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SUMMARY

Mechanisms that regulate cellular metabolism are
a fundamental requirement of all cells. Most eukary-
otic cells rely on aerobic mitochondrial metabolism
to generate ATP. Nevertheless, regulation of mito-
chondrial activity is incompletely understood. Here
we identified an unexpected and essential role for
constitutive InsPzR-mediated Ca®* release in main-
taining cellular bioenergetics. Macroautophagy
provides eukaryotes with an adaptive response to
nutrient deprivation that prolongs survival. Constitu-
tive InsP3;R Ca®* signaling is required for macroau-
tophagy suppression in cells in nutrient-replete
media. In its absence, cells become metabolically
compromised due to diminished mitochondrial Ca®*
uptake. Mitochondrial uptake of InsPz;R-released
Ca®* is fundamentally required to provide optimal
bioenergetics by providing sufficient reducing equiv-
alents to support oxidative phosphorylation.
Absence of this Ca®* transfer results in enhanced
phosphorylation of pyruvate dehydrogenase and
activation of AMPK, which activates prosurvival mac-
roautophagy. Thus, constitutive InsP;R Ca®* release
to mitochondria is an essential cellular process that
is required for efficient mitochondrial respiration
and maintenance of normal cell bioenergetics.

INTRODUCTION
Metabolism provides energy in a useful form to maintain homeo-

stasis and perform work in all cells. Adenosine-5'-triphosphate
(ATP) production from substrate oxidation and the release of
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free energy from its hydrolysis must be balanced and sufficient
to support cell metabolic needs, including growth, proliferation,
production of metabolites, and maintenance of homeostatic
processes. Most eukaryotic cells rely on mitochondrial oxida-
tive phosphorylation as the major source of ATP. However,
the mechanisms by which mitochondrial respiration and ATP
synthesis are controlled in intact cells are still not completely
understood. Respiratory control models involving kinetic
feedback from the products of ATP hydrolysis, allosteric effects
of ATP and inorganic phosphate (P;), rates of reducing equiva-
lent delivery to mitochondria, O, availability, and various
controls over respiratory chain components are involved (Bala-
ban, 1990; Brown, 1992; Huttemann et al., 2008). Nevertheless,
neither the factors that exert primary control of oxidative
phosphorylation and ATP production in the intact cell nor the
signal transduction mechanisms that support the steady-state
balance of ATP production and utilization are well understood
(Balaban, 1990).

Normal respiration can be altered in several pathological
situations (Smeitink et al., 2006; Wallace, 2005), including
cancer (Vander Heiden et al., 2009), insufficient nutrient
availability, ischemia, injury and exposure to metabolic inhibitors
(Huttemann et al., 2008), neurodegenerative (Mattson et al.,
2008) and cardiovascular (Gustafsson and Gottlieb, 2008) di-
seases, and aging (Balaban et al., 2005). In response to de-
creased cellular ATP, cells employ a variety of pathways to
restore homeostasis, including activation of AMP-activated
protein kinase (AMPK) (Hardie, 2007). AMPK phosphorylates
substrates to limit anabolic pathways that consume ATP and
to activate catabolic pathways to generate substrates to
support oxidative phosphorylation (Hardie, 2007). Another
mechanism involves activation of macroautophagy (autophagy),
a degradation pathway involving delivery of cytoplasmic constit-
uents by double-membrane autophagosomes (AV) that fuse
with lysosomal membranes (Klionsky, 2007). Under metabolic
stress, prosurvival autophagy is induced, promoting recycling
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Figure 1. InsP;R-Deficient Cells Have
Elevated Autophagy in Nutrient-Rich Condi-
tions

(A) Western blot of LC3 or tubulin in DT40-WT and
DT40-KO cells (top) and quantification of LC3-
I/(LC3-1 + LC3-ll) (bottom) expressed as fold
increase over WT levels (n = 8).

(B) TEM of DT40-KO cells showing autophago-
somes (AV, arrows) and summary of cell profiles
containing AV. Four hundred profiles counted in
four experiments. Bars, 50 nm.

(C) Confocal images of GFP-LC3 in DT40-WT and
DT40-KO cells (left and middle panels). Arrows
show LC3 puncta (900 cells from three
experiments with 15 random fields/experiment).
***p < 0.001, **p < 0.01; Bar, 10 um.

See also Figure S1.

release to mitochondria to maintain viable
levels of oxidative phosphorylation.

RESULTS

The InsP3R Is Required to Inhibit
Constitutive Autophagy in Normal
Conditions

Chicken DT40 B lymphocytes with all
three InsP3R isoforms genetically deleted
(DT40-KO) is a uniquely InsP3R null cell
line (Sugawara et al., 1997). Despite lack
of InsP3R, DT40-KO cells proliferate

Z indefinitely in normal culture conditions.
Transmission  electron  microscopy

Punctate LC3-GFP cells
per total LC3-GFP (%)

of metabolites to meet metabolic demands, through synthesis of
new macromolecules or by their oxidation in mitochondria to
maintain ATP levels (Levine and Kroemer, 2008; Lum et al.,
2005). Autophagy also functions in developmental cell death,
tumor suppression, immunity, and aging, and it has been impli-
cated in neurodegeneration, cardiovascular disease, and cancer
(Levine and Kroemer, 2008).

Here, we have identified a fundamental cellular metabolic
control mechanism involving activity of the endoplasmic retic-
ulum-localized inositol trisphosphate receptor (InsP;R) Ca®*
release channel. In the absence of basal constitutive low-level
Ca?* signaling by the InsP3R, cells become metabolically com-
promised as a result of diminished Ca®* uptake by mitochondria.
Constitutive mitochondrial Ca®* uptake of InsPsR-released Ca®*
is fundamentally required to maintain sufficient mitochondrial
NADH production to support oxidative phosphorylation in
resting cells. Absence of this Ca2* transfer results in inhibition
of pyruvate dehydrogenase and activation of AMPK, which acti-
vates prosurvival autophagy by an mTOR-independent mecha-
nism. These results reveal a heretofore unexpected and funda-
mentally essential role for constitutive low-level InsPsR Ca?*

(TEM) revealed a significantly high per-
centage of knockout (KO) cells with auto-
phagosomes (AV) (36% + 2%) compared
with InsP3R-expressing wild-type (WT) cells (11% = 1%;
Figure 1B). Elevated autophagy in KO cells in normal growth
conditions was also detected by quantitative measurements
of the autophagy marker LC3-ll (Klionsky et al., 2008)
(Figure 1A). In addition, presence of LC3-GFP puncta associated
with early AV formation (Klionsky et al., 2008) was higher in KO
(18% + 4%) versus WT (5% =+ 1%) cells (Figure 1C). These results
suggest that absence of InsPzR in DT40-KO cells increases
constitutive levels of autophagy. Autophagy was not previously
observed in DT40-KO cells (Vicencio et al., 2009), but knock-
down of InsPzR or its pharmacological inhibition also induces
autophagy (Criollo et al., 2007 and below).

Autophagy in KO cells was not associated with induction of
the unfolded protein response (not shown). Lower level of
autophagy observed in InsPzR-expressing WT cells was not
due to intrinsic defects in autophagy, as serum starvation or
leucine deprivation induced comparable autophagy in WT and
KO cells (Figures S1A-S1D available online). Furthermore,
mTOR inhibition by rapamycin strongly increased LC3-Il levels,
whereas 3-methyladenine (3MA), an inhibitor of class Ill phos-
phoinositide 3-kinase (PI-3 kinase) involved in AV formation

WT KO
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Figure 2. InsP3R Dependence of Autophagy Suppression in Nutrient-Rich Conditions
(A) XeB (2 uM for 1 hr) induces autophagy in DT40-WT cells to levels observed in DT40-KO cells (n = 6).
(B) TEM of WT (left) and KO (right) cells showing AV (arrows and insets) after 1 hr incubation with 2 uM XeB. Bars, 500 nm. Bottom panel: Summary of 100 cells per

experiment counted from 15 fields (n = 3).

(C) Current recordings in isolated nuclei from DT40-KO cells expressing D2550A-InsP3;R-3. Upper: Typical gating; arrow represents closed channel current level.
Bottom: Currents during voltage ramps in control solution (black) and in presence of 10 mM lumenal Ca?* (red). Lack of normal shift in reversal potential indicates

absence of Ca®* permeability.

(D) Expression of InsP3R-3, but not Ca*-impermeable D2550A-InsP3R-3, suppresses autophagy in KO cells (n = 3).
(E) TEM of AV (arrows) in cells stably transfected with D2550A-InsP3R-3. Bar = 500 nm.

(F) RyR-2 expression fails to suppress autophagy in KO cells (n = 3).

***p < 0.001; *p < 0.01; NS, not significant. See also Figure S2, Figure S3, and Figure S4.

(Levine and Kroemer, 2008), inhibited LC3-Il formation in both
lines (Figure S1E). Inhibition of lysosomal proteases enhanced
LC3-Il in both lines, especially in KO cells (Figures S1F and
S1G), indicating that elevated autophagy in KO cells is due
primarily to enhanced AV formation.

The specific InsP3R inhibitor xestospongin B (XeB) (Jaimovich
et al., 2005) increased LC3-Il only in WT cells (Figure 2A). XeB
increased AV by 22% + 1% (LC3-GFP puncta; Figure S2A) to
42% + 2% (TEM; Figure 2B) in WT cells, whereas KO cells
were unaffected. Reduction of InsP3 production by inhibition of
phospholipase C (PLC, by 5 uM U73122) or inositol monophos-
phatase (IMPase, by 50 uM L-690,488) strongly enhanced LC3-II
in WT cells, whereas it was without effect on autophagy already
present in KO cells (Figures S2B and S2C). XeB also strongly
enhanced LC3-Il levels and puncta in primary rat pulmonary
smooth muscle cells and hepatocytes, and the human breast
cancer cell line MCF-7 (Figures S3A-S3C, S3G, and S3H), indi-
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cating that autophagy suppression by InsP3R activity is a general
phenomenon operative in many cell types.

Functional InsP;R Restores Nutrient-Dependent
Suppression of Autophagy in KO Cells

Stable expression of InsP3R-3 (Figure S2D) completely rescued
elevated autophagy in KO cells, measured as either LC3-II
content (Figure 2D and Figure S2E) or AV visualization (not
shown). To determine if its Ca* channel function was required,
we examined cells expressing InsP3R-3 containing Thr at posi-
tion 2591 replaced with Ala (T2591A). T2591A-InsP3R-3
expresses at normal levels (Figure S2D) but lacks ion channel
activity as a result of a defective channel gate (J.K.F.,
unpublished data). In contrast to InsP3R-3, T2591A-InsP3;R-3
did not suppress constitutive autophagy (Figure S2E). To deter-
mine whether failure to rescue was due specifically to loss
of Ca?* release activity, we examined KO cells expressing
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Figure 3. Lack of InsP;R Ca2* Release Activity Activates Prosurvival Mechanisms

(A and B) Glucose (A) and glutamine (B) consumption measured daily in DT40 cells.

C) Cytochalasin B (Cyt B)-sensitive deoxyglucose uptake by WT and KO cells (n = 3).

D) Effects of autophagy inhibition by 3MA in nutrient-rich media on viability (Pl-negative cells) of WT and KO cells after 24 hr (n = 3).

G) Death (Pl-positive cells) of Atg5-deficient primary hepatocytes induced by XeB (n = 3).

(
(
(E and F) Survival of WT and KO cells in starvation conditions (Hank’s) in absence (E) and presence (F) of 3MA (n = 3).
(
(

H) Recovery of WT and KO cells after 24 hr starvation. Same number of cells seeded in complete medium (n = 3).

Error bars shown when bigger than points. **p < 0.001, **p < 0.01.

D2550A-InsP3R-3 (Figure S2D). This mutant gates normally,
whereas it has complete loss of Ca®* permeability (Figure 2C).
D2550A-InsP3R-3 failed to suppress constitutive autophagy,
with a tendency in these cells to have enhanced levels (Fig-
ures 2D and 2E). D2550A- and WT-InsP3R-3 bound similarly
to Beclin-1 (Figure S2K), indicating that disruption of Beclin-1
binding (Vicencio et al., 2009) does not account for autophagy
induction by InsP3R inhibition. Rather, these results demon-
strate that the Ca®* release activity of InsP3R is necessary for
autophagy suppression.

DT40-WT and DT40-KO cells were stably transfected with the
type 2 ryanodine receptor (RyR2), an InsPsR-related Ca®*
channel expressed in cardiac myocytes, brain neurons, and
elsewhere (Fill and Copello, 2002). Caffeine triggered Ca2*
release (Figure S2F) whereas nontransfected cells failed to
respond (not shown). Nevertheless, RyR2 expression was

without effect on constitutive autophagy in KO cells (Figure 2F
and Figure S2G). Thus, Ca2* release specifically through InsPsR
regulates autophagy in normal nutrient-rich conditions.

Requirement for InsP;R Ca2* Signaling for Autophagy
Suppression Is Not due to Ca?* Dependence of Nutrient
Uptake

Autophagy can be activated by insufficient nutrient uptake
(Nicklin et al., 2009). DT40-KO cells reduced glucose in the
medium by 67% (20 + 0.2 to 6.6 + 0.3 mM/l) in 24 hr, whereas
WT cells decreased it by 50% (20 + 0.02 to 10 + 0.01 mM/l)
(Figure 3A). Similarly, KO cells reduced glutamine by 75%
(2.37 £ 0.07 to 0.6 = 0.01 mM/I), whereas WT cells reduced it
by 56% (2.31 £ 0.05 to 1 + 0.07 mM/I) (Figure 3B). WT and KO
cells had similar rates of cytochalasin-B-sensitive deoxyglucose
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uptake (Figure 3C). Thus, autophagy activation in the absence of
InsP3R is not caused by diminished nutrient uptake.

Autophagy Activated by Lack of InsP3R Activity Is a Cell
Survival Mechanism

Viability was similar in KO (90.3% + 1.7%) and WT (92.1% + 2%)
cells (Figure 3D), suggesting that autophagy in KO cells was not
accelerating cell death. To evaluate a role in survival, autophagy
was inhibited by pharmacological and genetic means. 3MA
reduced viability of KO cells (48.3% + 7% viable), whereas
it had significantly less effect on WT cells (78.2% + 2.1%;
p < 0.001; Figure 3D). Effects on WT cell viability are consistent
with an important housekeeping function of low-level basal
autophagy (Levine and Kroemer, 2008). Treatment with XeB
(5 uM for 24 hr) killed 38% + 3% of autophagy-deficient
primary hepatocytes from Atg5 knockout mice compared with
1% = 0.7% of littermate control cells (Figure 3G). At 48 hr,
65% =+ 2.5% of the Atg5-deficient cells died, compared with
17% 0.8% of control cells. These results indicate that
enhanced autophagy provides a survival mechanism. Consistent
with this, when cells were subjected to acute nutrient deprivation
by incubation in Hank’s medium (24 hr), DT40-KO cells were
resistant to death (78.2% =+ 2.2% survival) compared with WT
cells (36.2% =+ 6% survival) (Figure 3E), and this difference was
suppressed by 3MA (Figure 3F). When both lines were returned
to normal growth medium after 24 hr in Hank’s, KO cells recov-
ered more rapidly than WT cells (Figure 3H). Thus, autophagy is
activated in InsP3R-KO cells as a prosurvival mechanism, and its
chronic activation enables them to respond more rapidly and
efficiently to nutrient stress, promoting their tolerance and rapid
recovery when conditions improve.

+
+

AMPK Activity Is Enhanced by Absence of InsPsR
Activity

Autophagy is activated as a survival mechanism in response to
metabolic stress associated with insufficient growth factor stim-
ulation or nutrient availability (Lum et al., 2005). An important
mediator of this response is AMPK, a critical metabolic sensor
(Hardie, 2007). Although DT40-KO cells do not lack growth
factors or nutrients, they nevertheless display enhanced or
similar nutrient uptake at the same time they depend on autoph-
agy as a survival mechanism. We therefore examined the role of
AMPK by quantifying phosphorylation of the catalytic o subunit
as a marker for AMPK activity. Notably, KO cells had constitu-
tively phosphorylated AMPK (P-AMPK) nearly 2-fold greater
than in WT cells (Figure 4A). In agreement, phosphorylation of
acetyl CoA carboxylase, an AMPK substrate, was also increased
in KO cells (data not shown). Enhanced AMPK activity was
caused by lack of InsP3R because XeB, U73122, or L-690,488
elevated P-AMPK in WT cells, notably to the same levels as in
KO cells (Figure 4B, Figures S2H and S2I). Enhanced P-AMPK
by XeB was also observed in primary smooth muscle cells and
hepatocytes as well as in MCF-7 cells (Figures S3D-S3F). Impor-
tantly, treatment of hepatocytes with XeB increased AMP levels
and the AMP:ATP ratio (Figure 4J). Elevated P-AMPK in KO cells
was reduced to WT levels by expression of InsP3R-3, but not by
expression of Ca®*-impermeable D2550A-InsP3R-3 (Figure 4C)
or RyR-2 (Figure 4D). Thus, both prosurvival autophagy and
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AMPK activity are upregulated by absence of InsP;R Ca®*
release activity.

AMPK, but Not mTOR, Is Required for Enhanced
Autophagy Induced by Absence of InsP3R Activity
Enhanced AMPK activity can induce autophagy by inhibition of
mTOR (Kimball, 2006). Nevertheless, mTOR phosphorylation
was similar in DT40-KO and DT40-WT cells (Figure 4E). Further-
more, XeB did not affect P-mTOR in WT cells (Figure 4E), in
contrast to its effects on autophagy and P-AMPK. Similarly,
phosphorylation of 4E-BP1 or p705%%, two mTOR substrates,
was similar in KO and WT cells and unchanged in WT cells
exposed to XeB (Figures 4F and 4G). In contrast, P-p70%°K
was reduced by starvation or rapamycin (Figure S2J), confirming
that mTOR activity is normal in these cells. Thus, autophagy
induced by lack of InsP3R activity correlates with enhanced
AMPK activity, but the mTOR pathway does not appear to be
involved.

To determine if AMPK nevertheless links lack of InsPzR Ca®*
release to autophagy activation, we employed pharmacological
and genetic approaches. Treatment with the AMPK inhibitor
compound C reduced P-AMPK (Figure 4l) and LC3-II (Figure 4H)
in KO cells. This suggests that AMPK acts upstream and is
required for autophagy activation in response to loss of InsP3R
activity. To confirm this, we used HEK293 cells stably expressing
either a doxycycline (DOX)-inducible dominant-negative o1-
AMPK (HEK-K45R), WT a1-AMPK (HEK-WT), or the empty
vector (HEK-EV) (Hallows et al., 2009; Bhalla et al., 2006). Control
experiments confirmed that results obtained in the other cell
types were recapitulated in HEK cells. Thus, XeB or U73122
each increased P-AMPK (Figure 5B and Figure S4A) and autoph-
agy (Figure 5C, Figures S3l and S3J, and Figure S4B) as a result
of enhanced autophagic flux (Figure S4C). IMPase inhibitors
L-690-488 and L-690-330 also induced P-AMPK and autophagy,
with L-690-488, with better cell penetration, having stronger
effects (Figures S4D and S4E). P-p705%% was unaffected by
XeB (Figures S4G and S4J), indicating that XeB-induced autoph-
agy in HEK cells was mTOR independent. Leucine deprivation,
which induces autophagy by depressing mTOR activity (Meijer,
2008), potentiated effects of XeB (Figure S4H), and XeB was
without effect on normal mTOR inhibition by Hank’s or rapamy-
cin (Figure S4G), consistent with additivity of mTOR-dependent
and InsPzR-associated-independent mechanisms. Thus, InsPzR
Ca?* release channel activity is required for mTOR-independent
suppression of autophagy in HEK cells.

Overexpression of AMPK in HEK-WT cells (Figure 5A)
increased P-AMPK (Figure 5B and Figure S4A) and enhanced
LC3-II (Figure 5C, Figures S3I and S3J, and Figure S4B). XeB
or U73122 induced autophagy and increased P-AMPK in control
HEK-EV cells and HEK-WT cells, whereas neither compound
induced autophagy or P-AMPK in HEK-K45R cells expressing
dominant-negative AMPK (Figures 5B and 5C, Figures S3I and
S3J, and Figures S4A and S4B). These results strongly link
autophagy induced by loss of InsPzR activity to AMPK activation.
In agreement, transient siRNA (Figure 5D) or stable DOX-induc-
ible shRNA (Figure 5G) «1-AMPK knockdown blocked XeB-
induced autophagy (Figures 5E and 5H and Figures S3I and
S3J) and P-AMPK (Figures 5F and 5I). Together, these results
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Figure 4. Prosurvival Autophagy Induced by Lack of InsP;R Ca2* Signaling Is Associated with Activation of AMPK but Not mTOR

(A) DT40-KO have higher levels of P-AMPK than DT40-WT cells. P-AMPK/AMPK expressed as fold increase over WT levels (n = 8).

(B) XeB (2 uM for 1 hr) increases P-AMPK in WT cells to levels observed in KO cells (n = 6).

(C) InsP3R-3 but not Ca®*-impermeable D2550A-InsP3R-3 reduces high P-AMPK in KO cells to control (WT) levels (n = 3).

(D) Expression of RyR-2 fails to reduce P-AMPK in KO cells (n = 3).

(E) mTOR phosphorylation is similar in KO and WT cells and is unaffected by XeB (2 uM for 2 hr). P-mTOR/mTOR levels expressed as fold increase over WT levels
(n=5).

(F and G) Phosphorylation of mTOR substrates 4E-BP1 and p705% in KO and WT cells treated or not with 2 uM XeB for 2 hr. P-4E-BP1/4E-BP1 or
P-p705%%/p705%X |evels expressed as fold increase over WT levels (n = 5).

(H and I) AMPK inhibition by compound C (CC; 2.5 uM for 1 hr) represses constitutive autophagy and elevated P-AMPK observed in KO cells (n = 5).

(J) XeB (2 uM, 1 hr) increases AMP:ATP ratio in hepatocytes. AMP:ATP ratio expressed as average fold increase (mean + standard error of the mean [SEM], n = 3)
over untreated conditions.

*p < 0.05, **p < 0.01,"*p < 0.001; NS: not significant. See also Figure S3.
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demonstrate a strict requirement for activation of AMPK to link
inhibition of InsP;R-mediated Ca?* signaling to induction of
autophagy. Accordingly, a prediction is that cells with AMPK in-
hibited or knocked down require InsPzR for survival. In agree-
ment, 14% + 1% and 28% + 2% of the HEK-K45R and shRNA
cells, respectively, died following 24 hr treatment with XeB,
compared with only 3%-5% of cells expressing WT AMPK or
empty vector (Figure S3K).

Inhibition of Constitutive InsP;R Ca?* Release Activity
Compromises Cell Bioenergetics

Elevated [AMP] and the requirement for AMPK activation to
induce prosurvival autophagy in response to loss of InsP3R
Ca?* signaling suggested that cells lacking this pathway have
compromised bioenergetics. We speculated that constitutive
low-level InsP3R Ca?* release promotes oxidative phosphoryla-
tion by activation of the ATP synthase (Balaban, 2009; Territo
et al., 2000) and/or dehydrogenases to provide reducing equiv-
alents (McCormack et al., 1990). Cells lacking this pathway, as
a consequence of InsP3R deletion or inhibition of its Ca?* release
activity, have diminished and uncompensated bioenergetics that
are sensed by AMPK that activates autophagy. To test this
hypothesis, we attempted to bypass this requirement for InsP3R
Ca?* signaling by enhancing availability of TCA cycle intermedi-
ates to increase production of reducing equivalents. Cells were
incubated with membrane-permeable methyl-pyruvate (MP)
that is oxidized to provide reducing equivalents (NADH) to drive
oxidative phosphorylation and ATP production (Lum et al., 2005).
Strikingly, MP completely blocked autophagy, and it reduced
elevated P-AMPK in DT40-KO cells (Figures 5J and 5K) and in
XeB-treated HEK cells (Figures 5L and 5M).

To directly evaluate mitochondrial function, cell O, consump-
tion rates (OCR) were measured. Of note, basal OCR was lower
by 60% in InsP3R-KO cells compared with WT cells (131 + 51
versus 44 + 18 pmole Oo/min/2 X 10° cells for WT and KO cells,
respectively; Figures 6A and 6B). Maximal OCR was also highly
reduced in KO cells (231 + 48 versus 614 + 63 pmoleOs/min/
2 x 10° for KO and WT cells, respectively; Figures 6A and 6B).
Reduced oxidative phosphorylation observed in KO cells was
not associated with altered numbers of mitochondria, as evi-
denced by levels of the mitochondrial marker COX (Figure S2K)
and TEM analysis (not shown). These results suggest that oxida-
tive phosphorylation is constitutively compromised in the
absence of InsP3R activity. In contrast, lactate production was
enhanced in the KO cells (Figure 60). To confirm that the
observed mitochondrial impairment in KO cells was caused by
absence of InsP3;R, OCR was measured in XeB-treated WT
and KO cells. XeB dramatically reduced both basal and maximal
OCR in WT cells, whereas KO cells were unaffected (Figure 6C).
Similar observations were made in HEK cells. Basal OCR was
reduced by 57% from 304 + 11 to 130 + 18 pmole O,/min/
8 x 10* cells by XeB, and maximum OCR was reduced 54%
from 657 + 18 to 297 = 70 pmole O,/min/8 x 10* cells
(Figure 6D). Inhibited OCR was rescued by the Ca?* ionophore
ionomycin (100 nM; Figure 6E), confirming that availability of
Ca?* was specifically limiting for normal oxidative phosphoryla-
tion. The number of mitochondria was unchanged by XeB
(Figure S4F). Measurements in primary smooth muscle cells
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and cultured PC12 cells yielded similar results (data not shown).
Together these results strongly suggest that basal InsPs;R
activity is necessary to provide Ca®* for optimal mitochondrial
oxidative phosphorylation. In its absence, mitochondria
consume less O, reflecting a diminished flux through the elec-
tron transport chain.

Mitochondrial Ca2* Uptake Mediates the Effects

of InsP3R Activity on Bioenergetics, AMPK Activity,

and Autophagy

Our results indicate that constitutive InsPzR-mediated Ca®*-
release in nonstimulated cells is necessary for optimal mitochon-
drial performance. Accordingly, we hypothesized that induction
of autophagy could be recapitulated in cells with functional
InsP3R by preventing mitochondrial Ca®* uptake. Inhibition of
mitochondrial Ca?* uptake by the specific Ca2* uniporter blocker
Ru360 significantly increased LC3-1l in DT40-WT cells, whereas
it had no effect in KO cells (Figure 6G). Ru360 also enhanced
P-AMPK specifically in WT cells (Figure 6H). These effects of
Ru360 are remarkably similar to those of XeB, suggesting that
their targets are in the same biochemical pathway. In agreement,
effects of XeB and Ru360 on LC3-1l and P-AMPK were not addi-
tive in DT40 (Figures 6G and 6H) or HEK (Figures 61 and 6J) cells.
Furthermore, MP prevented Ru360-induced AMPK activation
and autophagy induction (Figures 6K and 6L), as it did with
XeB (Figures 5L and 5M). Similar to InsP3;R-dependent autoph-
agy, Ru360-induced autophagy was mTOR independent
(Figures S4l and S4J). Autophagy induced by Ru360 was asso-
ciated with impaired mitochondrial bioenergetics. As with XeB,
Ru360 decreased basal OCR by over 50% in both DT40-WT cells
and HEK cells (Figures 6M and 6N). In contrast, the constitutively
lower basal OCR in DT40-KO cells was unaffected (Figure 6M).
Likewise, maximal OCR also was reduced by 50%-60% in
both DT40-WT and HEK cells (Figures 6M and 6N). Inhibition of
OCR by Ru360 was reversed by ionomycin (100 nM;
Figure 6F), again confirming that availability of Ca®* was specif-
ically limiting for normal oxidative phosphorylation.

Pyruvate Dehydrogenase Activity Couples Constitutive
InsP;R-Mediated Ca?* Release to Oxidative
Phosphorylation

Mitochondrial matrix Ca®* can regulate oxidative phosphoryla-
tion at several sites, including the FiFyo-ATPase and several
dehydrogenases, including pyruvate dehydrogenase (PDH)
(Balaban, 2009; Territo et al., 2000), a major switch that links
glycolysis to the tricarboxylic acid cycle by irreversible decarbox-
ylation of pyruvate. Phosphorylation of PDH by pyruvate
dehydrogenase kinase suppresses its activity whereas dephos-
phorylation by Ca2*-dependent pyruvate phosphatase enhances
it (Patel and Korotchkina, 2006). PDH was hyperphosphorylated
in DT40-KO cells (Figure 7A) and in XeB-treated HEK cells
(Figure 7B). Importantly, inhibition of PDH kinases in KO cells
by dichloroacetic acid (DCA, 2 mM) (Michelakis et al., 2008)
reduced PDH phosphorylation (Figure 7C), restored OCR
(Figure 7D), and reduced autophagy (Figure 7E) to control levels.
These results suggest that mitochondrial respiration is compro-
mised in the absence of InsP3R function and implicate insufficient
PDH activity as an important component.
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Figure 5. Prosurvival Autophagy Induced by Lack of InsP3R Ca?* Signaling Is Mediated by AMPK

(A) 21-AMPK expression in HEK293 cells stably expressing DOX-inducible WT or dominant-negative (DN) a1-AMPK in presence or absence of DOX. Cells trans-
fected with empty vector (EV) used as control. AMPK/tubulin expressed as fold increase over basal levels (DOX untreated) (n = 6).

(Band C) XeB (2 uM for 1 hr) failed to trigger either autophagy or AMPK phosphorylation in cells expressing DN-AMPK. Overexpression of WT a1-AMPK increased
autophagy (n = 6).

(D) 21-AMPK levels in HEK cells transiently transfected with o1-AMPK or irrelevant (NT) siRNA (n = 3).

(E and F) XeB fails to induce autophagy or P-AMPK in cells transiently transfected with «1-AMPK siRNA (n = 3).

(G) HEK293 cells stably expressing inducible o.1-AMPK shRNA were exposed to DOX for 72 hr (n = 3).

(H and 1) XeB fails to induce autophagy and P-AMPK in cells expressing inducible o1-AMPK shRNA (n = 3).

(J-M) Treatment of DT40-KO (J and K) and HEK293 (L and M) cells with methyl-pyruvate (MP; 5 uM for 1 hr) reduced autophagy and AMPK hyperphosphorylation
(n=3).

*p < 0.05, *p < 0.01, **p < 0.001; NS, not significant. See also Figure S3 and Figure S4.
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Constitutive InsP;R-Mediated Low-Level Ca2* Signaling
Is Present in Cells in Normal Growth Medium

Our results suggest that constitutive InsPsR Ca®* release is
necessary for ongoing support of optimal mitochondrial function.
We speculated that the important Ca* signals are highly local-
ized, are stochastic, and occur throughout unstimulated cells
to ensure ongoing mitochondrial Ca?* uptake to support whole-
cell respiration. To observe such signals, we turned to human
neuroblastoma SH-SY5Y cells because Ca®* release associated
with single InsP3R channel openings can be visualized in them
(Smith et al., 2009). We first confirmed that autophagy was simi-
larly regulated by InsP3R in these cells as in the many cell types
studied above. RNAi knockdown of InsP3;R-1, the dominant iso-
form in these cells (Wojcikiewicz and Luo, 1998), by ~80%
(Figure 7F) or treatment with XeB significantly increased LC3-II
(Figures 7G and 71) and P-AMPK (Figures 7H and 7J). Basal
and maximal OCR were inhibited by 33% by XeB (Figure 7K).
Ru360 induced autophagy and elevated P-AMPK (Figures S5A
and S5B). Thus, as in the other cell types examined in this study,
SH-SY5Y cells rely on constitutive Ca®* transfer from the endo-
plasmic reticulum (ER) to mitochondria, mediated by InsPsR and
the uniporter, to maintain normal cell bioenergetics.

To image the hypothesized constitutive Ca* signals, we
employed total internal reflection fluorescence (TIRF) micros-
copy with high temporal and spatial resolution (Demuro and
Parker, 2006). With perfusion in normal medium, 96% of cells
showed spontaneous miniature Ca®* release events (Figure 7L,
bottom trace, Figure S5D, and Movie S1), likely representing
openings of a single or few InsP3R channels (Smith and Parker,
2009; Smith et al., 2009), at a frequency of 22.5 + 5 events/cell/
min (Figure 7M and Figure S5D), although many cells dis-
played >40 events/cell/min (not shown). Transfer to Hank’s
medium suppressed these events (Figure 7L, upper trace), with
only 58% of cells displaying Ca?* release activity with a 10-fold
reduced frequency (2.9 + 0.7 events/cell/min) (Figure 7M), with
the most active cells displaying at most 10 events/cell/min (not
shown). Amplitudes of release events were not different in the
two conditions (Figure S5C). Treatment of cells in normal medium
with XeB had a similar effect: after XeB only 56% of cells dis-
played spontaneous Ca®* release activity with only 4.6 = 1.5
events/cell/min compared with 21.5 + 2 events/cell/min
observed in untreated cells. The inhibitory effects of XeB were
reversible (Figure 7N).

DISCUSSION

The most significant finding of our studies is that constitutive
low-level InsP;R-mediated Ca®* release is essential for mainte-
nance of optimal cellular bioenergetics under normal basal
conditions. In all of several cell types examined, cells become
metabolically compromised in the absence of this ongoing
Ca®* release activity as a result of diminished Ca®* uptake by
mitochondria. Previous studies have suggested that agonist-

induced InsP;R Ca?* signals can be transmitted to mitochondria
where they can enhance mitochondrial function (Rizzuto et al.,
1998; Spat et al., 2008). Our studies demonstrate that mitochon-
drial uptake of InsP3R-released Ca?* is required for basal mito-
chondrial bioenergetics in the absence of specific agonist stim-
ulation, and it is fundamentally essential for maintenance of
normal cellular bioenergetics. This ongoing Ca2* transfer from
ER to mitochondria maintains optimal mitochondrial bioener-
getics by supporting oxidative phosphorylation, at least in part
by providing sufficient reducing equivalents. Reduction of this
Ca?* transfer results in reduced ATP production and activation
of AMPK, which promotes autophagy as a prosurvival mecha-
nism even in the presence of sufficient amino acids to maintain
cellular mTOR activation (Figure S6). These results reveal a here-
tofore unexpected essential role for constitutive low-level
InsPzR-mediated Ca2* delivery to mitochondria to preserve
normal cellular bioenergetics.

Constitutive InsP3R Ca?* Release Is Required to Inhibit
Prosurvival Autophagy in Normal Conditions

The InsP3R has been implicated in mTOR-independent autoph-
agy (Criollo et al., 2007; Sarkar et al., 2005; Vicencio et al., 2009;
Williams et al., 2008). Our results identify a molecular mechanism
for this regulation that involves AMPK and impaired cellular
bioenergetics when InsP3R activity is compromised. Inhibition
of autophagy by expression of WT but not mutants deficient in
Ca®* release that nevertheless have similar binding to Beclin-1
demonstrates that InsP3sR suppresses autophagy by its ability
to release Ca®* into the cytoplasm. The role of released Ca®*
was unrelated to a Ca?* requirement for nutrient uptake, as
this was not diminished, but was rather somewhat enhanced in
cells lacking the InsP3;R. Enhanced nutrient uptake, activation
of AMPK, and induction of prosurvival autophagy associated
with inhibition of InsPsR Ca®* release are responses normally
observed in cells in nutrient-deficient conditions. Thus, lack of
constitutive InsP3R Ca2* signaling activates a bone fide prosur-
vival response to bioenergetic stress despite presence of
nutrients and growth factors. That autophagy was activated as
a prosurvival mechanism was confirmed by responses of au-
tophagy-deficient HEK cells to InsP3R inhibition and of DT40
cells to 3MA, which caused significant death of InsPzR activity-
deficient cells compared with their WT counterparts, and by
the toxicity of XeB in autophagy-deficient Atg5 null cells. In addi-
tion, InsP3R-deficient cells were much more resistant to actual
nutrient deprivation than WT cells and recovered much more
quickly when nutrients were resupplied, all consistent with acti-
vation of autophagy in the absence of InsP3R Ca?* release as
a prosurvival strategy.

Inhibition of Constitutive InsP;R Ca2* Release
Compromises Cell Bioenergetics

Several observations indicate that InsPzR Ca®* release in normal
medium is necessary to support optimal cellular bioenergetics.

(M and N) Effects of mitochondrial Ca?* uptake inhibition by Ru360 on basal and maximum OCR in DT40 (M) and HEK293 (N) cells (n = 3).

(O) Lactate generation in WT and KO cells after 24 hr in normal media (n = 3).
***p < 0.001; NS, not significant. See also Figure S4.
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(A and B) DT40-KO cells and XeB-treated HEK293 cells have higher levels of phospho-PDH (n = 3).

(C—E) DCA treatment normalizes PDH hyperphosphorylation (C; 2 mM for 1 hr), enhances OCR (D; added acutely at “a”), and suppresses autophagy (E; 2 mM for
1 hr) in KO cells to WT levels (n = 3).

(F) Effect of transient transfection (48 hr) with specific or irrelevant (NT) siRNA on InsP3R-1 expression in SH-SY5Y cells. InsP3R-1/tubulin (n = 3) was expressed
relative to basal levels.

(G-J) Effects of InsP3R-1 knockdown (G and H) or XeB (10 uM, 1 hr) (I and J) on autophagy and P-AMPK in SH-SY5Y cells (n = 3).

(K) Effects of InsP3R-1 knockdown on basal and maximum OCR in SH-SY5Y cells (n = 3).

(L) Representative fluorescence recordings of Ca* release events in unstimulated SH-SY5Y cells in either Hank’s solution or normal culture media.

(M) Quantification of Ca®* release events in SH-SY5Y cells exposed either to Hank’s or normal media (n = 3 experiments).

(N) Effects of XeB (10 uM for 30 min) on spontaneous Ca2* release events recorded in SH-SY5Y cells in normal media (n = 3 experiments).

**p < 0.01, **p < 0.001. See also Figure S5 and Movie S1.
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First, inhibition of InsP3R activity or expression resulted in AMPK
activation. AMPK is a highly sensitive indicator of cellular energy
status, whose activity increases under conditions of metabolic
stress that elevate the cytoplasmic AMP:ATP ratio (Hardie,
2007). In agreement, inhibition of InsP3R increased [AMP] and
AMP:ATP. AMPK activation was blocked by MP, consistent
with reduced mitochondrial ATP production in cells with dimin-
ished InsP3R Ca?* release activity. This conclusion is also sup-
ported by OCR measurements that directly interrogate the rate
of electron transfer to oxygen in complex IV of the electron trans-
port chain. Basal OCR was significantly reduced in cells with
InsP3R activity diminished, indicating that ATP production was
reduced. This was true under short-term conditions, when
channel activity was inhibited with XeB, and under chronic
conditions, exemplified in DT40-KO cells where no compensa-
tory upregulation of OCR was evident. Rather, enhanced lactate
production suggests that increased glycolysis, in addition to au-
tophagy, were compensatory responses to compromised cell
bioenergetics.

Mitochondrial Ca?* Uptake Mediates Effects of InsP;R
Activity on Bioenergetics

Maximal OCR in uncoupled mitochondria was also reduced in
cells lacking InsP3R activity. Failure of an uncoupler to normalize
OCR between cells having or lacking InsP3R activity suggests
that the mitochondrial deficiency resides in their inability to
produce sufficient NADH to maintain electron flow through the
respiratory complex. Whether this deficiency also accounts for
reduced basal respiration is not as clear. However, PDH became
hyperphosphorylated (inactivated) in cells lacking InsPsR
activity, and reversal of this by inhibition of PDH kinases restored
normal oxidative phosphorylation and inhibited constitutive au-
tophagy. These results are most consistent with InsP3R activity
being linked to regulation of cell bioenergetics through constitu-
tive Ca®*-dependent regulation of the PDH phosphatase. PDH,
and two other rate-limiting metabolic enzymes, a-ketoglutarate-
and isocitrate-dehydrogenases, are activated by matrix Ca?*,
generating NADH required for ATP synthesis (McCormack
et al., 1990). Ca®* permeation into mitochondria is rate limited
at the inner membrane, where uptake occurs through the uni-
porter channel, driven by the membrane voltage generated by
electron transport in normally respiring mitochondria (Spat
et al., 2008). Ca%* uptake by mitochondria in vitro occurs over
a range of 1-100 pM Ca?* (Spat et al., 2008; Szabadkai and
Duchen, 2008). Nevertheless, InsPs-linked agonists that
generate sub-pM global [Ca®*]; elevations trigger large increases
in mitochondrial matrix [Ca®*] (Spat et al., 2008) because of
close appositions between mitochondria and ER supported by
physical linkages (Csordas et al., 2006; Rizzuto et al., 1998).
In these confined spaces, Ca?* released through InsPsR can
reach levels sufficient for permeation through the uniporter
(Rizzuto et al., 1998). In our studies, the uniporter inhibitor
Ru360 elicited all of the cellular responses observed in cells
with diminished InsP3;R Ca?* release. Thus, Ru360 inhibited
OCR, activated AMPK, and induced autophagy. Ru360 was
without effect on cells with InsP;R CaZ* release compromised,
indicating that ER Ca®* release and mitochondrial Ca®* uptake
are in the same pathway that impinges on cell bioenergetics

and autophagy. Importantly, the metabolic deficits induced by
Ru360, like those induced by disrupted InsP3;R function, were
completely reversed by ionomycin and MP, reinforcing the
conclusion that a major defect in cells lacking InsP3R activity is
insufficient Ca?*-dependent NADH production to support elec-
tron transport.

Whereas the PLC/InsP4/Ca* system has been widely consid-
ered within the context of agonist stimulation, most studies have
used basic salt solutions lacking nutrients and growth factors.
The experimental rationale for use of such solutions is obvious,
but they are unphysiological and, indeed, similar to those used
to induce starvation-mediated autophagy. Cells in their normal
milieu are bathed in a variety of factors, some of which impinge
on the PLC/InsP3 system. It is likely that low [InsP3], exist in all
cells in vivo and can be expected to drive low-level InsP3R
Ca®* release activity. We confirmed this by demonstrating that
whereas spontaneous InsP;R-mediated Ca2* release events
are rare in saline buffer, they are quite frequent in cells bathed
in medium containing nutrient and growth factors that more
closely mimic in vivo conditions. These events were transient
and highly localized, consistent with stochastic release from
one to a few InsP3Rs throughout the cytoplasm (Smith and
Parker, 2009; Smith et al., 2009). Optimal production of NADH
in mitochondria is achieved by repetitive transient Ca®* spikes
(Hajnoczky et al., 1995; Jouaville et al., 1999; Robb-Gaspers
et al., 1998; Szabadkai and Duchen, 2008), whereas sustained
Ca?* release can be associated with mitochondrial Ca*overload
that could activate the mitochondrial transition pore, with
possible detrimental consequences including apoptosis and
necrosis (Szalai et al., 1999).

In summary, we have identified an essential cellular process
that is required for efficient mitochondrial respiration and mainte-
nance of normal cell bioenergetics and that involves constitutive
Ca®* transfer from the ER to mitochondria mediated by the
InsP3R. Because of the fundamental importance of cellular
bioenergetics control in normal cellular physiology and patho-
physiology, as well as the role of autophagy in diverse human
pathologies (Levine and Kroemer, 2008), identification of this
process has broad implications.

EXPERIMENTAL PROCEDURES

Reagents, Cell Culture, and Transfection
Details can be found in Extended Experimental Procedures.

Detection of Autophagy

Western Blot

Details can be found in Extended Experimental Procedures.

Electron Microscopy

Cells were fixed in 2.5% glutaraldehyde in 0.1M cacodylate buffer, post-fixed
in 2% osmium tetroxide, dehydrated and embedded in Epon, and examined
with a high-voltage electron microscope (Philips EM 410). Autophagosomes
were identified by classic morphologic features of size >0.5 pm, presence of
a double-limiting membrane, and heterogeneous intralumenal contents
(Eskelinen, 2008).

Confocal Microscopy

GFP-LC3-expressing cells were fixed with 4% paraformaldehyde and GFP
fluorescence was visualized with a Zeiss Axiovert 510 LSM Pascal confocal
microscope using a 488 nm laser line.
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Nutrient Uptake

DT40 cells were seeded (5 x 10* cells mI™") in complete media and cultured in
standard conditions (37°C, 95%/5% air/CO,). Media in flasks lacking cells
were used to control for nutrient degradation. Media were analyzed by
a metabolite analyzer (Novaflex BioProfiles). Cells were counted daily, and
nutrient disappearance from the media was normalized to cell number.

Glucose Transport

DT40 cells were washed with Krebs-BSA buffer, preincubated or not with cyto-
chalasin B (10 min), and incubated for 10 min at 37°C with ®H-2-deoxyglucose
(DOG = 10 mM). The reaction was stopped by placing it on ice. Samples were
spun, decanted, lysed in 1% triton x-100, and cell 3H quantified.

Single-Channel InsP3;R Recording

InsP3R single-channel recording by patch-clamp electrophysiology of isolated
DT40 cell nuclei was performed as described (White et al., 2005). lon selectivity
was performed as described (Mak and Foskett, 1994), with reversal potentials
corrected for liquid junction potentials.

Cell Viability
Viability assays were performed as described (Shimizu et al., 2004). Details can
be found in Extended Experimental Procedures.

Oxygen Consumption

Oxygen consumption rate (OCR) was measured in at 37°C using an XF24
extracellular analyzer (Seahorse Bioscience). Details can be found in Extended
Experimental Procedures.

Calcium Imaging
Details can be found in Extended Experimental Procedures.

Quantification of Adenine Nucleotides

Nucleotides were extracted from primary hepatocytes using perchloric acid,
neutralized, and frozen for subsequent HPLC analysis (Kochanowski et al.,
2006). AMP, ADP, and ATP in extracted samples were quantified using ion-
pair reverse-phase HPLC, with a C18 RP column, under isocratic elution
conditions in 200 mM phosphate, 5 mM tetrabutylammonium phosphate,
and 3% acetonitrile.

Analysis and Statistics

All data summarized as mean + SEM; significance of differences was assessed
using unpaired t tests. Differences were accepted as significant at the 95%
level (p < 0.05).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, six
figures, and one movie and can be found with this article online at doi:10.
1016/j.cell.2010.06.007.
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