to AMPK-silenced cells,
mTORCI1 activity is almost abolished in AMPK KO MEFs (Fig.
3D). This could explain the lower autophagy response in these
cells. Fig. 3D also shows that these differences are not due to
variations of mTORCI levels. Therefore, AMPK KO MEFs
have apparently developed a compensatory mechanism for the
permanent lack of AMPK based on a decrease in mTORC1
activity. This assures a high level of autophagy for the survival of
the cells under stress conditions, such as amino acid starvation.
In summary, all these data show that withdrawal of amino acids
with or without extracellular Ca®>" induces autophagy in an
AMPK-dependent way.

Withdrawal of Amino Acids Activates Autophagy in a
CaMKK-B-dependent Way—Withdrawal of essential amino
acids activates AMPK via CaMKK-B (see Fig. 2) and the
induced autophagy requires, at least in part, AMPK (Fig. 3).
Therefore, we next investigated whether CaMKK-S alters
autophagosome formation under this stimulus. Results show
that the rise of LC3-II levels under amino acid starvation con-
siderably diminishes when CaMKK-g is inhibited with STO-
609 or silenced with specific siRNAs both in the presence and
absence of extracellular Ca*>* (Fig. 4, A and B). This indicates
that withdrawal of amino acids activates autophagy via a
CaMKK-B-dependent pathway. Interestingly, the effects are
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FIGURE 4. CaMKK-B is involved in the activation of autophagy by amino acid starvation. A, NIH3T3 cells were grown for 60 min in KH and AA with (+CaCl,)
or without CaCl, (in the last case, supplemented with 100 um EGTA, —CaCl,) plus 100 um leupeptin and 20 mm NH,Cl and in the presence or absence of 25 um
STO-609. In the last 30 min of incubation, AA were removed or not as indicated. Cell extracts (75 ug of protein) were analyzed by immunoblot using anti-LC3
(-I'and -Il) and, as a loading control, anti-actin antibodies. Low and high exposure (exp.) blots are shown. B, NIH3T3 cells were transfected with CaMKK- (Si
CaMKK-PB) or with negative control (C-) siRNAs. After 72 h, cells were incubated as above and analyzed by immunoblot using the same antibodies as in A plus
anti-CaMKK-B. Densitometric measurements of the LC3-II/actin ratios from three independent experiments in each case are also shown on the right of A and
B. Differences were found to be statistically significant at p < 0.0005 (***) and p < 0.05 (*).

greater after CaMKK-B down-regulation than after AMPK KO
and silencing (see Fig. 3). Therefore, it is possible that
CaMKK-p also mediates the activation of autophagy by amino
acid starvation following other pathways independent of
AMPK. Anyway, these findings show that CaMKK-f remains
as an important sensor of the withdrawal of amino acids that
mediates in the activation of AMPK and of autophagy under
these conditions.

Withdrawal of Amino Acids Phosphorylates ULKI in a
CaMKK-B-dependent Way—The results described above show
that amino acid starvation induces autophagy by an AMPK-de-
pendent mechanism (see Fig. 3). Because AMPK has been
shown to activate autophagy by Ser-555 phosphorylation of

ULK1 (7), we analyzed the effect of the withdrawal of amino
acids on this phosphorylation. Under these conditions, the Ser-
555 phosphorylation of ULK1 increases both in the presence
and absence of extracellular Ca®" (Fig. 54, see the first and
second lanes in +CaCl, and —CaCl,). This phosphorylation is
Ca®"-dependent because it is eliminated by BAPTA-AM (Fig.
5B, see two last bands in +CaCl, and —CaCl,). Next, and given
that withdrawal of amino acids activates AMPK in a CaMKK-
B-sensitive manner (see Fig. 2) and that CaMKK- is important
for autophagy induction by amino acid starvation (see Fig. 4),
we investigated the effect of CaMKK-g on the phosphorylation
of ULK1 at Ser-555. Interestingly, when CaMKK-g was inhib-
ited with STO-609 or down-regulated with specific siRNAs

FIGURE 3. Autophagy induced by amino acid starvation is AMPK-dependent. A, AMPK KO and WT MEFs were incubated for 4 h in KH supplemented with
AA plus 100 um leupeptin and 20 mm NH,Cl and in the presence (+) or not (—) of extracellular CaCl, (in the latter case, supplemented with 100 um EGTA). In the
last 30 min of incubation, AA were removed or not as indicated. Cell extracts (75 ug of protein) were analyzed by immunoblot using anti-LC3 (- and -Il),
anti-AMPK and, as a loading control, anti-actin antibodies. Densitometric measurements from six independent experiments are shown on the right. LC3-l|
bands were normalized to the corresponding actin bands. B, exponentially growing AMPK KO and WT MEFs were metabolically labeled with [*H]valine for 48 h,
chased for 24 h, and then switched to KH with or without CaCl, (in the last case, supplemented with 100 um EGTA) and containing or not AA for 4 h. Data are
from four independent experiments with duplicated samples and are expressed as the percentage of the labeled proteins that are degraded per hour by
autophagy in the different conditions. C, NIH3T3 cells were transfected with AMPK (Si AMPK) or with negative control (C-) siRNAs. After 72 h cells were incubated
as above with or without 100 um leupeptin (Leup) and 20 mm NH,Cl and analyzed by immunoblot using the same antibodies as in A. Densitometric measure-
ments from two different blots are shown below. In A-C, stars indicate differences that were found to be statistically significant at p < 0.0005 (***) and p < 0.05
(*). D, AMPK KO and WT MEFs (upper panels) and NIH3T3 cells previously transfected with AMPK (Si AMPK) or with negative control (C-) siRNAs (lower panels)
were grown for 60 min in KH plus AA with (+CaCl,) or without CaCl, and supplemented with 100 um EGTA (—CaCl,). In the last 30 min of incubation, AA were
removed or not as indicated. Cell extracts (75 ug of protein) were analyzed by immunoblot using anti-mTOR, anti-p70S6K, anti-P-p70S6K (Thr-389) and, as a
loading control, anti-actin antibodies. In the lower panel, low and high exposure (exp.) blots are shown.
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FIGURE 5. Withdrawal of amino acids increases ULK1 phosphorylation at Ser-555 in a CaMKK--dependent manner. A, NIH3T3 cells, grown and treated
as described in the legend to Fig. 2A, were analyzed by immunoblot using anti-ULK1, anti-P-ULK1 (Ser-555), and as a loading control, anti-actin antibodies. B
and C, NIH3T3 cells were grown and treated as described in the legend to Fig. 2, B and C, respectively, and were analyzed by immunoblot using the same
antibodies as in A plus anti-CaMKK-B in C. In B and C, densitometric measurements of the ratio of P-ULK1 (Ser-555) to total ULK1 from four independent
experiments in each case are shown below. Differences were found to be statistically significant at p < 0.0005 (***). NS, no significant differences.

(Fig. 5, Band C, see the two last bands in +CaCl,and —CaCl,),
the effect of amino acid starvation on Ser-555 phosphorylation
of ULK1 was abolished. These findings together with those
shown before, indicate that Ca®>*-CaMKK-B-dependent acti-
vation of AMPK by withdrawal of amino acids correlates with
the phosphorylation at Ser-555 of ULK1, a modification that
induces autophagy.

Inactivation of mTORCI1 by Withdrawal of Amino Acids
Involves Intracellular Ca®* and CaMKK-B—Because ULK1
activation is positively and negatively regulated by AMPK and
mTORCI, respectively (8, 31), we decided to determine if
mTORCI activity is affected by the Ca®>"-CaMKK-B-AMPK
pathway under withdrawal of amino acids by analyzing the
phosphorylation of p70S6K at Thr-389. Amino acid removal
inactivated mTORC1 in the presence and absence of extracel-
lular Ca** (Fig. 64, see the first and second lanes in +CaCl, and
—CaCl,). The inactivation of mTORC1 by amino acid starva-
tion was abrogated when intracellular Ca>* was previously che-
lated with BAPTA-AM (Fig. 6A, see the third lane), an effect
that was lost in the presence of rapamycin (Fig. 64, see the last
lane). This supports that inactivation of mTORCI1 by with-
drawal of amino acids is Ca>"-dependent. The raise of intracel-
lular Ca®* levels under amino acid starvation occurs upstream
of mTORCI, as this effect was insensitive to rapamycin, even
during the second round of amino acid addition and removal.

38632 JOURNAL OF BIOLOGICAL CHEMISTRY

This was shown by both cytosolic Ca>" imaging in fura-2AM
loaded cells (Fig. 6B) and FACS analysis in fluo-3AM-loaded
cells (Fig. 6C), in which the increase in [Ca®>*], under amino
acid withdrawal was also in accordance with previous results
(see Fig. 1D). As expected, BAPTA-AM canceled these effects
(Fig. 6C).

Moreover, when CaMKK- was inhibited with STO-609 or
down-regulated with specific siRNAs, the differences in
p70S6K phosphorylation with or without amino acids were
attenuated in the presence of extracellular Ca®* (Fig. 6, Dand E,
respectively, see the two last bands in + CaCl,) and almost fully
abolished in its absence (Fig. 6, D and E, respectively, see the
two last bands in —CaCl,CaCl,). Therefore, the CaMKK-B-
AMPK signaling pathway is also involved here in mTORC1
inactivation. However, there is a difference in the effects with or
without extracellular Ca>". In the latter case, the Ca**-
CaMKK-B-AMPK pathway is essential for the amino acid
effects on mTORC1, whereas when extracellular Ca*" is pres-
ent other pathways appear also to be involved. Because
mTORCI1 has been recently reported to prevent ULK1 activa-
tion by phosphorylating it at Ser-757 (8), the effects of amino
acid withdrawal on ULK1 phosphorylation by mTORC1 were
also analyzed. As expected, phosphorylation of ULKI at Ser-
757 diminishes under amino acid starvation both with and
without extracellular Ca®>*, and BAPTA-AM restores this rapa-

VOLUME 287 +NUMBER 46-NOVEMBER 9, 2012



CaMKK-3 Regulates Autophagy in Response to Amino Acid Starvation

A B AA AA io_nomycin

0.30

0.20
0.15

0.14
0.13
0.12
0.11

P-p70S6K |- R |

LS [—

P-ULK1 757 | 0 = wm o |

ULKY |- -

Ratio 340nm/380nm

Actin |- - - -|
AA  + - _ _ 0 5 10 15 20 25 30

Time (min)
*k *%
9 4
8 4
7 4
6 -
4 NS
3 4
2 4
14
AA  KH AA  KH AA  KH

Rapamycin - - - + c

BAPTA-AM

- CaCl,

P-p7osoKk (W8 . W8 |
p70sex | D W9 |

Fluorescence intensity
(9]
.

P-ULK1 757 | % « @ & 0
ULKT | 4 & n -AA £ A ’ Rapamycin Bapta-AM ‘
Aetin ‘- - - -| 2] Rapamycin Bapta-AM
AA b - - - § [ f i
o
Rapamycin - - -+ 3
S O
BAPTA-AM S - - s . t — . .
Log (Fluorescence intensity)
D » + CaCl, - CaCl,
[{o] *kk
195} - .
+ CaCl, - CaCl, S g-z 1 ] 2.2 -
oy B *kk 8
|- - - ...‘ P-p7OSeK [ . wm | 3 07 1 or | -
O, ;! A 0.6 1
e W s e | P70S6K I--—‘| % 0.5 - 05 A
; 0 047 04
|----| Actin |----| © 03 A 03
a i
+ - + - AA + -+ _ a g-f ] g.f 1
- - + + STO6B09 - - + + £ oo o]
o + -+ - A+ -+ -
- -+ + sTO609 - - + +
E
+ CaCl, - CaCl, X + CaCl, - CaCl,
8 - .
Low exp. | #% | P-p70SBK |“ — ~| g0 _ :
2 06 | 06 -
3 © *kk
Highexp. (WM g | P-P70S6K [ p—— - iy G
¥ 04 ]
[ = | p70SOK [ e =] o 04
S 03 9 0.3
|--—- — | CaMKK-B |-- "1 '5_ 02 1 02 1
o
’ — — — —‘ Actin |‘—-—- o 017 01 A
§ 0.0 00 4
+ -+ - AA + -+ - + - + - AA + - + -
C- SiCaMKK-B C- SiCaMKK-B C- SiCaMKK-8 C- SiCaMKK-8

NOVEMBER 9, 2012+-VOLUME 287-NUMBER46  YASEMB\_ JOURNAL OF BIOLOGICAL CHEMISTRY 38633



CaMKK-3 Regulates Autophagy in Response to Amino Acid Starvation

mycin-dependent phosphorylation (Fig. 6A4). Taken together,
these data support a model where amino acid starvation inhib-
its mTORC1 in a Ca®>*-dependent manner, which leads to
ULK1 activation and consequently to autophagy induction.

DISCUSSION

Despite the well established role of amino acids in the regu-
lation of autophagy, the detailed molecular mechanisms are still
not fully understood (1, 32, 33). Activation of autophagy by
amino acid starvation is the subject of a complex regulation via
several signaling pathways (18). The hitherto most important
step in the induction of autophagy by deprivation of amino
acids is the inhibition of mTORCI. This kinase when inacti-
vated dissociates from an important complex that initiates
autophagy and contains, among other proteins, the AuTophagy
related Gene 13 (Atgl3), the focal adhesion kinase interacting
protein 200 (FIP200), and the kinase ULK1/2, which has been
identified as a substrate of AMPK (7, 8, 31). Under these con-
ditions, autophagy becomes stimulated (34, 35). However, how
amino acid starvation inactivates mTORCI1 is still poorly
understood. This is in part due to the diversity of amino acids
and to the variety of their metabolisms in different cells (4, 32,
36, 37). Examples of the signaling pathways involved in
mTORCI1 inhibition by amino acid starvation are PI3K-Akt-
mTORC] (34, 35) and Ras-Raf-MEK-ERK (38 —40). In addi-
tion, mTORCI-independent pathways in the regulation of
autophagy by amino acid starvation have been also postulated
(for review, see Refs. 18 and 33). The findings presented in this
work support that a Ca>*-dependent pathway is operative in
the activation of autophagy by essential amino acid starvation.
This pathway involves CaMKK-B-AMPK-ULK1 and also
mTORCI signaling.

The results reported herein show for the first time that with-
drawal of essential amino acids induces a rise in [Ca®>*]_. This
Ca*>™ originates from extracellular and intracellular stores. The
intracellular stores responsible of this Ca®" release are
unknown, and although other sources such as lysosomes can-
not be excluded, it is possible that the ER is implicated, as it is
the most important organelle that supplies Ca>" to the cell (12).
In fact, it has been reported that amino acid starvation causes
the release of Bcl-2 from ER to induce autophagy (41) and that
the association of Bcl-2 to the ER decreases the exit of Ca®"
from ER and inhibits autophagy. Another study showed that
amino acids increase [Ca®>"]_, which enhances the binding of

Ca®"/calmodulin to hVps34. This results in a rise in phosphati-
dylinositol 3-phosphate levels and in an enhanced signaling by
the mTORC1 complex (42). Because we observed the same
increase in [Ca®"], when the amino acids were added to the
medium without adjusting the pH to physiological conditions
(data not shown), it is possible that the Ca>" increase observed
in that study is a physiological response to a low pH. Moreover,
a more recent report in HEK293T cells suggests that the
described interaction of Ca®"/Calmodulin with hVps34 does
not directly affect hVps34 activity (43). Therefore, the mecha-
nisms by which amino acids control intracellular Ca®>" home-
ostasis remain to be studied.

AMPK inhibits the mTORC1 complex (6), and Ca®* acti-
vates AMPK via CaMKK-p (5, 19). Based on these premises, we
propose that the well established activation of autophagy by
amino acid starvation occurs in part via the Ca?>"-CaMKK-§3-
AMPK pathway. This model (Fig. 7) is supported by the results
showing that under amino acid starvation, Ca>* and CaMKK-f3
are required for the activation of AMPK and for the inhibition
of mTORC]1, stimulating in this way ULK1 for an increased
formation of autophagosomes.

Another important output for CaMKK-B-dependent activa-
tion of AMPK by amino acid starvation is the Ser-555 phosphor-
ylation of ULK1, which is required for the initiation of
autophagy. Active CaMKK-Bis fully required for this phosphor-
ylation, in accordance with the results showing the involvement
of CaMKK-g in the activation of autophagosome formation by
amino acid starvation. However, CaMKK-f inactivation does
not fully abolish the autophagy induced by withdrawal of amino
acids, suggesting that this condition also induces autophagy by
pathways independent of ULKI.

mTORCI1 is also involved in the Ca**-CaMKK-B-AMPK
pathway stimulated by amino acid starvation. In the presence of
extracellular Ca?*, CaMKK-S seems to be partially involved in
the inhibition of mTORC1 mediated by amino acid starvation,
which suggests the involvement of other pathways in this inhi-
bition. In fact and as mentioned above, several mTORC]1-de-
pendent pathways have already been reported for the regula-
tion of autophagy by amino acid starvation (38 —40). However,
in the absence of extracellular Ca>", CaMKK-B becomes fully
indispensable. It is then conceivable that Ca>" provided by the
extracellular medium contributes to the effect of amino acid
starvation on mTORC1 activity independently of Ca*"-

FIGURE 6. Ca%>* and CaMKK- are also implicated in mTORC1 inactivation by amino acid starvation. A, NIH3T3 cells were grown for 2 h in KH plus AA with
(+Cadl,) or without CaCl, and supplemented with 100 um EGTA (—CacCl,) in the presence or absence of 10 um BAPTA-AM. When indicated, rapamycin (100 nm)
was used during the last hour as a control. In the last 30 min of incubation, AA were removed or not as indicated. Cell extracts (75 w.g of protein) were analyzed
by immunoblot using anti-p70S6K, anti-P-p70S6K (Thr-389), anti-ULK1, anti-P-ULK1 (Ser-757), and as a loading control, anti-actin antibodies. B, fura-2AM-
loaded NIH3T3 cells incubated for 1 h with rapamycin (100 nm) were imaged as described under “Experimental Procedures.” The effect of two rounds of AA
addition and withdrawal on [Ca®*]. was measured in cells incubated in KH without CaCl, and containing 100 um EGTA. The mean values and S.D. at each time
point of more than 50 cells from two different cultures are shown. No significant differences were observed in the effects of addition/withdrawal of AA on
[Ca%"],. with cells not treated with rapamycin. lonomycin (1 um) was used as a positive control. C, NIH3T3 cells were previously incubated for 2 h in KH
supplemented with AA with or without BAPTA-AM (10 um). When indicated, rapamycin (100 nm) was used during the last hour as a control. Subsequently, AA
were removed (KH) or not (AA) as indicated, and cells were loaded with 5 um fluo-3AM for 30 min. The fluorescence intensity of fluo-3AM in the cells was
measured by flow cytometry. Values are the means and S.D. from two separate experiments with quadruplicate samples. The fluorescence emitted by 10,000
cellsin each case is showed below. D, NIH3T3 cells were grown and treated as described in the legend to Fig. 2B. Cell extracts (75 ug of protein) were analyzed
by immunoblot using anti-p70S6K, anti-P-p70S6K (Thr-389), and as a loading control, anti-actin antibodies. £, NIH3T3 cells were transfected with CaMKK-f3 (Si
CaMKK-PB) or with negative control (C-) siRNAs. After 72 h, cells were incubated as above and analyzed by immunoblot using the same antibodies as in A plus
anti-CaMKK-p. Densitometric measurements of the ratio of P-p70S6K to total p70S6K from four independent experiments in each case are also shown on the
right of D and E. In E, low and high exposure (exp.) blots are shown. Differences were found to be statistically significant at p < 0.0005 (***) and p < 0.005 (**).
NS, no significant differences.
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FIGURE 7. Suggested Ca®>*-dependent signaling pathway from amino acid starvation to autophagy. Detection methods/experimental approaches and
assays/tools used in this study to monitor the indicated events are shown, respectively, on the left (marked in blue) and on the right (marked in red).

CaMKK-B-AMPK. In contrast, Ca*>* provided by intracellular
stores acquires an exclusive role in the regulation of mMTORC1
by amino acid starvation via CaMKK-f.

In summary, this study proposes a pathway for the regulation
of autophagy by amino acid starvation involving Ca*>",
CaMKK-B, AMPK, ULK1, and mTORCI. Thus, intracellular
Ca*>" levels remain an important signal in the cell response to
the availability of amino acids. As amino acids have different
metabolisms, it would be important to identify those that
change intracellular Ca** levels as well as the possible existence
of an intra- or extracellular Ca®>"-dependent sensor for these
amino acids.
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