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Abstract

Cytosolic Ca%* signals, generated through the coordinated translocation of Ca?* across the plasma
membrane (PM) and endoplasmic reticulum (ER) membrane, mediate diverse cellular responses.
Mitochondrial Ca?* is important for mitochondrial function and, when cytosolic Ca2*
concentrations become too high, mitochondria function as cellular CaZ* sinks. By measuring
mitochondrial Ca2* currents, we found that mitochondrial Ca2* uptake was reduced in chicken
DT40 B lymphocytes lacking either the ER-localized inositol trisphosphate receptor (IP3R), which
releases Ca2* from the ER, or Orail or STIM1, components of the PM-localized Ca2*-permeable
channel complex that mediates store-operated calcium entry (SOCE) in response to depletion of
ER Ca?* stores. The abundance of MCU, the pore-forming subunit of the mitochondrial Ca2*
uniporter, was reduced in cells deficient in IP3R, STIM1, or Orail. Chromatin
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immunoprecipitation and promoter reporter analyses revealed that the Ca2*-regulated transcription
factor CREB directly bound the mcu promoter and stimulated expression. Lymphocytes deficient
in IP3R, STIMZ1, or Orail exhibited altered mitochondrial metabolism, indicating that Ca*
released from the ER and SOCE-mediated signals modulate mitochondrial function. Thus, our
results showed that a transcriptional regulatory circuit involving Ca2*-dependent activation of
CREB controls the Ca?*-uptake capability of mitochondria and hence regulates mitochondrial
metabolism.

INTRODUCTION

Intracellular calcium ([Ca2*];) plays an important role in regulating numerous cellular
functions. Studies with isolated mitochondrial studies demonstrated that mitochondria can
accumulate large amounts of Ca2* (1-3). Mitochondrial Ca%* uptake is mediated by an inner
mitochondrial membrane-resident complex that includes the mitochondrial Ca2* uniporter
(MCU) protein. MCU exists as part of a heteromeric complex that consists of MICU1,
MICU2, MCUb, MCUR1, EMRE, and SLC25A23 (4-15). Studies with isolated
mitochondria and electrophysiological studies of XXX estimated that flux of Ca2* ions
through the MCU exceeds 10,000 Ca2* ions per second (16). MCU-mediated mitochondrial
Ca®* uptake depends on the mitochondrial membrane potential (A%,,) and is partly inhibited
at basal and low concentrations of cytosolic Ca2* ([Ca2*].) by the regulator MICU1 (8, 9,
17). Signaling by G protein-coupled receptors (GPCRS) or receptor tyrosine kinases that
increase [Ca%*]. above 3 pM stimulates MCU current (Ipcu), resulting in the accumulation
of Ca2* in the mitochondrial matrix (6, 8). Mitochondria that have accumulated Ca?* exhibit
higher mitochondrial bioenergetics through tricarboxylic acid (TCA) cycle and oxidative
phosphorylation (18-20)XXX (XX). Because regulation of [Ca2*] is critical for cell
survival, one might predict that conditions that produced prolonged increases in [Ca2*]. may
stimulate the expression of the genes encoding and the function of mitochondrial Ca2*-
transporter proteins.

Ca?*-dependent transcription contributes to the regulation of cellular metabolism,
proliferation, differentiation, and cell death (21, 22). Additionally, Ca?*-dependent
transcription plays essential roles in controlling immune cell responses (23). Spatiotemporal
changes in [Ca%*]. activate various transcription factors, including nuclear factor of
activated T cells (NFAT), c-FOS, and cyclic AMP response element binding protein
(CREB) (21, 22). In non-excitable cells, the major receptors that stimulate cytosolic Ca2*
signals are GPCRs and receptor tyrosine kinases. In both cases, cytosolic Ca2* signals result
from (i) inositol trisphosphate (IP3)-induced Ca2* release (1ICR) through ER-located IP3
receptors (IP3Rs), which are Ca2*-permeable channels, and (ii) store-operated Ca2* entry
(SOCE), which is mediated by STIM-induced activation of Orai channels [also known as
Ca?* release-activated Ca?* (CRAC) channels] resulting from depletion of the ER Ca2*
store (21, 23-30). Mitochondria buffer cytosolic CaZ* resulting from both 11ICR and SOCE,
but whether expression of genes encoding proteins that mediate mitochondrial Ca2* uptake
are regulated by these Ca2*-responsive transcriptional circuits is unknown.
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Here, we examined how Ca2* signaling cascades affected the activity and abundance of
MCU using chicken DT40 lymphocytes deficient in various components that mediate IICR
or SOCE. Using STIM-, Orai-, and IP3R-knockout (KO) cells, we found that Ca2* entry
through STIM-activated Orai channels and Ca2* release through IP3R channels enhanced
mitochondrial uptake of Ca2*. Without IICR or SOCE, the cells did not produce
spontaneous Ca2* oscillations, MCU abundance and phosphorylation of CREB were
reduced, and cellular metabolism was altered. Chromatin immunoprecipitation and reporter
gene assays with HeLa cells indicated that CREB bound the mcu promoter. Re-
establishment of cytosolic Ca2* signals in IP3R- or Orai-knockout cells restored MCU
abundance and activity and improved mitochondrial metabolism. These studies established
crosstalk between cytoplasmic Ca2* signaling and mitochondrial Ca2* buffering
mechanisms.

IP3Rs and CRAC channels alter MCU-mediated mitochondrial Ca?* uptake rate in
permeabilized cells

To determine how mitochondrial Ca%* uptake was influenced by 11ICR and SOCE, we used
permeabilized DT40 B lymphocytes genetically deficient for IP3R, STIM, or Orai. In
addition to testing components of the SOCE complex and IP3Rs, we also examined the
effect of knockout of the gene encoding phospholipase Cy2 (PLCy2), because this enzyme
produces IP3 in DT40 cells that is prerequisite for IICR and SOCE activation (XX)(31). We
measured mitochondrial Ca2* uptake in digitonin-permeabilized |P3R1~/=/27/=/37/~ triple
knockouts (TKO), PLCy27~, STIM17/~, STIM2~/, Orai1™/~, Orai2™'~, and Orai1™-/27/-
double knockouts (DKO) bathed in intracellular-like medium, containing mitochondrial
substrate succinate, thapsigargin (Tg) to block uptake of Ca2* into the ER by sarcoplasmic
and ER Ca?* (SERCA) pump, and Fura-2FF to detect changes in [Ca2*] (6, 32).
Mitochondrial Ca?* uptake was calculated from clearance of bath Ca?* ([Ca2*]yy1) (see
Materials and Methods). Because AV, is a driving force for mitochondrial Ca%* uptake, we
confirmed that basal AU, in the wild-type and knockout DT40 cells was similar (fig. S1 A—
C).

After the permeabilized cells had reached a steady state, we applied six pulses of increased
[Ca?*],ut and monitored the reduction in [Ca2*],,: following each pulse. We performed the
experiments with permeabilized cells that had not been exposed to the Ca2* ionophore
ionomycin (Fig. 1A) and after chronic exposure of the cells prior to permeabilization to
ionomycin to restore Ca2* (Fig. 1B) (see Materials and Methods). Wild-type, STIM2 KO,
and Orai2 KO exhibited similar mitochondrial Ca%* uptake (Fig. 1A and C). In contrast, in
IP3R TKO, PLCj2 KO, STIM1 KO, Orail KO, and Orai1,2 DKO cells [Ca?*], increased
after each pulse, indicating compromised mitochondrial uptake (Fig. 1A and C). Both total
accumulated [Ca?*], and mitochondrial Ca?* uptake rate in IP3R TKO, PLCj2 KO, STIM1
KO, Orail KO, and Orail,2 DKO were significantly decreased compared with that in the
wild-type cells (Fig. 1C and D). Importantly, [Ca2*],,: reduced after each pulse (fig. S2A)
and the rate of mitochondrial Ca2* uptake (fig. S2B) was similar in cells exposed to Tg
alone or a combination of Tg and acidic intracellular compartment inhibitors (Brefeldin A
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and Bafilomycin A). Furthremore, the addition of the mitochondrial uncoupler (7) CCCP,
which dissipatesAW¥,, resulted in the release of similar amounts of Ca2+ in cells exposed to
Tg or Tg and Brefeldin A and Bafilomycin A (fig. S2C). These controls indicated that other
organelles, such as endosomes, did not contribute to the clearance of [Ca2*],y: in the
permeabilized system.

We examined the extent to which lack of IP3Rs and CRAC channel components affected
basal matrix [CaZ*]y,. We measured basal [Ca?*], after dissipation of the AU, with the
CCCP and found that basal [Ca2*], was significantly decreased in IP3R TKO, PLC)2 KO,
STIM1 KO, Orail KO, and Orail,2 DKO cells (fig. S3 and Fig. 1E), suggesting that these
cells lacked dynamic changes in [Ca%*]. and the associated signaling.

We hypothesized that the absence of signal-induced Ca2* transients flux in IP3R TKO,
PLCy2 KO, STIM1 KO, Orail KO, and Orail,2 DKO lymphocytes results in a slower rate
of [Ca2*], uptake. To investigate this hypothesis, we circumvented IICR and SOCE by
chronic ionomycin treatment (2.5 nM; six days) to induce a direct increase in [Ca2*]s.
lonophores, such as ionomycin, stimulate lymphocytes by activating proliferation-inducing,
Ca?*-dependent kinases (33-35). After chronic ionomycin pretreatment, we permeabilized
the lymphocytes, added Tg to inhibit ER uptake of Ca2*, and monitored [CaZ*]yy¢ in
response to pulses of Ca2*. The ionomycin pretreatment rescued mitochondrial Ca%* uptake
rate and accumulation in IP3R TKO, PLCj2 KO, STIM1 KO, Orail KO, and Orail,2 DKO
cells to amounts comparable to those in wild-type cells (Fig. 1B, C and D). These results
suggested that the Ca2* signals produced by 1ICR and SOCE are important for coordinating
[Ca?*],,, uptake capacity with demand, which may reflect an effect on MCU activity.

IPsRs and CRAC channel components affect MCU-mediated mitochondrial Ca2* uptake

and lycu

To provide additional evidence that the results from the permeabilized cells represented
altered mitochondrial Ca2* uptake due to altered cytosolic Ca?* dynamics, we examined
mitochondrial Ca2* dynamics in cells loaded with Ca2* indicators that localized to the
cytosol or mitochondria. We stimulated intact wild-type lymphocytes with immunoglobulin
M (IgM), which produced a robust oscillating increase in [Ca%*]. and a steady increase in
[Ca%*]y (fig. S4A). Consistent with IP3R requiring IP5 for activation, the lack of IP5
production in PLC32 KO in response to IgM resulted in no changes in [Ca2*]. (Fig. 2A, fig.
S4A). Increased fluorescence of the mitochondria-localized fluorophore in response to IgM
was substantially reduced in IP3R TKO, PLC»2 KO, STIM1 KO, Orail KO, and Orail,2
DKO lymphocytes (Fig. 2A, fig. S4A), indicating that without either IICR or SOCE
mitochondrial Ca?* uptake was reduced. Furthermore, ionomycin treatment restored
mitochondrial CaZ* uptake in STIM1 KO, Orai1 KO, and Orai1,2 DKO lymphocytes (Fig.
2A).

To further verify the defect of mitochondrial Ca2* uptake in IP3R TKO, STIM1 KO, and
Orail,2 DKO cells, we measured mitochondrial Ca2* uptake using the genetically encoded
mitochondrial Ca2* reporter, mito-R-GECO1, and recorded the mitochondrial fluorescence
signal. Wild-type DT40 cells exposed to Tg exhibited a rapid increase in fluorescence that
was similar without or with ionomycin pretreatment (Fig. 2B; fig. S4B). In contrast,
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mitochondrial Ca2* uptake was significantly reduced in IPsR TKO, STIM1 KO, and Orail,2
DKO lymphocytes, whereas pretreatment with ionomycin restored mitochondrial Ca2*
uptake in the KO lymphocytes (Fig. 2B; fig S4B). Under these conditions, wild-type or the
KO DT40 cells treated with Tg exhibited similar cytosolic Ca?* dynamics (fig. S5A-D).

We also measured MCU current (Ipcy) in isolated mitoplasts from PR TKO, STIM1 KO,
and Orail,2 DKO lymphocytes. We compared the currents in cells that had or had not been
pretreated with ionomycin for six days prior to mitoplast isolation. Consistent with [CaZ*],
imaging results, mitoplasts from lymphocytes of |P3R TKO, STIM1 KO, and Orail,2 DKO
had markedly reduced Iy cy, whereas wild-type mitoplasts displayed classic Iycy (Fig. 2C
and D). As expected, we observed a near complete restoration of Iy cy in IPsR TKO, STIM1
KO, and Orail,2 DKO mitoplasts after ionomycin pretreatment (Fig. 2C and D).

Impaired IP3Rs and CRAC-mediated Ca2* entry reduces the expression and abundance of
MCU and reduces CREB activation

One possible mechanism for the impaired mitochondrial Ca2* uptake in IP3R TKO, PLC)2
KO, STIM1 KO, Orail KO, and Orail,2 DKO DT40 lymphocytes could be a reduction in
the abundance of MCU. Indeed, Western blotting indicated that MCU abundance was low in
IPsRTKO, PLC)2 KO, STIM1 KO, Orail KO, and Orail,2 DKO cells; whereas MCU was
more abundant in wild-type, STIM2 KO, and Orai2 KO lymphocytes (Fig. 3, A and B). The
abundance of mMRNAs for MCU and the MCU paralog MCUb XXX MCUb in IP3R TKO
and Orail,2 DKO cells was also decreased compared to wild-type cells (Fig. 3C),
suggesting that the decrease in MCU abundance may be due reduced gene expression. Wild-
type and the KO cells had similar amounts of the MCU regulators MICU1 (Fig. 3D-F) and
MCURL1 (fig. S6, A and B). lonomycin pretreatment restored MCU protein (Fig. 3, A and B)
and mRNA abundance (Fig. 3C) in IP3R and CRAC channel component KO cells. The
MICU1 paralog MICU2 has nonredundant roles in some cells (12, 36), however, MICU2
was undetectable in DT40 cells possibly due to lack of antibody specificity.

To determine if the alterations in MCU abundance in the DT40 KO cells occurred in other
cells deficient in components of the CRAC channel, we compared the phenotypes of
STIM1or STIM2 KO DT40 cells with mouse embryonic fibroblasts with the comparable
genetic KOs. In the DT40 lymphocytes, STIM1 KO but not STIM2 KO resulted in
compromised mitochondrial Ca2* uptake (Fig. 1) and reduced MCU abundance (Fig. 3), but
not MCUR1 abundance (fig. S6). Consistent with these results, the abundance of MCU, but
not MCUR1, was reduced in STIM1 KO but not in STIM2 KO mouse embryo fibroblasts
(fig. S7).

To examine the possibility that a reduction in MCU could affect the abundance of IICR and
CRAC components, we evaluated the effect of MCU knockdown on the expression and
abundance of IP3R1, STIML1, and Orail in HeLa cells. Neither the mRNA nor the protein
abundance of IP3R1, STIM1, and Orail were altered in MCU-knockdown cells (fig. S8).

Bioinformatic analysis of the human mcu promoter region revealed putative CREB binding
sites. CREB is activated by phosphorylation at Ser'33 by various signaling cascades,
including extracellular signal-regulated kinases (ERKs), a Ca2* and stress signaling pathway
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(37-41). Phosphorylated CREB activates transcription of numerous genes through cAMP
response elements (CRE). We investigated whether the loss of IP3Rs and CRAC channel
components disrupted CREB activity in the DT40 lymphocytes. We measured activation of
CREB by monitoring the amount of Ser133-phosphorylated CREB by Western blotting with
an antibody specific for phosphorylated-CREB (pCREB). Abundant pCREB was observed
in wild-type, STIM2 KO, and Orai2 KO lymphocytes, whereas pCREB was barely
detectable in IP3R TKO, PLC»2 KO, STIM1 KO, Orail KO, and Orail,2 DKO cells (Fig. 3,
G and H). Similar results were observed in mouse embryonic fibroblasts lacking STIM1 but
not those lacking STIM2 (fig. S9). Further, Increasing [Ca2*]. by bypassing IICR and SOCE
with ionomycin increased pCREBIn IP3R TKO, PLCy2 KO, STIM1 KO, Orail KO, and
Orail,2 DKO cells (Fig. 3, G and H).

Because CREB phosphorylation is increased in response to increased cAMP, we measured
MCU abundance in DT40 lymphocytes stimulated with forskolin to activate adenylate
cyclase and increase cCAMP. Similar to the effect of ionomycin, forskolin increased pPCREB
and MCU abundance in the KO cells to amounts indistinguishable from wild-type DT40
cells (fig. S10, A-D). ERK2 is the predominant ERK in DT40 lymphocytes (31, 42) and
stimuli that increase ERK phosphorylation and activation also increase CREB activity.
Therefore, we examined the ERK2 phosphorylation in the DT40 lymphocytes without or
with ionomycin pretreatment, though DT40 lymphocytes predominantly express ERK2
Similar to the abundance of pCREB, the abundance of phosphorylated ERK2 was
significantly decreased in IP3R TKO, PLCy2 KO, STIM1 KO, Orail KO, and Orai1,2 DKO
cells, and ionomycin pretreatment restored ERK2 phosphorylation to amounts similar to
wild-type cells (Fig. 3, I and J). These data suggested that a Ca%*-responsive pathway,
possibly involving ERK2, controls the abundance of MCU by regulating the activity of
CREB.

Because our data suggested that disruption of basal Ca2* signaling, resulting in reduced
activation of Ca2*-dependent transcriptional regulation, caused the reduced MCU
abundance, we measured spontaneous cyctosolic Ca2* transients using Fluo-4in the DT40
wild-type and KO lymphocytes. We observed Ca2* oscillations in wild-type, STIM2 KO,
and Orai2 KO lymphocytes but not in IPsR TKO, PLC»2 KO, STIM1 KO, Orail KO, and
Orail,2 DKO cells (Fig. 4,). Because ionomycin pretreatment restored pCREB and ERK2
abundance and MCU abundance, the data indicated that ERK2 and CREB phosphorylation
in DT40 lymphocytes depend on cytosolic Ca2* dynamics and this pathway mediates
CREB-induced expression of mcu.

To examine the role of extracellular Ca2* and specifically whether Orail and SOCE-
mediated Ca2* influx was necessary for Ca2*-dependent activation of CREB, we cultured
wild-type DT40 cells in medium depleted of extracellular Ca2* with the Ca?* chelator
BAPTA over the course of 0, 2, 4, and 6 hours. By 4 hours, the abundance of pPCREB was
significantly reduced (Fig. 5A, B). To determine if SOCE could restore pPCREB, MCU
abundance, and mitochondrial Ca2* uptake in the Orai1/2 DKO cells, we expressed Orail or
the loss of function mutant E106A in these cells. We confirmed by Western blot that the
DKO cells lacked Orail and that both the wild-type Orail and E106A mutant were
expressed in the cells (Fig. 5, C). Expression of wild-type Orail, but not the E105A mutant,
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restored pCREB abundance to amounts similar to those in wild-type DT40 cells (Fig. 5, D
and E) and also restored MCU abundance (Fig. 5F and G). Consistent with MCU abundance
controlling the mitochondrial Ca2+ uptake in the cells, using a permeabilized cell system,
we found that the expression of Orail in the DKO cells increased both the amount of Ca2*
accumulated by the mitochondria and the rate of uptake; whereas the E106 A mutant did not
rescue these mitochondrial phenotypes (Fig. 5, H, I, and J).

CREB binds the MCU promoter and induces gene expression

To examine a link between CREB phosphorylation and MCU expression, we performed
chromatin immunoprecipitation (ChlP) assays. The the pCREB antiserum
coimmunoprecipitated the mcu promoter sequence from HelLacells (Fig. 6, A and B).
Stimulation of the cells with ionomycin, or forskolin or both increased the amount of MCU
bound (Fig. 6A and B). These data support the model that ionomycin increased MCU
abundance and mitochondrial Ca2* by increasing the pCREB-mediated expression of MCU.

Bioinformatic analysis predicted two putative CRE sites at -620-615 bp (ACGTCA) and
+113+117 bp (CGTCA) in the mcu gene. We generated luciferase reporter constructs of the
mcu promoter CRE sites and expressed them in HeLa cells (Fig. 6C). One reported
contained only the —620-615 CRE site, one contained only the +113+117 CRE site, one
contained the region from —664 to the start site but the —620—-615 site was deleted
(A~620-615) "and one contained a scrambled sequence of 664 bp. Only the -620-615 reporter
exhibited expression in response to ionomycin, forskolin, or both (Fig. 6 D). Indeed, the
—620-615 reporter elicited luciferase activity in unstimulated HeLa cells (Fig. 6D). These
data provided additional evidence that CREB stimulates the transcription of mcu.

To examine effects of CaZ* dynamics on transcription in a physiological setting, we
stimulated wild-type DT40 lymphocytes with IgM (Fig. 6, E and F). Persistent stimulation
with IgM triggered both the phosphorylation of CREB, which was increased within 48 hours
and continued to increase through 96 hours, and increased MCU abundance, which appeared
after 96 hours. These data suggested that the mitochondrial changes in MCU-dependent
Ca?* uptake may require long-term stimulation.

IICR- and SOCE-mediated Ca?* signals determine mitochondrial reducing equivalents and

cell fate

Mitochondrial Ca?* accumulation from cytosolic Ca2* transients regulates a range of
mitochondrial enzymes that participate in NADH generation, the production of metabolic
substrates, and the activity of the electron transport chain (20, 43, 44). Therefore, we
assessed the effect of 1ICR- and SOCE-mediated Ca2* signals on cellular [NAD(P)H] and
metabolic enzyme activity. We measured the basal steady-state amount of NAD(P)H and
basal TCA cycle-dependent NADH production in wild-type and the KO cells without and
with pretreatment with ionomycin (Fig. 7A-D). We detected basal steady-state
autofluorescence of NAD(P)H fluorimetrically at 350/460 nm (excitation/emission).
Compared to wild-type DT40 cells, basal NAD(P)H was significantly lower NAD(P)H in
IPsRTKO, PLCy»2 KO, STIM1 KO, Orail KO, and Orail,2 DKO lymphocytes (Fig 7, A
and C). As we predicted from the previous experiments, ionomycin treatment restored the
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amount of NAD(P)H to that comparable to wild-type cells for the IP3R TKO, STIM1 KO,
Orail KO, and Orai1,2 DKO cells (Fig. 7, B and C). However, PLCy2 KO lymphocytes
exhibited reduced NAD(P)H even when treated with ionomycin, which may be due to the
lack of PLCy2-derived diacylglycerol dependent kinase signaling.

To measure the rate of NAD(P)H production, we inhibited the electron transport chain
complex | with rotenone, which eliminates NADH consumption and quantified the change
in NAD(P)H between the basal state and the inhibited state. We found that although there
was variability in complex I-dependent NAD(P)H consumption among the cells of the
various genotypes, these differences were not statistically significant and there was no
significant difference between the groups with and without ionomycin pretreatment (Fig. 7,
A to D). These results indicated that only NADH production was lower in DT40 KO
lymphocytes.

The pyruvate dehydrogenase (PDH) complex generates acetyl-CoA for entry into the citric
acid cycle (45), which mediates oxidative decarboxylation and produces NADH (19, 46,
47). PDH complex activity is stimulated by Ca2*, because Ca2* stimulates PDH
phosphatase, which dephosphorylates and activates PDH (19). To investigate the role of
mitochondrial Ca2* in this aspect of mitochondrial metabolism, we analyzed PDH activity in
mitochondria isolated from wild-type and KO lymphocytes. Consistent with lower
mitochondrial CaZ* uptake in IP3R TKO, PLCy2 KO, STIM1 KO, Orail KO, and Orail,2
DKO lymphocytes, PDH activity was reduced (Fig. 7E). Mitochondria isolated from
lymphocytes treated with ionomycin had significantly increased PDH activity (Fig. 7E).
Reduced PDH activity often corresponds with an in lactate concentration due to increased
pyruvate availability for the enzyme lactate dehydrogenase (LDH). Therefore, we measured
lactate abundance in both control and ionomycin treated lymphocytes. Indeed, IP3R TKO,
PLCy2 KO, STIM1 KO, Orail KO, and Orail,2 DKO lymphocytes had increased lactate
levels, indicating increase concentration of lactate and ionomycin pretreatment reduced
LDH activity, indicating lower concentrations of lactate (Fig. 7F).

The mitochondrial genome (MtDNA) encodes various subunits involved in oxidative
phosphorylation and mitochondrial protein synthesis, therefore we measured mtDNA
content relative to that of nuclear DNA in wild-type and the KO lymphocytes. The relative
amount of mtDNA was highly variable among the different genotypes and within
populations of cells of the same genotype, but the differences were not statistically
significant (Fig. 7G), indicating that mtDNA maintenance or replication is independent of
IICR and SOCE. Furthermore, the differences between cells pretreated with ionomycin and
those not exposed to ionomycin were also not significant. Thus, these data indicated that
differences in mtDNA were not responsible for the differences in NADH production and
mitochondrial metabolism between wild-type cells and cells lacking IICR and SOCE.

Reduced mitochondrial Ca2* uptake protects cells from oxidative stress-induced death

Although Ca?* signals participate in gene transcription and cell proliferation, CaZ* signals
also play a crucial role in necrotic and apoptotic cell death as a consequence of
mitochondrial Ca2* overload (21, 42, 48-50). Given that IP3R TKO, PLC)2 KO, STIM1
KO, Orail KO, and Orai1,2 DKO lymphocytes showed reduced mitochondrial Ca?* uptake,
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we tested whether eliminating mitochondrial Ca2* accumulation attenuated oxidant-induced
cell death. Wild-type, STIM2 KO, and Orai2 KO lymphocytes exposed to t-butyl
hydroperoxide for six hours showed a considerable number of cells that stained positive with
propidium iodide, indicating that the cells had lost membrane integrity and weresusceptible
to oxidative stress-induced cell death (Fig. 8, A and B). Strikingly, IP3R TKO, PLC»2 KO,
STIM1 KO, Orail KO, and Orail,2 DKO lymphocytes were resistant to cell death induced
by this oxidative stressor (Fig. 8, A and B). These results revealed that the cells with reduced
capacity for mitochondrial Ca2* uptake were protected from oxidative stress-induced cell
death.

DISCUSSION

Ca?* released by IP3Rs is rapidly cleared by PM-localized components and mitochondria,
which decreases Ca2* available for SERCA pumps to refill stores (22, 23, 51-56). These
combined effects lead to extensive ER store depletion and an activation of CRAC channels
(57, 58). When depolarized, mitochondria also inhibit CRAC channels in a Ca2*-
independent manner (59), and respiring mitochondria enhance the kinetics and extent of
slow inactivation of CRAC (53, 60, 61). The influence on slow inactivation of CRAC is
mediated by Ca?* uptake through MCU (4, 5). In addition to influencing the Ca%*-dependent
and -independent gating of CRAC channels, mitochondria also play a role in STIM1
trafficking because strong mitochondrial depolarization reduces STIM1 puncta at ER-PM
junctions without affecting its oligomerization (59). Mitochondrial Ca2* buffering in the
vicinity of the ER contributes to STIM1 oligomerization (62). Our results reveal that IICR-
and SOCE-mediated Ca2* signals also stimulate mitochondrial MCU activity, underscoring
the interdependence and connectivity between these Ca2* transport mechanisms. Here, we
revealed that loss of either IP3Rs or the STIM1 and Orail channel complex in lymphocytes
impaired the rate of mitochondrial Ca2*uptake and decreased Ipcy as a result of the
downregulation of the MCU pore subunit of the uniporter.

Increased [Ca2*], resulting from either IICR or SOCE activates distinct cellular processes,
including secretion, metabolism, proliferation, and cell survival (21, 63-66). Additionally,
several studies have revealed that diverse Ca2* signals differentially control gene expression
profiles (67-69), and aberrant Ca?*-dependent gene regulation has been linked to
debilitating human diseases, including cardiac hypertrophy, neurodegenerative disease, and
severe combined immunodeficiency. IICR- and SOCE-mediated cytosolic Ca2* signaling
activates several transcription factors, including NFAT and CREB through either
dephosphorylation or phosphorylation, respectively (22). Our results provide evidence that
the reduced mitochondrial Ca%* uptake was due to diminished MCU abundance, and this
effect was due to decreased mcu expression mediated by the Ca2*-dependent transcription
factor CREB. Cells lacking 1ICR or SOCE components had barely detectable CREB
phosphorylation, decreased mcu expression and MCU abundance, and decreased
mitochondrial Ca2* uptake.

MCUD is a paralog of MCU that can function as a dominant-negative subunit, which reduces
MCU complex activity (13). Deletion of MCU decreases MCUDb protein abundance without
altering MICU1 or MICU2 in HEK-293T cells (11). Our experiments indicate that loss of
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IICR- or SOCE-dependent cytosolic Ca2* signals reduced the mRNAs encoding MCU and
MCUDb, but that of MICU1,suggesting that mcu and mcub but not micul expression is
regulated by cytosolic Ca2* transients. Although the abundance of both MCU and MCUb
was reduced in in the KO lymphocytes, mcub does not appear to contain a CREB binding
site, rather in silico analysis revealed that NFAT is likely the Ca2*-responsive transcription
factor that regulates mcub.Thus, although both MCU and MCUD are transcriptionally
controlled by cytosolic Ca2* signals, their regulation is likely mediated by different
transcription factors.

An interesting question is whether mitochondria contribute to diseases associated with
phenotypes predominantly ascribed to deficiencies in STIM or Orai proteins, such as
immunodeficiency, autoimmune hemolytic anemia, thrombocytopenia, muscular hypotonia,
and disturbed enamel dentition (25, 70). Altered mitochondrial Ca2* handling may impact
STIM and Orai function in disease states. However, expression of genes encoding IICR or
SOCE components was unaffected by knockdown of MCU, suggesting that reduced
mitochondrial Ca2* influx did not affect IICR or SOCE through a transcriptional circuit.
This does not preclude transcriptional regulation of genes encoding IP3R, STIM, or Orai
expression through other alterations in Ca2* signaling or that reduced mitochondrial Ca2*
uptake effects IICR or SOCE through nontranscriptional pathways.

This study established a previously unknown link between cytoplasmic and mitochondrial
Ca?* regulatory mechanisms. We revealed that IICR- and SOCE-mediated Ca?* signals
stimulated CREB activation, which influenced Ca%* uptake through the mitochondrial
calcium uniporter through altered expression of mcu. Perturbation of this these cytosolic
signals altered cellular metabolism. These results provide a potential mechanism for how the
absence of IP3R or STIM and Orai channel components protects cells from mitochondrial
Ca?*-induced permeability transition pore opening and cell death (71, 72) by decreasing the
abundance of MCU. Thus, it is likely that the downregulation of mcu yields such protection
(73). Moreover, our findings reveal that 1ICR and SOCE participate in basal calcium
signaling that controls mitochondrial metabolism by maintaining the expression of MCU and
thus mitochondrial calcium uptake. It also suggests that cells can adapt their mitochondrial
uptake capacity to match the amount of calcium signaling the cell experiences.

MATERIALS AND METHODS

Cell culture

DT40 cells were maintained in suspension culture at 40°C in complete RPMI 1640 [RPMI
1640 media (GIBCO/BLR) supplemented with 10% (v/v) fetal bovine serum (FBS), 1%
chicken serum, 2 mM glutamine, 1% antibiotics (Penicillin and streptomycin)]. For
pretreatment with ionomycin, 2.5 nM was added to the medium for XX days. Mouse embryo
fibroblasts derived from wild-type, STIM1 KO, and STIM2 KO mice were grown in
complete DMEM medium ([DMEM media (GIBCO/BLR) supplemented with 10% (v/v)
fetal bovine serum (FBS) and 1% antibiotics (Penicillin and streptomycin)]). HeLa-
knockdown cells (negative ShRNA and MCU KD) were grown in complete DMEM medium
supplemented with puromycin (2 pg/ml). All rescue cells (DKO + Orail, DKO + Orail
E106A) were grown in complete RPMI 1640 supplemented with G418 (500 ug/ml). To
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generate Orail rescue cells, DT40 Orail,2 DKO cells were electroporated with either wild-
type Orail or Orail E106A plasmid constructs. After 48 hours the electroporated cells were
selected with G418 (500 pg/ml) for 2 weeks and the stable clones were maintained in
complete RPMI 1640 with G418.

and AY,, measurement in the permeabilized-cell system

1x107 cells were resuspended and permeabilized with 40 pug/ml digitonin in 1.5 ml of
intracellular medium composed of 120 mM KCI, 10 mM NaCl, 1 mM KH,PO,4, 20 mM
Hepes-Tris, pH 7.2, and 2 uM thapsigargin to block the SERCA pump. Experiments were
performed in the presence of 5 mM succinate at 37°C with constant stirring. For measuring
mitochondrial Ca2* uptake, the permeabilized cells were loaded with 1.0 uM Fura-2FF.
Fluorescence was monitored in a multiwavelength excitation dual wavelength emission
fluorimeter (Delta RAM, PTI). Extramitochondrial Ca2* was recorded as an excitation ratio
(340 nm/380 nm) and emission at 510 nm of Fura-2FF fluorescence. AW, was measured
using JC-1 (800 nm) as the ratio of the fluorescence of J-aggregate (570 nm excitation/595
nm emission) and monomer (490 nm excitation/535 nm emission) forms (74, 75). Six 3 pyM
Ca®* pulses were added at 50 s interval starting at 600 s, and the changes in A¥,,, and
extramitochondrial Ca2* fluorescence were monitored. Mitochondrial Ca?* uptake was
derived from the decay of bath [Ca2*] after Ca2* pulses. To exclude the CaZ*sequestration
by intracellular acidic compartments, mitochondrial Ca?* uptake was measured in the
presence of Bafilomycin (1 uM), Brefeldin A (1 uM) or a combination of both (76). To
verify the mitochondrial CaZ* uptake, MCU blocker, Ru360 (1 uM) and mitochondrial
uncoupler CCCP (3 uM) were added as indicated.

To assess the resting [Ca2*],, DT40 lymphocytes were permeabilized with digitonin in
intracellular-like medium containing the bath [Ca%*] indicator Fura2FF (1 pM). After
baseline recording, CCCP (3 uM) was added at 150 s to release the mitochondrial Ca?*.

Cytosolic and mitochondrial Ca2* dynamics

DT40 lymphocytes were transiently transfected with genetically encoded mitochondrial
targeted Ca2* sensor mito-R-GECO1 plasmid by electroporation using the Gene Pulser 1|
electroporation system (Bio-Rad). After 48 hours, the transfected cells were plated on Cell-
Tak (BD Biosciences, Bedford, MA) coated 25-mm glass coverslips for one hour. After 1
min of baseline recording, Tg (2 uM) was added, and the change of mito-R-GECO1
fluorescence was measured with 561 nm excitation on a Carl Zeiss META 510 confocal
microscope equipped with a 40 x oil objective.

DT40 cells were plated on Cell-Tak-coated 25-mm glass coverslips and loaded with 2 uM
Rhod-2 AM (50 min) and 5 uM Fluo-4 AM (30 min) in extracellular medium. After dye
loading, cells were washed with dye free medium and placed on the microscope stage for
imaging (6-8, 53, 72). After 1 min of baseline recording, IgM (1.5 pg/ml) was added and
confocal images were recorded every 3s (510 Meta; Carl Zeiss) with 488 and 561 nm
excitation using a 40 x oil objective to simultaneously monitor cytoplasmic and
mitochondrial Ca2* dynamics. Images were analyzed and quantified using ZEN 2010
software. To monitor the cyctosolic spontaneous Ca2* oscillations, DT40 cells were loaded
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with cytosolic CaZ* indicator Fluo-4 AM as described above. Fluo-4 loaded cells were
placed on the microscope stage for monitoring CaZ* oscillations.

Mitoplast patch-clamp recording

Mitoplast patch-clamp recordings were performed at 30°C as detailed previously with
modifications (6, 14, 16, 77). Freshly prepared mitoplasts were stored at 4°C for about 60 —
90 minutes. Mitoplasts were placed upon the Cell-Tak coated coverslips and mounted on the
microscope. The integrity of the mitoplasts was stable for 15 min at 30°C. Mitoplasts
isolated from DT40 B-lymphocytes were bathed in a solution containing sodium gluconate
(150 mM), KCI (5.4 mM), CaCl, (5 mM), HEPES (10 mM), pH 7.2. The pipette solution
contained sodium gluconate (150 mM), NaCl (5 mM), sucrose (135 mM), HEPES (10 mM),
and EGTA (1.5 mM), pH 7.2. After formation of G{2 seals (20-35 M(2), the mitoplasts were
ruptured with a 200-400 mV pulse for 2 to 6 ms. Mitoplast capacitance was measured (2.5
3.0 pF). After capacitance compensation, mitoplasts were held at 0 mV and Iycy was
elicited with a voltage ramp (from —160 mV to 80 mV, 120 mV/s).

Samples were discarded if the break-in took longer than 5s after addition of 5 mM Ca?*.
Currents were recorded using an Axon200B patch-clamp amplifier with a Digidata 1320A
acquisition board (pClamp 10.0 software; Axon Instruments). The pipette solution (5 mM
Ca?*) was chosen based on previous measurements (6).

Western blotting analysis

Cell extracts were prepared from ionomycin-treated and untreated DT40 cells, HeLa
NegShRNA, HeLa MCU KD (6), wild-type, STIM1 KO, and STIM2 KO mouse embryo
fibroblasts using RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 0.25% deoxycholic
acid, 1 mM EDTA, 1% NP-40, protease inhibitor cocktail (Complete, Roche), and Halt
phosphatase inhibitor cocktail (Thermo SCIENTIFIC)). Equal amounts of protein (25 ug/
lane) were separated on 4-12% Bis —Tris polyacrylamide gel, transferred to a PVDF
membrane, and probed with antibodies specific for MCU (Custom made antibody), MICU1
(1:1000, Cell Signaling Technology), MCURL1 (1:1000, Aviva Systems Biology),
cyclophilin D (1:1000, Abcam), CREB (1:1000, Cell Signaling Technology),
phosphorylated CREB (1:1000, Cell Signaling Technology), IP3R1 (1:2000, Bethyl
Laboratories), STIM1 (1:1000, BD Transduction Laboratories), Orail (1:2000, Sigma
Aldrich), ERK (1:2000, Thermo SCIENTIFIC, USA), and phosphorylated ERK (1:1000,
Cell Signaling Technology). The polyclonal rabbit MCU antibody was custom prepared by
YenZym Antibodies, LLC. The following MCU peptide was used for immunization with
KLH conjugation: CGVSRHRQQQHHRTVHQR. The polyclonal antibody was affinity
purified and the specificity was confirmed by ELISA.

NAD(P)H measurements

lonomycin-treated and untreated DT40 cells (10 x 108 cells) were suspended in Hanks’
balanced salt solution (Sigma). Autofluorescence of NAD(P)H was monitored at 350/460
nm (excitation/emission) using a multiwavelength excitation, dual-wavelength emission
fluorimeter (Delta RAM, PTI, Birmingham, NJ) (78). Experiments were performed at 37 °C.
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Quantitative RT-PCR

Total RNA from DT40 lymphocytes and HelL a cells was isolated using RNeasy Mini Kit
from Qiagen (Qiagen Sciences, Valencia, CA, USA) and reverse transcribed using iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Real-time quantification was performed
in a 20 pl reaction, 96-well format (0.2 ul cDNA,; 300 nmol/L of forward and reverse primer;
1x iQ SYBR Green supermix (Biorad)) using the StepOnePlus™ Real-Time PCR Systems
(Applied Biosystems). Specific primers that were used for the real-time PCR amplification
included: Chicken MCU forward: 5-TTG GCA GAG TGT GAG AGT GG-3’, Chicken
MCU reverse: 5’-AAT TCC TCG GTC CTC TGC TT-3’, Chicken MCUb forward: 5’-AGG
CTT CTATGG GTT GGT TTA G-3’, Chicken MCUD reverse: 5’-CTC CAT GAT GTC
CCA CGA ATA G-3’, Chicken MICUL forward: 5’-CAG CCC TAC AAT CCC TAA GAA
C-3’, Chicken MICUL reverse: 5’-GGA GAA ATC GAA GAC GGA ACA-3’, Chicken
GAPDH forward: 5’-GGA CAC TTC AAG GGC ACT GT-3’, Chicken GAPDH reverse:
5-TCT CCA TGG TGG TGA AGA CA-3’. The relative amount of MCU, MCUb and
MICU1 mRNA normalized to GAPDH was calculated using the StepOnePlus™ Software
v2.3.

For quantification of mMRNA encoding IP3R1 and CRAC components in HeLa MCU KD
cells, Tagman probes for STIM1 (Life Technologies, Assay ID: Hs00162394_m1), ITPR1
(Life Technologies, Assay ID: Hs00181881 m1), and ORAI1 ((Life Technologies, Assay
ID: Hs03046013_m1) were used. All data were normalized to human B-actin content (Life
Technologies, human ACTB, endogenous Control, VIC®/MGB probe) and depicted as fold
change over NegshRNA cells.

Chromatin immunoprecipitation (ChlP), quantitative PCR, and luciferase activity

HeL a cells were grown to ~80-90% confluency in a 150-mm culture dish containing 20 ml
DMEM media. The cells were stimulated with ionomycin (2.5 uM) with or without forskolin
(5 pM) for 30 min. ChIP assays were performed using Magna ChIP™ G kit (Millipore)
according to manufacturer’s instruction. In brief, DNA-protein complexes were crosslinked
and immunoprecipitated using ChlP-validated antibodies against RNA Polymerase I,
pCREB (Cell signaling Technology), and negative control 1gG. Immune complexes were
extracted and analyzed by 2% agarose gel after PCR or by quantitative PCR using primers
GPH1001674(-)01A (Qiagen) that flank specific regions in the MCU promoter and the
SimpleChIP human c-FOS promoter primers (Cell Signhaling Technology). Values were
normalized by input DNA. Results were depicted as the fold enrichment over basal
expression.

HeLa cells (1 x 105) were transfected with luciferase reporter plasmids (4 pg) containing
MCU promoter sequence with or without binding elements for CREB using Mirus LT-1
transfection reagent. After 48 hours, cells were stimulated with ionomycin (2.5 uM) with or
without forskolin (5 pM) for 30 min. The cells were lysed, and luciferase activity was
measured (LightSwitch Luciferase assay reagent™) using a plate reader (infinite M1000
PRO, TECAN).
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Pyruvate dehydrogenase activity

Mitochondria isolated from DT40 lymphocytes were subjected to PDH enzyme activity in a
microplate assay (Mitochondria isolation kit; #ab11070, abcam and PDH microplate assay
kit, #ab109902, abcam). The activity is determined by the rate of conversion of NAD™ to
NADH, which is coupled with reporter dye, and the absorbance change was recorded at 450
nm (infinite M1000 PRO, TECAN).

Measurement of lactate

The assay was performed using LDH assay kit (Pierce). 1 x 104 cells were lysed with 10 x
lysis buffer for 45 min. The lysate was centrifuged at 1,250 x g for 3 min, and the 50 pl of
supernatant was transferred to a 96-well plate with the detection reagents. After incubation
at room temperature for 30 min, the reaction was terminated, and the formazan was
measured by spectrophotometric absorbance at 490 nm and 680 nm (infinite M1000 PRO,
TECAN). The formation of formazan was proportional to the amount of lactate converted
intopyruvate via reduction of NAD* to NADH.

Measurement of mtDNA content

DNA was isolated from lymphocytes by SDS-Proteinase K digestion, and 2 ug DNA was
digested by BamHI. Biological triplicate samples for wild-type and knockouts (with and
without ionomycin) were resolved by electrophoresis through a 0.6% agarose gel in 0.5X
TBE. Gels were processed and transferred by capillary action. The membrane was UV
crosslinked and probed with a random-primed radiolabeled probe against the nuclear 18S
rRNA gene. The signal was determined by photostimulated luminescence. The membrane
was re-probed using random-primed PCR-amplified mtDNA fragments, and the relative
abundance of mtDNA to nuclear DNA was calculated (7).

Cell viability measurement

DT40 lymphocytes were exposed to t-butyl hydroperoxide (200 uM) for six hours, then the
cells were harvested and stained with propidium iodide, and cells were sorted with a BD
FACS Canto (BD Biosciences) immediately. Dead cells were defined as propidium iodide
positive. Relative propodium iodide staining was plotted on a logarithmic scale using Flow-
Jo software.

Statistical analysis

Data from multiple experiments were quantified and illustrated as mean + SEM, and
differences between groups were analyzed by two-tailed paired t-test followed by a post hoc
Bonferroni correction. P < 0.00625 was considered statistically significant. To determine the
significance within groups, a one-way analysis of variance with Tukey correction was
performed. P value < 0.05 was considered significant. The significance of mMRNA and
protein abundance was determined as P < 0.05 by Z test. Data were analyzed and plotted
either with Graph pad Prism version 5.0 or Sigma Plot 11.0 software.
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