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Akt-mediated phosphorylation of MICU1 regulates
mitochondrial Ca2+ levels and tumor growth
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Abstract

Although mitochondria play a multifunctional role in cancer progres-
sion and Ca2+ signaling is remodeled in a wide variety of tumors, the
underlying mechanisms that link mitochondrial Ca2+ homeostasis
with malignant tumor formation and growth remain elusive. Here,
we show that phosphorylation at the N-terminal region of the mito-
chondrial calcium uniporter (MCU) regulatory subunit MICU1 leads
to a notable increase in the basal mitochondrial Ca2+ levels. A pool of
active Akt in the mitochondria is responsible for MICU1 phosphoryla-
tion, and mitochondrion-targeted Akt strongly regulates the mito-
chondrial Ca2+ content. The Akt-mediated phosphorylation impairs
MICU1 processing and stability, culminating in reactive oxygen
species (ROS) production and tumor progression. Thus, our data
reveal the crucial role of the Akt-MICU1 axis in cancer and under-
score the strategic importance of the association between aberrant
mitochondrial Ca2+ levels and tumor development.
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Introduction

Mitochondrial Ca2+ accumulation controls cellular energetics and

cell metabolism by favoring ATP production, and mitochondrial

Ca2+ also operates as a key regulator of cell fate (Giorgi et al,

2018). Multiple pathological contexts, including tumor formation

and development, are strictly linked to mitochondrial deregulation,

and a hallmark feature of cancer cells is the re-programming of their

mitochondrial metabolism (Hanahan & Weinberg, 2011; Boroughs &

DeBerardinis, 2015). The connection between mitochondrial

dysfunction and cancer is not only limited to the metabolic transfor-

mation of cancer cells but also triggers tumor-promoting epigenetic

changes (Gottlieb & Tomlinson, 2005; Gaude & Frezza, 2014).

Therefore, it is not surprising that several oncogenes and tumor

suppressors exert their activities by regulating mitochondrial func-

tion (Galluzzi et al, 2012; Frezza, 2014) and that many of them act

on key Ca2+-transport molecules to provoke deep mitochondrial

Ca2+ homeostasis remodeling and promote certain malignant

phenotypes (Prevarskaya et al, 2011; Danese et al, 2017).

The mitochondrial calcium uniporter (MCU), which is the chan-

nel that is responsible for Ca2+ accumulation inside the mitochon-

drial matrix, has been recently characterized at the molecular level

(Baughman et al, 2011; De Stefani et al, 2011). Moreover, a series

of proteins that contribute to the formation of the so-called MCU

complex have also been identified (Giorgi et al, 2018). Such proteins

include the dominant-negative form MCUb (Raffaello et al, 2013),

the essential regulator EMRE (Sancak et al, 2013), and others that

regulate MCU channel activity, such as MICU1 (Perocchi et al,

2010) and its paralog MICU2 (Plovanich et al, 2013). Among the dif-

ferent components of the mitochondrial Ca2+ uptake machinery,

MICU1 functions have been the subject of extensive studies

that revealed that MICU1 acts as a gatekeeper for the MCU

complex, setting the threshold for mitochondrial Ca2+ uptake

(Mallilankaraman et al, 2012; Csordas et al, 2013). Although genetic

MICU1 ablations in both cells and tissues and loss-of-function
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mutations in the MICU1 gene have been associated with different

pathological scenarios (Logan et al, 2014; Antony et al, 2016), little

is known about the role of MICU1-related mitochondrial Ca2+

homeostasis in tumor progression. Recent evidence indicates that

both prostate and colon cancer cells overexpress cancer-related

microRNAs that target the channel pore-forming subunit MCU, thus

conferring resistance to apoptotic stimuli (Marchi et al, 2013).

Moreover, MCU expression correlates with breast cancer progres-

sion, and the deletion of MCU reduces tumor growth and metastasis

formation (Tosatto et al, 2016). No correlation has been observed

between the expression of MCU regulators and tumor size, raising

the possibility that instead of quantitative changes, qualitative alter-

ations determined by post-translational modifications could account

for the altered MCU function in oncogenesis (Tosatto et al, 2016).

Here, we show that phosphorylation at the N-terminal domain of

the MICU1 protein robustly alters the basal mitochondrial Ca2+

content under resting conditions. The target amino acid residue is

contained in an Akt consensus phosphorylation motif, and MICU1 is

readily phosphorylated upon Akt activation inside the mitochondrial

compartment. Akt-mediated phosphorylation affects MICU1 prote-

olytic maturation and stability, thereby explaining the altered mito-

chondrial Ca2+ homeostasis. Importantly, the expression of a

nonphosphorylatable MICU1 mutant significantly reduces the

in vivo growth rate of tumors, even in the presence of activated Akt,

suggesting a key role for the mitochondrial Akt-MICU1 axis in

cancer progression.

Results

N-terminal MICU1 phosphorylation increases the basal
mitochondrial Ca2+ levels

We investigated the potentially phosphorylated residues in the

MICU1 sequence. Using the Scansite 3 software program (http://

scansite3.mit.edu), we searched for motifs within the wild-type

(WT) MICU1 protein (NM_144822) that are likely to be phosphory-

lated by specific protein kinases. The following three candidates

were identified: Ser124, Ser195, and Thr256 (Fig 1A). Among them,

Ser124 displayed the highest value of surface accessibility, as well

as a high phosphorylation prediction score (Fig 1A). Ser124 is local-

ized in the N-terminal region of MICU1, which has been proposed to

extend into the intermembrane space (Csordas et al, 2013). As a

result, we generated two MICU1 mutants, a nonphosphorylatable

S124A and a phosphomimetic S124D MICU1 mutant. When trans-

fected into cells, both mutated MICU1 proteins localized correctly to

mitochondria (Fig 1B). It is now widely accepted that MICU1 func-

tions as a gatekeeper of the MCU channel, meaning that loss of

MICU1 facilitates Ca2+ accumulation inside the mitochondrial

matrix even at low cytosolic Ca2+ levels (Mallilankaraman et al,

2012). Thus, we transfected the mitochondrial matrix-targeted Ca2+

biosensor GCaMP6m into cells expressing the MICU1 WT or SD and

SA mutants. Due to its characteristics as a ratiometric sensor,

GCaMP6m is reputed to quantitatively measure even small dif-

ferences in the resting mitochondrial Ca2+ concentration ([Ca2+]m)

(Hill et al, 2014). We expressed WT or mutant forms of MICU1 in

cells from which endogenous MICU1 was constitutively depleted

using a short hairpin RNA (shRNA) (Fig EV1A). As expected, the

resting mitochondrial Ca2+ levels were largely increased when

MICU1 was stably downregulated, and the expression of both the

WT MICU1 and SA mutant reduced the baseline [Ca2+]m levels in

ShMICU1 cells. In contrast, the MICU1 SD variant failed to restore

[Ca2+]m in ShMICU1 cells (Fig 1C and D). To verify the role of

Ser124 phosphorylation in the regulation of MICU1 functionality,

we analyzed the mitochondrial Ca2+ uptake following treatment

with the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase

(SERCA) inhibitor 2,5-di-tert-butylhydroquinone (TBHQ), which

induces slow and weak ER Ca2+ depletion (Waldeck-Weiermair

et al, 2015). The co-transfection of the MICU1 WT, SD mutant, or

SA mutant with an aequorin-based mitochondrial Ca2+ probe

revealed that only mock and MICU1 SD-expressing cells were able

to accumulate [Ca2+]m under these conditions, whereas the MICU1

WT and SA mutant failed to do so (Fig 1E and F). We obtained simi-

lar results when TBHQ was replaced with another SERCA antago-

nist, cyclopiazonic acid (CPA) (Fig 1G and H). The higher Ca2+

affinity of the MICU1 SD mutant-expressing mitochondria was also

investigated in permeabilized cells. After permeabilization in an

EGTA-containing Ca2+-free buffer (IB/EGTA) that mimics the physi-

ological ion milieu, Ca2+ uptake was generated by switching the

perfusion buffer to IB, containing EGTA-buffered Ca2+. Using dif-

ferent [Ca2+]s (500, 800 nM, and 1.5 lM), the rates of mitochon-

drial Ca2+ uptake were substantially increased in both MICU1-

depleted and SD-expressing cells (Fig EV1B). Interestingly, MICU1

SA mutant slightly lowered the Ca2+ threshold for channel activa-

tion, showing reduced Ca2+ uptake rate compared to MICU1 WT

(Fig EV1B). Overall, these data suggest that upon phosphorylation

of serine 124, MICU1 loses its inhibitory function on the MCU

complex.

To further demonstrate this concept, we analyzed the basal mito-

chondrial Ca2+ levels in intact HeLa cells. Overexpression of the

MICU1 WT or MICU1 SA mutant caused no significant changes in

the basal mitochondrial Ca2+ levels compared with those found in

untransfected control cells. However, the basal mitochondrial Ca2+

content in the MICU1 SD-overexpressing cells was significantly

increased compared to that in the MICU1 WT- and MICU1 SA-

expressing cells (Appendix Fig S1A). These data are independent

from changes in the mitochondrial membrane potential

(Appendix Fig S1B) and were confirmed using both TBHQ and CPA

inhibitors (Appendix Fig S1C–F).

Because the protein levels of MICU1 and MCU and their stoi-

chiometry are crucial aspects in regulating [Ca2+]m (Paillard et al,

2017), we reconstituted the MICU1 WT and mutants in a MICU1-null

background, generated using a CRISPR/CAS9-mediated approach

(Fig 1I). Using the mito-GCaMP6m indicator, we observed higher

Ca2+ levels only in MICU1-null and MICU1 SD-expressing cells

(Fig 1J). Similar findings were obtained with an aequorin-based

approach upon stimulation with either TBHQ or CPA (Fig 1K–N).

Therefore, the results achieved in three different cell lines and

using three different techniques to measure [Ca2+]m, namely (i) in

untreated intact cells, (ii) upon treatment of intact cells with SERCA

antagonists, and (iii) upon Ca2+ addition to permeabilized cells,

indicate that phosphorylation of MICU1 at position 124 limits its

negative effect on MCU and thus induces Ca2+ accumulation inside

the mitochondrial matrix. Based on these results, we became inter-

ested in identifying the kinase responsible for MICU1 phosphoryla-

tion.
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Figure 1.
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MICU1 phosphorylation is mediated by mitochondrial Akt

The MICU1 sequence surrounding Ser124 matches the Akt consensus

phosphorylation motif, R-X-R-X-X-S/T (Manning & Cantley, 2007),

which is highly conserved among different species (Fig 2A). We

observed that upon treatment with rapamycin, which is a known

activator of Akt, a significant number of cells displayed an obvious

mitochondrial localization of activated (Ser473 phosphorylated) Akt

(Fig 2B and C and Appendix Fig S2A). Subcellular fractionation

followed by immunoblot analyses suggested that the treatment of

HEK293T cells with rapamycin resulted in an increased Akt activa-

tion/phosphorylation to mitochondria (Appendix Fig S2B). This

effect was observed not only in the crude mitochondrial fractions

(Appendix Fig S2B), but also highly purified mitochondria without

any detectable plasma membrane contamination (Fig 2D). Consistent

with these results, pure mitochondria extracted from mouse livers

after in vivo exposure to rapamycin also contained higher levels of

Akt with phosphorylated Ser473 (Fig 2E). Having established the

existence of a rapamycin-induced pool of active Akt in mitochondria,

we sought to determine its submitochondrial localization. Proteinase

K (PK) digestion of purified mitochondria that were subjected to

selective outer membrane permeabilization by osmotic swelling (i.e.,

via the removal of sucrose) or complete lysis with Triton X-100

revealed that MICU1 behaved similarly to the inner mitochondrial

membrane (IMM)–intermembrane space (IMS) protein TIM23 (both

of which became susceptible to proteolysis after outer membrane

permeabilization), in contrast to the matrix proteins HSP60 and

MCU, which only became digested when the detergent was added

(Fig 2F). This finding indicates that MICU1 is located at the outer

surface of the IMM, as previously suggested (Csordas et al, 2013;

Tsai et al, 2016). Importantly, in response to rapamycin, active Akt

located predominantly at the IMS and, to a lesser extent, in the matrix

compartment (Fig 2F). Alkaline carbonate extraction of isolated

HEK293T cell mitochondria revealed that active Akt is loosely

attached to the IMM, sharing this characteristic with cytochrome c

(Fig 2G). Taken together, these results demonstrate that active Akt

localizes in the mitochondria in a membrane-unbound state and

accumulates in the same submitochondrial compartment as MICU1.

We then immunoprecipitated WT MICU1-GFP and analyzed its

phosphorylation status following rapamycin treatment with an anti-

body that recognizes the Akt consensus phosphorylation protein

sequence, R-X-R-X-X-S/T (anti-PAS, phospho-Akt substrate anti-

body). The MICU1-GFP immune complexes reacted with the PAS

antibody preferentially in the rapamycin-treated cells, and tricirib-

ine, which is an allosteric inhibitor of Akt activation (Yang et al,

2004; Littlepage et al, 2012), counteracted this reaction (Fig 2H).

Accordingly, the immune complexes precipitated with the anti-PAS

antibody upon rapamycin stimulation of Akt (Fig EV1C). Moreover,

rapamycin increased the reactivity of the MICU1-GFP immune

complexes with an antibody that detects proteins with phosphory-

lated serine residues (anti-p-Ser) (Fig EV1D), suggesting that the

Akt-mediated phosphorylation of MICU1 occurs at a specific serine

residue. To verify that Ser124 is the Akt target site on MICU1, we

immunoprecipitated the GFP-tagged MICU1 WT and MICU1-S124A

mutant and then analyzed the MICU1 phosphorylation status using

the PAS antibody. As shown in Fig 2I, rapamycin induced phospho-

rylation of the WT MICU1 but failed to stimulate the phosphoryla-

tion of the defective mutant S124A. Notably, quantitation of the

basal [Ca2+]m content using the mito-GCaMP6m probe revealed

that rapamycin increased [Ca2+]m in the WT MICU1-transfected

cells, but the corresponding increase in the MICU1 SA mutant-trans-

fected cells was decreased (Fig EV1E). The knockdown of Akt in

HeLa cells (Fig EV1F) significantly attenuated the rapamycin-

induced [Ca2+]m elevation (Fig EV1G), further confirming that Akt

is critical for this pathway. Moreover, rapamycin did not induce

Ca2+ release from the stores (Fig EV1H) and consequent cytosolic

Ca2+ elevation (Fig EV1I), suggesting that the rapamycin-mediated

[Ca2+]m rise is related to Akt mitochondrial activity.

Overall, these findings indicate that rapamycin promotes the

translocation of activated Akt to mitochondria, thereby inducing Akt-

mediated N-terminal MICU1 phosphorylation and a consequent

increase in [Ca2+]m.

◀ Figure 1. MICU1 phosphorylation at the Ser124 position increases the mitochondrial basal Ca2+ levels.

A Potentially phosphorylated residues in the MICU1 (NM_144822) sequence were detected using the Scansite 3 software (http://scansite3.mit.edu). The different
values refer to the surface accessibility scores (Scansite) or the phosphorylation scores, which were obtained with both NetPhos 3.1 (http://www.cbs.dtu.dk/service
s/NetPhos/) and NetPhorest (http://www.netphorest.info) software.

B HeLa cells overexpressing the HA-tagged MICU1 WT, MICU1 S124D, or MICU1 S124A mutants were stained for HA or HSP60 (mitochondrial marker). Merged
images are indicated (merge). Scale bar 10 lm.

C Representative images of the 2mt-GCaMP6m 474/410 ratio of ShMICU1 HeLa stable cells expressing an empty vector (ctrl) or the MICU1 WT, MICU1 SD, and
MICU1 SA. Scale bar 10 lm.

D Resting mitochondrial calcium levels, evaluated through ratiometric imaging of the mitochondrial-targeted GCaMP6m, in ShRNA control (plko) or ShRNA MICU1
HeLa stable clone cells transfected with the indicated constructs (n = 5 independent experiments; 55–67 cells).

E, F Representative kinetics (E) and analysis (F) of aequorin-based [Ca2+]m measurements in ShRNA MICU1 HeLa stable clone cells transfected with the indicated
constructs and challenged with 20 lM 2,5-di-tert-butylhydroquinone (TBHQ) in the absence of extracellular Ca2+ (n = 3 independent experiments).

G, H Representative kinetics (G) and analysis (H) of aequorin-based [Ca2+]m measurements in intact ShRNA MICU1 HeLa stable clone cells transfected with the
indicated constructs and challenged with 10 lM cyclopiazonic acid (CPA) in the presence of 100 lM EGTA (n = 3 independent experiments).

I Western blot analysis for the presence of MICU1 in clones arising from single cells generated by CRISPR/Cas9-mediated genome editing. The results for 12 of the
36 clones that were examined are shown.

J Resting mitochondrial calcium levels, evaluated through ratiometric imaging of the mitochondrial-targeted GCaMP6m, in MICU1 KO cells generated using the
CRISPR/Cas9 technique and transfected with the indicated constructs (n = 3 independent experiments; 30–56 cells).

K, L Representative kinetics (K) and analysis (L) of aequorin-based [Ca2+]m measurements in intact MICU1 KO cells generated using the CRISPR/Cas9 technique,
transfected with the indicated constructs, and challenged with 20 lM TBHQ in the absence of extracellular Ca2+ (n = 3 independent experiments).

M, N Representative kinetics (M) and analysis (N) of aequorin-based [Ca2+]m measurements in intact MICU1 KO cells generated using the CRISPR/Cas9 technique,
transfected with the indicated constructs, and challenged with 10 lM CPA in the presence of 100 lM EGTA (n = 3 independent experiments).

Data information: (D, F, H, J, L, N) Means � SEM. ***P < 0.001; ****P < 0.0001 (one-way ANOVA).
Source data are available online for this figure.
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Mitochondrion-targeted Akt increases the basal [Ca2+]m content
in an MICU1-dependent manner

To further investigate the role of Akt in the regulation of mitochon-

drial Ca2+ dynamics, we used a constitutively active Akt form (Akt

D/D), which has previously been reported to localize inside the

mitochondrial compartment (Barksdale & Bijur, 2009). Transfection-

mediated Akt D/D overexpression caused a significant pool of the

Akt construct to be located in mitochondria (Fig 3A), with a

concomitant increase in [Ca2+]m under resting conditions (Fig 3B).
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To investigate whether the Akt D/D mutant might specifically regu-

late mitochondrial Ca2+ homeostasis, we measured the Ca2+

concentrations in different intracellular compartments, including the

ER and cytosol, using the aequorin technique. Control cells and Akt

D/D-expressing cells revealed similar ER Ca2+ kinetics (Fig EV2A

and B) and cytosolic Ca2+ levels (Fig EV2C and D), which is in line

with the notion that the alteration in [Ca2+]m induced by Akt D/D

expression is indeed due to local effects. Importantly, a membrane-

targeted active form of Akt kinase (m/p-Akt), which has been

described to inhibit ER Ca2+ release through IP3R binding and phos-

phorylation (Szado et al, 2008; Marchi et al, 2012), interacted with

type 3 IP3R, whereas Akt D/D failed to do so (Fig EV2E). These data

are consistent with prior reports indicating that the Akt D/D

construct, which is active without membrane targeting (Dufner

et al, 1999), does not act at the level of the ER and is unable to

phosphorylate IP3R (Khan et al, 2006). Moreover, the expression of

Akt D/D in the MICU1-silenced cells did not further increase the

basal [Ca2+]m levels (Fig EV2F), suggesting that its effects are

largely dependent on MICU1.

To further explore the Ca2+-related activities of Akt inside mito-

chondria, we generated a HA-tagged active Akt chimera targeted to

the mitochondrial IMS (mt-Akt D/D) (Fig 3C). The construct

correctly localized to this mitochondrial compartment (Fig 3C) and

promoted MICU1 phosphorylation (Fig 3D and E). Measurements of

basal [Ca2+]m revealed that mt-Akt D/D overexpression evoked

higher Ca2+ levels in unstimulated cells (Fig 3F). Consistently, this

increase in [Ca2+]m by mt-Akt D/D did not occur in MICU1-

depleted cells (Fig EV2G). Therefore, mt-Akt D/D is sufficient to

elevate basal [Ca2+]m even in the absence of rapamycin through an

effect that requires MICU1.

To confirm that serine 124 in the MICU1 sequence is the target

residue of the mitochondrial Akt kinase activity, we analyzed the

[Ca2+]m levels upon expression of the mt-Akt D/D chimera together

with different MICU1 mutants. mt-Akt D/D was capable of elevating

the resting [Ca2+]m levels in the presence of the WT MICU1 form

but not with the nonphosphorylatable MICU1 SA mutant (Fig 3G).

Moreover, in MICU1 SD-expressing cells, mt-Akt D/D had no

additional effects on [Ca2+]m (Appendix Fig S3A). Second, in a

permeabilized cell-based experiment, the reconstitution of MICU1-

silenced cells with the WT MICU1, but not with the MICU1 SA

mutant, yielded a higher Ca2+-stimulated mitochondrial increase in

[Ca2+]m in the presence of mt-Akt D/D (Fig 3H and I). The role of

mitochondrial Akt in the regulation of basal Ca2+ levels is strictly

dependent on its activation, since a mitochondrial-targeted Akt WT

construct (mt-Akt WT) (Appendix Fig S3B) induced a marginal

increase in [Ca2+]m (Appendix Fig S3C).

Taken together, these data support a model in which active Akt

that is located at the mitochondrial IMS promotes higher [Ca2+]m

through the inhibitory phosphorylation of MICU1.

Phosphorylation affects MICU1 processing and destabilizes the
MICU1-MICU2 heterodimer

We focused on the molecular alterations induced by Akt-mediated

MICU1 phosphorylation. When we reconstituted the essential

uniporter complex by co-transfecting MCU and EMRE with different

MICU1 forms, we observed a notable reduction in the mature

MICU1 levels only when the MICU1 SD mutant was present, which

appeared to accumulate in an unprocessed form (Fig 4A and B). It

has been proposed that MICU1 undergoes multiple cleavage steps to

become completely mature (Petrungaro et al, 2015). We wanted to

investigate whether phosphorylation could affect the correct

processing of MICU1. We hypothesized that MICU1 could fall into

the first class of IMS proteins, which are first cleaved by a matrix

protease, integrated in the IMM and then subjected to a second

cleavage event that ensures the release of the mature protein into

the IMS (Herrmann & Hell, 2005). Thus, defects in the second stage

of processing result in an accumulation of the intermediate form,

which is locked into the IMM. Mature WT MICU1 and the SA

mutant were recovered in the supernatant fraction following alka-

line extraction, whereas SD accumulated in the intermediate form

and was more tightly associated with membranes (Fig 4C). Consis-

tently, larger forms of MICU1 SD were mainly recovered in the pellet

fractions and were detected only in the supernatant fraction at pH

◀ Figure 2. Mitochondrial Akt phosphorylates MICU1 at the Ser124 position.

A Sequence alignment of the MICU1 protein from nine vertebrate species. The Akt consensus phosphorylation motif, R-X-R-X-X-S/T, is marked in yellow.
B HeLa cells treated with vehicle or 1 lM rapamycin for 4 h were stained for phosphorylated (S473) Akt (p-Akt) or HSP60 (mitochondrial marker). Merged images are

indicated (merge). Scale bar 10 lm.
C Analysis of the number of cells, expressed as a percentage, showing obvious mitochondrial staining of activated (S473 phosphorylated) Akt (p-Akt) (n = 3 independent

experiments; 350-355 cells). Means � SEM. ****P < 0.0001 (Student’s t-test).
D HEK293T cells treated with vehicle or 1 lM rapamycin (Rapa.) for 4 h were fractionated into cytosol (Cyt.) or mitochondrial (Mito.) extracts and analyzed by Western

blotting. E-cadherin: plasma membrane marker; b-tubulin: cytosolic marker; VDAC: mitochondrial marker; Homo: cell homogenate.
E Mouse livers treated with vehicle or 1 lM rapamycin (Rapa.) for 16 h by an intraperitoneal injection were fractionated into cytosol (Cyt.) or mitochondrial (Mito.)

extracts and analyzed by Western blotting. Phosphorylated (S2468) mTOR (p-mTOR) was used to assess the rapamycin activity. E-cadherin: plasma membrane
marker; b-tubulin: cytosolic marker; VDAC: mitochondrial marker; Homo: cell homogenate.

F Mitochondria isolated from HEK293T cells were subjected to the indicated treatments and analyzed by Western blotting against Akt, phosphorylated (S473) Akt (p-
Akt), and mitochondrial proteins with known localizations. Osmotic swelling through the removal of sucrose from the buffer was used to induce OMM rupture. OMM:
outer mitochondrial membrane; IMS: intermembrane space.

G Western blot analysis of the supernatant (S) and insoluble pellet (P) fractions of vehicle- or rapamycin (Rapa., 1 lM for 4 h)-treated HEK293T cell mitochondria
following carbonate extraction at pH 11.5. Akt, phosphorylated (S473) Akt (p-Akt), MICU1, the established integral membrane proteins TIM23 and MCU, and the
soluble protein cytochrome c (Cyt. c) was analyzed.

H HEK293T cells were transfected with the GFP-tagged wild-type (WT) MICU1 and then treated with 1 lM rapamycin (Rapa.) alone for 4 h or in combination with the
Akt inhibitor triciribine (10 lM). GFP-MICU1 immunocomplexes were precipitated with a GFP antibody and analyzed with PAS (phospho-Akt substrate) and
phosphorylated (S473) Akt (p-Akt) antibodies by Western blotting.

I HEK293T cells were transfected with either the GFP-tagged wild-type (WT) MICU1 or MICU1 S124A-GFP mutant. MICU1-GFP immunocomplexes were precipitated
with a GFP antibody and analyzed with PAS (phospho-Akt substrate) antibody by Western blotting.

Source data are available online for this figure.
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Figure 3. Mitochondrial Akt augments the basal Ca2+ levels in a MICU1-dependent manner.

A Mitochondrial preparations of both HEK293T (left) and HeLa (right) cells transiently transfected with an HA-tagged constitutively active Akt T308D/S473D (Akt D/D)
construct were analyzed by Western blotting. GAPDH: cytosolic marker; TIM23: mitochondrial marker.

B Resting mitochondrial calcium levels in the control (ctrl) and Akt D/D-expressing HeLa cells evaluated by ratiometric imaging of the mitochondrial-targeted
GCaMP6m (n = 4 independent experiments; 44–49 cells).

C Schematic model of the HA-tagged constitutively active Akt form targeted to the mitochondrial intermembrane space (mt-Akt D/D). Both the expression and the
mitochondrial localization of the chimera were assessed by immunofluorescence. TOM20 was used as a mitochondrial marker. Merged images are indicated
(merge). Scale bar 10 lm.

D HEK293T cells were transfected with the indicated constructs. The GFP-tagged MICU1 was immunoprecipitated from the whole-cell lysate, and the precipitated
proteins were immunoblotted with the HA and phosphorylated (S473) Akt (p-Akt) antibodies.

E HEK293T cells were transfected with the indicated constructs. MICU1-GFP immunocomplexes were precipitated with a GFP antibody and analyzed with PAS
(phospho-Akt substrate) antibody by Western blotting.

F Resting mitochondrial calcium levels in control (ctrl) and mitochondrial-targeted Akt D/D (mt-Akt D/D)-expressing HeLa cells, evaluated through ratiometric imaging
of the mitochondrial-targeted GCaMP6m (n = 4 independent experiments; 43–47 cells).

G Resting mitochondrial calcium levels in ShRNA MICU1 HeLa stable cells transfected with the indicated constructs and evaluated through ratiometric imaging of the
mitochondrial-targeted GCaMP6m (n = 3 independent experiments; 38–50 cells).

H, I Representative kinetics (H) and analysis (I) of aequorin-based [Ca2+]m measurements in permeabilized ShRNA MICU1 HeLa stable cells transfected with the
indicated constructs and challenged with 400 nM buffered [Ca2+] (n = 3 independent experiments).

Data information: (B, F) Means � SEM. ****P < 0.0001 (Student’s t-test); (G, I) Means � SEM. ****P < 0.0001 (one-way ANOVA).
Source data are available online for this figure.
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Figure 4. Akt-mediated phosphorylation of MICU1 affects protein maturation and stability.

A Western blot analysis of ShRNA MICU1 HeLa stable cells transfected with the indicated constructs. pre-MICU1: precursor form of MICU1; m-MICU1: mature form of
MICU1.

B Western blot analysis of ShRNA MICU1 HeLa stable cells transfected with the indicated constructs. Where indicated, the cells were treated with 5 lM MG132 for 4 h.
pre: precursor; int: intermediate; m: mature form.

C Western blot analysis of the supernatant (S) and insoluble pellet (P) fractions of ShRNA MICU1 HeLa cell mitochondria transfected with the indicated constructs,
following carbonate extraction at pH 10. The established integral membrane protein TIM23 and the soluble protein cytochrome c (Cyt. c) were analyzed as markers.
The cells were treated with 5 lM MG132 for 4 h before fractionation.

D Western blot analysis of the supernatant (S) and insoluble pellet (P) fractions of ShRNA MICU1 HeLa cell mitochondria transfected with MICU1 WT-HA or MICU1 SD-
HA, together with MCU-flag and EMRE constructs, following carbonate extraction at pH 7.4, pH 10.5, pH 11.5, or pH 12.5. The cells were treated with 5 lM MG132 for
4 h before fractionation.

E ShRNA MICU1 HeLa stable cells were transfected with the indicated constructs. Cells were incubated with 50 lg/ml cycloheximide (CHX) for the indicated times,
collected, and subjected to Western blotting analysis as indicated. In the graph, the amount of HA (MICU1), both WT and mutants, is represented relative to the
amount at time 0 (n = 3 independent experiments).

F ShRNA MICU1 HeLa stable cells were transfected with the indicated constructs. Cells were harvested, and total protein was extracted and subjected to Western
blotting analysis with the indicated antibodies. Immunoblotting was performed under reducing (with the presence of DTT) or non-reducing (non-red) conditions
(without DTT). Cells were treated with 5 lM MG132 for 4 h before lysis.

G Quantification of HA levels in non-reducing condition showed in (E) (n = 3 independent experiments).
H Resting mitochondrial calcium levels, evaluated through ratiometric imaging of the mitochondrial-targeted GCaMP6m, in ShRNA MICU1 HeLa stable clone cells

transfected with the indicated constructs (n = 3 independent experiments; 46–54 cells).

Data information: (E, G) Means � SD. **P < 0.01; ***P < 0.001; ****P < 0.0001 (one-way ANOVA); (H) Means � SEM. **P < 0.01; ***P < 0.001 (one-way ANOVA).
Source data are available online for this figure.
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12.5 (Fig 4D). To test the function of Akt in this process, we

performed immunoprecipitation experiments on sodium carbonate

extracts from MICU1 WT-expressing cells, treated or not with rapa-

mycin. We observed a strong PAS reactivity only in the rapamycin-

treated pellet fraction (Fig EV3A), indicating a key role of Akt in the

regulation of MICU1 processing and membrane association.

Notably, the expression of active mitochondrial Akt chimera inhib-

ited MICU1 maturation, which was only slightly affected by the

mt-Akt WT form (Fig EV3B). Moreover, mt-Akt D/D induces accu-

mulation of larger forms of MICU1 in the pellet fractions upon alka-

line extraction of mitochondrial membranes, whereas MICU1 WT

alone is easily released by sodium carbonate (Fig EV3C).

It has been proposed that partial proteolysis would be required

to convert the unstable precursor intermediates into stable mature

proteins (Vogtle et al, 2009, 2011). Therefore, we investigated

whether the phosphorylation step in the MICU1 protein might

impact MICU1 stability. When protein synthesis was inhibited with

cycloheximide (CHX) to measure the half-life of MICU1, the MICU1

SD mutant degraded more rapidly than the WT protein and the SA

mutant (Fig 4E). Moreover, co-expression of the MICU1 WT with

the mitochondrial Akt construct reduced its half-life (Appendix Fig

S4A), whereas MICU1 SA mutant maintains higher stability also in

the presence of mito-Akt D/D (Fig EV3D).

It has previously been reported that MICU2 requires MICU1 for

its stability but not vice versa (Plovanich et al, 2013). Therefore, we

sought to determine whether the relative instability of phosphory-

lated MICU1 might entail a concomitant reduction in MICU2 stabil-

ity. Consistent with the recent literature, we observed very low

amounts of MICU2 in the MICU1-depleted cells (Fig EV3E). Impor-

tantly, the stable expression of the MICU1 SA mutant, but not that

of the MICU1 SD mutant, in ShMICU1 cells restored the MICU2

levels (Fig EV3F). These findings were not affected by alterations in

MICU1-2 binding because WT MICU1 and the two phosphomimetic

and phosphorylation-resistant mutants similarly co-immunoprecipi-

tated with flag-tagged MICU2 (Appendix Fig S4B). Immunoblot anal-

ysis in non-reducing conditions revealed that MICU1 SD expression

strongly reduced the formation of the disulfide-linked MICU1-2

dimer (Fig 4F and G). These results were also observed in rapa-

mycin-treated cells, and this effect was abolished by concomitant

addition of the Akt inhibitor triciribine (Fig EV3G).

Finally, we analyzed the Ca2+ levels upon reconstitution of

MICU1 plus the minimal uniporter components. The expression of

MCU and EMRE in a MICU1-KD background increased the basal

mitochondrial [Ca2+] content, which was significantly lowered by

the MICU1 WT and SA mutant, but not by the SD construct

(Fig 4H).

Altogether, we concluded that the Akt-mediated phosphorylation

of MICU1 affects its maturation process, resulting in instability of

MICU1 and the MICU1-2 dimer and defective mitochondrial Ca2+

regulation.

Inhibition of MICU1 maturation recapitulates all the effects
observed upon MICU1 SD expression

To substantiate the crucial role of MICU1 processing in mitochon-

drial Ca2+ regulation, we planned to inhibit MICU1 maturation by

preventing the second cleavage event, thereby inducing the accumu-

lation of the intermediate form (Fig EV4A). We investigated the

processing peptidases mitochondrial inner membrane protease

subunit 1 (IMMP1L) and IMMP2L, which have been indicated to

promote protein maturation and activation by removing hydropho-

bic sorting signals from proteins that are sorted to the IMS, usually

after these proteins have been first cleaved by matrix peptidases

(Quiros et al, 2015). IMMP1L- and, to a lesser extent, IMMP2L-

silencing (Appendix Fig S5A) inhibited MICU1 processing (Fig 5A

and B), increasing the accumulation of the intermediate form and its

association with membranes (Fig 5C and D). As previously

observed for SD mutant expression, affecting MICU1 maturation

promoted its degradation (Fig 5E and Appendix Fig S5B) and

decreased the stability of the MICU1-2 dimer (Appendix Fig S5C).

Finally, we measured the basal mitochondrial [Ca2+] upon IMMP1L

depletion. Both aequorin-based (Fig 5F and G) and GCaMP-based

measurements (Fig 5H) showed higher Ca2+ levels in IMMP1L-

silenced cells.

Overall, these data reveal that the accumulation of unprocessed

MICU1 by reducing IMMP1L levels mimics the effects obtained with

MICU1 SD expression, thus suggesting that the impairment of

MICU1 processing affects mitochondrial Ca2+ homeostasis.

Akt-MICU1 phosphorylation axis in ROS production and
tumor development

We aimed to identify putative patho-physiological scenarios in

which the MICU1 regulation by Akt could play an essential role.

Glucose deprivation, a common form of metabolic stress, can induce

Akt activation (Gao et al, 2014), and it has been recently showed

that glucose withdrawal could regulate a series of molecular path-

ways by evoking Ca2+ elevations (Lee et al, 2018). Thus, we inves-

tigated whether the Akt-MICU1 signaling is involved in the cellular

response to glucose starvation. Prolonged glucose deprivation

(16 h) induced strong Akt activation, which is associated with

reduced MICU1 levels (Fig EV4B). Accordingly, MICU1 appeared

highly phosphorylated by Akt upon glucose starvation (Fig EV4C)

and the basal mitochondrial [Ca2+] significantly increased,

compared to cells cultured in normal conditions (Fig EV4D). Finally,

the MICU1 nonphosphorylatable SA mutant showed higher stability

under glucose deprivation compared to the WT form (Fig EV4E),

and MICU1 SA mutant expression in MICU1-depleted cells restored

the normal mitochondrial Ca2+ levels (Fig EV4F), sustaining the

importance of Akt-MICU1 interplay in the glucose deprivation-

mediated Ca2+ elevations.

Akt is overactivated in a wide range of human malignancies. Thus,

we sought to determine whether mitochondrial Akt-MICU1 signaling

might contribute to cancer cell proliferation and tumor growth in vivo.

We compared the phosphorylation of MICU1 in three paired sets of

tumor cell lines with and without Akt activation (Fig 6A–F and

Appendix Fig S6A). The A549 lung cancer cell line displayed higher

phospho-Akt levels than the mucoepidermoid carcinoma cell line

H292, correlating with reduced expression of phosphatase and the

tensin homolog (PTEN) (Fig 6A). An analysis of the MICU1 phospho-

rylation status using the PAS antibody showed more phosphorylated

MICU1 in A549 cells (Fig 6B). Importantly, lower levels of both MICU1

and MICU2 proteins have been detected in Akt-positive cells (Fig 6A

and Appendix Fig S6A). The PTEN-null melanoma cells (WM793b)

(Paraiso et al, 2011) showed greater MICU1 phosphorylation levels

(Fig 6C and D) and reduced amounts of MICU1 and 2 (Fig 6C and
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Appendix Fig S6A) than WT PTEN cells (451Lu). Similarly, the astro-

cytoma cell line U87-MG, which displayed high Akt activity due to the

inactivating mutations in PTEN, showed reduced expression of the

MCU regulators compared with the T98G glioblastoma cells (Fig 6E

and Appendix Fig S6A), which is linked to the high bulk of phospho-

MICU1 (Fig 6F). These findings correlate with higher basal mitochon-

drial [Ca2+], which was observed in both Akt-positive lung

(Appendix Fig S6B and C), melanoma (Appendix Fig S6D and E), and

glioblastoma (Appendix Fig S6F and G) cancer cells. Importantly,

reduction of Akt activity in Akt-positive cells (U87MG), or increasing it

in Akt-negative (T98G cells), affected the levels of MICU1-2

(Appendix Fig S6H), as well as cell proliferation and colony formation

(Appendix Fig S6I and J).

However, by comparing the MCF-10CA1h breast carcinoma cell

line with an activating H1047R mutation in PIK3CA and MDA-

MB231 cells lacking constitutive Akt activation (Fig EV5A) (Kadota
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Figure 5. IMMP1L-silencing alters MICU1 processing and basal [Ca2+]m levels.

A Western blot analysis of endogenous MICU1 levels in HeLa cells upon silencing of IMMP1L and/or IMMP2L. int: intermediate; m: mature form.
B Western blot analysis of HeLa cells transfected with the indicated constructs and silenced with IMMP1L and/or IMMP2L. int: intermediate; m: mature form. Cells

were treated with 5 lM MG132 for 4 h before lysis.
C Western blot analysis of the supernatant (S) and insoluble pellet (P) fractions of control or IMMP1L-silenced HeLa cell mitochondria following carbonate extraction

at pH 10. The established integral membrane protein TIM23 and the soluble protein cytochrome c (Cyt. c) were analyzed as markers.
D Western blot analysis of the supernatant (S) and insoluble pellet (P) fractions of control or IMMP1L-silenced HeLa cell mitochondria transfected with HA-tagged

MICU1 WT following carbonate extraction at pH 10. The established integral membrane protein TIM23 and the soluble protein cytochrome c (Cyt. c) were analyzed
as markers. pre: precursor; int: intermediate; m: mature form. Cells were treated with 5 lM MG132 for 4 h before lysis.

E Control or IMMP1L-silenced HeLa cells were transfected with HA-tagged MICU1 WT. Cells were incubated with 50 lg/ml cycloheximide (CHX) for the indicated
times, collected and subjected to Western blotting analysis as indicated. In the graph, the amount of HA (MICU1) is represented relative to the amount at time 0
(n = 3 independent experiments).

F, G Representative kinetics (F) and analysis (G) of aequorin-based [Ca2+]m measurements in control or IMMP1L-silenced HeLa cells challenged with 10 lM
cyclopiazonic acid (CPA) in the presence of 100 lM EGTA (n = 3 independent experiments).

H Resting mitochondrial calcium levels, evaluated through ratiometric imaging of the mitochondrial-targeted GCaMP6m, in control or IMMP1L-silenced HeLa cells
(n = 3 independent experiments; 37–55 cells).

Data information: (E) Means � SD. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way ANOVA); (G, H) Means � SEM. **P < 0.01; ****P < 0.0001 (Student’s t-test).
Source data are available online for this figure.

10 of 20 The EMBO Journal 38: e99435 | 2019 ª 2018 The Authors

The EMBO Journal Akt-MICU1 axis in tumorigenesis Saverio Marchi et al



ShRNA MICU1

ShRNA MICU1
+ MICU1 SD

ShRNA MICU1
+ MICU1 SA

plko.1

0

50

100

150

200

0
20
40
60
80

100
120
140
160

0 5 10 15 20

Akt D/D+MICU1 WT
Akt D/D+MICU1 SA

Days

3
Tu

m
or

vo
lu

m
e

( m
m

)

Akt D/D+
MICU1 WT
Akt D/D+
MICU1 SA

0

20

40

60

30

10

50

Akt D/D+
MICU1 WT
Akt D/D+
MICU1 SA

n°
of

co
lo

ni
es

x
fie

ld

Tu
m

or
w

ei
gh

t(
m

g)

p-Akt (S473) l. e.

p-Akt (S473)

GAPDH

TIM23

H O2 2 - + +
Tempol - + +- + - +- -

ShRNA MICU1
+ MICU1 SD

ShRNA MICU1
+ MICU1 SA

0

5

10

15

20

25

30

M
ito

S
ox

In
te

ns
it y

(f.
a.

u.
)

plko.1
ShMICU1

ShMICU1+ MICU1 SD
ShMICU1+ MICU1 SA

****

****

ROS ROS

MICU2 MICU2

MICU1 MICU1

MICU2 MICU2

MICU1 MICU1

M
C
U

M
C
U

M
C
U

M
C
U

AKT AKT

AKT

2+Ca 2+Ca

EMRE EMRE EMRE EMRE

OMM

IMM

OMM

IMM

IMS IMS

matrix matrix

Tumor
Growth

G H I

J K

L M

**
**

Akt

***
*

PTEN

Akt

p-Akt (S473)

TOM20

MCU

MICU2

MICU1

IP: GFP

IB:GFP

IB:PAS

MICU1
-GFP

+ +

75 KDa

75 KDa

H2
29

A5
49

Actin

Akt

p-Akt (S473)

TOM20

MCU

MICU2

MICU1

PTEN

Akt

p-Akt (S473)

TOM20

MCU

MICU2

MICU1

IP: GFP

IB:GFP

IB:PAS
MICU1
-GFP

+ +

75 KDa

75 KDa

IP: GFP

IB:GFP

IB:PAS

MICU1
-GFP

+ +

75 KDa

75 KDa

PTEN2
2

H
9

A5
49

45
1L

u
W

3
M79

b

45
1L

u
W

93
M7

b

Actin

A

B

C E

D F

Actin

T9
8G

U87
MG

T9
8G

U87
MG

Figure 6.

ª 2018 The Authors The EMBO Journal 38: e99435 | 2019 11 of 20

Saverio Marchi et al Akt-MICU1 axis in tumorigenesis The EMBO Journal



et al, 2010), we detected no Akt-mediated phosphorylation of

MICU1 (Fig EV5B). We reasoned that the lack of an effect of Akt on

MICU1 that was observed in the MCF-10CA1h cells might be attrib-

uted to PTEN activity. A subcellular fractionation analysis revealed

that MCF-10CA1h contained a discrete pool of PTEN located in

mitochondria and very low levels of mitochondrial activated Akt

(Fig EV5C). To further explore this process, we used pten gene-

knockout (KO) MEFs (Fig EV5D). The PTEN KO cells expressed

lower amounts of both the MICU1 and MICU2 proteins (Fig EV5E)

and exhibited enhanced phosphorylation of MICU1 (Fig EV5F)

compared with WT MEFs. The treatment of PTEN KO MEFs with

the Akt inhibitor triciribine enhanced the stability of the MICU1-2

heterodimers (Fig EV5G). Collectively, these data indicate that in

different tumor types, the activation of Akt is associated with the

phosphorylation of MICU1 and a reduced MICU1-2 gatekeeping

activity, supporting the notion that the N-terminal phosphorylation

of MICU1 might be a key feature in human tumors bearing activated

Akt. This aspect is, at least partially, dependent on the PTEN status,

which might differentially affect mitochondrial Akt-MICU1 signaling

based on its subcellular localization.

To examine the role of Akt-mediated MICU1 phosphorylation in

Akt-driven tumor growth, we generated stable cells that overex-

pressed the constitutively active Akt D/D form together with either

WT MICU1 or the nonphosphorylatable MICU1 S124A mutant. In an

anchorage-independence growth assay, both the number and the

size of the colonies formed by the Akt D/D-expressing cells were

significantly reduced by the co-expression of MICU1 SA (Figs 6G

and EV5H and I). Importantly, both Akt D/D-expressing cells

formed palpable tumors in immunodeficient mice, but the tumor

growth rate and the tumor mass weight at necropsy were reduced

for the clones expressing the MICU1 SA mutant (Figs 6H and I, and

EV5J). Therefore, the expression of a mutant of MICU1 that cannot

be phosphorylated by Akt lowers the tumorigenic potential of trans-

formed cells and decreases the tumor growth rate and size.

Reportedly, Akt is able to elevate the reactive oxygen species

(ROS) levels in multiple cellular contexts, and this Akt-mediated

ROS generation is essential for Akt-driven tumor progression

(Govindarajan et al, 2007; Nogueira et al, 2008; Okoh et al, 2013).

Moreover, the basal mitochondrial Ca2+ overload observed upon

MICU1 deficiency causes higher ROS production (Mallilankaraman

et al, 2012). Thus, we investigated the possibility that MICU1 phos-

phorylation by Akt kinase would result in elevated mitochondrial

ROS production. As expected, the ShMICU1 cells exhibited a higher

basal level of mitochondrial ROS (Fig 6J and K). The stable

introduction of the MICU1 SA mutant into MICU1-silenced cells

abrogated the ROS elevation, whereas the expression of the phos-

phomimic MICU1 SD form failed to restore the normal ROS levels

(Figs 6J and K, and EV5K). Measurements of mitochondrial hydro-

gen peroxide production using the ratiometric genetically encoded

mitochondria–targeted HyPer probe (mito�HyPer) revealed that the

MICU1 SD mutant enhanced ROS generation both in the resting

condition and after the stimulation of cells with a low dose (1 lM)

of H2O2 (Fig EV5L). Finally, glucose deprivation stimulates ROS

production (Marambio et al, 2010), which is limited by expression

of MICU1 SA mutant (Fig EV5M).

Exogenous H2O2 stimulates Akt phosphorylation, suggesting that

Akt activation is redox-sensitive (Wang et al, 2000). Thus, we inves-

tigated the possibility that the increased production of ROS, which is

mediated by phospho-MICU1, might affect Akt activation. Indeed,

MICU1 SD-expressing cells exhibited higher levels of phosphory-

lated Akt than cells expressing the MICU1 SA mutant (Fig 6L).

Consistently, oxidative stress strongly enhanced the Akt activation

in the MICU1 SD cells, whereas application of the antioxidant

compound Tempol abrogated Akt activation (Fig 6L). Altogether,

we conclude that the mitochondrial Akt-mediated phosphorylation

of MICU1 promotes tumor progression through deregulation of the

MCU complex, thereby increasing the basal mitochondrial Ca2+

levels and ROS production, which, in turn, generates a positive feed-

back loop that sustains Akt activation (Fig 6M).

Discussion

In this study, we showed that MICU1, which is one of the pivotal

regulators of the MCU channel, could be subjected to an Akt-

mediated phosphorylation event that severely affects its regulatory

functions on MCU. Its crucial role as a molecular gatekeeper of the

uniporter complex identifies MICU1 as an attractive target

◀ Figure 6. The mitochondrial Akt-MICU1 axis is critical for tumor growth.

A Western blot analysis of MICU1 and MICU2 levels in lung cancer cells with low or high Akt activity.
B Lung cancer cells were transfected with the GFP-tagged WT MICU1. MICU1-GFP immunocomplexes were precipitated with a GFP antibody and analyzed with a

PAS (phospho-Akt substrate) antibody by Western blotting.
C Western blot analysis of MICU1 and MICU2 levels in melanoma cells with low or high Akt activity.
D Melanoma cells were transfected with the GFP-tagged WT MICU1. MICU1-GFP immunocomplexes were precipitated with a GFP antibody and analyzed with PAS

(phospho-Akt substrate) antibody by Western blotting.
E Western blot analysis of MICU1 and MICU2 levels in glioblastoma cells with low or high Akt activity.
F Glioblastoma cells were transfected with the GFP-tagged WT MICU1. MICU1-GFP immunocomplexes were precipitated with GFP antibody and analyzed with PAS

(phospho-Akt substrate) antibody by Western blotting.
G–I Number of soft agar colonies (n = 3 independent experiments) (G), xenograft tumor volumes (H), and tumor weights at day 21 (n = 8 mice for each group) (I)

formed by Rat2 cells stably expressing the indicated constructs.
J, K Representative images (J) and analysis (K) of MitoSOX-based ROS measurements in ShRNA MICU1 HeLa stable cells stably expressing either MICU1 S124D (SD) or

MICU1 S124A (SA) (n = 3 independent experiments). Scale bar 10 lm. f.a.u.: fluorescence arbitrary unit.
L ShRNA MICU1 HeLa stable cells stably expressing either MICU1 S124D (SD) or MICU1 S124A (SA) were treated with 500 lM H2O2 alone or in combination with the

ROS scavenger Tempol and analyzed by Western blotting as indicated. l. e.: long exposure.
M Speculative model of the mitochondrial Akt-MICU1 axis in the regulation of tumor growth.

Data information: (G, I) Means � SEM. **P < 0.01 (Student’s t-test); (H) Means � SEM. *P < 0.05; **P < 0.01 (multiple t-tests); (K) Means � SEM. ****P < 0.0001
(one-way ANOVA).
Source data are available online for this figure.
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modulator of mitochondrial Ca2+ homeostasis. Accordingly, the

protein arginine methyl transferase 1 (PRMT1) has been described

to mediate the methylation of MICU1, which, in turn, desensitizes

this protein to Ca2+ and reduces the mitochondrial Ca2+ uptake

(Madreiter-Sokolowski et al, 2016). Moreover, the essential oxidore-

ductase Mia40/CHCHD4 can bind MICU1 and facilitate its dimeriza-

tion with MICU2 (Petrungaro et al, 2015). Our present data

underscore the importance of the N-terminal phosphorylation of the

MICU1 protein in the regulation of the basal mitochondrial Ca2+

content. The localization of this modification is quite distant from

the two EF-hand domains in the MICU1 primary sequence; thus, a

mechanistic explanation of the altered functions of phospho-MICU1

could not be found in the intrinsic modification of its Ca2+ affinity.

Our findings reveal that Akt can affect MICU1 maturation through

direct phosphorylation, leading to intrinsic instability of the

uniporter-associated dimer and altered mitochondrial Ca2+ accumu-

lation. These data are supported by experiments in IMMP1L-silenced

cells, which displayed higher levels of unprocessed MICU1 and

increased [Ca2+]m contents (Fig 5). Although IMMP1-2L exists in a

heterodimeric complex (Gakh et al, 2002), our results revealed that

IMMP2L appears to play a marginal role in MICU1 processing

(Fig 5A and B), suggesting that each subunit recognizes different

substrates.

It is important to note that MICU1 phosphorylation appears to

have an impact on abundance of both MCU and EMRE (Figs 4 and

EV3), suggesting that the anomalous MICU1 processing and local-

ization might affect the stability of other binding partners. In line

with this evidence, loss of MICU1 correlates with low levels of MCU

(Plovanich et al, 2013) and EMRE (Liu et al, 2016) in different cellu-

lar systems. Moreover, forced expression of MCU extended the half-

life of MICU1 (Petrungaro et al, 2015), and a MICU1 mutant that

cannot interact with MICU2 (MICU1 C463A) showed a shorter half-

life, as well as a reduced expression of MCU, compared to MICU1

WT (Petrungaro et al, 2015). Thus, structural modifications in a

single uniporter’s component or the stoichiometry of MCU, EMRE,

MICU1, and MICU2 influence the stability of the whole complex.

An aberrant Ca2+ regulation is currently thought to be a general

hallmark of cancer cells, and multiple lines of evidence have noted

the crucial role of Ca2+ homeostasis deregulation in tumor cell

proliferation, apoptosis resistance, tumor development, and metas-

tasis (Marchi & Pinton, 2016). Reduced mitochondrial Ca2+ uptake

protects from apoptosis mediated by sustained ER Ca2+ release, an

aspect could be especially relevant in conferring chemoresistance,

or play an essential role in a specific cancer type or tumor stage.

However, the correlation between high [Ca2+]m and ROS produc-

tion is emerging as a prominent signaling route for the regulation of

cancer progression (Tosatto et al, 2016; Ren et al, 2017).

MICU1 has been associated with different types of cancer, but its

role remains controversial. A correlation between MICU1 overex-

pression and a better prognosis has been reported in the context of

mammary carcinomas, suggesting that MICU1 might function as a

tumor-suppressor gene (Hall et al, 2014). Moreover, MICU1 appears

to be a favorable prognostic marker in renal cancer (https://www.

proteinatlas.org/ENSG00000107745-MICU1/pathology). In contrast,

high MICU1 levels confer chemoresistance to ovarian cancer cells

(Chakraborty et al, 2017), and MICU1 downregulation has been

associated with a higher sensitivity to apoptotic stress and impaired

endothelial cell migration (Mallilankaraman et al, 2012). However,

an accelerated proliferation of MICU1-knockdown hepatocytes has

been recently observed following treatment with NIM811 (Antony

et al, 2016), which is an inhibitor of the mitochondrial permeability

transition pore (mPTP), the channel responsible for the initiation of

mitochondrial cell death programs (Bonora et al, 2015). Through

inhibition of its primary target, cyclophilin D (CypD), which is a

component of the mPTP, NIM811 desensitizes the mPTP to Ca2+,

thereby preventing cell killing (Waldmeier et al, 2002). Indeed, Akt

activity has been widely associated with mPTP inhibition, and it

was recently shown that mitochondrial Akt directly phosphorylates

CypD, thereby limiting apoptosis (Ghosh et al, 2015). Thus, when

the mPTP opening is inhibited by mitochondrial Akt or pharmaco-

logical approaches, higher mitochondrial Ca2+ levels might confer

proliferative advantages to cancer cells without triggering apoptotic

responses. Of note, our scenario agrees with recent data showing

that cancer cells require basal mitochondrial Ca2+ uptake for

survival (Cardenas et al, 2016).

The mitochondrial compartment has emerged as a novel criti-

cal subcellular district in which Akt exerts its kinase activity. Akt

signaling regulates cellular energy metabolism and apoptosis via

mechanisms that converge on mitochondria (Stiles, 2009), via its

association with HK2 and VDAC (Gottlob et al, 2001), or via the

phosphorylation of key proteins, such as BAD (Datta et al, 1997).

In addition, Akt acts inside mitochondria, where it can phospho-

rylate compartment-specific substrates, including the previously

cited CypD (Ghosh et al, 2015) and PDK1 (Chae et al, 2016). The

intra-mitochondrial Akt activity contributes to apoptosis resistance

and tumor growth and might provide a novel adaptive mecha-

nism for tumor resistance to PI3K-based therapy (Ghosh et al,

2015). Our findings provide additional clues for understanding

the still elusive intra-organellar activities of Akt, showing that

phosphorylation of the MCU complex regulator MICU1 could

sustain cancer progression by augmenting the basal mitochondrial

Ca2+ content and ROS production (Fig 6M). Elevated levels of

ROS have been detected in almost all cancers, including Akt-posi-

tive tumors (Liou & Storz, 2010). We observed reduced tumor

growth with the expression of the nonphosphorylatable mutant

MICU1 SA (Fig 6H), correlating with reduced mitochondrial ROS

generation (Fig 6J and K), which suggests that ROS might play a

pivotal role in the regulation of cell malignancy by mitochondrial

Ca2+ accumulation. However, Ca2+-related ROS generation might

offer a specific therapeutic opportunity. Therefore, our data could

integrate previous observations showing that cancer cells with

hyperactive Akt displayed high levels of ROS and that treatment

with rapamycin, which further increases Akt activation, in combi-

nation with an oxidative stress agent could be a valuable strategy

for selectively eradicating Akt-positive tumor cells (Nogueira et al,

2008, 2018). Intriguingly, expression of a constitutively active Akt

form in cells displaying very low Akt activity increased the

susceptibility to glucose withdrawal-induced death (Elstrom et al,

2004).

We found that the bulk of PTEN located at the mitochondria

might, at least partially, counteract the action of mitochondrial Akt

and hence prevent MICU1 phosphorylation. This finding is consis-

tent with the ability of mito-PTEN to inhibit Akt activation (Shen

et al, 2015).

In conclusion, the results presented herein expand the functions

of the mitochondrial pool of Akt, which are not limited to the
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regulation of apoptosis and mitochondrial bioenergetics but also

involve the control of mitochondrial Ca2+ homeostasis. Moreover,

this study provides the first demonstration of the crucial role played

by post-translational modifications of the MCU complex subunit

MICU1 in the regulation of Akt kinase-driven tumorigenesis. Our

data note the strategic importance of the association between aber-

rant mitochondrial Ca2+ levels and tumor development and high-

light as alteration in the organization and activity of the MCU

complex could represent critical aspects that contribute to the

aggressiveness of certain cancers.

Materials and Methods

Cell cultures and transfections

HeLa, HEK293T, T98G, U87-MG (ATCC), and Rat2 (Sigma-Aldrich;

passage > 70) cells, as well as PTEN WT and KO MEFs, were main-

tained in Dulbecco’s modified Eagle’s medium (DMEM), supple-

mented with 10% fetal bovine serum (FBS; Thermo Fisher

Scientific), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml

streptomycin (all from Euroclone). MDA-MB-231 and H292 cells

(ATCC) were maintained in RPMI supplemented with 10% FBS,

L-glutamine, and penicillin/streptomycin. MCF-10CA1h cells were

maintained in 1:1 DMEM:F12 supplemented with penicillin/strepto-

mycin, 5% horse serum (Invitrogen), hEGF at 20 ng/ml (Lonza),

hydrocortisone at 0.5 ng/ml (Sigma), Cholera toxin at 100 ng/ml

(Sigma), insulin at 10 ng/ml (Gibco), and 10% FBS. A549 cells were

maintained in F12 medium supplemented with 10% FBS, L-gluta-

mine, penicillin/streptomycin. WM793B and 451Lu cells (Coriell)

were maintained in 4:1 keratinocyte-SFM:Leibovitz L-15 (Invitrogen)

supplemented with penicillin/streptomycin, insulin at 5 ng/ml, and

5% FBS.

HeLa plko and ShMICU1 stable clones were maintained in DMEM

supplemented with 10% FBS, L-glutamine, penicillin/streptomycin,

and 2 lg/ml of Puromycin.

For glucose starvation, cells were washed twice with PBS and

then incubated in DMEM without glucose and pyruvate, supple-

mented with 10% dialyzed FBS (Thermo Fisher Scientific).

For HeLa and HEK293T cells, transient transfections were

performed with a standard calcium-phosphate procedure. For the

other cell lines, transient transfections were performed using JetPEI

(Polyplus transfectionTM) or Lipofectamine 2000 (Thermo Fisher

Scientific) as transfecting reagents, according to the manufacturer’s

instructions.

For aequorin-, GCaMP6m- and HyPer-based experiments, the

cells were transiently transfected with a 3:1 cDNA ratio, where 1

is the luminescent/fluorescent indicator. The ratio of 3:1 in favor

of the protein of interest versus the indicator guarantees that all

the cells expressing the specific probe (and thus the only

recorded by the instruments) are also expressing the protein of

interest.

For TMRM-based experiments, the cells were also transfected

with a 3:1 ratio, where 3 is the amount of the construct of interest

and 1 is mitochondrial-targeted GFP (mt-GFP). Only cells expressing

mt-GFP have been analyzed for mitochondrial membrane potential.

pcDNA3.1 (referred as “control”) was used as a control for trans-

fection unless otherwise indicated.

For silencing experiments, transfections were performed using

Lipofectamine RNAiMax (Thermo Fisher Scientific) as transfecting

reagents, according to the manufacturer’s instructions. Akt and

negative (scramble) siRNAs (final concentration 40 nM) were

purchased from Cell Signaling Technology (CST). IMMP1L,

IMMP2L, and negative (scramble) siRNAs (final concentration

40 nM) were purchased from Sigma-Aldrich.

Lentiviral transduction and generation of stable cell lines

Lentiviruses were produced by transfecting shRNA-targeting plas-

mids together with helper plasmids pCMV–VSVG and pCMV–dR8.74

into HEK293T cells. Cell supernatants were collected 48 h after

transfection and were either used to infect cells or stored at �80°C.

To obtain stable cell lines, cells were infected at low confluence

(20%) for 24 h with lentiviral supernatants diluted 1:1 with normal

culture media in the presence of 5 ng/ml of Polybrene (Sigma-

Aldrich). Cells were subjected to Puromycin selection 24 h after

infection.

Lentiviral ShRNAs were obtained from Sigma (MISSION ShRNA).

For MICU1 silencing, 5 shRNAs were identified and tested,

TRCN0000053368 (Sh-MICU1 #1), TRCN0000053369 (Sh-MICU1

#2), TRCN0000053370 (Sh-MICU1 #3), TRCN0000053371 (Sh-

MICU1 #4), and TRCN0000053372 (Sh-MICU1 #5). Among them,

Sh-MICU1 #4 showed high knockdown efficiency in HeLa cells

with the lowest homology with mouse sequence (NM_144822) and

it was thus selected for the generation of HeLa ShMICU1 stable cell

line.

HeLa cells stably overexpressing Sh-MICU1 #4 were transfected

with both MICU1 mutant versions and selected with 500 lg/ml

G418 for at least 4 weeks before assaying. The resulting ShMICU1

HeLa cells stably overexpressing MICU1 S124D or MICU1 S124A

were maintained in complete DMEM plus 2 lg/ml of Puromycin

and 500 lg/ml G418.

Gene knockout by CRISPR/Cas9

Gene knockout by CRISPR/Cas9 was performed using the published

protocol (Ran et al, 2013). To prevent off-targets, the RNA guides

(gRNA) were designed using Broad Institute’s CRISPR Design tool

(http://crispr.mit.edu/) uploading the sequence of the early 50 exon
of the gene of interest. Two different gRNAs targeting the 50 of the
gene were designed and used to rule out off-target effects.

The 20-nucleotide RNA guide sequence was transfected into

HeLa cells with the S. pyogenes Cas9 (IDT) using Lipofectamine

RNAiMAX Transfection Reagent (ThermoFisher). After two days of

incubation, single cells were isolated by serial dilutions and

expanded for 5 weeks. After one round of expansion, one clone

with the lowest expression of protein was selected by Western blot

and was transfected with a second round of gRNA and Cas9

protein to achieve the complete KO. Gene KO was assessed by

Western blot.

Constructs and MICU1 mutants

Murine pcDNA3.1 MICU1-HA, MICU1-GFP, MICU2-flag, MCU-flag,

and untagged EMRE plasmids were gently gift by Rosario Rizzuto

Lab.
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Creation of MICU1 mutants

The S124D and S124A mutations were introduced in the MICU1-HA

and MICU1-GFP constructs by site-directed mutagenesis using the

QuickChange� II Site-Directed Mutagenesis Kit (QuickChange� II XL

Site-Directed Mutagenesis Kit; Agilent Technologies, Santa Clara,

CA, USA), essentially as previously described (Branchini et al,

2013). The following forward oligonucleotides were used: 50-
GAATCCGAGCCTACGACACACCAGACAA-30 (S124D) and 50-GAAT
CCGAGCCTACGCGACACCAGACAA-30 (S124A); the modified

nucleotide triplets are underlined. Reverse oligonucleotides were

complementary to the forward ones. All plasmids have been vali-

dated by sequencing.

Creation of pCMV5-2xMTS-HA-Akt D/D chimera

MTS (Mitochondrial Target Sequence from mouse MICU2) was ampli-

fied by PCR from MICU2 vector using the mMICU2mtsBglII-F (50-
AAAAGATCTATGGCGGCGGCTGCGGGAAG-30) and mMICU2mtsSalI-

R (50-AAAGTCGACGAGCCCGCGCCGCAGCCTTC-30) oligonucleotides

under standard conditions (restriction sites underlined). MTS was

further digested with BglII and SalI restriction enzymes and then

cloned into pCMV5-HA-Akt D/D, previously cut with the same

enzymes, to give the pCMV5-MTS-HA-Akt D/D plasmid. In order to

maintain the appropriate amino acid frame downstream of MTS in the

resulting chimaeric protein, SalI site and the following triplet were

removed from the pCMV5-MTS-HA-Akt D/D construct by using site-

directed mutagenesis and the forward oligonucleotide 50-CTG
CGGCGCGGGCTCATGGCTTACCCATAC-30. Reverse oligonucleotide

was complementary to the forward one. MTS was then amplified again

from MICU2 vector using oligonucleotides mMICU2mtsBglII-F and

mMICU2mtsBglII-R (50-AAAAGATCTGAGCCCGCGCCGCAGCCTTC-30)
under standard conditions. The resulting fragment was further digested

with BglII restriction enzyme and cloned into pCMV5-MTS-HA-Akt D/

D, previously cut with the same enzyme, to give the final pCMV5-

2xMTS-HA-Akt D/D chimaeric construct. The same cloning procedures

were applied to pCMV5-HA-Akt WT to obtain the pCMV5-2xMTS-HA-

Akt WT construct.

All expression vectors have been validated by sequencing.

Immunoblot

For immunoblotting, cells were washed with ice-cold phosphate-

buffered saline (PBS), scraped, and lysed, for 30 min on ice, in a

buffer containing 50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% Triton

X-100, 0.2% SDS, protease, and phosphates inhibitor cocktail. After

centrifugation at 16,000 g for 10 min, proteins were quantified by

the Lowry method and 10 lg of proteins, denatured for 5 min at

100°C in LDS sample buffer (Thermo Fisher Scientific) and Sample

Reducing Agent (Thermo Fisher Scientific), was loaded on a Novex

NuPage Bis-Tris 4–12% precast gel (Thermo Fisher Scientific). For

non-denaturing conditions, the same amount of proteins were

dissolved in LDS sample buffer (Thermo Fisher Scientific) and

heated for 5 min at 70°C before loading. After electrophoretic sepa-

ration, proteins were transferred onto PVDF membranes. To satu-

rate unspecific binding sites, the membranes were incubated with

TBS–Tween-20 (0.05%) supplemented with 5% non-fat powdered

milk for 1 h at RT, and then incubated overnight with primary anti-

bodies. The revelation was assessed by specific horseradish peroxi-

dase-labeled secondary antibodies (Thermo Fisher Scientific),

followed by detection by chemiluminescence (Thermo Fisher Scien-

tific), using ImageQuant LAS 4000 (GE Healthcare). Western blots

shown in figures are representative of at least 3 different indepen-

dent experiments.

Immunoprecipitation

For immunoprecipitation experiments, cells were seeded in 10-cm

Petri dishes, transfected as indicated and lysed in an appropriate

volume of lysis buffer [20 mM Tris–HCl pH 8, 137 mM NaCl, 10%

Glycerol, 1% NP-40, 2 mM EDTA, protease inhibitor mixture, and

Phos-STOP Phosphatase Inhibitor Cocktail (Roche Applied

Science)]. The same amount of proteins from the whole-cell lysate

for each condition was incubated overnight with the specific

primary antibody. The immunocomplexes were captured with the

appropriate protein A or protein G Sepharose (GE Healthcare).

Beads were pelleted and washed three times. The bait was eluted in

Laemmli sample buffer and denatured for 5 min at 100°C. The

whole-cell lysate (input) and the immunoprecipitated (IP) samples

were separated by SDS–PAGE, transferred to PVDF membranes,

incubated with the appropriate antibodies, and developed according

to standard procedures (see above).

Antibodies and reagents

Anti-HA (sc-805; sc-7392. WB 1:5,000; IF 1:200; IP 1:100), anti-

HSP60 (sc-13115. WB 1:1,000; IF 1:200), anti-TOM20 (sc-17764. WB

1:5,000; IF 1:200), anti-EMRE (sc-86337. WB 1:500), were

purchased from Santa Cruz Biotechnology; anti-E-cadherin (#14472.

WB 1:1,000), anti-p-Akt (Ser473) (#9271. WB 1:1,000; IF 1:100),

anti-Akt (#9272. WB 1:5,000), anti-p-mTOR (Ser2448) (#5536. WB

1:1,000), anti-PAS (Phospho-Akt Substrates) (#9614. WB 1:1,000; IP

1:100), anti-GAPDH (#2118. WB 1:5,000), anti-PTEN (#9559. WB

1:1,000) from Cell Signaling; anti-b-tubulin (T5201. WB 1:5,000),

anti-b-actin (A1978. WB 1:10,000), anti-flag (F7425. WB 1:1,000),

anti-LC3B (L7543. WB 1:1,000), anti-MICU1 (HPA037480. WB

1:1,000), anti-MCU (HPA016480. WB 1:1,000), from Sigma-Aldrich;

anti-Cytochrome c (556433. WB 1:1,000), anti-TIM23 (611222. WB

1:1,000), anti-p-Ser (612546. WB 1:1,000), anti-IP3R3 (610312. WB

1:1,000; IP 1:100) from BD Transduction Laboratories; anti-MICU2

(ab1011465. WB 1:2,000), anti-AIF (ab1998. WB 1:1,000), anti-GFP

(ab6556; WB 1:5,000; IP 1:100) and anti-VDAC1 (ab15895. WB

1:1,000) from Abcam; anti-GFP (No. 11814460001. WB 1:5,000; IP

1:100) from Roche. Secondary, HRP-conjugated antibodies (#31430;

#31460. WB, 1:10,000) were purchased from Thermo Fisher Scien-

tific. Secondary, AlexaFluor-conjugated antibodies (IF, 1:500) were

purchased from Thermo Fisher Scientific.

2,5-di-tert-butylhydroquinone (TBHQ), Triciribine hydrate, Hista-

mine, Cycloheximide, Cyclopiazonic Acid (CPA), MG132, and

MitoTempol were purchased from Sigma-Aldrich. Rapamycin was

obtained from Calbiochem and MitoSox from Thermo Fisher

Scientific.

Mitochondrial membrane potential (ΔΨm) measurements

Mitochondrial ΔΨ was measured by loading cells with 20 nM

tetramethyl rhodamine methyl ester (TMRM, Invitrogen) for 30 min

at 37°C. Successively, cells were imaged with Nikon Swept Field
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Confocal equipped with CFI Plan Apo VC60XH objective (n.a. 1.4)

and an Andor DU885 EM-CCD camera, controlled by the NIS-

Elements 3.2. Basal levels were normalized on fluorescence in the

presence of FCCP (carbonyl cyanide p-trifluoromethoxyphenylhy-

drazone, 10 lM), a strong uncoupler of oxidative phosphorylation.

Aequorin measurements

For the experiments with the chimeric aequorins targeted to the

cytosol (cytAEQ) and mitochondria (mtAEQ WT and mtAEQmut),

cells were seeded onto 13-mm glass coverslips and transfected as

indicated. Before the measurement, cells were incubated with 5 lM
coelenterazine for 1.5 h in Krebs–Ringer modified buffer (KRB;

125 mM NaCl, 5 mM KCl, 1 mM Na3PO4, 1 mM MgSO4, 5.5 mM

glucose, and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid [HEPES], pH 7.4, at 37°C) supplemented with 1 mM CaCl2,

and then transferred to the perfusion chamber. To reconstitute the

chimeric aequorins targeted to the ER (erAEQmut) with high effi-

ciency, the ER luminal [Ca2+] first had to be reduced, by incubation

for 45 min at 4°C in KRB supplemented with 5 lM coelenterazine,

5 lM Ca2+ ionophore ionomycin (Sigma-Aldrich), and 600 lM
EGTA. Then, cells were extensively washed with KRB supple-

mented with 2% bovine serum albumin and 2 mM EGTA, and then

transferred to the perfusion chamber. All aequorin measurements

were carried out in KRB supplemented with either 1 mM CaCl2
(cytAEQ and mtAEQmut) or 100 lM EGTA (erAEQmut), and the

agonist was added to the same medium as indicated in figure

legends. The experiments were terminated by lysing cells with

Triton X-100 in a hypotonic Ca2+-rich solution (10 mM CaCl2 in

H2O), thus discharging the remaining aequorin pool. The light

signal was collected and calibrated into [Ca2+] values by an algo-

rithm based on the Ca2+ response curve of aequorin at physiologi-

cal conditions of pH, [Mg2+], and ionic strength, as previously

described (Bonora et al, 2013).

The experiments with permeabilized cells were performed with a

buffer mimicking the cytosolic ionic composition (IB): 130 mM KCl,

10 mM NaCl, 2 mM K2HPO4, 5 mM succinic acid, 5 mM malic acid,

1 mM MgCl2, 20 mM HEPES, and 1 mM pyruvate (pH 7) at 37°C. IB

was supplemented with either 100 lM EGTA (IB/EGTA) or a 2 mM

EGTA-buffered [Ca2+] of the indicated concentration (IB/Ca2+).

Calculated [Ca2+]free was predicted with CHELATOR software

(Schoenmakers et al, 1992) and confirmed fluorimetrically with the

Fura2 free acid form. Cells were permeabilized by a 1-min perfusion

with 100 lM digitonin (added to IB/EGTA) during luminescence

measurements. Mitochondrial Ca2+ uptake rate was calculated as

the first derivative by using the OriginLab� software. The higher

value reached during Ca2+ addition represents the maximal Ca2+

uptake rate.

Mitochondrial-targeted GCaMP6m measurements

The measurements were performed as previously described (Patron

et al, 2014). Briefly, cells were grown on 24-mm coverslips and

transfected with 2mtGCaMP6m-encoding plasmids and the indi-

cated constructs. Imaging was performed on Cell^R multiple wave-

length high-resolution fluorescence microscopy system. Cells were

alternatively illuminated at 474 and 410 nm and fluorescence was

collected through a 515/30-nm band-pass filter. Exposure time was

set to 200 ms at 474 nm and to 400 ms at 410 nm, in order to

account for the low quantum yield at the latter wavelength. At

least ten fields were collected per coverslip, and each field was

acquired for 30 s (1 frame/s). Analysis was performed with the Fiji

open source software. Both images were background corrected

frame by frame by subtracting mean pixel values of a cell-free

region of interest. Data are presented as the mean of the averaged

ratio of all time points.

Fura-2 AM measurements

Cytosolic free Ca2+ concentration ([Ca2+]c) was evaluated using

fluorescent Ca2+ indicator Fura-2 AM. Briefly, cells were incubated

in medium supplemented with 2.5 lM Fura-2 AM for 30 min,

washed with KRB to remove extracellular probe, supplied with

preheated KRB (supplemented with 1 mM CaCl2), and placed in a

thermostated incubation chamber at 37°C on the stage of an

inverted fluorescence microscope (Cell^R system). [Ca2+]c was

calculated as previously described (Marchi et al, 2008).

Immunofluorescence

Cells, grown onto 13-mm coverslips and transfected as described,

were washed with phosphate-buffered saline (PBS) and fixed in 4%

formaldehyde for 10 min at room temperature. After washing three

times with PBS, cells were permeabilized with 0.1% Triton X-100 in

PBS (PBS-T) for 10 min at room temperature and then blocked with

PBS-T containing 5% BSA at room temperature for 1 h. Cells were

then incubated with primary antibodies overnight at 4°C, washed 3

times with PBS-T, and incubated with the appropriate isotype

matched, AlexaFluor-conjugated secondary antibodies (Thermo

Fisher Scientific). Coverslips were mounted with ProLong Gold Anti-

fade reagent (Thermo Fisher Scientific) at room temperature, and

images were acquired with confocal microscope (Zeiss LSM510)

using a 63 × 1.4 NA Plan-Apochromat oil-immersion objective.

Acquired images were then analyzed by using open source software

Fiji.

ROS measurements

Detection of mitochondrial superoxide was performed by using

MitoSOXTM Red, according to manufacturer’s instructions (Molecular

ProbesTM, Invitrogen). Briefly, cells grown to 50–80% confluence

on glass coverslips were incubated with 5 lM MitoSOX in Hank’s

Buffered Salt Solution containing calcium and magnesium (HBSS),

for 15 min at 37°C in a CO2 incubator and then washed three times

with HBSS. Microscopy imaging was performed on the confocal

microscope Zeiss LSM510, using a 63 × 1.4 NA Plan-Apochromat

oil-immersion objective, 514 nm excitation laser, and a

580 � 30 nm fluorescence detection range. Alternatively, Mito-

SOXTM Red fluorescence intensity were also measured using Tali�

Image-based Cytometer (Molecular ProbesTM, Invitrogen).

For mitochondrial hydrogen peroxide level measurements, cells

were cultured on 24-mm glass coverslips and transfected with the

ratiometric fluorescent probe with mitochondrial localization

pHyPer-dMito (mt-HyPer) (Marchi et al, 2015). After 24 h of expres-

sion, cells were maintained in Krebs–Ringer buffer (KRB) supple-

mented with 1 mM CaCl2, and placed in an open Leyden chamber

16 of 20 The EMBO Journal 38: e99435 | 2019 ª 2018 The Authors

The EMBO Journal Akt-MICU1 axis in tumorigenesis Saverio Marchi et al



on a 37°C thermostated stage. The experiments were performed on

Cell^R Olympus multiple wavelength high-resolution epi-fluores-

cence microscope. 494/406-nm excitation filters and a 500-nm long-

pass beam splitter were used, and an image pair was obtained in

every 200 ms with a 40× objective. The fluorescence data collected

were expressed as emission ratios.

Real-time PCR

Total RNA was extracted with TRIzol� Reagent (Invitrogen), RNAs

were purified by using RNeasy Mini Kit (Qiagen), and DNase diges-

tion was performed with RNase-Free DNase Set (Qiagen). The RNA

quality and concentration were measured using the NanoDropTM

ND-1000 (Thermo Fisher Scientific). For the first-strand cDNA

synthesis, 1,000 ng of total RNA of each sample was reverse-tran-

scribed with M-MLV Reverse Transcriptase (Invitrogen), following

the manufacturer’s protocol. Human primers were selected for each

target gene with Primer 3 software. Real-time PCRs were carried out

using the designed primers at a concentration of 300 nM and FastS-

tart SYBR Green Master (Roche Diagnostics) on a Rotor-Gene 3000

(Corbett Research). Thermal cycling conditions were as follows: 10-

min denaturation at 95°C, followed by 40 cycles of denaturation for

10 s at 95°C; annealing for 20 s at 60°C; and elongation for 30 s at

72°C. Values were normalized to the expression of the glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH), whose abundance did

not change under our experimental conditions.

Mitochondria isolation and topology analysis

Both crude and pure mitochondria fractions from cells and mouse

livers were prepared as previously described (Wieckowski et al,

2009).

For the localization study, 100 lg of crude mitochondria isolated

from Hek293T was resuspended in a mitochondrial buffer contain-

ing 0.5 mM EGTA-Tris and 10 mM Tris-MOPS (pH 7.4), with (intact

mitochondria) or without (to induce OMM rupture) 250 mM

sucrose, or with 1% Triton X-100 for inducing IMM rupture. All

conditions were treated with 100 lg/ml Proteinase K (PK) for 300 at
4°C, and then, 5 mM PMSF was added to stop the digestion. Mito-

chondrial proteins were precipitated following the TCA/Acetone

method, and 5 lg of each fractions was used for Western blot

analysis.

For the alkaline carbonate extraction study, 200 lg of crude

mitochondria was pelleted and resuspended in 400 ll of 100 mM

Na2CO3 buffer adjusted to different pHs (ranging from 7.4 to 12.5).

After incubation on ice for 30 min, samples were centrifuged at

100,000 g for 30 min at 4°C. Mitochondrial proteins were precipi-

tated following the TCA/Acetone method.

Soft agar colony formation assay

Assays were performed in triplicate in 6-well plates. Base agar

consisted of 0.5% agar (Sigma-Aldrich), 1× DMEM, 500 lg/ml

G418, and 10% FBS. Top agar consisted of 0.3% agar, 1× DMEM,

500 lg/ml G418, and 10% FBS with 2.5 × 104 Rat2 cells per well.

Cells were incubated in 5% CO2 at 37°C for 4 weeks and then

stained with 0.005% crystal violet. To quantify the colonies, five

randomly selected images of each replicate were captured using a

Leica DM IL LED microscope with a 4× magnification. Colonies were

counted automatically using a custom made macro in the Fiji soft-

ware. Briefly, dark objects were thresholded using the Yen algo-

rithm and counted through the analyze particles tool.

Tumor xenograft studies

To measure tumor formation by Rat2 fibroblasts stably expressing a

constitutively active Akt form together with MICU1 WT or MICU1

S124A mutant, 6-week-old NOD SCID� mice (Charles River) were

shaved on the right flank one day prior to injection and injected

subcutaneously with 1 × 107 tumor cells in 200 ll of PBS. 8–9 mice

per cell line were injected. Tumor growth was monitored by daily

measurements of tumor length (L) and width (W), and tumor

volume was estimated using the formula: tumor volume =

½(L × W2). After 21 days, mice were sacrificed and the tumors were

dissected and weighed.

Statistical analysis

Quantitative data are presented as means � SEM if not indicated

otherwise. Statistical analyses were performed using an unpaired

two-tailed t-test (two groups) or one-way ANOVA with Tukey’s

correction (for groups of three or more). For grouped analyses, two-

way ANOVA with correction for multiple comparisons using the

Holm–Sidak method was performed. Normal distribution of data

was assessed by applying a D’Agostino & Pearson omnibus normal-

ity test. F-test was used to compare variances between groups. A P-

value < 0.05 was considered significant.

Expanded View for this article is available online.
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