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METABOLISM

Cancer cells with defective oxidative phosphorylation
require endoplasmic reticulum-to-mitochondria Ca**

transfer for survival
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Cesar Cardenas1'2'3'4*”, Alenka Lovy1’2’5*, Eduardo Silva-Pavez'?, Felix Urra®®, Craig Mizzoni’,
Ulises Ahumada-Castro'?, Galdo Bustos'-?, Fabian Jafa®?, Pablo Cruz', Paula Farias'?,
Elizabeth Mendoza"?, Hernan Huerta'?, Paola Murgas1, Martin Hunter’, Melany Rios'?,

Oscar Cerda®'"", Irene Georgakoudi7, Armen Zakarian®, Jordi Molgé‘z, J. Kevin Foskett'3t*

Spontaneous Ca2* signaling from the InsP3R intracellular Ca®* release channel to mitochondria is essential for
optimal oxidative phosphorylation (OXPHOS) and ATP production. In cells with defective OXPHOS, reductive
carboxylation replaces oxidative metabolism to maintain amounts of reducing equivalents and metabolic precursors.
To investigate the role of mitochondrial Ca®* uptake in regulating bioenergetics in these cells, we used
OXPHOS-competent and OXPHOS-defective cells. Inhibition of InsP3R activity or mitochondrial Ca?* uptake
increased a-ketoglutarate (aKG) abundance and the NAD*/NADH ratio, indicating that constitutive endoplasmic
reticulum (ER)-to-mitochondria Ca®* transfer promoted optimal aKG dehydrogenase (aKGDH) activity. Reducing
mitochondrial Ca®* inhibited aKGDH activity and increased NAD*, which induced SIRT1-dependent autophagy in
both OXPHOS-competent and OXPHOS-defective cells. Whereas autophagic flux in OXPHOS-competent cells
promoted cell survival, it was impaired in OXPHOS-defective cells because of inhibition of autophagosome-lysosome
fusion. Inhibition of aKGDH and impaired autophagic flux in OXPHOS-defective cells resulted in pronounced cell
death in response to interruption of constitutive flux of Ca?* from ER to mitochondria. These results demonstrate
that mitochondria play a fundamental role in maintaining bioenergetic homeostasis of both OXPHOS-competent
and OXPHOS-defective cells, with Ca?* regulation of «KGDH activity playing a pivotal role. Inhibition of ER-to-
mitochondria Ca®* transfer may represent a general therapeutic strategy against cancer cells regardless of their

OXPHOS status.

INTRODUCTION

Many cancers switch from oxidative phosphorylation (OXPHOS)
to glycolysis as the main source of adenosine triphosphate (ATP)
generation in the presence of ample oxygen, a phenomenon known
as the Warburg effect (1). Although enhanced aerobic glycolysis has
been misinterpreted as a sign of mitochondrial dysfunction in
cancer cells, fully functional mitochondria are needed in many
cancer cell types (2-5). Oncogene activation increases mitochondrial
metabolism, and anchorage-independent growth and metastatic

'Center for Integrative Biology, Faculty of Sciences, Universidad Mayor, Santiago
8580745, Chile. “Geroscience Center for Brain Health and Metabolism, Santiago
8580745, Chile. 3Buck Institute for Research on Aging, Novato, CA 94945, USA.
“Department of Chemistry and Biochemistry, University of California, Santa Barbara,
Santa Barbara, CA 93106, USA. 5D<-:‘partment of Neuroscience, Center for Neuroscience
Research, Tufts University School of Medicine, Boston, MA 02111, USA. ®Program of
Molecular and Clinical Pharmacology, Institute of Biomedical Science, Universidad
de Chile, Santiago 8380453, Chile. "Department of Biomedical Engineering, Tufts
University, Medford, MA 02155, USA. 8Universidad de Aysén, Coyhaique, 5952073,
8380453, Chile. °Program of Cellular and Molecular Biology, Institute of Biomedical
Sciences (ICBM), Faculty of Medicine, Universidad de Chile, Santiago, Chile.
"OMillennium Nucleus of lon Channels-Associated Diseases (MiINICAD), Santiago,
Chile. ""The Wound Repair, Treatment and Health (WoRTH), Santiago, Chile.
2Université Paris-Saclay, CEA, Institut des Sciences du Vivant Frédéric Joliot, ERL
CNRS n° 9004, Département Médicaments et Technologies pour la Santé, Service
d’'Ingénierie Moléculaire pour la Santé (SIMoS), batiment 152, Point courrier 24,
F-91191 Gif sur Yvette, France. "*Departments of Physiology and Cell and Developmental
Biology, Perelman School of Medicine, University of Pennsylvania, Philadelphia,
PA 19104, USA.

*These authors contributed equally to this work.

1These authors contributed equally as co-senior authors.

$Corresponding author. Email: julio.cardenas@umayor.cl (C.C.); foskett@pennmedicine.
upenn.edu (J.K.F.)

Cardenas et al., Sci. Signal. 13, eaay1212 (2020) 14 July 2020

potential are correlated with mitochondrial function (2, 6). In addition
to its role in ATP production by OXPHOS, mitochondria fuel
biosynthetic pathways through the tricarboxylic acid (TCA) cycle to
produce lipids, proteins, and nucleic acids required in highly
proliferating cells (3, 4, 7-11). Many studies have targeted OXPHOS
as a therapeutic strategy in cancer (12-15).

In rapidly proliferating cells and many cancer cells as well as in
cells with defective OXPHOS, including those caused by mutations
in either fumarate hydratase or components of succinate dehydro-
genase, reductive carboxylation of glutamine-derived a-ketoglutarate
(aKG) by nicotinamide adenine dinucleotide (NAD") phosphate
(NADP")/reduced form of NADP" (NADPH)-dependent isocitrate
dehydrogenase (IDH1 and IDH2) generates citrate. Citrate, in
turn, provides acetyl-coenzyme A (CoA) for lipid synthesis and for
replenishing TCA cycle intermediates (16, 17), including aspartate
for nucleotide synthesis, by its cleavage to form oxaloacetate and its
transamination (18, 19). In OXPHOS-defective 143BAcytb cybrid
cells and other cells with defective OXPHOS, the reducing equiva-
lents needed for the reductive carboxylation reaction are generated
by oxidation of aKG by aKG dehydrogenase (aKGDH). Thus,
oxidative metabolism persists and coexists in 143BAcytb cells and
other cell lines that use reductive carboxylation (17, 20). tcKGDH
activity is under complex regulation by substrate levels and cofactors
(21), including mitochondrial matrix Ca®* concentration. Ca*"
increases the affinity of tKGDH for its substrate, enhancing its
activity over 100-fold (22).

Low-level constitutive Ca** release from the endoplasmic reticulum
(ER) through inositol 1,4,5-trisphosphate receptors (InsP3Rs) is
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essential to maintain OXPHOS (23). Inhibition of InsP3R activity
reduces the O, consumption rate (OCR), lowers cell ATP levels,
and activates adenosine monophosphate (AMP)-activated protein
kinase (AMPK)-dependent, mechanistic target of rapamycin (mTOR)-
independent prosurvival autophagy. A similar and nonadditive
response is elicited by inhibition of mitochondrial Ca®* uptake by
the Ca** uniporter (24-26), the major pathway for Ca*" uptake
into the mitochondrial matrix (27). Thus, constitutive low-level
ER-to-mitochondrial Ca®" transfer is required to preserve normal
bioenergetics by regulation of OXPHOS. Here, we demonstrated
that constitutive InsP;R-mediated Ca** signaling to mitochondria
was required to maintain mitochondrial bioenergetics even in the
absence of OXPHOS. In cells with defective OXPHOS, constitutive
low-level mitochondrial Ca** uptake sustained the oxidative activity
of the aKGDH complex to maintain reduced form of NAD"
(NADH) levels to support reductive carboxylation. In its absence,
NAD*/NADH levels increased and autophagy was activated in a
SIRT1-dependent manner. Autophagy promoted survival in cells
with competent OXPHOS, but it was insufficient in OXPHOS-
defective cells because of defective autophagosome-lysosome fusion.
These results indicate that constitutive ER-to-mitochondria Ca**
transfer regulates cellular bioenergetics regardless of the OXPHOS
status and suggest that targeting mitochondrial Ca** uptake may
provide a strategy to kill cancer cells by impinging on multiple pathways
regulating mitochondrial metabolism.

RESULTS

Viability of OXPHOS-defective cells requires constitutive
InsP3;R-mediated Ca** release

To determine the role of constitutive low-level InsP3;R-mediated
Ca’" release on bioenergetics of cells with defective OXPHOS, we
used cybrids derived from 143B osteosarcoma cells in which mito-
chondrial DNA had been depleted (p°) and then reconstituted with
either wild-type mitochondrial DNA (143Bwt) or with mitochon-
drial DNA containing a 4-base pair mutation in the cytochrome
b gene (143BAcytb). In the 143BAcytb cells, the flow of electrons
stops at complex III (6), rendering mitochondria unable to reduce
O, and produce ATP. Compared with 143Bwt cells, 143BAcytb cells
had lower basal OCR (Fig. 1A) but higher basal extracellular acidi-
fication rate (ECAR), a measure of glycolysis (Fig. 1B), as expected.
Although 143Bwt cells are cancer derived and activation of the
Warburg effect was expected, they nevertheless use mitochondria
for OXPHOS, as observed in other cancer cells (8, 9, 12, 24, 28-31).
ATP content in basal conditions was similar in 143Bwt and 143BAcytb
cells (Fig. 1C). Inhibition of respiratory complexes III or V with anti-
mycin A and oligomycin, respectively, did not affect ATP content in
143BAcytb cells, whereas 2-deoxyglucose (2DG) did, confirming that
glycolysis provided the main source of ATP in these cells. In contrast,
these inhibitors reduced ATP levels in 143Bwt cells (Fig. 1C).

Like normal cells (23), cancer cells require constitutive InsP;R-
mediated Ca?* transfer to mitochondria for optimal mitochondrial
function and viability (24). Both 143Bwt and 143BAcytb cells exhibited
similar constitutive Ca®* release activity that was InsP;R dependent,
as shown by the suppression of this activity by the specific InsP3R
inhibitor xestospongin B (XeB) (Fig. 1, D and E) (32). The cytoplasmic
free Ca®" concentration ([Ca*'];) and mitochondrial matrix free Ca*"
concentration ([Ca®*]) responses to histamine stimulation were
similar in 143BAcytb and 143Bwt cells (Fig. 1, F and G) despite a

Cardenas et al., Sci. Signal. 13, eaay1212 (2020) 14 July 2020

lower mitochondrial membrane potential (A¥},) in the 143BAcytb
cells (fig. S1A), as has been previously observed (33). Knockdown of
mitochondrial calcium uniporter (MCU), the pore-forming subunit of
the mitochondrial Ca** uniporter, prevented mitochondrial Ca** uptake
(fig. S1, B and C). Labeling with nonyl acridine orange (NAO) revealed
no differences in the numbers of mitochondria betweeen143Bwt
and 143BAcytb cells (fig. S1D). XeB decreased the OCR and ATP
levels in 143Bwt cells, as observed in other cancer and normal cell
types (23, 24) but not in 143BAcytb cells (Fig. 1, A and C). XeB did not
change the rate of ECAR in either cell line (Fig. 1B). In tumorigenic
breast and prostate cells with functional mitochondria, prolonged
inhibition of InsP3;R by XeB generates a bioenergetic crisis that re-
sults in >70% cell death (24). Because 143BAcytb cells rely mainly
on glycolysis, it was expected that they would be resistant to XeB-induced
death. However, XeB caused cytotoxicity, with the 143BAcytb cells
significantly more sensitive than 143Bwt cells (Fig. 1H).

To confirm that the observed effects of XeB were specifically due
to inhibition of InsP;R activity, types 1 and 3 InsP3Rs were simulta-
neously knocked down by mixing pools of four small interfering
RNAs (siRNAs) against each of the types 1 and 3 InsP3Rs (IP3R1 + 3),
generating >80 and 90% knockdown in 143Bwt and 143BAcytb
cells, respectively (Fig. 2A). InsP3R knockdown reduced basal OCR
in 143Bwt cells but not in 143BAcytb cells (Fig. 2B). In contrast, cell
death was enhanced in both lines, with 143BAcytb cells being more
sensitive (Fig. 2C), similar to their greater sensitivity to XeB. Similar
results were observed when types 1 and 3 InsP3;Rs were simultane-
ously knocked down with a single siRNA designed to recognize
both isoforms (IP3R1 and IP3R3) (fig. S1, E to G). These results
suggest that 143BAcytb cells, despite defective OXPHOS, require
low-level constitutive InsP;R Ca®" release for survival. The type 3
InsP;R has been associated with apoptosis resistance in cancer
(34, 35). However, knockdown of only this isoform (>80% in both
cell lines; fig. S1, H and I) did not affect basal OCR (fig. S1J) or cell
viability (fig. S1K) in either cell line, in agreement with the previous
observation that the expression of either type 1 or type 3 InsP3R is
sufficient to maintain cellular bioenergetics (23). To determine if
InsP;R activity provided Ca** for mitochondrial uptake, we knocked
down (~80%) the expression of MCU with two different siRNAs
(Fig. 2, D and E). Knockdown of MCU with each siRNA reduced
OCR in 143Bwt cells but not in 143BAcytb cells (Fig. 2, F and G),
phenocopying the effects of XeB and InsP3;R knockdown. In both
cell lines, significant cell death was observed, which was again more
profound in the 143BAcytb cells (Fig. 2, H and I), exceeding that
caused by InsP;R inhibition. These results suggest that although
143BAcytb cells do not use mitochondria to generate ATP, InsP3;R-
mediated Ca?* transfer to mitochondria is nevertheless essential to
maintain their viability.

XeB reduced AY,, in 143Bwt cells but not in 143BAcytb cells
(fig. S1A), which suggested that XeB-induced cytotoxicity of 143BAcytb
cells was not caused by loss of AWy,. 143BAcytb cells have been
reported to have higher resting levels of reactive oxygen species
(ROS) compared with 143Bwt cells (36). Although increased ROS
generation can cause cell death (37), we detected no differences in
ROS levels between143Bwt and 143BAcytb cells in resting and
XeB-treated conditions (fig. S1L), in agreement with other reports
(6, 38). Furthermore, XeB-induced cell death was not affected by
the ROS scavenger N-acetylcysteine (NAC) (fig. SIM).

Although 143BAcytb cells have defective OXPHOS, they require the
TCA cycle for glutamine metabolism through reductive carboxylation (6).
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Fig. 1. OXPHOS-defective 143BAcytb cells rely on constitutive InsP;R-mediated Ca®* signals. (A) Basal oxygen consumption rate (OCR) of cells incubated with 5 uM
XeB for 4 hours. (B) Extracellular acidification rate (ECAR) of cells incubated with 5 uM XeB for 4 hours. Data in (A) and (B) represent means + SEM of three independent
experiments with 10 replicates each. **P < 0.01 and ***P < 0.001 compared to respective control. NS, not significant. (C) Cells were incubated with 5 uM XeB, 1 uM antimycin A
(AA) or 1 uM oligomycin (Oli), 2-deoxyglucose (2DG; 20 mM), or vehicle control (C) for 4 hours, and intracellular ATP levels were determined. Means + SEM of three
independent experiments performed in triplicate. ***P < 0.001 compared to control. (D) Representative recordings of Ca* release events in unstimulated cells treated or
not with 5 uM XeB for 30 min. (E) Quantification of Ca®" release events. Means + SEM of three independent experiments. From each experiment, 30 cells were analyzed.
(F) Representative traces of [Ca**]. (green) and [Ca®*],, (red) responses in 143Bwt and 143BAcytb cells challenged with histamine (100 uM). (G) Quantification of peak
rhod-2 fluorescence. Means + SEM of three independent experiments. In each experiment, 100 cells were analyzed. (H) Cells were treated with 2.5 or 5 uM XeB for
12 hours, and death was determined by LDH release. Means + SEM of three independent experiments each with six replicates. **P < 0.01 and ***P < 0.001.
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Fig. 2. Simultaneous knockdown of types 1 and 3 InsPsR or mitochondrial Ca?* uptake induces cell death in OXPHOS-defective 143BAcytb cells. (A) Representative
Western blots of types 1 and 3 InsP3R in cells transiently transfected with a pool of four siRNAs against type 1 InsP3R and a pool of four siRNAs against type 3 InsP3R
(IP3R1 + 3) or a nontargeting (NT) siRNA for 24 hours. (B) Basal OCR of cells transiently transfected with siRNAs against types 1 and 3 InsP3R (IP3R1 + 3) or nontargeting
siRNA for 24 hours. Means + SEM of three independent experiments with 10 replicates each. ***P < 0.001 compared to control. (C) Cell death as assessed by LDH release
in cells transiently transfected with siRNAs targeting types 1 and 3 InsP3R (IP3R1 + 3) or nontargeting siRNA for 24 hours. Means + SEM of three independent experiment
each with six replicates. ***P < 0.001. (D) Representative Western blots of MCU in cells transiently transfected with MCU siRNA#1 or nontargeting siRNA for 72 hours.
(E) Representative Western blots of MCU in cells transiently transfected with MCU siRNA#2 or nontargeting siRNA for 72 hours. (F) Basal OCR of cells transiently transfected
with MCU siRNA#1 or nontargeting siRNA for 72 hours. (G) Basal OCR of cells transiently transfected with MCU siRNA#2 or nontargeting siRNA for 72 hours. (H) Cell death
as assessed by LDH release in cells transiently transfected with MCU siRNA#1 or a nontargeting siRNA for 72 hours. (1) Cell death as assessed by LDH release in cells
transiently transfected with MCU siRNA#2 or a nontargeting siRNA for 72 hours. In (A), bar graphs represent IP3R1 and IP3R3 expression normalized to tubulin. In (D) and
(E), bar graphs represent MCU expression normalized to tubulin. Data in (A), (D), and (E) are means + SEM of three independent biological replicates. **P < 0.01 and
***P < 0.001 compared with respective controls (NT). Data in (B), (F), and (G) represent means + SEM of three independent experiments with 10 replicates each. **P < 0.01
and ***P < 0.001 compared to respective controls (NT). Cytotoxicity data in (C), (H), and (I) are means + SEM of three independent experiments, each with six replicates.
**P<0.01 and ***P < 0.001 compared with respective controls (NT).

We therefore asked whether the requirement for constitutive Ca**  activity was similar in RCC4 cells and RCC4 cells expressing vhl
transfer from the ER to mitochondria was specific to the 143BAcytb ~ (fig. S2D). Thus, constitutive Ca®* transfer from ER to mitochondria
cells or if it could be recapitulated in other cells that exhibit OXPHOS  is required in both 143BAcytb and RCC4 cells that exhibit OXPHOS
deficiency. The RCC4 human renal carcinoma cell line has a von  deficiency.

Hippel-Lindau (vhl) mutation that results in constitutive activation

of hypoxia-inducible factors, repression of mitochondrial function  Inhibition of constitutive InsP;R-mediated Ca** release

and OCR, and activation of reductive carboxylation (fig. S2A) (39). suppresses aKGDH activity

RCCH4 cells were significantly more sensitive to XeB-induced toxicity =~ Like many cancer cells, 143BAcytb cells rely on reductive carboxylation
than RCC4 cells expressing normal vhl, with cell death reaching ~70%  to generate metabolites for growth and proliferation (16-19). When
after 12 hours (fig. S2, B and C). XeB-sensitive basal Ca** release  oxidation of metabolites in the TCA cycle is unfavorable, such as
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when OXPHOS activity is defective, glutamine provides glutamate
through glutaminase activity, which is converted by glutamate de-
hydrogenases or aminotransferases to aKG (2). oKG is oxidized by
oKGDH to succinyl-CoA to generate the reducing equivalents for
IDH2-mediated reductive carboxylation of aKG to isocitrate (20) and
other intermediates for production of TCA cycle metabolites (40).
In addition, the reductive carboxylation of glutamine fuels compen-
satory aspartate synthesis from aKG through a pathway that requires
the aspartate aminotransferase GOT1 (18, 19). Removal of glutamine
was cytotoxic for 143BAcytb cells, which was rescued by the addi-
tion of dimethyl-o-ketoglutarate (Fig. 3A), which can be readily used
by aKGDH to sustain levels of metabolic intermediates. Furthermore,
preventing the conversion of glutamate to oKG by inhibiting trans-
aminases or glutamate dehydrogenase 1 with aminooxyacetate (AOA)
or epigallocatechin gallate (EGCG), respectively, was much more
cytotoxic for 143BAcytb cells than for 143Bwt cells (Fig. 3, B and C).
Unexpectedly, inhibition of glutaminase with CB839 reduced the
viability of both cell lines (Fig. 3D). Nevertheless, these results indi-
cate a reliance of 143BAcytb cells on aKGDH activity, likely for the
generation of NADH to maintain reductive carboxylation. In agree-
ment, inhibition of tKGDH activity with CPI-613 had a significantly
higher cytotoxic effect on 143BAcytb cells (Fig. 3E).

Because oKGDH is Ca®* sensitive, we hypothesized that the cytotoxic
effects of blocking ER-to-mitochondrial Ca** transfer in cells reliant
on reductive carboxylation was caused by suppression of tKGDH
activity. Exposure to XeB resulted in accumulation of oKG (Fig. 3F),
consistent with a requirement of aKGDH activity on constitutive
mitochondrial Ca®* uptake, as observed for pyruvate dehydrogenase
(PDH) (23). This result suggested that the inhibition of ER Ca?*
transfer to the mitochondria likely induced metabolic remodeling.
A previous metabolomics study comparing the abundance of more
than 90 metabolites between 143Bwt and 143BAcytb revealed relatively
minor differences between the two cell lines (20). We performed a
metabolomics study to compare the abundance of metabolites from
glycolysis, the pentose phosphate pathway, one-carbon/nucleotide
metabolism, the TCA cycle, and other pathways in 143BAcytb cells
treated or not with XeB for 4 hours. Principal components analysis
(fig. S3A) and hierarchical clustering (fig. S3B) revealed significant
differences between the two groups. Analyses of metabolic inter-
mediates generated by reductive carboxylation downstream of
oKGDH revealed that succinate, malic acid, and citrate-isocitrate
were significantly reduced after XeB treatment (Table 1), consistent
with a decrease in aKGDH activity. These results suggest that inhi-
bition of ER to mitochondria Ca** transfer alters the metabolic profile
of 143BAcytb cells, including a reduction in aKGDH activity.

To confirm the importance of Ca®* in the regulation of tcKGDH
activity and its pivotal role in cell survival in cells with defective
OXPHOS, we mutated aspartic acid at residue 154 to alanine
(D154A) in the Ca**-binding site of the E1-aKGDH subunit. This
mutation decreases the Ca** sensitivity of tKGDH activity by six-
fold (41). We hypothesized that overexpression of the E1-aKGDH
mutant would decrease aKGDH activity and consequently reduce
cell viability, mimicking the effects observed after the inhibition of
Ca®* transfer to mitochondria. As a control, we overexpressed
E179A E1-aKGDH (fig. S2E), which has a Ca*" sensitivity similar to
the wild-type enzyme. All expressed proteins localized to the mito-
chondria (fig. S2F). Viability did not differ between overexpressing
cells grown in glucose-rich culture media (Fig. 3G). However, when
cells were cultured for 24 hours with glutamine as the only carbon
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source, the cells expressing the D154A mutant had significantly
decreased viability, whereas the E179A-expressing and wild-type
E1-oKGDH-expressing cells were unaffected (Fig. 3G). This result
confirms that mitochondrial Ca*" is critical for promoting sufficient
0oKGDH activity to maintain cell viability, and it complements the
results achieved by genetic and pharmacological inhibition of mito-
chondrial Ca** uptake.

143BAcytb cells had a ~ 50% lower NAD/NADH ratio than
143Bwt cells (fig. S4A), as previously reported (16). Exposure to XeB
increased the NAD*/NADH ratio by twofold at 1 hour in both cell
lines, which further increased by fivefold in 143BAcytb cells at 4 hours
(Fig. 3H). By comparison, the mitochondrial uncoupler carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) (1 uM, 1 hour)
caused a twofold increase in both cell lines (Fig. 3H). Similar results
were observed in RCC4 cells (fig. S2G). To determine whether the
observed NAD*/NADH ratio change in response to XeB was localized
to mitochondria, we used two-photon microscopy to determine the
fluorescence intensity ratio between flavin adenine dinucleotide
(FAD) and pyridine nucleotides [NAD(P)H]. This optical redox ratio
correlates with the oxidation-reduction state (42, 43) and NAD"/
NADH ratio (44). A 4-hour XeB treatment significantly increased
the optical redox ratio (Fig. 3, I and J), confirming that NAD*/NADH
changed in mitochondria where cKGDH is located. To determine
whether there was also a change in cytoplasmic NAD'/NADH, we
transfected cells with the NAD"/NADH sensor peredox (45). XeB
significantly increased the NAD*/NADH ratio, presented here as the
difference between the red-to-green fluorescence signal at the be-
ginning and end of the experiment (fig. S4, B and C). Together,
these data confirm that the NAD*/NADH ratio increases in both
the mitochondria and cytoplasm when Ca®" transfer from the ER to
mitochondria is inhibited.

The greater XeB-induced increase in the NAD*/NADH ratio
observed in the 143BAcytb compared with 143Bwt cells is consistent
with higher basal NADH production through the activity of tKGDH
required for reductive carboxylation in thel43BAcytb cells. The
XeB-induced increase in the NAD*/NADH ratio is of similar mag-
nitude to that caused by siRNA-mediated knockdown of aKGDH
(20). These results further suggest that tKGDH activity depends on
mitochondrial matrix Ca®* supplied by low-level InsP;R-mediated
Ca®* release. To test this, we reasoned that XeB-induced reduction
of oKGDH activity and associated cell death could be reversed by
supplying sufficient substrates to elevate flux through aKGDH by
mass action. We first supplied methyl-pyruvate because it can be
converted to acetyl-CoA and citrate, which can be used for reductive
metabolism to generate metabolic intermediates needed for growth
of the OXPHOS-deficient 143BAcytb cells. Furthermore, high con-
centrations of methyl-pyruvate will generate a substrate mass-action
effect to accelerate the activity of tKGDH independently of allosteric
regulation by Ca®*. Addition of methyl-pyruvate to the growth
medium prevented XeB-induced cell death in both cell lines.
Dimethyl-o-ketoglutarate rescues other OXPHOS-defective cells
that rely on glutamine-derived anapleurosis in a manner dependent
on oKGDH activity (17). Similarly, addition of dimethyl-a-ketoglutarate
to enhance cKGDH activity by mass action also markedly reduced
XeB-induced death in the 143BAcytb cells (Fig. 3K). To determine
whether constitutive ER-to-mitochondrial Ca®* transfer was generally
required by other OXPHOS-deficient cells that rely on reductive
carboxylation, we induced reductive carboxylation in 143Bwt and
Hela cells by impairing OXPHOS by treatment with antimycin A (16).
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Fig. 3. Inhibition of constitutive InsP3R-
mediated Ca?* release reduces uKGDH
activity, enhances the NAD*/NADH ratio,
and increases cell death that can be
rescued by metabolic intermediates.
(A) Cells were cultured in normal media
(control), glutamine-free media (—GIn), or
glutamine-free media supplemented
with 5 mM dimethyl-a-ketoglutarate
(—=GIn+0KG), and cell death was determined
by propidiumiodide incorporation. Means +
SEM of three independent experiments,
each in triplicate. ***P < 0.001 compared
torespective control. (B) Cells were treated
with 1 mM aminotransferase inhibitor
aminooxyacetate (AOA), and cell death
was determined by propidium iodide
incorporation. Means + SEM of three in-
dependent experiments, each in triplicate.
**P<0.01 compared to respective control.
(C) Cells were treated with 50 uM gluta-
mate dehydrogenase (GDH) inhibitor
epigallocatechin gallate (EGCG), and cell
death was determined by propidium
iodide incorporation. Means + SEM of
three independent experiments, each in
triplicate. **P < 0.01 compared to respec-
tive control. (D) Cells were treated with
5 uM glutaminase inhibitor CB839, and
cell death was determined by propidium
iodide incorporation. Means + SEM of three
independent experiments, each in tripli-
cate. **P < 0.01 compared to respective
control. (E) Cells were treated with 0.5 mM
oKGDH inhibitor CPI-613, and cell death
was determined by propidium iodide
incorporation. Means + SEM of three in-
dependent experiments, each in triplicate.
*P < 0.05 compared to respective control.
(F) Cells were treated with 5 uM XeB
(4 hours), and aKG levels were determined.
Means + SEM of three independent ex-
periments each performed in triplicate.
**P <0.01 and ***P <0.001 compared to
respective control. (G) 143B cells trans-
fected with a WT E1 subunit of the tcKGDH
or the D154A or E179A mutants were
cultured with glutamine as the only carbon
source for 24 hours, and cell death was
determined by propidium iodide incor-
poration. Means + SEM of three inde-
pendent experiments, each in triplicate.
***P < 0.001 compared to respective
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control. (H) Cells were treated with 5 uM XeB for 1 and 4 hours or with 1 uM FCCP for 1 hour, and the NAD*/NADH ratio was determined. Means + SEM of three independent
experiments each performed in triplicate. ***P < 0.001 compared to respective control. (I) Representative maps of redox ratio in 143Bwt and 143BAcytb treated or not with 5 uM
XeB for 4 hours. (J) Bar graph represents quantification of the redox ratio. Means + SD of three independent experiments. *P < 0.05 and **P<0.01 compared to respective
control. (K) Cell death assessed by LDH release in cells treated with 5 uM XeB for 12 hours in the presence of 5 mM dimethyl-a-ketoglutarate (aKG) or 5 mM methyl-pyruvate (Pyr).
Means + SEM of three independent experiments each performed in triplicate. ***P < 0.001 compared to respective control.

Antimycin A reduced OCR and elevated ECAR (fig. $4, D to G)
similar to the 143BAcytb and RCC4 cells, and the treated cells be-
came more sensitive to XeB-induced cytotoxicity (fig. S4, H and I).
Antimycin A-treated Hela cells also exhibited enhanced cyto-
toxicity in response to AOA and CPI-613, similar to 143BAcytb
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cells (fig. S4, J and K). Together, these data suggest that cKGDH
maintains metabolic homeostasis in OXPHOS-defective cancer
cells by enabling the use of glutamine for reductive carboxylation
and that this activity depends on constitutive ER-to-mitochondria
Ca** transfer.
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Table 1. Inhibition of constitutive InsP;R-mediated Ca®* release
decreases reductive carboxylation metabolites downstream of
aKGDH. Untargeted metabolomics was performed on OXPHOS-defective
143BAcytb cells treated or not with 5 uM XeB for 4 hours, and the fold
change of relevant reductive carboxylation metabolites related to aKGDH
were analyzed. Means + SEM of three independent experiments each with
three replicates.

Metabolite Fold change P value

0.70+0.032

Malic acid

Aconitase 1.08 £0.026

Inhibition of InsP;R-mediated Ca>* release in
OXPHOS-defective cells activates SIRT1-mediated
prosurvival autophagy

Inhibition of InsP3R activity and Ca** uptake by mitochondria in-
duces prosurvival autophagy in several cell lines (23, 24). Inhibition
of InsP3R activity with XeB or by simultaneous RNA interference
knockdown of types 1 and 3 InsP;R (Fig. 4, A and B) or knockdown
of MCU (Fig. 4C) induced autophagy in both 143Bwt and 143BAcytb
cells. Similar results were observed in RCC4 + vhl and RCC4 cells
(fig. S2H). Autophagy plays a prosurvival role in both cell lines be-
cause exposure to XeB in the presence of the autophagy inhibitors
3-methyladenine (3MA) (Fig. 4D) or chloroquine (CQ; fig. S5A)
caused profound cell death (Fig. 4E).

In normal cells and cancer cells with functional mitochondria,
inhibition of Ca®" transfer to mitochondria reduces ATP levels and
activates AMPK in addition to activating autophagy (23, 24). Unex-
pectedly, inhibition and/or knockdown of InsP;R or MCU activat-
ed AMPK in both 143Bwt and 143BAcytb cells (fig. S5, B to D). This
activation was associated with an increased AMP/ATP ratio in the
143Bwt cells (fig. S5, E to G), whereas the AMP/ATP ratio was
unchanged in the 143BAcytb cells (fig. S5, E to G), as expected, be-
cause ATP levels in these cells are independent of OXPHOS. Thus,
mechanisms other than a fall in ATP must be responsible for enhanced
AMPK activity observed in the 143BAcytb cells. Because NAD"
levels are increased by inhibition of Ca®* transfer to mitochondria
(Fig. 3, H to ]) and autophagy can be regulated by the NAD*-dependent
deacetylase SIRT1 (31), we examined the possible involvement of
SIRT1 in XeB-induced autophagy. Global acetylation levels were
depressed by XeB, as shown by a reduction in the acetylation of a
53-kDa protein (Fig. 4F), a molecular weight that corresponds to
p53, a known SIRT1 substrate (46), which was confirmed by Western
blot (fig. S5, H and I). The SIRT1 inhibitor EX527 suppressed the
reduction in p53 acetylation caused by XeB (Fig. 4F and fig. S5,
H and I). EX527 reduced XeB-induced autophagy in both 143Bwt
and 143BAcytb cell lines, as shown by Western blot (Fig. 4, G and H)
and immunofluorescence (Fig. 41) without altering AMPK phos-
phorylation (fig. S5, ] and K). The levels of SIRT1 were similar in
both 143Bwt and 143BAcytb cell lines (fig. S6A), and SIRT1 was
located in both the cytoplasm and nucleus to a similar extent
(fig. S6B). To confirm a role of SIRT1 in XeB-induced autophagy,
we treated mouse embryonic fibroblasts (MEFs) lacking SIRT1
(SIRTI7 cells) (fig. S6C) with XeB and monitored the formation of
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autophagosomes with mCherry-green fluorescent protein (GFP)-
LC3. SIRT1™" cells were unable to mount an autophagic response,
as evidenced by the absence of autophagosomal-puncta formation
(fig. S6, D and E). In contrast, autophagosome formation was
significantly enhanced in SIRT1-expressing wild-type MEFs, con-
firming that SIRT1 was necessary for XeB-induced autophagy.
Inhibition of SIRT1 activity by EX527 increased cell death in both
143Bwt and 143BAcytb cell lines (Fig. 4]), as well as in RCC4 cells
(fig. S21). These results suggest that elevated NAD" levels activate
SIRT1 to induce prosurvival autophagy in response to inhibition of
ER-to-mitochondrial Ca*" transfer.

Whereas inhibition of constitutive Ca®" transfer from ER to
mitochondria activated prosurvival autophagy in both 143wt and
143BAcytb cells, 143BAcytb cells were protected to a lesser extent
(Fig. 4, A to E). To understand the basis for the enhanced cytotoxicity
observed in the 143BAcytb cells, we measured autophagic flux in
both cell lines. Both lines were treated with CQ, which inhibits
fusion of autophagosomes with lysosomes (47). Under these condi-
tions, autophagosomal components, including LC3-II, cannot be
degraded and accumulate. CQ caused LC3-II to accumulate to
similar extents in both cell lines (Fig. 5A). XeB caused a strong and
additive increase in LC3-II accumulation in CQ-treated 143Bwt cells
(Fig. 5A), indicating enhanced autophagic flux. In contrast, the CQ-
and XeB-induced increases were not additive in 143BAcytb cells
(Fig. 5A), suggesting that autophagic flux was compromised. To
confirm this interpretation, we used tandem-tagged mCherry-GFP-
LC3. When autophagosomes containing mCherry-GFP-LC3 fuse to
lysosomes, GFP fluorescence is quenched, whereas the red fluores-
cence from mCherry remains. Observation of a mix of yellow and
red puncta is indicative of enhanced autophagic flux (48), whereas
defective lysosomal fusion results in the accumulation of yellow
puncta. Inhibition of InsP;R-mediated Ca®* release by XeB induced
the appearance of a mix of yellow and red puncta in 143Bwt cells
(Fig. 5, B and C). In contrast, 143BAcytb cells accumulated only
yellow puncta (Fig. 5, B and C). This result suggests that inhibition
of constitutive Ca** release enhances autophagic flux in cells with
normal OXPHOS, as previously reported, whereas there is a defect
in autophagosome-lysosome fusion in 143BAcytb cells. To determine
whether defective autophagosome-lysosome fusion was specific to
143BAcytb cells or was a consequence of their metabolic reliance on
reductive carboxylation, reductive carboxylation was induced in Hela
cells by treatment with antimycin A. As in the 143BAcytb cells,
XeB-induced autophagy in the antimycin A-treated Hela cells caused
an accumulation of yellow autophagosomal puncta (fig. S6, F and G).
We speculated that because autophagy provides necessary metabo-
lites to maintain cellular homeostasis (49), impaired autophagic
flux in cells with defective OXPHOS in response to decreased Ca**
transfer to mitochondria likely increases metabolic stress that re-
sults in the observed enhanced cytotoxicity in these cells. Cells with
defective OXPHOS are deficient in aspartate synthesis necessary for
nucleoside synthesis (18, 19). Addition of nucleosides as a metabolic
substrate to the media prevented XeB-induced cell death in both
cell lines (Fig. 5D).

DISCUSSION

Whereas the role of mitochondrial Ca** in regulating OXPHOS is
well established, its role in regulating other mitochondrial metabolic
pathways is less clearly understood. Here, we explored the role of
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143Bwt

Fig. 4. Inhibition of constitutive InsP3R-
I 143BAcytb

mediated Ca?* release increases SIRT1-

dependent deacetylation and autophagy.

(A) Representative Western blots of the

autophagy marker LC3 or tubulin as

loading control in 143Bwt (wt) and

143BAcytb (Ac) cell lines treated with

5 uM XeB for 4 hours. (B) As in (A) but

with cells transfected with siRNA against

types 1 and 3 InsP3R (IP3R1+3) or a

nontargeting siRNA for 24 hours. (C) As

n (A) but with cells transfected with a

siRNA against MCU or a nontargeting

siRNA for 72 hours. Bar graphs in (A),

(B), and (C) represent quantification of D
LC3-Il/tubulin expressed as means +
SEM of three independent experiments.
(D) Cell death as assessed by LDH re-
lease in cells treated with 5 uM XeB
and/or 3-methyladenine (3MA) or vehicle
control (C) for 12 hours. (E) As in (D) but
with cells transiently transfected with a
siRNA against MCU, types 1 and 3 InsP3R
(IP3R1 + 3) or a nontargeting siRNA and
treated or not with 3MA for 12 hours.
Cytotoxicity data in (D) and (E) are
means + SEM of three independent ex-
periments, each with six replicates.
(F) Representative Western blots of four
independent experiments to determine
pan-acetylated lysine or tubulin in cells
under basal conditions (C) or pretreated
with 10 uM of the SIRT1 inhibitor EX527 6
(EX) for 12 hours and then exposed to
5 uM XeB for 4 hours. (G) Representative
Western blots of LC3 and tubulin in
143Bwt cells under basal conditions (C)
exposed or not to 10 uM EX527 (EX) for 0
12 hours and then treated with 5 uM
XeB for 4 hours. (H) As in (G) in 143BAcytb
cells. Bar graphs in (G) and (H) represent
quantification of LC3-Il/tubulin expressed
as means + SEM of three independent
experiments. (I) Representative immuno-
fluorescence images of three indepen-
dent experiments showing LC3 puncta
formation (arrows) in cells under basal
conditions (control) or pretreated with
10 uM EX527 for 12 hours and then ex-
posed to 5 uM XeB for 4 hours. Scale
bar, 10 um. (J) Cell death as assessed by
LDH release in cells under basal condi-
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ER-to-mitochondrial Ca®* transfer on metabolism and viability of
cells with defective capacity for OXPHOS. We found that despite
impaired OXPHOS, mitochondrial matrix Ca** remained a critical
regulator of mitochondrial metabolism and viability because of the
Ca®* sensitivity of tKGDH activity. In addition, we found that the
bioenergetic crisis induced by interruption of mitochondrial Ca**
uptake was sensed by SIRT1, which played a prosurvival role by
triggering NAD"-dependent autophagy that was not fully functional
in cells with defective OXPHOS. Our results suggest that mitochon-
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all experiments, *P < 0.05, **P < 0.01, and ***P < 0.001 compared to respective control.

drial matrix Ca®* plays a fundamental role in cellular bioenergetics
by regulating both OXPHOS-dependent and OXPHOS-independent
metabolic pathways. The discovery of a role for Ca** in regulating
OXPHOS-independent pathways may have consequences for cancer
cell metabolism and possible therapeutic implications.

Matrix Ca** concentration regulates mitochondrial bioenergetics,
in part, by modulating the activities of the respiratory chain, PDH
and two TCA cycle dehydrogenases, NAD"-IDH, and cKGDH. In
cells with functional mitochondria, constitutive ER-to-mitochondrial
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Fig. 5. Autophagy flux is impaired in OXPHOS-defective cells. (A) Representative Western blots of autophagy marker LC3 and tubulin as loading control in 143Bwt (wt)
and 143BAcytb (Ac) cell lines treated with 5 uM XeB for 4 hours in the presence of the autophagy inhibitor chloroquine (CQ). Bar graphs represent quantification of LC3-Il/
tubulin expressed as means + SEM of three independent experiments. ***P < 0.001 compared to respective control. (B) Representative images of 143Bwt (wt) and 143BAcytb
(Ac) cell lines transfected with mCherry-GFP-LC3 for 24 hours, followed by exposure to 5 uM XeB for 4 hours. Arrows indicate autophagosome (yellow) and autolysosome
(red). Scale bar, 10 um. (C) Number of autolysosomes (red) and autophagosome (yellow) per cell. Results represent means + SEM of three independent experiments. At
least 100 cells per experiment were counted. ***P < 0.001 compared to respective control. (D) Cell death by LDH release in cells under basal conditions (C) or exposed to
5 uM XeB for 4 hours in the presence of nucleosides (Nx). Means + SEM of three independent experiments. ***P < 0.001 compared to respective control.

transfer of Ca®* supports the activity of PDH as a key enzyme that
controls carbon flux into the TCA cycle. In the absence of this
transfer, Ca**-activated PDH phosphatase activity decreases, result-
ing in PDH hyperphosphorylation and diminished activity, limiting
flux of pyruvate into the TCA cycle. tKGDH oxidizes adKG to
succinyl-CoA, CO,, and NADH, providing reducing equivalents for
OXPHOS (50). Diminished T'CA cycle production of NADH leads

Cardenas et al., Sci. Signal. 13, eaay1212 (2020) 14 July 2020

to lower rates of OXPHOS, and ATP levels decline (23). Tumorigenic
breast, prostate, and melanoma cancer cells behave similarly (24),
supporting the concept that many cancer cells also rely on mito-
chondrial metabolism for ATP generation (I, 2, 51, 52). Whether
matrix Ca®" plays an important role in mitochondrial bioenergetics
beyond its role in regulating OXPHOS has been unknown. To ex-
plore the role of matrix Ca®" in regulating mitochondrial pathways
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in addition to OXPHOS, we examined 143BAcytb cells as a model
for cells that have defective OXPHOS. oKGDH plays a central role
in these cells as a gatekeeper for utilization of glutamine-derived
carbon for oxidation and reductive carboxylation, with its importance
in cancer cell metabolism well recognized (6, 7, 20, 40, 51). Many
cancers display oncogene-dependent addiction to glutamine that
has been exploited therapeutically (53). Through glutaminase activity,
glutamine provides glutamate that is converted by glutamate dehy-
drogenases or aminotransferases to oKG (2). When oxidation of
metabolites in the TCA cycle is unfavorable, such as in the presence
of defective OXPHOS activity or hypoxia, many cancer cells use
glutamine-derived aKG through reductive carboxylation to generate
citrate for lipid synthesis and four-carbon intermediates needed to
produce other TCA cycle metabolites (40). The oxidation of aKG
through aKGDH in these circumstances remains essential because
it is necessary to generate the reducing equivalents necessary to
maintain reductive carboxylation (20). Of the Ca**-sensitive enzymes
in the TCA cycle, only oKGDH contributes to generation of metabolites
in cells performing reductive carboxylation, including 143BAcytb cells
(16). aKGDH inhibition impairs the viability of several cancer cell
lines (54, 55) and breast cancer-associated lung metastasis (56).

We found that inhibition of InsP;R-mediated Ca®* release or
mitochondrial Ca®" uptake decreased aKGDH activity in both
OXPHOS-competent 143Bwt cells and OXPHOS-defective 143BAcytb
cells, as evidenced by aKG accumulation and an increased NAD"/
NADH ratio. Similar accumulation of oKG suggests that tcKGDH
activity is comparable in both cell lines, in accordance with the similar
glutamine consumption rates in these cells (16). Accumulation of
aKG in response to reduced mitochondrial Ca®* uptake in 143Bwt
cells is consistent with the Ca** dependence of aKGDH activity. Re-
ductive carboxylation of 0KG is mediated by NADP-IDH2, which
is not Ca®* sensitive (57). Thus, aKG accumulation observed in
143BAcytb cells is likely caused by restricted availability of reducing
equivalents, which are normally generated by Ca**-dependent
0oKGDH oxidation of aKG and are necessary to fuel IDH2-mediated
reductive carboxylation of 0KG. Inhibition of InsP;R activity induced
alarger increase in the NAD"/NADH ratio in 143BAcytb cells com-
pared with 143Bwt cells, consistent with a higher rate of NADH
consumption in 143BAcytb cells to sustain their higher rates of re-
ductive carboxylation (20).

As shown previously, inhibition of InsP3R Ca" signaling and
mitochondrial Ca** uptake induces a bioenergetic crisis that results
in activation of prosurvival autophagy. Similar responses were
observed for the OXPHOS-competent and OXPHOS-incompetent
cells used here. Previously, we demonstrated that activation of AMPK,
due to an elevated adenosine diphosphate/ATP ratio, is upstream of
autophagy activation (23). Here, we found that inhibition of constitutive
ER-to-mitochondria Ca®* transfer was associated with an elevated
NAD'/NADH ratio that was sensed by SIRT1. Pharmacological and
genetic inhibition of SIRT1 repressed autophagy, indicating that
SIRT1 was also upstream of autophagy activation. Prolonged in-
hibition of mitochondrial Ca®" uptake reduced the viability of both
143Bwt and 143BAcytb cells. Cell death was prevented by incuba-
tion with cell-permeable methyl-pyruvate, dimethyl-aKG, and
nucleosides, suggesting that it was caused by deficits in mitochondrial
bioenergetics. The relatively minor cytotoxicity observed in 143Bwt
cells was likely due to an effective AMPK-dependent (23) and
SIRT1-dependent prosurvival autophagic response to inhibition of
OXPHOS caused by reduced activities of PDH and TCA cycle
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dehydrogenases (24). The enhanced death rate of 143BAcytb cells
may be accounted for by two, not mutually exclusive mechanisms.
First, the combination of OXPHOS inhibition (reduced ATP and ¥y,
and lack of essential TCA cycle-derived metabolic intermediates
derived from reductive carboxylation, due to the central role of
Ca’*-dependent aKGDH activity in this process, may critically
compromise cell viability. We considered that the higher sensitivity
of 143BAcytb cells could be the result of excessive ROS production,
but we observed no differences between the two cell lines, in agree-
ment with other reports (6, 38), and the antioxidant NAC did not
confer protection. In contrast, the two cell lines differed in their auto-
phagic responses to their distinct metabolic challenges. Whereas
increased autophagic flux in 143Bwt cells culminated in the delivery
of autophagosomal cargo to lysosomes, autophagic flux in the
143BAcytb cells was aborted, leaving autophagosome accumulation
in the cytoplasm as a consequence of a failure to fuse with lysosomes.
Because autophagy as a survival mechanism requires lysosomal-
mediated hydrolysis reactions to recycle metabolic intermediates
for use elsewhere in the cell, diminished autophagosome-lysosome
fusion is expected to limit the availability of lysosome-derived
metabolites necessary for cell death protection. The lack of both
lysosome-derived metabolic intermediates and TCA-derived
metabolites together may create conditions that are highly cytotoxic
in OXPHOS-defective cells. The mechanisms that limit autophagosome-
lysosome fusion specifically in 143BAcytb cells remain to be deter-
mined. Alterations in mitochondrial function caused by chemical
inhibition of the electron transport chain impairs lysosomal activity
and induces accumulation of large vacuoles (58), but this seems un-
likely to account for our observations because those effects are
mediated by ROS, which were produced at similar levels in 143Bwt
and 143BAcytb cells. CD4" T lymphocytes with defective mito-
chondrial function caused by genetic deletion of the mitochondrial
transcription factor Tfam show dysfunctional lysosomes and impaired
endolysosomal trafficking and autophagy. However, in contrast to
our results, those phenotypes are associated with a reduced NAD"/
NADH ratio, and restoration of NAD™ levels improves lysosomal
function (59). However, these results do suggest that cell redox state
may fine-tune lysosomal function and play a role in 143BAcytb cells.

In summary, the results in the present study show that inhibition
of constitutive mitochondrial Ca*" uptake elevates NAD" by reducing
0oKGDH activity, which promotes SIRT1 activation that, in turn,
activates autophagy as a prosurvival mechanism. In cells with defective
OXPHOS, impaired autophagosome-lysosome fusion exacerbates
metabolic stress, rendering these cells more sensitive to cell death.
Our results highlight a central role of tKGDH and OXPHOS in
cancer cells and suggest that the mechanisms involved in ER-to-
mitochondria Ca®* transfer offer new therapeutic targets for cancer.

MATERIALS AND METHODS

Reagents

The LC3B (#2775), acetylated-lysine (#9441), acetyl-p53 (#2525),
phospho-AMPK (#2535), AMPK (#5831), SIRT1 (#2493), and p53
(#2527) antibodies were from Cell Signaling Technology. The B-tubulin
(#556321) and InsP3R-3 (#610313) antibodies were from BD Bio-
sciences. The MCU (#HPA016480) and c-Myc (#M4439) antibodies
were from Sigma-Aldrich. The InsP;R-1 (ABS55) antibody was from
Millipore. Anti-OGDH (2-oxoglutarate dehydrogenase) rabbit poly-
clonal (#GTX33374) was from GeneTex. Nuclei were stained with
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Hoechst. Peroxidase-conjugated secondary antibodies were purchased
from Amersham (#NA934 and #NA931). 3MA, methyl-pyruvate,
dimethyl-a-ketoglutarate, antimycin A, FCCP, oligomycin, rotenone,
2DG, and Hank’s balanced salt solution (HBSS) were from Sigma-
Aldrich. CPI-613 and EX527 were from Tocris Biosciences. Fluo-4 AM,
NAO, and Hoechst were from Thermo Fisher Scientific. EGCG and
CB839 were from Selleckchem. XeB was extracted and purified from
the marine sponge Xestospongia exigua as described (32).

Cell culture and transfection

Osteosarcoma 143Bwt and 143BAcytb cybrid cells, provided by
N. S. Chandel (Northwestern University), were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), uridine (100 pg/ml), 1 mM pyruvate, penicillin
(100 Uml™), streptomycin (100 pg ml™), and fungizone (0.25 ug ml ™
Gibco) at 37°C (95%/5% air/CO,). Hela cells were grown in similar
conditions in the absence of uridine and pyruvate. Wild-type and SIRT1™~
cells, provided by Leonard Guarente (Massachusetts Institute of
Technology), were cultured in similar conditions as 143B cells.
Pharmacological inhibition of OXPHOS in 143Bwt and Hela cells
was achieved by adding 1 pM antimycin A (complex III inhibitor)
to the culture media for 48 hours, as described (16). Transfections
of siRNA were performed with a Nucleofector electroporator
(Amaxa Biosystems). siRNAs against MCU and types 1 and 3 InsP3;Rs
were previously described (23) and purchased from GE Healthcare
Dharmacon. To simultaneously silence type 1 and type 3 InsP;R, a
specific siRNA was designed (GE Healthcare Dharmacon), which
consisted of 5'-GUGAGAAGCAGAAGAAGGAUU-3" and
3’-UUCACUCUUCGUCUUCUUCCU-5". pAAV-CAG-Peredox
was a gift from G. Yellen (Addgene plasmid # 73807; http://n2t.net/
addgene:73807; RRID:Addgene_73807).

Ca”* signals

Imaging of spontaneous changes in cytoplasmic Ca** concentration
([Ca®*].) was accomplished by total internal reflection fluorescence
(TIRF) microscopy using a Nikon eclipse Ti inverted TIRF micro-
scope equipped with an apo TIRF 60x, 1.49 numerical aperture
(NA) lens with a stage-top Tokai Hit incubator. Cells were loaded
with freshly prepared Fluo-4 (5 pM) and imaged at 37°C and 5%
CO; ~100 nm into the cell. The gain on the Andor iXon EMCCD
camera was set to maximum, and images were collected every 50 ms
for 2 min. For simultaneous measurements of [Ca**]. and mito-
chondrial matrix [Ca®*] ([Ca®"],y), 143B cells were grown on 25-mm
glass coverslips for 48 hours and then loaded with 2 uM rhod-2/AM
(50 min) and 5 uM Fluo-4/AM (30 min) in extracellular medium as
described (25). Coverslips were mounted in an open chamber and
imaged. After 25 s of baseline recording, an InsP3; mobilizing agonist
(histamine, 100 pM) was added and confocal images were recorded
every 3 s (510 Meta; Carl Zeiss) at 488- and 561-nm excitation using
a x63 oil objective. Images were analyzed and quantified using
Image] (National Institutes of Health).

Site-directed mutagenesis

Mutagenesis of recombinant human OGDH c¢DNA in the Myc-
DDK-tagged vector was performed using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA) as per the
manufacturer’s instructions and as previously described (60). For
the OGDHD154A-myc mutant, the primers were 5'-CCC TGG
GGATTTTGGCTGCTGATCTGGACT C-3'and 5-GACTCCAGA
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TCA GCA GCC AAA ATC CCC AGG G-3'. For OGDHE179A-
myc, the primers were 5'-TTC TAT GGC CTG GAT GCG TCT GAC
CTC GAC AAG-3" and 5'-CTT GTC GAG GTC AGA CGC ATC
CAG GCC ATA GAA-3’. All mutants were checked by DNA se-
quencing, and their expression was analyzed by immunoblot and
immunofluorescence assays.

Western blotting and treatments

Drugs were added in fresh media as indicated. Treatments were
terminated by rapid removal of medium with cells on ice, followed
by cell lysis with CytoBuster protein extraction reagent (Novagen)
supplemented with protease and phosphatase inhibitors (cOmplete
PhosSTOP, Roche). Protein extracts were separated in 4, 10, or 15%
SDS-polyacrylamide gels and transferred to polyvinylidene difluoride
membranes (Millipore). Blocking was performed at room tempera-
ture for 1 hour in 5% fat-free milk, and membranes were incubated
overnight at 4°C with primary antibody and then for 1 hour at room
temperature with a secondary antibody conjugated to horseradish
peroxidase. Chemiluminescence detection used ECL Plus reagent
(Pierce) and a series of timed exposure images were acquired with a
FluorChem Q system (ProteinSimple) to ensure that densitometric
analyses were performed at exposures within the linear range. To
ensure equal protein loading across gels, membranes were submerged
in stripping buffer (Restore Western Blot Stripping Buffer; Pierce),
incubated at 37°C for 20 min, and reprobed with a loading control
antibody. ImageJ was used for densitometric analysis.

Cellular oxygen consumption and ECARs

OCR and ECAR as measurements of OXPHOS and glycolysis,
respectively, were measured at 37°C using an XF®96 extracellular
analyzer (Agilent, USA). A total of 1.5 x 10* cells per well were seeded
onto poly-lysine (Sigma-Aldrich, USA) pretreated plates and
allowed to attach for 24 hours. Where indicated, 143Bwt and
143BAcytb cells were exposed either to 5 uM XeB or vehicle for
4 hours and then loaded into the analyzer in fresh unbuffered
Seahorse media, and basal OCR and ECAR were determined.
Sequential injections of 1 uM oligomycin, 50 nM FCCP, and 1 uM
rotenone/antimycin A were used to reveal different parameters of
cellular respiration.

Immunofluorescence

Cells were fixed in 100% methanol at —20°C for 12 min, blocked in
1% bovine serum albumin, and incubated overnight with LC3B anti-
body (Cell Signaling technology, #2775). Alexa Fluor 488 secondary
antibody (Molecular Probes, #A-11008) was incubated for 1 hour at
room temperature, and cells were mounted in ProLong Gold anti-
fade with DAPI (4',6-diamidino-2-phenylindole; Molecular Probes,
#P36931). Visual examination was performed on a Zeiss Axiovert
510 LSM Pascal confocal microscope using a high-numerical aperture
water immersion 63x objective.

Optical redox ratio calculation

Microscopy images were collected using a Leica TCS SP8 confocal
microscope system equipped with an Insight DS+ Ti:Sapphire laser
(Spectra-Physics) for multiphoton near-infrared (NIR) excitation.
Two-photon excitation fluorescence images were obtained at exci-
tation wavelengths of 755 and 860 nm, with average powers of
18 and 29 mW at the sample, respectively. Two emission channels were
recorded simultaneously on a pair of nondescanned Leica HyD hybrid
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detectors, using a fluorescein isothiocyanate/DAPI fluorescence filter
cube equipped with a 680-nm short-pass entrance filter and emis-
sion band-pass filters at 460 £ 25 nm (NADH channel) and
525 + 25 nm (FAD channel). A Leica DMi8 inverted microscope
was used with a Leica HC PL IRAPO 40x/1.10 water immersion
objective optimized for confocal NIR microscopy. Images were
collected with a 1.5x zoom magnification factor and sampled using
8-bit dynamic range and 1024 x 1024 pixels (corresponding to a 194 pm
by 194 um field of view, or 0.189 um/pixel). Bidirectional raster scans
were conducted at a line rate of 600 Hz and averaging each line
eight times per image. For each of the four types of samples studied
(AcytB and wt cells, both XeB treated and untreated), images were
collected from three wells in a multiwell glass-bottomed dish, and
sampling between three to five different regions of interest within
each well. Fluorescence intensity images of NAD(P)H and FAD
were normalized on the basis of the illumination power and averaging.
The background and weak nucleus fluorescence were removed
using a binary mask with Otsu’s threshold method to exclude noise
from signal not pertaining to metabolism. After co-registering the
fluorescence intensity images using cross-correlation, the pixel-wise
optical ratio [FAD/(FAD + NAD(P)H] was calculated and the mean
value per field was compared (61).

Peredox

Peredox-mCherry was transfected into cells using FuGene accord-
ing to the manufacturer’s protocol and imaged in live cells 12 hours
later. Peredox is composed of a permuted GFP T-Sapphire (green)
interposed between two Rex subunits, with a C-terminal mCherry
to normalize for green fluorescence (45). Ratiometric imaging
(green/red) was performed on a Nikon AIR confocal microscope
equipped with Perfect Focus using a 63x plan apo lens/1.4 NA. Peredox
increases GFP fluorescence (excitation, 405; emission 520) upon
binding to NADH. The green-to-red fluorescence ratio increase, which
correlates with an increase in the NADH:NAD" ratio, was analyzed
using SML software and Image].

Mitochondrial membrane potential

Cells were loaded with tetramethylrhodamine methyl ester (TMRM;
Life Technologies; 5 nM) for 30 min at 37°C and 5% CO,. Hoechst
33342 was used as a nuclear counterstain. Images were acquired using
a Nikon C2+ spectral confocal microscope using the same settings
for all experiments. TMRM fluorescence was quantified with
Image] software.

Determination of ROS levels

The generation of intracellular oxidative stress was determined
using the dihydroethidium (DHE) probe as previously described (62).
143Bwt and 143BAcytb cells were grown in complete media, seeded
in 12-well plates, and allowed to attach overnight. The next day, the
cells were exposed for 4 hours to ethanol (control) or 5 uM XeB, and
then, the culture medium was replaced by a solution containing
5 uM DHE in HBSS and incubated for 20 min in the dark. After
this, the cells were washed, trypsinized, and resuspended in 500 pl
of HBSS and measured by FACS Calibur flow cytometer.

Determination of NAD*/NADH ratio and aKG levels

All measurements were performed using commercial kits (BioVision,
K337-100; K677-100) according to the manufacturer’s instructions.
Briefly, cells were incubated either with 5 uM XeB or vehicle for 1 or
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4 hours, washed twice with phosphate-buffered saline (PBS), scraped
off the dishes, and pelleted. For NAD"/NADH ratio, NAD" and
NADH were extracted and the samples were subjected to two
freeze-thaw cycles and centrifuged. Aliquots of each sample were
heated at 60°C for 30 min to decompose NAD*. Samples were then
loaded into 96-well plates for absorbance measurements at 450 nm.
To determine aKG levels, samples were deproteinized with 7% per-
chloric acid, neutralized with a buffer solution ( 3 M KOH, 0.4 M
tris, and 3 M KCl), and converted to pyruvate. Background pyruvate
was subtracted. The reaction was incubated at 37°C for 30 min, and
optical density was measured at 570 nm.

Metabolomics

Subconfluent culture dishes were incubated for 4 hours in DMEM
containing 15 mM glucose, 2 mM glutamine, and 10% FBS in the
presence or absence of 5 uM XeB. Cells were then washed twice
with ice-cold saline and overlaid with 500 pl of cold methanol/water
(50/50, v/v), transferred to an Eppendorf tube and subjected to three
freeze-thaw cycles. After rigorous vortexing, the debris was pelleted
by centrifugation at 16,000¢g and 4°C for 15 min. Pellets were used
for protein quantitation (BCA Protein Assay; Thermo Fisher Scientific).
The supernatant was transferred to a new tube and evaporated to
dryness using a SpeedVac concentrator (Thermo Savant, Holbrook,
NY). Metabolites were reconstituted in 100 pul of 0.03% formic acid
in analytical-grade water, vortex-mixed, and centrifuged to remove
debris. Thereafter, the supernatant was transferred to a high-
performance liquid chromatography (HPLC) vial for the metabolomics
study. Targeted metabolite profiling was performed using a liquid
chromatography-mass spectrometry/mass spectrometry (LC-MS/MS)
approach as described before (20). Briefly, metabolites were recon-
stituted in 100 ul of 0.03% formic acid in LC-MS-grade water,
vortex-mixed, and centrifuged to remove debris. LC-MS/MS and
data acquisition were performed using an AB QTRAP 5500 LC/triple
quadrupole mass spectrometer (Applied Biosystems SCIEX) with
an injection volume of 20 ul. Chromatogram review and peak area
integration were performed using MultiQuant software version 2.1
(Applied Biosystems SCIEX). The peak area for each detected me-
tabolite was normalized against the total ion count of each sample
and the mean for each metabolite within the sample batch of each
run to correct for variations introduced by sample handling through
instrument analysis. The normalized areas were used as variables for
the multivariate analyses and modeling using SIMCA-P (version 13.0.1;
Umetrics). The processed datasets were mean-centered, unit-variance-
scaled, and then applied to principal components analysis to evaluate
the clustering and to detect outliers. Univariate statistical differ-
ences of the metabolites between two groups were analyzed using
Student’s t test. The pathway enrichment analysis of differential me-
tabolites between two groups was performed using Metaboanalyst 3.0
(http://metaboanalyst.ca).

Determination of intracellular ATP levels

ATP levels were determined with CellTiter-Glo Luminescent Cell
Viability Assay kit (Promega, USA). 143Bwt and 143BAcytb cells
(1 x 10° cells/ml) were seeded into 96-well plates and incubated for
4 hours in culture medium in the absence (vehicle, ethanol) or pres-
ence of 5 uM XeB, 1 uM antimycin A, and 1 uM oligomycin. After
exposure, cells were washed twice with PBS to remove the medium
and resuspended in 20 ul of PBS. Bioluminescence was measured
on a BioTek luminometer.
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AMP/ATP ratio

Nucleotides were extracted using perchloric acid, neutralized, and
frozen for subsequent HPLC analysis. AMP and ATP were quantified
using ion pair reverse-phase HPLC, with a C18 RP column, under
isocratic elution conditions in 200 mM phosphate, 5 mM tetra-
butylammonium phosphate, and 3% acetonitrile.

Cell death assays

Lactate dehydrogenase (LDH) released from dying cells was deter-
mined by a colorimetric assay (Roche). Propidium iodide incorporation
(5 mg/ml) was determined by flow cytometry (BD FACSAria III).

Statistics

All statistical analyses were performed using GraphPad Prism 4.03
(GraphPad Software, San Diego, CA, USA). The data are expressed
as means + SEM of three independent experiments, each one per-
formed in technical triplicate. Statistical analysis was performed
using unpaired ¢ tests, one-way analysis of variance (ANOVA) with
Bonferroni’s post-test for pairwise comparisons, or two-way ANOVA.
The data were considered statistically significant at the 95% level
(P < 0.05).

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/13/640/eaay1212/DC1

Fig. S1. Mitochondrial parameters and simultaneous knockdown of types 1 and 3 InsP3R
induces cell death in OXPHOS-defective 143BAcytb cells.

Fig. $2. Pseudohypoxic RCC4 cells rely on constitutive InsPsR-mediated Ca** signals.
Fig. $3. Inhibition of constitutive InsPsR-mediated Ca?* transfer to the mitochondria
substantially changes the metabolomic profile of 143BAcytb cell lines.

Fig. S4. OXPHOS-defective cells rely on constitutive InsPsR-mediated Ca?* signals.

Fig. S5. Inhibition of constitutive InsPsR-mediated Ca?* release reduces aKGDH activity and
activates SIRT1 and AMPK.

Fig. $6. SIRT1 is necessary for the autophagy induced by inhibition of Ca?* transfer to
mitochondria.

View/request a protocol for this paper from Bio-protocol.
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Staying alive without oxidative phosphorylation

Oxidative phosphorylation is used by many cell types to produce ATP and requires on-level, constitutive Ca2+
flow from the ER to the mitochondria. Cardenas et al. found that this ER-to-mitochondria Ca<* flow was critical for the
survival of cells defective in oxidative phosphorylation, a phenotype that is common in cancer cells. In the absence of
oxidative phosphorylation, important metabolites can be generated through reductive carboxylation, a pathway that
requires the Ca 2™ sensijtive enzyme a-ketoglutarate dehydrogenase (aKGDH) and NADH. Manipulations that blocked
ER-to-mitochondria Ca <™ flow resulted in suppression of aKGDH activity, increases in the NADT/NADH ratio, and
enhanced autophagy that failed to promote cell survival. These results highlight that mitochondrial Ca 7 influx regulates
metabolic pathways in addition to oxidative phosphorylation, which could be targeted in specific cancer subtypes.
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