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The endoplasmic reticulum (ER) is a key organelle fundamental for the maintenance of cellular homeostasis and
the determination of cell fate under stress conditions. Reticulon-1C (RTN-1C) is a member of the reticulon family
proteins localized primarily on the ER membrane and known to regulate ER structure and function. Several
cellular processes depend on the structural and functional crosstalk between different organelles, particularly
on the endoplasmic reticulum and mitochondria. These dynamic contacts, called mitochondria-associated ER
membranes (MAMs), are essential for the maintenance of mitochondrial structure and participate in lipid and
calcium exchanges between the two organelles.
In this studywe investigated the impact of RTN-1Cmodulation onmitochondrial dynamics.Wedemonstrate that
RTN-1C controls mitochondrial structure and function affecting intracellular Ca2+ homeostasis and lipid
exchange between ER and mitochondria. We propose that these events depend on RTN-1C involvement in the
regulation of ER–mitochondria cross-talk and define a role for RTN-1C in maintaining the function of contacts
between the two organelles.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The presence of contact points between ER and mitochondria has
been known for many years [1] and has been studied in different
systems with different techniques [2–4].

This special compartment, defined as “mitochondria-associated ER
membrane” (MAM), is involved in several important metabolic cellular
functions [5] including phospholipid metabolism and calcium homeo-
stasis [6,7] as well as the pathogenesis of various human diseases [8,9].

One of the major functions of MAM is the control of Ca2+ signaling
between the ER and mitochondria. In fact, although ER is considered
the main calcium store in the cell, mitochondria also play an important
role in Ca2+homeostasis particularly in neuronal cellswhere it has been
demonstrated that calcium-dependent pathways are closely related to
the onset of chronic and acute diseases. Interestingly recent reports
have shown the importance of mitochondrial Ca2+ up-take via MAM.
In fact it has been demonstrated that the mitochondrial network
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regulates Ca2+ homeostasis as well as mitochondrial Ca2+ up-take
depending on their contact sites with ER.

Temporally and spatially organized calcium waves in the cytosol,
mitochondria, and nucleus are among the most commonly recognized
intracellular signals. However, prolonged disturbances in calcium
homeostasis can initiate signaling cascades that eventually lead to cell
death [10]. Endoplasmic reticulum (ER) is the main site of intracellular
calcium storage. Given ER's prominent role in protein folding and its
influence on Ca2+-dependent signaling pathways, disruption of ER
function, a condition called ‘ER stress’, has severe consequences for the
cell [11].

Mitochondria within living cells are highly dynamic. Indeed, it is
clear thatmitochondria can undergo fission and fusion [12]. The disrup-
tion of this dynamic equilibrium may contribute to cell injury or death
underlying developmental and neurodegenerative disorders. Mito-
chondrial fusion was suggested as a complementation mechanism
which allows mitochondria to compensate for reduced mitochondrial
bioenergetic efficiency under conditions of energy deprivation [13]. In
this regard, it was recently demonstrated that mitochondria unexpect-
edly elongate during the activation of autophagy [14].

Reticulons (RTNs) are a family of proteins mainly localized on the
endoplasmic reticulum [15]. Previouswork suggested that cells overex-
pressing the reticulon protein-1C (RTN-1C), are more sensitized to
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apoptosis, possibly as a consequence of ER stress [16]. Neuroblastoma
cells overexpressing RTN-1C showed an enlargement of the ER mem-
branes which was paralleled by enhanced levels of cytosolic Ca2+ due
to its leak from the ER lumen to the cytosol thus supporting the notion
that RTN-1C induces ER stress. Interestingly, the same cell line displayed
mitochondrial ultrastructural alterations mainly characterized by dis-
ruption of the matrix and the presence of spared cristae [17].

Based on these findings, here we have studied the role of RTN-1C on
mitochondrial morphology and function. It is worth noting that, we
provide evidence supporting the notion that the RTN-1C-induced
morphological and functional changes of the mitochondria are very
likely dependent on the modulation of ER–mitochondria cross-talk.

2. Materials and methods

2.1. Cell lines, transfections and treatments

SH-SY5Y human neuroblastoma and SK-MEL110melanoma cell lines
were grown in Ham's F12 (Lonza,Verviers Belgium) or Dulbecco's mod-
ified Eagle's medium (Lonza,Verviers Belgium) respectively, supple-
mented with 10% fetal bovine serum (Life Technologies, Paisley, UK) in
a humidified atmosphere of 5% CO2 in air.

SH-SY5Y neuroblastoma cells carrying a tetracycline-regulated
RTN-1C expression system (SH-SY5YRTN-1C) were previously obtained
in our laboratory [17], and were maintained in the same growth condi-
tions as SH-SY5Y except for the presence of 10% tetracycline-free FBS.

For transient transfections, cells were approximately seeded at 80%
confluence and transfected 24 h later with each expression vector by
using Xfect™ transfection reagent (Clontech Laboratories, Mountain
View, CA, USA) according to the manufacturer's instructions.

The Flag-HA-tagged RTN-1C was obtained from a cDNA human
brain library by PCR amplification using specific primers and fragments
were cloned into pcDNA4/TO vector (Invitrogen, Life Technologies Ltd,
Paisley, UK). SK-MEL110 were stably transfected with Lipofectamine
2000 (Invitrogen) with pcDNA4/TO RTN-1C construct together with
the pcDNA6/TR vector. Stable transformants were established by selec-
tion with zeocin (1 ng/ml) and blasticidin (10 μg/ml) (Invitrogen).

For Ca2+ measurement experiments, SH-SY5Y cells were grown on
glass coverslips and transfected with 0.5 μg mitochondrially targeted
ratiometric pericam (2mtRP) targeted to the inner mitochondrial
membrane using the targeting sequence of subunit VIII of cytochrome
C oxidase (Gift from Dr. Tullio Pozzan). A total of 1 μg DNA and 1.5 μl
Lipofectamine2000 (Invitrogen) was added to cells for 24 h, before
medium was replaced. Where RTN-1C was construct was used in
conjunction with 2mtRP a DNA ration of 1:1 was used.

2.2. Tandem affinity purification

2.0 × 107 of cells were lysed in TAP buffer (10 mM Tris pH 8.0,
150 mM NaCl, 10% Glycerol, 0.5% NP-40). Equal amounts of protein
extracts were immunoprecipitated using anti-Flag agarose beads
(Sigma-Aldrich). Immunocomplexes were eluted with a Flag peptide
(Sigma-Aldrich) at 0.2 mg/ml of concentration. A second immunopre-
cipitation was performed on the eluted proteins using anti-HA agarose
beads (Sigma-Aldrich) and proteins were finally eluted by incubation
with glycine 100mMpH2.4. Proteinswere digested with trypsin as de-
scribed [18]. Resulting peptide mixtures were analyzed by LC/MALDI-
TOF-TOF mass spectrometry as described [19].

2.3. RNA-interference ‘knockdown’ of RTN-1C

For RNA-interference ‘knockdown’ of RTN-1C, SH-SY5Y cells were
transiently transfected for 48 h with The Ambion Custom Select siRNA
(small interfering RNA) specific for RTN-1C (siRNA-RTN-1C) and a
scrambled sequence (scRNA) (Ambion, Life Technologies Ltd, Paisley,
UK). Each siRNA was trasfected with Xfect™ transfection reagent
(Clontech Laboratories, Mountain View, CA, USA) according to the
manufacturer's instructions.

2.4. Microscopy

2.4.1. Immunofluorescence
Cells were grown on poly-L-lysine-coated sterile glass slide. RTN-1C

was induced for 24 h and 48 hwith Doxy at 1 μg/ml concentration. After
medium removal, cells werewashed twice in PBS, thereafter fixed in 4%
parafolmaldehyde-PBS for 10 min, and then permeabilized for 10 min
with 0.1% Triton X-100. Next, cells were rinsed three times with PBS
and nonspecific binding sites were blocked in PBS/10% FBS for 30 min.
Appropriate primary antibodies were added for 1 h dissolved in PBS/1%
FBS solution. We used anti-RTN-1C mouse (1:500; Abcam, Cambridge,
UK), anti-ATP synthase rabbit (1:250; Sigma, St Louis, MO, USA), and
anti-Facl4 goat (1:50; Santa Cruz Biotechnology, Dallas, Texas, USA)
antibodies. After three washes in PBS, cells were incubated for 30 min
with the appropriate anti-mouse, anti-rabbit and anti-goat secondary
antibodies (Alexa, Molecular Probes, Monza, Italy) diluted 1:1000 in
PBS/1% FBS. Finally, cell nuclei were stained with Hoechst 33342
(Molecular Probes,Monza, Italy). Slideswere observed andphotographed
in a Leica TCS SP2 or Olympus IX81 (with FLUOVIEW 1000 confocal laser
system) confocal microscope.

2.4.2. Electron microscopy
Cells were fixedwith 2.5% glutaraldehyde (Sigma-Aldrich, R1012) in

0.1 M cacodylate buffer, pH 7.4, for 45 min at 4 °C, rinsed in buffer,
postfixed in 1% OsO4 in 0.1 M cacodylate buffer, pH 7.4, dehydrated,
and embedded in Epon resin (Agar Scientific, 45359-1EA-F). Grids
were thoroughly rinsed in distilled water, stained with aqueous 2% ura-
nyl acetate for 20min and photographed in a Zeiss EM 900 electronmi-
croscope. The number of mitochondria or the ER–mitochondria contact
sides was evaluated. A minimum of 1000 contacts and mitochondria
were analyzed by three independent experiments.

2.4.3. Immunogold
Cells were fixed in 2% freshly depolymerised paraformaldehyde and

0.2% glutaraldehyde in 0.1 M cacodilate buffer pH 7.4 for 1 h at 4 °C.
Samples were rinsed in the same buffer, partially dehydrated and
embedded in London Resin White (LR White, Agar Scientific Ltd.).
Ultrathin sections were processed for immunogold technique as previ-
ously reported [20] utilizing as primary antibody mouse anti-RTN-1C
(1:100 Abcam, Cambridge, UK).

2.4.4. Confocal and Ca2+ epifluorescence imaging
Images requiring higher spatial resolution of cells transfected with

mito-GFP plasmids were taken on a cooled interline CCD camera
(coolsnapEZ—Photometrics) and a confocal CARV LX spinning disk
unit using a 63× objective, with an optical depth of 1 μm. Samples
were then excited at 488 nm, with emissions collected at 505–530 nm,
while being maintained at 37 °C in a Krebs/HEPES buffer (KHB in mM:
10 HEPES, 4.2 NaHCO3, 1.18 MgSO4, 1.18 KH2PO4, 118 NaCl, 4.69 KCl,
1.8 CaCl2, 11.7 glucose, pH 7.4) (Sigma, Italy).

Calibrated intracellular Ca2+ responses were made by loading cells
with 2 μM of Fura-2-AM (Molecular Probes, USA) for an hour at 37 °C
in Krebs/HEPES buffer (KHB) and then imaging emissions above
510 nm after excitation at 340 and 380 nm. For epifluorescentmeasure-
ments of mitochondrial Ca2+ fluxes, 2mtRP transfected SH-SY5Y cells
were mounted on an inverted epifluorescence microscope (Nikon Ti),
maintained at 37 °C in KHB sequentially, excited at 405 and 485 nm,
and emissions collected at 535 ± 20 nm. Data were captured on a
cooled interline CCD camera (coolsnapEZ—Photometrics,Tucson, USA)
and converted to 485/405 pseudocolor ratiometric images using Meta
Fluor software (Molecular Devices, USA). Measurements of Ca2+ re-
sponses were made by calculating the mean (peak minus basal) Ca2+

response and are expressed in nanomolar concentrations ormt pericam



735V. Reali et al. / Biochimica et Biophysica Acta 1853 (2015) 733–745
emission ratio units for intracellular and mitochondrial Ca2+ levels
respectively.

2.4.5. BODIPY staining and visualization
BODIPY (D3922, Molecular Probes, Carlsbad, Calif, USA) (excitation

wavelength 480 nm, emission maximum 515 nm), was diluted in PBS
at a concentration of 1 mg/ml.

Cells were grown on sterile glass slide and after medium removal,
were washed twice in PBS, thereafter fixed in 4% parafolmaldehyde-
PBS for 10 min. Following fixation, samples were washed 3 times in
phosphate buffered saline (PBS) and stained with BODIPY for 30 min.
Cell nuclei were stained with Hoechst 33342 (Molecular Probes,
Monza, Italy). All samples were mounted in Fluoro Gel w/Dabco
(Electron Microscopy Sciences, Hatfield, PA, USA) and covered with
glass cover slips.

Lipid bodies were quantified by measuring the intensity of fluores-
cence and number of spots in the isosurface analyzed by IMARIS 7.7
(Bitplane) and normalized to the number of cells in the respective field.

2.5. Protein analysis

2.5.1. Western blot analysis
Cells were harvested and resuspended in a lysis buffer (10mMTris–

HCl pH 8, 150 mM NaCl, 10% Glicerol, 0.5% NP40) with freshly added
protease inhibitors. Then samples were centrifuged at 13,000 rpm for
15 min and protein quantification was carried out according to the
Bradford method, using a Bio-rad protein assay solution (Bio-rad, MI,
Italy) and BSA as standard. Protein extracts were separated by
SDS-PAGE and transferred on nitrocellulose membrane. After blocking
in PBS 5% milk for 1 h, membranes were probed with a specific primary
antibody: mouse anti-RTN-1C (1:1000; Abcam, Cambridge, UK), rabbit
anti-HA (1:2000; Sigma, St Louis, MO, USA), rabbit anti-ATP synthase
(1:1000; Sigma, St Louis, MO, USA), mouse anti-FLAG (1:1000; Sigma,
St Louis, MO, USA), goat anti-Facl4 (1:100; Santa Cruz Biotechnology,
Dallas, Texas, USA),mouse anti-DRP1 (1:1000; BD Transduction Labora-
tories, USA), rabbit anti-Fis1 (1:500; AdipoGen, Switzerland), rabbit
anti-VDAC, mouse anti-calreticulin, rabbit anti-actin and mouse
anti-OPA1 (1:1000; BD Transduction Laboratories, USA). Mouse
anti-GAPDH (1:1000; Santa Cruz Biotechnology, Dallas, Texas, USA)
was used as loading control. The binding of primary antibodies was de-
tected with secondary peroxidase-conjugated antibodies (1:5000; Bio-
rad, MI, Italy), and visualized with the enhanced chemoluminescence
system (Bio-rad) by using FluorChem SP machine (Alpha Innotech,
Rondburg, South Africa).

2.5.2. Immunoprecipitation
Cells were washed twice with PBS and scraped into lysis buffer

[150 mM NaCl, 0.5% NP40, 10% Glicerol, 10 mM Tris–HCl (pH 8)] with
freshly added protease inhibitors. After an incubation for 30 min on
ice, the lysate was centrifuged at 13,000 rpm for 15 min at 4 °C to re-
move the insoluble cell debris. The anti-RTN-1C antibody was coupled
to protein G (Santa Cruz Biotechnology, Dallas, Texas, USA) for 3 h
at 4 °C with continuous rocking. For the preclearing, 1 mg of cellular
proteins was incubated with protein G for 3 h at 4 °C with continuous
rocking. After this, the cellular proteins were incubated with the
antibody-linked beads over night at 4 °C with continuous rocking. The
day after the complex was centrifuged at 2000 rpm for 5 min at 4 °C
and washed in lyses buffer with protease inhibitors for three times.
The beads were boiled in sample buffer at 95 °C for 10min, and samples
were resolved by SDS-PAGE and analyzed by Western blotting as de-
scribed previously.

2.5.3. Subcellular fractionation
Purification of ER, MAM and mitochondria was performed as

described [21]. Briefly, three C57BL/6 male mice, aged 4 months
(25 g body weight), were scarified using cervical dislocation. Brains
were rapidly excised on an ice-cold plate, pooled and homogenized
in 25 mM mannitol, 75 mM sucrose, 0.5% BSA, 0.5 mM EGTA and
30 mM Tris–HCl pH 7.4. The homogenate was used to isolate the dif-
ferent fractions that were quantitated for total protein (Bradford sys-
tem, Biorad) and analyzed by immunoblot using different specific
antibodies.

2.6. Mitochondrial assays

2.6.1. MTT reduction
For MTT assay we used the CellTiter 96 Aqueous One Solution Cell

Proliferation Assay (Promega, Madison, WI, USA). MTS tetrazolium
compound is bioreduced by cells into a colored formazan product that
is soluble in tissue culture medium. Conversion is accomplished by
NADPHor NADHproduced by dehydrogenase enzymes inmetabolically
active cells. Briefly, cells were seeded on 96-well plate and after 24 h
and 48 h of RTN-1C induction, 20 μl of reagent was added directly to
wells. After incubation for 4 h at 37 °C, the absorbance at 490 nm was
determined using a 96-well plate reader.

2.6.2. Dym measurement and oxygen consumption
Dym was analyzed cytofluorometrically taking advantage of the

Dym-sensitive probe MitoTracker Red (Invitrogen—Molecular Probes,
San Giuliano Milanese, Italy). Briefly, cells were incubated with 50 nM
of MitoTracker Red for 30 min, washed, trypsinized, resuspended in
PBS and analyzed in FL-2 by FACScalibur cytofluorometer.

Oxygen consumption was determined at 25 °C using a Clark-type ox-
ygen electrode equippedwith thermostatic control andmagnetic stirring.
Purified mitochondria [22] were resuspended in 1.5 ml of ‘experimental’
buffer (125 mM KCl, 10 mM Tris–3-(N-morpholino)propane sulfonic
acid, pH 7.4, 10 mM ethylene glycol tetraacetic acid–Tris, pH 7.4, 5 mM
glutamate, 2.5 mM malate, 1 mM K2HPO4). NADH (1 mM) was used as
substrate to evaluate oxygen consumption by Complex I (NADH: dehy-
drogenase). Then rotenone (5mM)was added to themitochondrial sus-
pension in order to inhibit Complex I and to allow the measurement of
the sole Complex II (succinate dehydrogenase)-driven oxygen consump-
tion by the addition of 1 mM succinate.

2.7. RT-PCR

RNA was extracted by using Trizol reagent (Invitrogen, USA). cDNA
synthesis was generated using the reverse transcription kit (Promega,
USA) according to the manufacturer's recommendations (3 μg total
RNA). Quantitative PCR reactions were performed with the LightCycler
(Roche, Switzerland) thermocycler as previously described [23]. Primer
sets for all amplicons were designed using the Primer-Express 1.0 soft-
ware system (see Supplementary Table S1).

2.8. ATP synthase enzyme activity

Cells were cultured in a T-150 flask and homogenized in a buffer
(220 mM Mannitol, 68 mM sucrose, 50 mM PipesKOH ph 7.4, 50 mM
KCl, 5mMEGTA, 2mMMgCl2, 1mMDTT andprotease inhibitors) to ob-
tain the mitochondrial fraction. The F1F0 ATP synthase extraction from
mitochondrial fraction was performed according to the manufacturer's
instructions (Abcam, Cambridge, UK). Briefly, 10 μg of 10% detergent-
extracts of protein per well was incubated in a 96-well plate at room
temperature for 3 h to immunoimmobilize F1F0-ATP synthase. The re-
action was monitored by Tecan microplate reader at 340 nm.

3. Results

3.1. RTN-1C interacts with mitochondrial compartment

Wehave previously demonstrated that the reticulon-1C protein reg-
ulates endoplasmic reticulum stress and when overexpressed may
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trigger apoptotic cell death pathway [17], although the precise mecha-
nism of action remained unclear.

So as to better characterize the role of RTN-1C we decided to use a
proteomic approach to identify its protein interactors. We performed
a tandem affinity purification assay (TAP) combined with MALDI-TOF-
TOF analysis on a human SK-MEL110melanoma cell line, which has un-
detectable level of RTN-1C basal expression, carrying an RTN-1C-HA-
Flag expression vector. Interestingly, among the different proteins
a

b

d

c

Fig. 1. RTN-1C interacts with mitochondrial ATP synthase. (a) Cell lysates from SK-MEL110 w
Doxy) were immunoprecipitated with anti-Flag antibody, subjected to SDS-PAGE and immuno
panel). Ex: cell extracts. (b, c) Cell lysates from SH-SY5Y wild type and SH-SY5YRTN-1C cells
(b) or anti-RTN-1C antibodies (c) and were subjected to SDS-PAGE and immunoblotting with
(d) ATP synthase (green) and RTN-1C (red) staining of SH-SY5YRTN-1C cells (48 h doxycycline i
dicates the co-localization. Scale bar: upper panels 10 μm, lower panels 5 μm. For Western blo
(see supplementary material) we detected alpha and beta chains of mi-
tochondrial ATP synthase.

To confirm the data obtained we used various experimental
approaches. First we immunoprecipitated RTN-1C protein in the
SK-MEL110 melanoma cell overexpressing the reticulon protein and
we analyzed the immunocomplex for the presence of ATP synthase
(Fig. 1a). Subsequently we verified the results by immunoprecipitating
endogenous ATP synthase (Fig. 1b) or RTN-1C (Fig. 1b) in human
ild-type (ctr) and SK-MEL110-RTN-1C overexpressing cells (48 h doxycycline induction,
blotting with an anti-ATP synthase antibody (upper panel) and anti-HA antibody (lower
(24 and 48 h doxycycline induction) were immunoprecipitated with anti-ATP synthase
an anti-ATP synthase antibody (upper panels) and anti RTN-1C antibody (lower panels).
nduction) analyzed by confocal microscopy. The yellow staining in the overlaid images in-
t analysis the results shown are representative of three independent experiments.
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neuroblastoma SH-SY5Y cells supporting the interaction between the
two proteins.

The previous biochemical data were confirmed by immunofluores-
cence analysis to detect the RTN-1C andATP synthase cellular localization.
Double-immunostaining (Fig. 1d) revealed overlapping areas of RTN-1C
and ATP synthase, so indicating a close localization of the two proteins.
These results suggested a possible role for the reticulon protein as a con-
tact point for the mitochondrial network.
3.2. RTN-1C modulates mitochondrial activities

We previously showed that mitochondrial compartment of RTN-1C
overexpressing cellswas asmuch affected as the endoplasmic reticulum
[17]. In particular we demonstrated that RTN-1C overexpression result-
ed in dilation of the endoplasmic reticulum membranes paralleled by
mitochondrial disruption of the matrix and the presence of few spared
cristae. In light of the results here obtained we therefore wondered
Fig. 2. RTN-1C overexpression is associated to mitochondrial defects. (a,b) SH-SY5Y wild-type (
50 nMMitoTracker Red and cytofluorometrically analyzed for Dym. Histograms shown are rep
Fig. 2b as arbitrary units (a.u.) offluorescence. (c) Complex I and Complex II-driven oxygen consum
age ofWT. All data are statistically significant (p values b0.01). (d)Mitochondrial ATP synthase ac
cycline induction (e) MTT assay in SH-SY5Y wild type (Ctrl) and SH-SY5YRTN-1C induced with
means ± SD of three independent determinations. (*) Statistically significant (p b 0.01) compare
whether RTN-1C was able to regulate mitochondrial activities and
homeostasis.

To this end we used an RTN-1C inducible expression system [17] of
SH-SY5Y neuroblastomacell line (SH-SY5YRTN1C). In these cellswemea-
sured mitochondrial transmembrane potential (Dym) after doxycycline
induction and we found that RTN-1C overexpressing cells have signifi-
cantly depolarized mitochondria (Fig. 2a and b). Coherently, oxygen
consumption measured at the level of Complex I decreased, whereas
that measured at the level of Complex II increased (Fig. 2c). These
data indicate that mitochondria of RTN-1C overexpressing cells adjust
oxidative phosphorylation in order to maintain ATP production
(Fig. 2d), by increasing the succinate dehydrogenase activity of Complex
II, presumably to counteract an impairment of mitochondrial function.

The RTN-1C effect onmitochondrial activities was also confirmed by
measuring the MTT conversion by mitochondrial enzymes in RTN-1C
overexpressing cells as an indication of mitochondrial function.
We found that the increase in reticulon protein significantly reduced
mitochondrial activity in comparison to controls (Fig. 2e).
Ctrl) and SH-SY5YRTN-1C cells (48 h doxycycline induction) were incubated for 30 min with
resentative of three independent experiments, whose mean values ± S.D. are reported in
ption of RTN-1C overexpressing cellswasmeasured by oxygraph and expressed as percent-

tivity measured in SH-SY5Ywild-type (Ctrl) and SH-SY5YRTN-1C cells after 24 and 48 h doxy-
doxycycline for the indicated times (24–48 h) to overexpress RTN-1C protein. Results are
d to control cells.



Fig. 3. RTN-1C overexpression induces ultrastructuralmitochondrial alterations. (a–d) Electronmicroscopy analysis of SH-SY5Ywild type (a) and SH-SY5YRTN-1C cells inducedwith doxycycline
for 48 h (b–d). Control cells showed normal shape mitochondria while RTN-1C overexpressing cells revealed the presence of elongated and swollen mitochondria with dilated and damaged
cristae (arrows). ER enlargement is clearly visible in Fig. 3b and in Fig. 3d (arrowheads). (e) Quantification ofmitochondria respect to their shape: normal shape (5–10 μm), elongated (N10 μm)
and fragmented (b5 μm). N, nucleus, m, mitochondria. Scale bar: 1 μm**Statistically significant (p b 0.01) compared to control cells. (f) SH-SY5Y wild-type (upper panels) and SH-SY5YRTN-1C

(lower panels) cells transfectedwithmito-GFPwere treatedwith doxycycline for 48 h. Images of controlmitochondria appear as individual or groups ofmitochondrial tubules. At 48 h of doxy-
cycline administration, mitochondria show fused and elongatedmitochondrial tubules with amore globular structure in the soma of the cells, and longmitochondria in the neurites. Scale bar:
5 μm. (g) Quantification of mitochondrial area (GFP-signal) using Volocity software. Data were obtained from 30 cells for each experimental condition. (***) Statistically significant (P b 0.001)
compared to control cells. (h) Real-time quantitative PCR data for SH-SY5YRTN-1C cells in response to 2 different times of induction (24 h, 48 h). The relative mRNA levels of FIS1, MFN1 are
expressed relative to HPRT mRNA level, used as an internal control. Results are means ± SEM of at least 3 independent determinations normalized to their relative controls. (i) SH-SY5Y-
RTN1-C were treated with doxycycline for the indicated times (24, 48). Cell lysates were analyzed by western blot analysis for OPA1 and FIS1 expression. GADPH was used as loading controls.
For Western blot analysis the results shown are representative of three independent experiments.
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Fig. 4. SiRNA of RTN-1C results in mitochondria fragmentation. (a,b) SH-SY5Y cells were transfected with RTN-1C siRNA (b) or control (a) and analyzed by electron microscopy. RTN-1C
knockdown (b) resulted innumerous fragmentedmitochondria (m) respect to control cells. The cristae resulted enlarged and damaged. (c)Quantification ofmitochondria respect to their
shape: normal shape (5–10 μm), elongated (N10 μm) and fragmented (b5 μm). N, nucleus, m,mitochondria. Scale bar: 1 μm **Statistically significant (p b 0.01) compared to control cells.
(d) SH-SY5Y cells were transfected with RTN-1C siRNA (siRTN-1C) or control (scRNA) and cell lysates were analyzed by western blot analysis for DRP1, RTN-1C and FIS1 expression.
GADPH was used as loading controls. For Western blot analysis the results shown are representative of three independent experiments.
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3.3. RTN-1C modulation affects mitochondrial morphology

We set out to find whether mitochondrial functional changes ob-
served in RTN-1C overexpressing cells depended on or were associated
to any alteration of their morphology.

We analyzed the ultrastructure of neuroblastoma WT (Fig. 3a) and
RTN-1C overexpressing cells (Fig. 3b–d). As expected the modulation of
RTN-1C expression determined alterations ofmitochondrialmorphology.
In particular, the organelles appeared elongated and the cristae proved to
be enlarged and damaged (arrows). Mitochondria were quantified
according to their size and subdivided in three categories: normal shaped
(5–10 μm), elongated (N10 μm) and fragmented (b5 μm). The graph in
Fig. 3E shows that about the 80% of mitochondria in WT cells displayed
a normal shape while 50% of mitochondria were elongated in RTN-1C
overexpressing cells.

Analysis of mitochondrial morphology by confocal microscopy re-
vealed that while in control cells mitochondria always appeared as indi-
vidual tubules or groups of interconnected ones, in the RTN-1C
overexpressing cells they appeared as elongated tubules (Fig. 3f).
Quantification of mitochondrial GFP signal suggested a significant in-
crease inmitochondrial area of SH-SY5YRTN1-C cells compared to control
(388 ± 4.1 vs 158 ± 3.8, respectively) (Fig. 3g).

Overall these data suggest that in RTN-1C cells mitochondrial fusion
machinery was deregulated. To assess this question we decided to



Fig. 5.Ultrastructural analysis of contact sides between ER andmitochondria. (a–c) SH-SY5YRTN-1C cells induced with doxycycline for 48 h (a,b) and SH-SY5Ywild type cells (c) were an-
alyzedby electronmicroscopy inorder to quantify the length of contacts betweenER andmitochondria. Respect to controls the RTN-1C overexpressing cells showed an increase of contacts
length (arrows). The contact sides were avoided from ribosomes. (d) Quantification of percentage of observed contacts subdivided in ‘punctated’ (b50 nm), ‘long’ (50–200 nm) and ‘very
long’ (N200 nm). (e,f) Immunogold analysis performed to localize RTN-1C in SH-SY5Y cells. 15 nm gold particles (arrows) were visible in the contact sides between ER andmitochondria.
N, nucleus, m, mitochondria. Scale bar: a, b, c 0.5 μm, e, f 1 μm.
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analyze the expression of genes directly linked to the process of mito-
chondrial fusion.

SH-SY5YRTN1C cells were induced with doxycycline and analyzed at
24 and 48 h. In these cells, we quantified the expression levels of FIS1
and MFN1 using HPRT1 as internal control. The results of this analysis
are shown in Fig. 3h. FIS1 has slightly increased at 24 h but its levels
were decreased at 48 h, which is consistent with the mitochondrial
elongation observed at 48 h (Fig. 3f). Interestingly, MFN1, which is di-
rectly linked to the process of mitochondrial fusion and elongation
[24], was significantly increased at the same RTN-1C induction time
(Fig. 3h).

To further characterize the role ofmitochondrial fusion geneswede-
cided to also analyze FIS1 andOPA1 protein levels thus revealing the ex-
pected FIS1 decreasewhich is paralleled by the accumulation of OPA1 in
RTN-1C overexpressing cells (Fig. 3i). Taken together these data indicate
an involvement of the reticulon protein in the observed mitochondrial
elongation process.
3.4. RTN-1C silencing causes mitochondrial fission

To better characterize RTN1-C's role in the maintenance of mito-
chondrial morphology we decided to lower its expression by mRNA si-
lencing approach. Interestingly we obtained opposite results than in
reticulon overexpressing cells. In particular the ultrastructuralmorphol-
ogy showed that after RTN-1C down regulation mitochondria were
damaged and fragmented (Fig. 4b) compared to control cells (Fig. 4a).
In this condition the quantification of mitochondria on the basis of
their shape (see Fig. 3e), revealed that more than 60% of organelles
were fragmented (Fig. 4c); this event is paralleled by increased



a

b

c

Fig. 6.RTN-1C is a component of MAM compartment. (a) Cell lysates from SH-SY5YRTN-1C cells inducedwith doxycycline for the indicated timeswere immunoprecipitatedwith anti-RTN-
1C antibodies, and were subjected to SDS-PAGE and immunoblotting with an anti Facl4 antibody. (b) Facl4 (green) and RTN-1C (red) staining of SH-SY5YRTN-1C cells (48 h doxycycline
induction) analyzed by confocal microscopy. The yellow staining in the overlaid images indicates the co-localization. Scale bars upper panels 10 μm lower panels 5 μm. (c) Protein com-
ponents of subcellular fractions prepared frommouse brain homogenate. 30 μg of proteins was analyzed by immunoblot with the indicated antibodies. MAM=mitochondria-associated
membrane; Mito = mitochondrial fraction; ER = endoplasmic reticulum fraction; C = cytosol.
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expression of specific fission related genes i.e. DRP1 and FIS1 indicating
the activation of fission processes (Fig. 4d).

3.5. RTN-1C regulates ER mitochondrial contacts

Sincewe showed thatmodulation of RTN-1C expression affectedmi-
tochondria morphology and activities we then hypothesized that the
reticulon protein may localize in the MAM compartment so regulating
the cross-talk between ER and mitochondria. To this end we studied
ER–mitochondrial contacts in RTN1-C overexpressing cells. Indeed
RTN-1C cells showed an increase in the length ofmitochondrial–ER con-
tacts as compared to control cells (Fig. 5a, c). We analyzed and quanti-
fied the contacts in the following categories: ‘punctated’ (b50 nm),
‘long’ (50–200 nm) and ‘very long’ (N200 nm). The quantification
showed that the doxycycline treatment for 48 h induced the formation
of more extended contacts between ER andmitochondria. In particular,
there were more numerous ‘very long’ N200 nm contacts than in WT
(about 10 fold), indicating an increase of physical association between
the two organelles (Fig. 5d). It is interesting to note that the contact
sides were free from ribosomes (Fig. 5a–c, arrows) probably to allow
the physical association between mitochondria and ER.

In order to verify the presence of RTN-1C in the contact sides be-
tween ER and mitochondria, we performed immunogold staining for
RTN-1C. The results showed that the gold particles were localized
where ER is in contact with mitochondria (Fig. 5e,f, arrows) supporting
the previous immunofluorescence observation (Fig. 1d).
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3.6. RTN-1C is a component of MAM compartment

To confirm the possibility that RTN-1C is a component of the MAM
compartment we decided to perform co-immunoprecipitation
assay with the well known MAM-associated protein Facl4.
Immunoprecipitation of RTN-1C in neuroblastoma cells revealed
the association between the two proteins (Fig. 6a); this is further
confirmed by immunofluorescence analysis of RTN-1C and Facl4
(Fig. 6b). Similar results were obtained with VDAC MAM associated
protein (data not shown). Finally, in order to clearly demonstrate
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the association of RTN-1C with the MAM compartment we
performed subcellular fractionation to isolate ER, MAM and
mitochondria. The results obtained by immunoblot analysis of the
different fractions by specific antibodies showed the presence of
the reticulon protein in the MAM compartment as well as in the
endoplasmic reticulum one (Fig. 6c). Taken together these data
clearly indicated RTN-1C protein as a molecular component of the
MAM compartment.
3.7. RTN-1C affects mitochondrial Ca2+ responses and lipid exchange with
the ER compartment

Recent studies indicated that MAM are very important for a correct
communication between ER and mitochondria. In particular it has
been demonstrated that MAM are crucial for intracellular calcium
homeostasis and for synthesis and transport of phospholipids.

We have previously shown that overexpression of RTN-1C resulted
in elevated cytosolic Ca2+ levels [17]. Prompted by this finding, we set
out to characterize calcium homeostasis both at the cytosolic andmito-
chondrial level. Ca2+ imaging experimentswere performed on SH-SY5Y
cells overexpressing RTN-1C. The mean (peak–basal) cytosolic Ca2+

concentrations generated by control and RTN-1C overexpressing cells
after stimulation with the muscarinic receptor agonist methacholine
(Mch, 10 μM) were 684 ± 11 nM and 430 ± 14 nM, respectively
(Fig. 7a). However, basal Ca2+ levels were significantly higher in
RTN-1C overexpressing cells compared to controls (150 ± 14 and
30± 16 nM, respectively) (Fig. 7a). To assess the effect of RTN-1C over-
expression on mitochondrial Ca2+ signals, a similar protocol was ap-
plied on 2mtRP and RTN-1C co-transfected cells (Fig. 7b). Despite
increased basal Ca2+ levels, RTN-1C overexpressing cells generated
lower mitochondrial Ca2+ signals whose mean (peak–basal) values
were 2.6 ± 0.2 ratio units compared to 5.6 ± 0.1 ratio units of control
cells (Fig. 7b). To understand how RTN-1C overexpression would mod-
ulate the capacitative calcium entry and the subsequent mitochondrial
Ca2+ uptake, cells were treated with a capacitative Ca2+ entry protocol.
The mean (peak–basal) values for cytosolic Ca2+ signal generated by
Ca2+ add back in RTN-1C overexpressing cells compared to control
were 234 ± 15 and 98 ± 12 nM, respectively (Fig. 7c). We used the
same protocol to assess the effect of RTN-1C overexpression on mito-
chondrial Ca2+ signals. Mean (peak–basal) values in RTN-1C overex-
pressing cells compared to control were 1.1 ± 0.2 and 3.5 ± 0.3 ratio
units, respectively (Fig. 7d). Overall these data suggest that RTN-1C
perturbs intracellular Ca2+ homeostasis and in particular alters mito-
chondrial calcium up-take. Accordingly, to assess whether RTN-1C af-
fects the expression levels of ER pumps and channels we measured
the relativemRNA levels of RyR2, SERCA2b, IP3RT1, andMFN2. Data ob-
tained indicated that neither SERCA pumps, nor IP3RT1 or MFN2
changed butwe found increased expression levels of RyR2 (Supplemen-
tary Fig. 1).

Phospholipid exchange between ER and mitochondria is another
cellular process in which the MAM compartment play an important
role [25], such exchange also beeing involved in mitochondrial
Fig. 7. RTN-1C modulation alters calcium and lipids exchange between ER andmitochondria.Ag
SH-SY5Y cells. For cytosolicmeasurements, control and RTN-1C overexpressing cellswere loade
100 cells, from 3 experiments for each condition. For mitochondrial measurements, 2mtRP and
above. Data are representative of at least 50 cells, from8 experiments for each condition. Bars sh
(c) and mitochondrial (d) Ca2+ signals following capacitative Ca2+ entry protocol in RTN-1C
(2 μM, 1 h) and were pretreated with thapsigargin (5 μM) for 15–30 min. Next, cells were per
of 2.5 mM for 5 min. Data are representative of at least 80 cells from 3 experiments for each
RTN-1C and recordings were carried out using the same protocol as above. Data are representa
(peak-basal) to Ca2+ addition. (*) Statistically significant (P b 0.05; unpaired Student's t test). (e
were stained with BODIPY and Hoechst and analyzed by confocal microscopy. RTN-1C down r
paralleled by a significant decrease in lipid content. Scale bars 10 μm. (f) Quantification of lipi
SY5Y cells after RTN-1C knock down showing numerous lipid droplets respect to control cells
membrane morphogenesis. Considering the effect of RTN-1C protein
onmitochondrialmorphological changes previously describedwewon-
dered whether this event was coupled to any perturbation of lipid
trasport between ER and mitochondria.

Lipid quantification was performed by BODIPY staining and fluores-
cence analysis. Fig. 7e showed that RTN-1C modulation results in a sig-
nificative change in lipid content; in particular RTN-1C overexpression
is accompanied by a decrease in lipid content while RTN-1C down reg-
ulation induces an evident lipid droplets accumulation (Fig. 7f).
SiRTN-1C cells were further analyzed by electon microscopy showing
a dramatic accumulation of lipids droplets (Fig. 7g).
4. Discussion

MAM is a dynamic ER subcompartment connecting endoplasmic re-
ticulum to mitochondria. It is well known that any alteration of ER–mi-
tochondria connection may result in dysregulation of mitochondrial
function [26,27], in the context of physiological and pathological events.
We have previously demonstrated that RTN-1C overexpressing cells ex-
hibited ultrastructural changes affecting endoplasmic reticulum as well
as mitochondria [17].

Prompted by this evidence and considering the fact that, in this
study, among the various RTN-1C interactors we identified mitochon-
drial ATP synthase, we decided to investigate the role of RTN-1C protein
in mitochondrial dynamics. We demonstrated that reticulon overex-
pression affected mitochondrial transmembrane potential and oxygen
consumption at the level of Complex I and Complex II. Interestingly
the ATP production was likely maintained by the adjustment of oxida-
tive phosphorylation. These data suggest that an RTN-1C dependent
perturbation in the ER compartment has a significant impact on themi-
tochondrial one. Consistently, analysis of mitochondrial dynamics by
confocal and electron microscopy revealed abnormalities of mitochon-
drial morphology. In fact, RTN-1C overexpression triggered mitochon-
drial elongation, paralleled by derangement of the mitochondrial
fusionmachinery. Our results are in linewith recent data demonstrating
that during different stress conditions mitochondria elongate to sustain
cellular ATP levels and promote viability [28,29]. Interestingly, whenwe
performed RTN-1C siRNA experiments we observed opposite events i.e.
mitochondrial fragmentation and activation of fission processes, thus
confirming the close correlation between ER shaping reticulon protein
expression and mitochondria shape.

It has been demonstrated that the maintaining of mitochondrial
structure also depends on their functional contacts with endoplasmic
reticulum [30]. Sutendra et al. reported that overexpression of another
reticulons family member (Nogo-B) increased the distance between
the ER and mitochondria [31]. Therefore, it could be speculated that
RTN-1C overexpression could contribute to structuring ER–mitochon-
dria contact sites. Actually when we analyzed and quantified the differ-
ent categories of contacts (punctate, long, very long) between ER and
mitochondria we detected an increase of physical association between
the two organelles in RTN-1C overexpressing cells. Moreover, we
highlighted the specific localization of reticulon-1C protein at the level
onist-induced cytosolic (a) and mitochondrial (b) Ca2+ signals in RTN-1C overexpressing
dwith fura-2 (2 μM,1h) andperfusedwithMch (10 μM).Data are representative of at least
RTN-1C co-transfected cells together with controls were treatedwith the same protocol as
owquantification of Ca2+ responses (peak–basal) in response toMchapplication. Cytosolic
overexpressing SH-SY5Y cells. For cytosolic measurements, cells were loaded with fura-2
fused with Ca2+ free-KHB for the first 30 s, then Ca2+ was added back at a concentration
condition. For mitochondrial measurements, cells were co-transfected with 2mtRP and
tive of 45 to 50 cells from 4 to 5 experiments. Bars show quantification of Ca2+ responses
) SH-SY5Y wild type, RTN-1C siRNA and SH-SY5YRTN-1C cells (48 h doxycycline induction)
egulation results in an evident accumulation of lipid droplets while its overexpression is
d content expressed as number of spots per cell. (g) Electron microscopy analysis of SH-
(Ctrl) m, mitochondria, ld, lipid droplet. Scale bar: 1 μm.
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of ER–mitochondria contact points. On the basis of this evidence, we
predicted that RTN1-C was a key component of MAM compartment.
Importantly, we revealed that RTN-1C participates in the molecular
components of MAM as demonstrated by the co-localization and the
physical association with well known ER and mitochondria associated
protein (i.e. VDAC and Facl4, [32]. This finding also explains the
observed role of RTN-1C protein in the regulation of mitochondrial bio-
genesis. Although a growing body of evidence indicates that ER–mito-
chondria interaction could strongly influence fission and fusion [33,34],
in order to maintain the correct mitochondrial morphology and func-
tion, little is known about the molecular components involved in this
process. The results reported in our work indicated that RTN-1C is a
key component of the MAM compartment; as such, it is able to play
an important role in the mitochondrial dynamics. This finding might
further deepen our understanding of the pathogenesis of various dis-
eases known to involve MAM dysfunction such as neurodegenerative
diseases [35,36].

The main cellular functions of MAM are calcium signaling and lipid
trafficking between ER and mitochondria [30]. Thus considering the
data here obtainedwe expected that these two processes are deregulated
by RTN-1C modulation.

We actually found that RTN-1C overexpressing cells exhibited en-
hanced capacitative Ca2+ entry but reduced mitochondrial Ca2+ up-
take. As the contact between ER and mitochondria is essential for the
coordination of Ca2+ transfer [37], it could be speculated that the ob-
served impaired ER–mitochondria contact sites, related to RTN-1C pro-
tein, could affect mitochondrial efficiency in Ca2+ uptake [38]. On the
basis of previous data, we hypothesized that mitochondrial Ca2+

mishandlingmay be associatedwith changes atmitochondrial structur-
al and functional levels. We have also analyzed the expression levels of
different calcium pumps and channels highlighting the up regulation of
RyR2. Although further experiments are required to dissect the associa-
tion between RTN-1C overexpression and RYR2 up-regulation it is in-
teresting to note that a recent report indicated the important role of
RyR in mitochondrial Ca2+ uptake mechanism in neurons [39]. We
can hypothesize that this up-regualtion may be due to the already doc-
umented increase in cytosolic Ca2+ levels induced by RTN-1C protein
[17].

Recently Voss et al. reported that in S. cerevisiae ER-shaping proteins
play a role in maintaining functional contacts between ER and mito-
chondria. Moreover, they suggested that the shape of the ER at the
level of MAM regulates lipid exchange between these two organelles
[40]. According to this observation, we demonstrated that modulation
of RTN-1C expression resulted in a significant change in lipid content.
Particularly relevant is the accumulation of lipid droplets observed in
RTN-1C knock down cells, thus supporting the notion that the reticulon
protein is essential for proper lipid trafficking.
5. Conclusion

In conclusion, considering the emergence of the important role of
the cross-talk between ER and mitochondria both in physiological and
pathological events the present work indicates that RTN-1C is a key
component ofMAM compartment. As such, it might regulatemitochon-
drial function and dysfunction, thus providing a possible mechanism by
which this structural ER protein modulates the cellular stress.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2014.12.031.
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