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Abstract

Aims: Fus1 has been established as mitochondrial tumor suppressor, immunomodulator, and antioxidant pro-
tein, but molecular mechanism of these activities remained to be identified. Based on putative calcium-binding
and myristoyl-binding domains that we identified in Fus1, we explored our hypothesis that Fus1 regulates
mitochondrial calcium handling and calcium-coupled processes. Results: Fus1 loss resulted in reduced rate of
mitochondrial calcium uptake in calcium-loaded epithelial cells, splenocytes, and activated CD4+ T cells. The
reduced rate of mitochondrial calcium uptake in Fus1-deficient cells correlated with cytosolic calcium increase
and dysregulation of calcium-coupled mitochondrial parameters, such as reactive oxygen species production,
DlH+, mitochondrial permeability transition pore opening, and GSH content. Inhibition of calcium efflux via
mitochondria, Na+/Ca2+ exchanger significantly improved the mitochondrial calcium uptake in Fus1 - / - cells.
Ex vivo analysis of activated CD4+ T cells showed Fus1-dependent changes in calcium-regulated processes,
such as surface expression of CD4 and PD1/PD-L1, proliferation, and Th polarization. Fus1 - / - T cells showed
increased basal expression of calcium-dependent NF-jB and NFAT targets but were unable to fully activate
these pathways after stimulation. Innovation: Our results establish Fus1 as one of the few identified regulators
of mitochondrial calcium handling. Our data support the idea that alterations in mitochondrial calcium dy-
namics could lead to the disruption of metabolic coupling in mitochondria that, in turn, may result in multiple
cellular and systemic abnormalities. Conclusion: Our findings suggest that Fus1 achieves its protective role in
inflammation, autoimmunity, and cancer via the regulation of mitochondrial calcium and calcium-coupled pa-
rameters. Antioxid. Redox Signal. 20, 1533–1547.

Introduction

Calcium is an ancient signal transduction element that
acts as a ubiquitous second messenger in a wide range of

different cells and tissues. Calcium handling (uptake and
release) by mitochondria regulates basal mitochondrial ac-
tivities, such as energy production, but is also critical for
buffering and shaping of cytosolic calcium rises that in turn
regulate a plethora of signaling pathways involved in con-

traction, proliferation, differentiation, secretion, metabolism,
apoptosis, and gene expression (2, 47, 63). Only recently
have proteins involved in mitochondrial calcium handling
begun to emerge (4, 14, 40, 50, 66, 67), but full understanding
of mitochondrial calcium handling is far from complete.
Here, we identify that Fus1 plays a critical role in mito-
chondrial Ca2 + handling and that calcium-dependent mito-
chondrial and cellular functions are considerably altered in
cells lacking Fus1.
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The 110 a.a. FUS1/TUSC2 protein is a tumor suppressor
that we recently associated with mitochondrial activities. The
Fus1 gene resides in the 3p21.3 chromosomal region that is
frequently deleted in cancers (31, 51). Moreover, Fus1 ex-
pression is epigenetically suppressed by reactive oxygen
species (ROS) in normal human and mouse cells (31, 62),
suggesting that patients with chronically increased ROS
(smoking) will have low Fus1 expression in exposed tissues
and organs. Loss of Fus1 in mice results in an autoimmune-
like syndrome with chronic inflammation and spontaneous
formation of both vascular tumors and lymphomas (30).
Following exposure to asbestos, Fus1 knockout (KO) mice
have an altered acute inflammatory response, including
unbalanced production of key pro- and anti-inflammatory
cytokines (62). At the cellular level, Fus1 regulates mito-

chondrial homeostasis in both tumor and immune cells (62),
but the molecular activities of Fus1 responsible for its sys-
temic effects remained unclear. Here, based on protein
context analysis, we suggested that Fus1 belongs to the Ca2 +

-myristoyl switch protein family and is involved in the
regulation of Ca2 + handling. We report that Fus1 alters
mitochondrial Ca2 + uptake and other parameters (DlH +

alteration, ROS and nitric oxide [NO] production, mito-
chondrial permeability transition pore [mPTP] opening, and
GSH redox status) in normal epithelial and immune cells and
explore possible mechanisms of the Fus1 activity. We show
that Fus1 is required for coordinated and balanced mito-
chondrial changes during CD4 + T-cell activation, as well as
for T-cell effector Ca2 + -dependent activities. At the molec-
ular level, we demonstrate that Fus1 loss in CD4 + T cells
results in increased expression of Ca2 + -regulated proteins at
a steady state and underactivation of the NF-jB- and NFAT-
dependent pathways after CD3/CD28 activation identifying
Fus1 as a novel regulator of mitochondrial Ca2 + uptake and
immune activities that rely on Ca2 + signaling.

Results

FUS1/TUSC2 is a potential Ca2 + -binding protein

To gain insight into biological and molecular activities of
Fus1, pairwise sequence alignment and analysis of Fus1
similarity with other proteins was performed using LALIGN
at http://fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi?
rm = lalign. A Fus1 protein fragment (pos. 54–65 a.a) was
found to be highly homologous to the Ca2 + -binding domains
(EF-hands) of the canonical EF-hand protein, calmodulin, as
well as to EF-hand domains of the mitochondrial proteins
MICU1 (50) and LETM1 (32) (Fig. 1A).

Innovation

Mitochondrial calcium handling (uptake and release)
regulates not only basal mitochondrial activities such as
energy production but is also critical for calcium rises that
regulate contraction, proliferation, differentiation, secre-
tion, metabolism, immune response, and gene expression.
We establish Fus1 as novel regulator of calcium handling
and metabolic coupling of mitochondrial parameters dur-
ing T-cell activation. We found that Fus1 plays a major
role in the regulation of multiple calcium-dependent T-cell
effector functions and proper activation of NF-jB- and
NFAT-dependent pathways that rely on intracellular Ca2 +

oscillations and reactive oxygen species. Our findings
suggest that Fus1 achieves its protective role in inflam-
mation, autoimmunity, and cancers via the regulation of
mitochondrial calcium and calcium-coupled parameters.

FIG. 1. Schematic diagram of the Fus1
protein domain structure deduced from
multiple alignment shows key elements of
the myristoyl-switch protein family. (A)
The amino-terminal sequence of Fus1 fits
consensus for EF-hand domains in recoverin
and mitochondrial Ca2 + -binding proteins.
(B) Alignment of the Fus1 N-terminal frag-
ment (pos. 45-110 a.a) and a myristoyl-
binding domain of recoverin. Conserved
positions are shown in shaded rectangles;
chemically similar amino acids are indicated
with open rectangles. Key amino acids that
compose the myristoyl-binding hydrophobic
pocket of recoverin are marked with aster-
isks and presented in red if they are identical
or chemically similar to the corresponding
residues in the Fus1 protein. (C) Schematic
representation of the Fus1 protein domain
structure. To see this illustration in color, the
reader is referred to the web version of this
article at www.liebertpub.com/ars
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Identification of a putative Ca2 + -binding domain (this
study) combined with a previously described N-myristoylation
site crucial for the Fus1 activity (61) prompted the comparison
of Fus1 structure to recoverin and other members of the Ca2 + /
myristoyl switch protein family (1, 57). A long N-terminal
fragment of FUS1 (pos. 45–110 a.a.) has 53% homology to the
myristoil-binding domain of recoverin (57) (Fig. 1C). Im-
portantly, 9 of 11 key amino acids (82%) that form myristoyl-
binding hydrophobic pocket of recoverin are identical or
chemically similar in the Fus1 protein (Fig. 1C), suggesting
that the 45–110 a.a. fragment of Fus1 may function as a
myristoyl-binding site. Thus, our in silico analysis suggests
that Fus1 may act as a Ca2 + /myristoyl switch protein and its
activity may be linked to mitochondrial Ca2 + handling. This
hypothesis is supported by our data on Fus1 involvement in the
regulation of mitochondrial membrane potential (MMP) and
ROS production (62), two processes that rely on mitochondrial
Ca2 + homeostasis (7, 8).

Fus1 modulates Ca2 + uptake by mitochondria
through Na + /Ca2 + exchanger

To establish the role of Fus1 in Ca2 + handling, mito-
chondrial calcium (mitoCa2 + ) accumulation was estimated
in spontaneously immortalized Fus1 wild-type (WT) and
Fus1 KO epithelial cells using fluorescence intensity changes
of the mitoCa2 + sensor Rhod-2. Compared to WT cells, KO
cells had significantly elevated basal mitoCa2 + levels but
accumulated significantly less mitoCa2 + in response to the
pretreatment with Ca2 + plus ionomycin (IO), a Ca2 + iono-
phore (Fig. 2A). To confirm these results, we measured Ca2 +

uptake by energized mitochondria after a mild permeabili-
zation of cells with digitonin that leaves intracellular ER and
mitochondria membranes intact. Mitochondria of permeabi-
lized WT cells took up added Ca2 + at an average rate of
580 – 91.2 RFU/min, whereas buffering by permeabilized
Fus1 KO cells was approximately ninefold less at a rate of

FIG. 2. Fus1 modulates mitochondrial Ca21 uptake through Na1/Ca21 exchanger and maintains basal and Ca21

-induced mitochondrial fusion in normal epithelial cells. (A) RelativebasalandCa2 + /IO-inducedlevelsofmitoCa2 + inFus1
KO and WT immortalized epithelial cells. (B) Representative curve of mitochondrial Ca2 + dynamics in digitonin-permeabilized
Fus1 KO and WT epithelial cells using Calcium Green-5N. Arrow denotes the addition of a pulse of CaCl2 (100 lM). (C) The
absolute rates of mitoCa2 + uptake in digitonin-permeabilized Fus1 KO and Fus1 WT epithelial cells incubated in Na+ -containing
(Na + ) and Na+ -free buffer (Na - ). (D) MitoCa2 + uptake indices (Ca2 + uptake in Na-free/Ca2 + uptake in Na+ buffer) in Fus1 KO
and WT epithelial cells. (E) Effect of CGP37157 on mitochondrial Ca2 + uptake in digitonin-permeabilized epithelial cells. (F)
Morphologyof themitochondria in immortalizedkidneyFus1KOandWTepithelialcells.Cells werepreincubatedwithPBS/Ca2 +

(control) and PBS/Ca2 + /IO (Ca2 + -loading conditions) for 5 and 15 min after staining with a mitochondria-specific dye Mito-
tracker Red. Detailed images of fusion (WT, upper panel) and fission (KO, lower panel) are shown in the insets. Data
represent mean – SE; p-values are designated as *, < 0.05; **, < 0.01. IO, ionomycin; KO, knockout. To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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64 – 29 RFU/min resulting in lower levels of accumulated
Ca2 + (Fig. 2B).

mitoCa2 + accumulation is a dynamic process balanced by
the uptake and release of Ca2 + ions. The major route of
calcium efflux from mitochondria involves exchange of Na +

ions for Ca2 + ions through the mitochondrial Na + /Ca2 +

exchanger (mNCX) (48) suggesting that the slower rate of
mitoCa2 + accumulation by Fus1 KO cells may be associated
with elevated activity of mNCX. To block mNCX, permea-
bilized epithelial cells were preincubated in Na + -free buffer
and then loaded with Ca2 + . The rate of mitoCa2 + accumu-
lation in Na + -depleted media was increased both in WT
(984 – 105.2 RFU/min) and KO cells (402 – 62.3 RFU/min)
(Fig. 2C); however, in Fus1 KO cells, Ca2 + uptake index
(rate in Na-free buffer/rate in Na + buffer) was threefold
higher (Fig. 2D). To confirm Fus1-dependent regulation of
mitoCa2 + transport via mNCX, cells were treated with the
specific mNCX inhibitor, benzothiazepine CGP37157. In
WT cells, a maximal effect of mNCX inhibition was ob-
served at 10 lM of CGP37157 reflected in 20% increase in
mitoCa2 + uptake compared to untreated cells. In Fus1 KO
cells, treatment with 20 lM CGP37157 resulted in the max-
imal mNCX inhibition that led to 60% increase in mitoCa2 +

uptake (Fig. 2E). These data suggest that Fus1 is required for
mitoCa2 + accumulation that may be modulated via mito-
chondrial Na + /Ca2 + exchanger.

Prevalence of mitochondrial fission in Fus1 KO cells

Mitochondrial fission and fusion play critical roles in
maintaining functional mitochondria when cells experience
metabolic or environmental stresses. The balance of these
processes is important for the maintenance of mitochondrial
DNA, mitochondrial respiration, ROS and ATP production,
Ca2 + uptake, cell proliferation, and autophagy (22, 49). We
evaluated changes in mitochondrial morphology of Fus1 WT
and Fus1 KO epithelial cells induced by Ca2 + /IO treatment.
As shown in Figure 2F, at a basal state, WT mitochondria
formed filamentous/granular network while Fus1 KO mito-
chondria are represented by granular structures. Ca2 + over-
load induced mostly fusion in mitochondrial networks of WT
cells with only minor signs of fission, whereas Fus1 KO cells
exhibited profound fission with fragmentation into ring-
shaped mitochondria (Fig. 2F). Thus, mitochondrial fission
prevailed in Fus1 KO cells at a basal level and upon Ca2 +

overload.

Fus1 maintains mitochondrial homeostasis
in immune cells

Calcium as a second messenger is involved in metabolic
coupling. Ca2 + ions stimulate several dehydrogenases of the
Krebs cycle and thus elevate MMP (DlH + ) (24). In turn,
elevated DlH + induces ROS production (41). At the same
time, during injury, alterations in DlH + , mitoCa2 + , and
mitoROS may promote opening of the mPTP, release of
cytochrome c, and cell death (26). We performed a detailed
comparative analysis of major Ca2 + -dependent parameters,
such as mitoCa2 + , cytoCa2 + (measured with fluoro-3 acet-
oxymethyl ester [Fluo-3/AM]), DlH + (measured with JC-1),
mitoROS (measured with MitoSOX), and mPTP permeabil-
ity (calcein) in Fus1 KO and WT splenocytes. We chose
immune cells for this analysis since Fus1 plays a complex and

not yet fully understood role in the immune system (30, 62).
Relative to WT levels, the basal mitoCa2 + level was signif-
icantly higher in Fus1 KO cells, whereas the cytoCa2 + level
was lower (Fig. 3A) suggesting that Fus1 negatively regulates
steady-state Ca2 + handling by mitochondria. Accordingly,
basal levels of Ca2 + -dependent parameters DlH + , mitoROS,
and mPTP permeability were higher in Fus1 KO cells (Fig.
3A). Overall, these results and our earlier findings (62)
characterize Fus1 as a novel factor controlling steady-state
mitochondrial Ca2 + homeostasis.

Fus1 is required for a measured response
to Ca2 + agonist IO in splenocytes

Since Ca2 + transport plays an important role in the lym-
phocyte fate (25, 58, 60), changes in the levels of mitoCa2 + ,
cytoCa2 + , DlH + , nonprotein thiols, including glutathione
(referred to thereafter as GSH, measured with Green CMFDA
[5-chloromethylfluorescein diacetate]), NO (measured with
DAF-FM), and mPTP permeability, were determined in WT
and Fus1 KO splenocytes after IO treatment. Combination of
IO and phorbol ester (e.g., PMA) allows to bypass signals
from T-cell receptors resulting in Ca2 + elevation, T-cell
activation, and production of IL-2, IL-4, IFN-c, etc. (25).

Splenocytes were gradually loaded with increased con-
centrations of Ca2 + or IO and rates of intracellular Ca2 +

accumulation measured in WT and Fus1 KO splenocytes.
Experimental conditions included gradually increased Ca2 +

concentration (10 lM–1 mM) at a constant IO (200 nM) and
gradually increased IO concentration (400–1600 nM) at a
constant Ca2 + (1 mM).

Fold-change in Ca2 + accumulation and other parameters
was calculated as a ratio of fluorescent dye intensities in
Ca2 + /IO-treated cells (F) to control cells treated with Ca2 +

only (Fo). As shown in Figure 3B, alterations in cytoCa2 +

level at IO presence resulted in changes of other mitochon-
drial parameters, such as mitoCa2 + , DlH + , ROS, mPTP
permeability, GSH, and NO.

At 1 mM extracellular Ca2 + concentration, the curves for
cytoCa2 + , mitoCa2 + , and DlH + (Fig. 3B) reached a plateau
indicating that the system reached a saturation point that
could not be changed even by increasing of IO concentration
(up to 1600 nM).

Analysis of transduction of cytoCa2 + into mitoCa2 +

showed that, in general, the accumulation of cytoCa2 + results
in exponential increase in mitoCa2 + , which was consistent
with similar studies on Ca2 + accumulation (13). In WT cells,
any small alterations of cytoCa2 + level resulted in significant
changes in Ca2 + uptake by mitochondria reflected in a steep
curve of mitoCa2 + accumulation (Fig. 3C). Fus1 loss led to a
blunted Ca2 + response and a rightward shift of the mitoCa2 +

accumulation curve suggesting suppression of Ca2 + uptake
and/or elevated Ca2 + efflux by Fus1 KO mitochondria
(Fig. 3C). Observed differences were calculated as EC50

values that were 60% higher for Fus1 KO cells compared to
WT cells (Fig. 3C, bar graph). Calcium has a dual effect on
DlH + : matrix Ca2 + elevates DlH + due to its stimulatory
effect on tricarbonic acid cycle and concomitant increase in
proton pumping, whereas excess of Ca2 + uptake leads to
DlH + depolarization because of energy dissipation (13).
Figure 3C depicts logistic curves describing the transmission
of mitoCa2 + level into DlH + changes. Fus1 loss results in a
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leftward shift of DlH + curve reflecting more effective (2.6-
fold) transduction of mitoCa2 + level into DlH + at all used
concentrations of Ca2 + and IO (Fig. 3C, left panel). Con-
sidering that upon increasing of Ca2 + load the rate of mito-
Ca2 + uptake in Fus1 KO cells is lower than in WT cells
(Fig. 3C, bar graph), we suggest that the decreased mitoCa2 +

uptake may prevent depolarizing effect of Ca2 + on DlH + in
Fus1 KO cells.

Mitochondria are a dominant cellular source of ROS under
normal conditions. ROS production is determined by the
DlH + magnitude and is increased nonlinearly with DlH +

elevation (6). Indeed, production of ROS in WT and Fus1 KO
splenocytes was increased upon treatment with Ca2 + /IO in
accordance with DlH + changes (Fig. 3C). However, in Fus1
KO cells, transformation of DlH + into ROS production was
less efficient despite higher efficiency of transduction of
mitoCa2 + into DlH + (Fig. 3C).

mPTP opening triggered by the elevated Ca2 + in the mi-
tochondrial matrix increases mitochondrial membrane per-
meability and causes DlH + de-polarization, decrease in
ATP, and increase in ROS productions. The fate of the cell

after an insult depends on the extent of mPTP opening. If
mPTP opens slightly, the cell may recover, whereas if it
opens further, the cell may undergo apoptosis or necrosis
dependent on the degree of opening (26). We showed that
Ca2 + -induced mPTP permeability was lower in Fus1 KO
cells compared to Fus1 WT cells (Fig. 3C), suggesting that
the Fus1 activity is involved in proper and timely mPTP
opening under conditions resulting in Ca2 + overload.

GSH plays a central role in the removal of hydrogen peroxide
produced by the respiratory chain and have the highest impact
on the mitochondria redox status (68). GSH levels control
mPTP permeability, DlH + , NO production, and a release of
calcium to the cytosol (3, 68). In our Ca2 + -loading experiments,
GSH changes were reflected in a three-phase curve: (i) mod-
erate drop at low Ca2 + concentrations (0–400 lM); (ii) mod-
erate elevation induced by higher Ca2 + concentrations
(800 lM), and (iii) dramatic drop at the highest Ca2 + concen-
tration (1 mM) (Fig. 3B). Despite the fact that Ca2 + -induced
increase in the GSH level occurs earlier in Fus1 WT cells
(Phase 1), the overall GSH levels at Ca2 + -overloaded condi-
tions (Phases 2 and 3) were higher in Fus1 KO cells (Fig. 3B).

FIG. 3. Fus1 is required for the maintenance of basal mitochondrial homeostasis and for mitochondrial response to
Ca21 overload in immune cells. (A) Fus1-dependent changes in basal mitochondrial parameters coupled with Ca2 +

dynamics measured in splenocytes isolated from Fus1 WT and Fus1 KO mice (n = 5). Results are expressed as fold changes
relative to WT cells. (B) Dynamics of changes in major mitochondrial parameters upon increasing of calcium load in
splenocytes of WT and Fus1 KO mice (n = 5–6/group). Results are presented as fold changes in relative fluorescence (RF)
values compared to control cells normalized to 1.0. (C) Analysis of the efficiency of transduction of coupled mitochondrial
parameters in WT and KO splenocytes under conditions of increasing calcium load. Correlation values were calculated as
IC50 and presented as mean – SE. IC50 was calculated in accordance with general rules applied for determination in values
of effectiveness of parameters transformation restored from a series of dose–response data as described elsewhere (45). Data
represent mean – SE; p-values are designated as *, < 0.05; **, < 0.01; ***, < 0.001. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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NO is a signaling molecule produced in a Ca2 + -dependent
manner by NO synthases (NOS), including mitochondrial
NOS (15). Elevated levels of NO inhibit mitochondrial Ca2 +

uptake thus forming a negative feedback loop (59). We found
that Ca2 + elevation results in changes in the NO production
reflected in a three-phase curve similar to GSH alterations
(Fig. 3B). Like GSH, overall synthesis of NO was elevated in
Fus1 KO splenocytes (Fig. 3B).

Altogether, these data demonstrated that the Fus1 activity
is required for mitoCa2 + uptake and for mitochondrial ac-
tivities coupled with Ca2 + (DlH + alteration, ROS and NO
production, mPTP opening, and GSH redox status).

Fus1 is required for coordinated and balanced
changes of mitochondrial parameters
during CD3/CD28 activation of CD4 + T lymphocytes

The signaling network that mediates the activation of
T lymphocytes is tightly linked with the dynamic alterations
in the levels of cytoCa2 + , mitoCa2 + , DlH + , ROS, and mPTP
activity (20, 52). Given that Fus1 was required for normal
mitochondrial response to Ca2 + and that Fus1 KO mice have
immune abnormalities, the role of Fus1 in early mitochon-
drial changes upon T-lymphocyte activation was explored.
CD3/CD28 activation of WT T cells resulted in minor de-
viations of cytoCa2 + from its basal level at 0.5, 1, 3, and 4 h
of stimulation (0.98 – 0.02, 1.08 – 0.03, 0.96 – 0.01 and
0.95 – 0.03-fold changes, respectively) (Fig. 4). In contrast, a
steady accumulation of cytoCa2 + was observed in Fus1 KO T
lymphocytes at 0.5 h (1.01 – 0.02), 1 h (1.14 – 0.03), 3 h
(1.28 – 0.09), and 4 h (1.39 – 0.09) after CD3/CD28 stimu-
lation (Fig. 4). Parallel measurement of mitoCa2 + levels
showed that mitochondria of WT T cells steadily accumu-

lated Ca2 + during 4 h: 1.21 – 0.01-fold change at 0.5 h,
1.65 – 0.03-fold at 1 h, 2.30 – 0.07-fold at 3 h, and 2.6 – 0.2 at
4 h of stimulation (Fig. 4). In contrast, an initial rise of mito-
Ca2 + (1.33 – 0.01-fold) was observed in Fus1 KO T cells 0.5 h
after stimulation, it plateaued between 1 and 3 h (1.57 – 0.02-
fold; 1.66 – 0.08-fold) before decreasing at 4 h (1.40 – 0.04-
fold) after stimulation (Fig. 4). Thus, CD3/CD28 activation of
Fus1 KO CD4 + T cells led to a slower rate and shorter duration
of mitoCa2 + accumulation. These results corroborate the re-
sults from Fus1 KO splenocytes after Ca2 + overload (Fig. 3C)
or stimulation with IO (Fig. 3B) and suggest that Fus1 KO T
cells’ mitochondria are characterized by impaired Ca2 + uptake
resulting in cytosolic accumulation of Ca2 + .

The DlH + and mitoROS changes at 0.5 and 1 h of T-cell
activation were similar in Fus1 WT and Fus1 KO T cells.
However, stimulation of Fus1 KO T cells for 3 and 4 h re-
sulted in significantly lower magnitude of DlH + and mi-
toROS compared to WT T cells (Fig. 4).

The dynamics of activation-induced mPTP changes was
drastically different between WT and Fus1 KO CD4 + T cells
at all analyzed time points. In WT T cells, activation resulted
in a gradual closing of mPTP between 0 and 4 h (Fig. 4). In
Fus1 KO T cells, after initial pronounced closing of mPTP
between 30 and 60 min, mPTP converted to an open state
between 2 and 4 h post-activation (Fig. 4). At 24 h post-
activation, CD4 + T cells of both genotypes demonstrated an
open mPTP state (data not shown).

Analysis of GSH levels at 4 h post-activation, which
represents a peak time point for a CD3/CD28-induced Ca2 +

uptake, showed no GSH changes in WT T cells, but a sig-
nificant GSH decrease in Fus1 KO cells (Fig. 4, bar graph). At
the same time, no differences in NO production were noted
between Fus1 WT and Fus1 KO T cells (Fig. 4, bar graph).

FIG. 4. Dynamic changes
in Ca21-coupled mitochon-
drial activities induced by
CD3/CD28 stimulation of
CD41 T cells from Fus1
WT and Fus1 KO mice (n5
5–6/group). Results are pre-
sented as fold changes in RF
values compared to control
cells normalized to 1.0. Data
represent mean – SE; p-values
are designated as *, < 0.05;
**, < 0.01. To see this illus-
tration in color, the reader is
referred to the web version of
this article at www.liebertpub
.com/ars
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Thus, alterations in GSH content may represent one of the
Fus1-dependent factors affecting the activity of T cells. Ta-
ken together, our data strongly suggest that Fus1 is involved
in the regulation of mitoCa2 + uptake capacity and alterations
of Ca2 + -dependent mitochondrial parameters (DlH + , ROS
production, mPTP opening, and GSH oxidation–reduction)
during early stages of CD4 + T-cell activation.

Fus1 regulates expression of surface molecules
in CD4 + T cells

Previously, we reported that Fus1-deficient mice develop
autoimmune syndrome resembling systemic lupus erythe-
matosus (SLE) (30). SLE is characterized by a specific
pattern of cellular and molecular Ca2 + -dependent changes in
T cells, including increased endocytic recycling of CD4
molecule (20) and increased expression of immunoregulatory
molecules, such as PD-1, PD-L1, CTLA-4, and BTLA. (34).
PD-1 and PD-L1 are transcriptional targets of the NF-jB
complex (35, 37), whose activity is strictly dependent on the
communication between mitochondria and nucleus mediated
by ROS and Ca2 + oscillations (17, 33). Here, we compared
basal surface levels of CD4 on CD4 + T cells and found that
Fus1 KO T cells have a slight but significantly lower basal
CD4 level (Fig. 5A). CD3/CD28 activation profoundly

decreased surface CD4 expression on Fus1 KO T cells after
24 h of stimulation while no changes were observed in Fus1
WT T cells at this time. Only 48 h of activation produced a
similar level of CD4 decrease in both Fus1 KO and WT cells
(Fig. 5A, bar graph). Thus, the dynamics of the surface CD4
expression is dependent on Fus1 activities.

Comparison of the basal level of PD-1 and its ligand PD-
L1 in T cells showed no difference between genotypes (data
not shown); however, upon CD3/CD28 stimulation, upre-
gulation of PD-1 and PD-L1 was significantly attenuated in
Fus1 KO T cells (Fig. 5B) suggesting that poor immuno-
suppressive mechanisms in Fus1 KO animals may contribute
to their autoimmune phenotype (30).

Fus1 regulates CD4 + T-cell effector functions

Accumulation of mitoCa2 + triggers T-cell processes in-
cluding Th differentiation (60), proliferation (47, 63), and
apoptosis (20). To determine if Fus1 regulates T-cell differ-
entiation, CD4 + T cells were stimulated with CD3/CD28 for
36 h followed by the assessment of IFNc and IL-4, the hall-
mark cytokines of Th1 and Th2 cells, respectively. Absence
of Fus1 significantly increased Th1 differentiation (stimula-
tion index or IFNc-fold increase, WT vs. KO: 26.2 vs. 45.7-
fold, p < 0.05) (Fig. 5D). Concomitantly, the stimulation

FIG. 5. Fus1 modulates Ca21 mobilization-dependent processes during CD41 T- cell activation. (A, B) Effect of
Fus1 loss on the dynamic changes in surface levels of CD4 and (B) PD-1/PD-L1 molecules during CD3/CD28 stimulation of
WT and Fus1 KO CD4 + T lymphocytes. (C–E) Fus1-dependent changes in the effector functions of activated CD4 + T cells,
such as Th differentiation, which was defined based on preferential expression of IFNc (Th1 cell marker) or IL-4 (Th2 cell
marker) (C), proliferation (D), and apoptosis (E). Data represent mean – SE; p-values are designated as *, < 0.05; **, < 0.01;
***, < 0.001. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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index for IL-4 production was lower in Fus1 KO CD4 + T cells
although the difference did not reach statistical significance
(WT vs. KO: 2.55 vs. 1.72, p = 0.1) (Fig. 5D). These data
suggest that Fus1 inhibits Th1 differentiation following CD3/
CD28 stimulation and thus affects the Th1/Th2 cytokine axis.
To assess the proliferative capacity of CD4 + T cells under
conditions simulating a strong antigen signal, purified T cells
were labeled with CFSE and stimulated with CD3/CD28 an-
tibodies. As shown in Figure 5D, Fus1 WT CD4 + T cells had
little to no proliferative response to the stimulation at day 1
with a marked increase in the proliferation rate at day 2 and
robust proliferation at day 3 post-activation. In contrast, pro-
liferation of Fus1 KO CD4 + T cells was detectable at day 1
and remained higher throughout the experimental time course
of stimulation (Fig. 5E). These results indicate that Fus1
suppresses proliferative capacity of CD4 + T cells following
short-term (1 day) and extended stimulation.

Data presented here support Fus1 as a regulator of mito-
Ca2 + uptake, DlH + , ROS production, and mPTP perme-
ability after IO and CD3/CD28 stimulation. In addition, Fus1
loss results in an autoimmune-like syndrome and regulated
Th proliferation after stimulation. To determine if Fus1 also
alters primary Th-cell apoptosis, T cells were activated with
PMA/IO or CD3/CD28 and apoptosis was measured by an-
nexin and PI staining after 9 h (9) and 24–48 h of stimulation
(42), correspondingly. We were not able to detect Fus1-
dependent differences in PMA + IO (Fig. 5E) or CD3/CD28-
induced (Fig. 5E) apoptosis in CD4 + T cells, suggesting that
Fus1 activities may not be involved in T-cell apoptosis under
analyzed stimulatory conditions; however, additional exper-
iments are required to make a definitive conclusion on the
role of Fus1 in T-cell apoptosis.

Fus1 KO T cells overexpress NF-kB/NFAT- and Ca2 + -
binding proteins and Ca2 + -regulated genes at a steady
state

To understand the mechanisms through which Fus1 defi-
ciency affects diverse molecular pathways in T cells, tran-
scriptional profiles of isolated WT and Fus1 KO CD4 + T
cells were compared. Basal expression of 222 GO-annotated
genes was at least 1.5-fold higher in Fus1 KO than in WT T
cells. Enrichment of canonical pathways and processes af-
fected by Fus1 loss were identified using Genecodis and
GSEA analyses (http://genecodis.cnb.csic.es/analysis and
www.broadinstitute.org/gsea). Promoters of genes sup-
pressed by Fus1 (upregulated in Fus1 KO T cells) were highly
enriched in binding sites for Ca2 + -regulated transcription
factors (TFs) NFAT, NF-jB, and C/EBP as well as for TF
binding sites that synergistically cooperate with NFAT
(MAF, IRF, and OCT1) (28) (Fig 6A). Activation of these
TFs depends on Ca2 + levels and oscillations (17), consistent
with a role of Fus1 as a regulator of subcellular Ca2 + pools.
Further support of Fus1 in Ca2 + -dependent signaling
was provided by the upregulation of a large set of Ca2 +

-associated genes in Fus1 KO T cells (Fig. 6B). Of interest,
Retnlg (resistin), a proinflammatory cytokine, which induces
a rapid increase in intracellular Ca2 + concentration and NF-
jB activation (5), was increased approximately threefold in
Fus1 KO cells. Other highly expressed genes in the absence
of Fus1 were the Ca2 + binding and EF-hand domain-con-
taining proteins, S100a8 and S100a9, which function mainly

as a S100A8/A9 heterotetramer. S100A8/A9 expression is a
hallmark of inflammatory conditions, such as rheumatoid
arthritis, inflammatory bowel disease, and multiple sclerosis.
(54). As both proteins are also known to induce multiple
endopeptidases (64), increased expression of Mmp8, Mmp9,
Adam4, Adam8, and Adam19 observed in CD4 + Fus1 KO
cells provided additional support for S100a8/S100a9 acti-
vation. Among the top 20 genes whose expression was in-
hibited by Fus1 was Triadin (Trdn, six probes), a protein of
the Ca2 + release complex that modulates Ca2 + homeostasis
(55); two members of Ca2 + -dependent C-type lectin family,
Clec4d and Clec4n, and Lipocalin 2, a neutrophil Ca2 +

-induced gene (36) (Fig. 6B). The complete list of Fus1
targets upregulated in Fus1 KO T cells is shown in Supple-
mentary Table S1 (Supplementary Data are available online
at www.liebertpub.com/ars). Interestingly, no significant
enrichment of TF sites in the promoters of the genes down-
regulated in Fus1 KO cells could be found; however, there
was a strong enrichment for genes encoding mitochondrial
proteins involved in oxidation–reduction and in electron
transport ( p = 0.0006 and p = 0.0008, respectively), including
NDUF proteins (Fig. 6C), supporting the idea of mitochon-
drial dysfunction in Fus1-deficient cells.

Fus1 deficiency in CD4 + T cells inhibits the activation
of CD3/CD28-dependent genes

Given that calcium uptake by mitochondria plays a crucial
role during T-cell activation (52), effects of Fus1 loss on gene
expression in stimulated CD4 + T cells were examined.
Comparison of stimulated to unstimulated WT T cells re-
vealed upregulation of a number of well-characterized genes
(e.g., IRF4, IL2, TNFa) that served as positive internal con-
trols of CD3/CD28-induced activation. Of the genes upre-
gulated in stimulated WT cells, 119 genes that were
increased ‡ 1.5-fold were considered to be induced by CD3/
CD28 T-cell activation (Supplementary Table S2). Activa-
tion indices for these genes (activated level/basal level) were
significantly higher in WT cells than in KO cells (Fig. 6D, left
panel). Remarkably, 39% of genes upregulated in WT cells
failed to be activated at all in Fus1 KO T cells (Fig. 6D and
Supplementary Table S2). Comparison of the absolute ex-
pression levels of these genes at basal and activated states
revealed that despite the higher basal expression of these
genes in Fus1 KO T cells (Fig. 6D), the level of these genes
after activation was generally lower in Fus1 KO cells than in
WT cells. These results suggest that loss of Fus1 in T cells
impairs proper upregulation of genes involved in response to
activation.

Discussion

We previously reported that Fus1 links inflammatory re-
sponse and mitochondrial homeostasis affecting DlH + ,
ROS, and cytokine production by activated T cells (62);
however, the molecular function(s) of Fus1 in mitochondria
remained unknown. Based on pairwise alignment and context
analysis combined with a Fus1 N-terminal myristoylation site
identified earlier (61), we explored the hypothesis that Fus1 is
a Ca2 + /myristoyl switch protein. The members of this family
change conformation and membrane attachment depending
on Ca2 + level (1, 57, 69), thus helping to localize proteins to
distinct signaling compartments and coordinate regulation of
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Ca2 + signaling cascades. Our hypothetical scheme of Fus1
Ca2 + -dependent conformations based on its domain structure
is depicted in Figure 7A.

Here, Fus1 was shown to be involved in mitochondrial
Ca2 + handling, as well as Ca2 + -dependent processes and
pathways (Fig. 7B). Studies presented here contribute to a
better understanding of Fus1 activities with mechanistic in-
sight. A number of conclusions have emerged from this
study. First, Fus1 regulates subcellular Ca2 + pools via mi-
tochondrial Ca2 + handling linked to the activity of the Na + /
Ca2 + exchanger (mNCX). Second, Fus1 controls metabolic
coupling of mitochondrial parameters and efficiency of their
sequential transduction via the regulation of mitoCa2 + han-
dling. Third, Fus1 activities at basal and Ca2 + -overload
conditions are coupled with mitochondrial dynamics (fission/
fusion). Fourth, in agreement with the crucial role of calcium
signals in the regulation of multiple lymphocyte functions (2,

47, 52, 63), Fus1 is required for coordinated and balanced
changes in mitochondrial parameters in T cells, regulation of
surface markers, T-cell proliferation, and Th1/Th2 differen-
tiation during the activation of CD4 + T cells. Fifth, in CD4 +

T cells, Fus1 plays a major role in the proper and timely
activation of NF-jB- and NFAT-dependent pathways regu-
lated via intracellular Ca2 + oscillations (17). Each of these
points as well as our model of coupling of Ca2 + -dependent
mitochondrial processes in Fus1 WT and Fus1 KO mito-
chondria are discussed below.

The maintenance of Ca2 + homeostasis in cells involves
Ca2 + uptake by mitochondria regulated by the mitochondrial
calcium uniporter (MCU) and Ca2 + efflux regulated via
NCX. In this study, we identified Fus1 as a novel regulator of
mitoCa2 + handling at both steady-state and Ca2 + overload
conditions. Our data suggest that Fus1 modulates mitoCa2 + ,
at least, in part, via the regulation of NCX that exports one

FIG. 6. Fus1-dependent expression changes observed in CD41 T cells suggest dysregulation of the Ca21-dependent
NF-jB and NFAT-pathways at basal and activated conditions and mitochondrial dysfunction in Fus1 KO lym-
phocytes. (A) Enrichment with consensus sites for Ca2 + -regulated TFs (NFAT [blue], NF-jB [red], and CEBP [violet]) and
TFs that synergistically cooperate with NFAT (green) in the promoters of genes upregulated at basal levels ( · 1.5-fold and
higher) in Fus1 KO lymphocytes (B). The list of top 30 genes overexpressed in unstimulated Fus1 KO T cells is enriched
with genes that encode Ca2 + -binding and Ca2 + -regulated proteins (red bars). Overexpression is shown as fold change over
WT expression (1.0) that is marked with dotted black line. (C) Fus1 KO T cells show global underexpression of mito-
chondrial proteins including a large cluster of genes that encode enzymes involved in oxidative phosphorylation (NDUF
family; symbols of individual NDUF proteins are shown under X axis). Relative WT level (1.0) is marked with the dotted
red line (D). CD3/CD28-stimulated Fus1 KO T cells demonstrate global underexpression of activation response genes
compared to WT cells. Bottom bar graph shows relative expression of 73 genes in Fus1 KO cells that were found activated
at highest levels in WT cells. Relative WT level (WT = 1.0) is marked with the dotted red line. Upper bar graph shows
global overexpression of the same set of genes in Fus1 KO T cells at basal conditions. Activation indices for these genes in
WT and Fus1 KO T cells are presented as a color-coded diagram where highest values are shown in red and lowest values in
green. For the entire list of genes, see Supplementary Table S2. To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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Ca2 + ion for every three imported Na + ions (11, 27, 39).
Since NCX inhibition resulted in mitoCa2 + accumulation in
Fus1 KO cells, NCX inhibitors could be considered thera-
peutics for treating diseases associated with Fus1 deficiency,
such as cancer and autoimmunity (30).

Disrupted mitochondrial dynamics results in major cel-
lular dysfunction that precipitates in various diseases (12,
16). Our data (Fig. 2F) suggest that Fus1 activity maintains
mitochondrial fusion, which may stem from the Fus1 effect
on mitoCa2 + handling. Mitochondrial fission/fusion cycles
are balanced by a master regulator of mitochondrial bio-
genesis PGC-1a that is itself regulated via Ca2 + (65). Al-
ternatively, the observed Fus1 effect on mitochondrial
dynamics may come from the regulation of Ca2 +

-dependent CaMK1a and calcineurin involved in the
phosphorylation/dephosphorylation of DRP1, the main
regulator of mitochondrial fragmentation (10). Further
work is required to identify the important details of Fus1
involvement in this process.

Ca2 + influx is crucial for T-cell activation and differenti-
ation (20, 21, 46). Using two models of lymphocyte activa-
tion, we showed that loss of Fus1 in immune cells
consistently resulted in reduced mitoCa2 + uptake and coor-
dinate increase of Ca2 + in the cytosol (Figs. 3B, C and 4A,
B). Changes in subcellular Ca2 + pools in Fus1 KO cells were
accompanied by altered dynamics of mitochondrial param-
eters (DlH + , mitoROS, mPTP permeability, NO synthesis,
and GSH level), dependent on the nature of stimuli and/or
duration of stimulation (Figs. 3D–H and 4C–G). These ob-
servations suggest that Fus1 is involved in fine-tuning of
mitochondrial activities during T-cell activation.

Analysis of the efficiency of transduction of coupled mi-
tochondrial parameters is a yet another way to assess the
nature of Fus1-dependent pathological mitochondrial chan-
ges in immune cells. Thus, transduction of MMP into ROS in
Fus1 KO cells was less efficient despite higher efficiency
of transduction of mitoCa2 + into MMP in these cells (Fig.
3C). We explain it by compromised antioxidative cellular

FIG. 7. Hypothetical schemes of Fus1 protein Ca21-dependent conformation changes and Ca21 uptake-coupled
mitochondrial events that are regulated by Fus1 activities. (A) Schematic diagram of proposed calcium-myristoyl switch
in Fus1. The binding of one Ca2 + ion promotes the release of the myristoyl group from the myristoyl-binding hydrophobic
pocket and anchoring of the protein in membrane structures. (B) The list of the Ca2 + -dependent processes in activated T
cells affected by Fus1 loss. (C) Schematic representation of interactions and transitions between different mitochondrial
processes and their regulation by cytosolic Ca2 + elevation in WT and Fus1 KO immune cells. Parameters shown in bold
were tested in our study. Processes affected in Fus1 KO cells are shown with red arrows. For detailed description of the
presented model, see Supplementary Data. To see this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/ars
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mechanisms, such as NADH, NADPH, or GSH oxidation/
reduction. The use of the same source (NADH) for the gen-
eration of MMP and reduction of GSH leads to a shift in
MMP if reduction equivalents are redirected toward GSH
synthesis (3). At the same time, reduction in mitoCa2 + uptake
would decrease Ca2 + -dependent ROS generation, shift GSH
oxidation, and maintain MMP elevation. Indeed, we showed
that reduced mitoCa2 + uptake in Ca2 + /IO-treated Fus1 KO
cells correlated with higher levels of GSH synthesis (Fig.
3C). Unbalanced Ca2 + -dependent ROS production and GSH
synthesis is the most likely reason why transformation of
MMP/ROS in Fus1 KO splenocytes is distorted. The hy-
pothetical scheme of Fus1-dependent changes in coupled
mitochondrial parameters is shown in Figure 7C.

In this study, we demonstrate that Ca2 + -dependent pro-
cesses are also altered in Fus1 KO T cells. We found that Fus1
KO CD4 + T cells have (i) a reduced basal level of the surface
CD4 expression and (ii) accelerated decrease of CD4 ex-
pression following CD3/CD28 activation (Fig. 5A) that is
known to be dependent on protein kinase C and NF-jB ac-
tivities (53). We previously reported that Fus1 KO mice de-
velop autoimmune syndrome resembling SLE (30). SLE is
characterized by a specific pattern of changes in T cells in-
cluding increased endocytic recycling of CD4 molecules
through the NO/mTOR axis (20). We found earlier that
CD3 + CD4 - CD8 - (double negative) T cells selectively ac-
cumulated in inflammatory milieu of Fus1 KO mice are
concomitant with the decrease in CD4 + cell number (62).
Combined, these data suggest that Fus1 is required for the
maintenance of CD4 levels on unstimulated T cells, thus
attenuating CD4 loss from the cell surface upon T-cell
stimulation.

The PD-1/PD-L1 regulatory axis plays a central role in the
suppression of autoimmune response (34). Both PD-1 and
PD-L1 are transcriptional targets of NF-jB (35, 37), whose
activity is strictly dependent on mitochondria-mediated ROS
production (29) and Ca2 + oscillations (17). We showed here
that Fus1 loss attenuates the upregulation of these molecules
in activated T cells (Fig. 5B, C). Since PD-1 and PD-L1 are
major players in the autoimmune defense, we speculate that
their altered expression may precipitate the autoimmune
phenotype of Fus1 KO mice (30).

It is now commonly accepted that mitochondria regulate
cell cycle progression and proliferation of lymphocytes and
other cell types via ROS production, Ca2 + uptake, and
changes in Ca2 + -dependent parameters (i.e., MMP de- or
hyperpolarization) (47, 63). Our data linking Fus1 with in-
tracellular Ca2 + regulation led us to determine if Fus1
was required for proper regulation of T cells proliferation.
Indeed, Fus1 loss robustly stimulated proliferation of CD4 +

T cells upon activation (Fig. 5E), thus establishing depen-
dence of one of the crucial T-cell effector functions on the
Fus1 activity.

One of our most intriguing observations is a significant
CD3/CD28-induced Th1 shift in Fus1 KO CD4 + T cells (Fig.
5C). The relative proportion of generated Th1 versus Th2
cells plays a critical role in determining the outcome of the
host immune response to an infection. Identification of the
various factors involved in regulating this balance remains an
active area of investigation (56). There is currently only
limited data linking mitochondrial activity and cell polari-
zation. The mitochondrial PRELI protein inhibits Th2 dif-

ferentiation (56), and lower MCU activity is linked to a lower
activation of Th2 cells compared to Th1 cells upon identical
stimulation (60). Although these data support a role for mi-
tochondria in Th-cell polarization, important details of this
regulation have been elusive. Data presented here are con-
sistent with augmented Th1 differentiation in the absence of
Fus1 resulting from impaired mitoCa2 + uptake during early
activation steps. Murine Th1 and Th2 lymphocytes differ in
the dynamics of Ca2 + response since Th2 cells have more
efficient mechanisms of cytoCa2 + clearance (18). We
showed that cytoCa2 + level was higher in Fus1 KO CD4 + T
cells correlating with the slower mitoCa2 + uptake during first
4 h of activation (Fig. 4). Further experiments will be needed
to determine if reduced clearance of cytoCa2 + in the absence
of Fus1 stimulates Th1 differentiation at the expense of Th2.

To better understand how decreased Fus1 expression
globally alters a variety of immune responses, we have ex-
plored molecular pathways dependent on Fus1. It was shown
that mitoCa2 + uptake and release regulate the frequency of
spontaneous and induced cytoCa2 + oscillations, which, in
turn, determine the transcriptional activity of NF-jB and
NFAT, two main TFs that regulate T-cell activation (17).
Since NF-jB is a redox-sensitive TF (29) and ROS produc-
tion is regulated by mitoCa2 + uptake (19), changes in mito-
Ca2 + shift the redox balance, which will further alter NF-jB
transcriptional activity. Indeed, comparison of expression
profiles of Fus1 WT and Fus1 KO CD4 + T cells revealed
enrichment with consensus sites for binding of NF-jB,
NFAT, and other calcium-regulated TFs in the promoters of
genes upregulated in Fus1 KO cells at the basal level. Also,
higher basal expression of Ca2 + -binding and Ca2 + -regulated
proteins in Fus1 KO CD4 + T cells compared to WT cells
(Supplementary Table S1) is consistent with higher cytoCa2 +

levels in Fus1 KO T cells. Remarkably, stimulated Fus1 KO
CD4 + T cells showed compromised activation of the NF-jB
and NFAT pathways in agreement with the slower dynamics
and lower amplitudes of CD3/CD28-induced mitochondrial
changes (ROS, MMP, and mPTP) that we observed in these
cells (Fig. 4C–E). These changes may have resulted in in-
sufficient and (or) distorted activation of the NF-jB and
NFAT proteins and aberrant expression of their targets.

Thus, correction of mitoCa2 + uptake in Fus1-deficient
tissues may significantly improve a variety of biological
Ca2 + -dependent processes. These data create a basis for
designing therapeutic approaches for the treatment of Fus1-
deficiency-based diseases, such as autoimmunity, cancer, and
inflammation.

Materials and Methods

Flow cytometric analysis of cytoCa2 + ,
mitoCa2 + , MMP, mitoROS, and mPTP

Cytoplasmic calcium levels were measured by loading the
cells with 1 lM Fluo-3/AM (excitation, 506 nm; emission,
526 nm; recorded in FL-1; Molecular Probes). Mitochondrial
calcium level was estimated by loading the cells with 4 lM
Rhod2/AM, which is compartmentalized into the mitochon-
dria (46). Production of mitochondrial ROS (superoxide an-
ion) was assessed fluorometrically using oxidation-sensitive
fluorescent probes MitoSOX (Molecular Probes) as
described elsewhere (43). Dwm was quantitated using a
potential-dependent J-aggregate-forming lipophilic cation

FUS1 IS A NOVEL REGULATOR OF MITOCA
21 HANDLING 1543



JC-1, 5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢-tetraethylbenzimidazo-
locarbocyanine iodide (Molecular Probes). JC-1 selectively
incorporates into mitochondria, where it forms monomers
(fluorescence in green, 527 nm) or aggregates, at high
transmembrane potentials (fluorescence in red, 590 nm) (46).
Cells were incubated with 0.5 lM JC-1 for 15–45 min at 37�C
before flow cytometry. Co-treatment with a protonophore,
5 lM carbonyl cyanide m-chlorophenylhydrazone (Mole-
cular Probes), for 15 min at 37�C resulted in decreased JC-1
fluorescence and served as a positive control for the disrup-
tion ofDwm (46). mPTP permeability was monitored through
a release of fluorescent calcein from mitochondria via mPTP.
The fluorescence from cytosolic calcein was quenched by the
addition of CoCl2, whereas the fluorescence from the mito-
chondrial calcein was maintained. Production of NO was
estimated with dye 4-amino-5-methylamino-2¢,7¢-difluoro-
fluorescein diacetate (DAF-FM; Molecular Probes). Inside
the cell, DAF-FM is deacetylated and retained in the cell.
Nonfluorescent DAF-FM after reaction with NO forms
fluorescent benzotriazole. For NO level estimation, cells
were incubated with 1–5 lM DAF-FM for 1 h at 37�C. Ex-
citation and emission maximum of DAF-FM are 495 and
515 nm, respectively (45). Oxidation of intracellular non-
protein thiols (primarily GSH) was measured using the Cell
Tracker Green CMFDA probe, which has a chloromethyl
group that, when reacting with thiols, gets converted into a
fluorescent adduct. For GSH measurement, cells were incu-
bated with 1 lM CMDFA for 30–60 min at 37�C. Excitation
and emission maximum of CMDFA are 492 and 517 nm,
respectively (23).

Antibodies and reagents

Conjugated mouse monoclonal antibodies, CD4-FITC,
CD4-PE, IFNgamma-PE, IL-4-FITC, PD-1-FITC, and
PD-L1-PE (Biolegend), were used for FACS. Mouse CD4 +

T-cell isolation kit II was purchased from Miltenyi Biotec.
Probes for the measurement of cytosolic (Fluo-3) and mito-
chondrial Ca2 + (Rhod-2) were purchased from AnaSpec Inc.
Probes for other mitochondrial parameters, such as mem-
brane potential ( JC-1), reactive oxygen species (MitoSOX),
permeability transition pore assay, and mitochondrial mor-
phology (MitoTracker Red), were all from Molecular Probes
(Invitrogen). CGP37157, inhibitor of mitochondrial NCX,
was obtained from Sigma. Calcium Green-5N for the mea-
surement of Ca2 + uptake by mitochondria in digitonin-
permeabilized cells was purchased from Molecular Probes
(Invitrogen).

Cell culture

Mouse immortalized kidney epithelial cells were main-
tained in DMEM/10% FBS medium with 100 lg/ml Anti-
Anti mixture (all from Gibco, Inc.) at 37�C and 5% CO2.

Splenocyte isolation, CD4 + T-cell purification
and activation

CD4 + cells were purified from the whole splenocyte
fraction using CD4 + isolation kit II (Miltenyi Biotec). CD4 +

cells were activated, unless otherwise indicated, with plate-
bound a-CD3 (1.0 lg/ml) and soluble a-CD28 (1.0 lg/ml;
both from Biolegend) and cultured at a density of *1 · 106

cells/ml in 24-well plates in RPMI-1640 medium supple-
mented with Anti-Anti mixture and 10% FBS.

Mitochondrial morphology imaging

Epithelial cells at *70%–80% confluency were treated
with Ca2 + and Ca2 + /ionomysin for 15 mins and with Mito-
tracker Red. Cells were then washed and fixed in 3.7%
formaldehyde for 15 mins in the dark, permeabilized, and
mounted with DAPI-containing mounting media. Zeiss LSM
510 META Upright Confocal Microscope was used for an-
alyzing mitochondrial morphology and making images.

Measurement of mitochondrial Ca2 + uptake capacity
of digitonin-permeabilized cells

Extramitochondrial free Ca2 + was monitored in the pres-
ence of digitonin-permeabilized cells as described in (44, 50).
Briefly, cells (2 · 106 cells/ml) were resuspended in KCl me-
dium (125 mM KCl, 2 mM K2HPO4, 1 mM MgCl2, 20 mM
Hepes, pH 7.0) containing 5 mM glutamate, 5 mM malate, and
5 mM succinate as oxidable substrates and 0.5 lM Ca2 +

green-5N. The plasma membranes were then selectively
permeabilized with digitonin (0.01%wt/vol final). Fluo-
rescence (Ex506/Em531 nm) was monitored at room
temperature using a SynergyMX (BioTek) fluorescence
spectrophotometer. The involvement of mNCX in the
Ca2 + homeostasis was measured by the replacement of Na-
containing buffer with Na-free buffer or by the addition of
benzodiazepine CGP37157 (10–20 lM), a blocker of
mNCX, to challenged cells.

Flow cytometric analysis of cytoCa2 + , mitoCa2 + , MMP,
mitoROS, mPTP, NO, and GSH was performed as described
in detail in Supplementary Data.

CD4 + T-cell proliferation assay

Proliferation of CD4 + T cells was measured by flow cy-
tometry after a CFSE dilution assay as described elsewhere
(38). Splenocytes were stained with CFSE (1 lM), stimulated
with CD3/CD28 (1 lg/ml of each) or left unstimulated,
harvested after 1, 2, and 3 days, stained for a surface CD4
expression with anti-mouse CD4 antibodies labeled with
PerCP-Cy5.5 (Biolegend), and acquired on FACS Calibur
flow cytometer (Beckman Coulter).

Intracellular cytokine staining

Cytokine staining and analysis was performed as described
elsewhere (56). The antibodies used were anti-mouse IFNc-
FITC (1/100 ll permeabilization buffer) and a-IL4-PE (1/
100 ll permeabilization buffer) (Biolegend).

Apoptosis T-cell assays

Apoptosis was monitored by flow cytometry after con-
current staining with FITC-conjugated Annexin V (Annexin
V-FITC; R&D Systems) (FL-1) and 7-AAD (FL-3) as de-
scribed elsewhere (46). Apoptosis rates were expressed as a
shift in Annexin V binding in PI-negative cells.

CD4 + T cells RNA isolation and microarray analysis

RNA from unstimulated and stimulated for 12 h with CD3/
CD28 antibodies CD4 + T cells collected from five animals
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per group was isolated with the RNAeasy mini RNA isolation
kit (Qiagen), mixed together to obtain sufficient for hybrid-
ization RNA amount, and subjected to differential expression
analysis using gene 1.0 microarray platform, which was
performed in the Genomic Core Facility at the Vanderbilt
University.

Statistical analysis

Results are presented as mean – SE. Comparisons between
the two groups were performed using the Student’s t-test.
When analyzing statistical differences between the KO and
WT mice, p < 0.05 was considered significant.
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Abbreviations Used

Ca2+¼ calcium
cyto¼ cytoplasmic

DAF-FM¼ 4-amino-5-methylamino-2¢,7¢-
difluorofluorescein diacetate

Fluo-3/AM¼ fluoro-3 acetoxymethyl ester
GSH¼ nonprotein thiols including glutathione

IO¼ ionomycin
KO¼ knockout

MCU¼mitochondrial calcium uniporter
mito¼mitochondrial

MMP or DlH+¼mitochondrial membrane potential
mNCX¼mitochondrial sodium–calcium

exchanger
mPTP¼mitochondrial permeability

transition pore
Na+¼ sodium
NO¼ nitric oxide

ROS¼ reactive oxygen species
SLE¼ systemic lupus erythematosus
WT¼wild type
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