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A B S T R A C T   

Some aquaporins (AQPs) can transport H2O2 across membranes, allowing redox signals to proceed in and be-
tween cells. Unlike other peroxiporins, human AQP11 is an endoplasmic reticulum (ER)-resident that can conduit 
H2O2 to the cytosol. Here, we show that silencing Ero1α, an ER flavoenzyme that generates abundant H2O2 
during oxidative folding, causes a paradoxical increase in luminal H2O2 levels. The simultaneous AQP11 
downregulation prevents this increase, implying that H2O2 reaches the ER from an external source(s). Phar-
macological inhibition of the electron transport chain reveals that Ero1α downregulation activates superoxide 
production by complex III. In the intermembrane space, superoxide dismutase 1 generates H2O2 that enters the 
ER channeled by AQP11. Meanwhile, the number of ER-mitochondria contact sites increases as well, irrespective 
of AQP11 expression. Taken together, our findings identify a novel interorganellar redox response that is acti-
vated upon Ero1α downregulation and transfers H2O2 from mitochondria to the ER via AQP11.   

1. Introduction 

The endoplasmic reticulum (ER) is a multifunctional organelle that 
acts as the cradle for many proteins and lipids, a calcium store, and a 
central signaling hub. All these systems must act coordinately to pre-
serve functional integrity. A demanding task is to generate and maintain 
optimal redox conditions for the formation and rearrangement of di-
sulfide bonds in proteins destined to the extracellular space [1,2]. Key in 
these processes is the ER oxidoreductin 1- protein disulfide isomerase 
(Ero1-PDI) pathway. Oxidized PDI donates disulfide bonds to newly 
made cargo proteins and is recharged by the oxidases Ero1α or Ero1β [3, 
4]. These flavoenzymes can transfer electrons directly to molecular ox-
ygen, generating H2O2 as secondary product [5–7]. Besides protein re-
lays capable of precisely targeting redox reactions [8,9], small 
non-protein thiols and oxidants participate in oxidative folding [10], 
including H2O2 itself [11]. Therefore, not only does the ER environment 
sustain oxidative folding, but disulfide bond formation itself generates 

reactive by-products, defining a mutual interdependence [12,13]. 
Redundant mechanisms allow higher eukaryotes to maintain a 

cysteine-rich proteome without severe proteostatic problems. For 
instance, while Ero1 knock-out is lethal in yeast and worms, rather 
minor phenotypes hallmark mammalian cells and mice [14,15]. Indeed, 
Prdx4, Gpx7 and Gpx8 are ER-resident enzymes that can use H2O2 to 
oxidize PDI and fuel disulfide bond formation upon Ero1α depletion [13, 
16–19]. Also NADPH oxidase 4 (NOX4) [20] and VKOR are alternative 
H2O2 producers that could vicariate Ero1α [21]. H2O2 molecules pro-
duced during oxidative folding -particularly abundant in cells with a 
robust secretory profile-can be also used as signals, exploiting the steep 
ER-cytosol gradient [22]. As the ER membrane acts as a barrier against 
passive diffusion of H2O2 [23], channels are needed. One is AQP11, a 
resident peroxiporin that constitutively transports H2O2 outside the ER 
[22]. 

Which are the source(s) of the H2O2 molecules that reach the cytosol 
via AQP11? To answer this question, we focused on two main suspects: 
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NOX4 and Ero1α. Silencing the former slightly decreased H2O2 levels in 
the ER, albeit non significatively. In contrast, a paradoxical increase was 
observed upon Ero1α downregulation. Our results identify complex III 
coupled to the SOD1 fraction residing in the mitochondria intermem-
brane space, as the main source of H2O2 molecules that eventually enter 
the ER via AQP11, facilitated also by tightening of the ER-mitochondria 
contacts. 

2. Materials and methods 

2.1. Cell culture and generation of HeLa polyclonal stable cell lines 

Stable HeLa transfectants expressing HyPer1 [24] in the ER lumen 
(HyPer ER Lumen) or in the mitochondrial matrix (HyPer Mito) were 
generated as previously described in Refs. [22–25]. Cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) + GlutaMAXTM-I me-
dium (Gibco, ThermoFisher) complemented with 10% fetal bovine serum 
(FBS; EuroClone) and 5 mg/ml penicillin-streptomycin (Lonza). 

2.2. Plasmids, siRNAs, and transfection procedures 

The plasmid to express a myc-tagged ER-targeted catalase (ER-CAT) 
was a generous gift of Dr. E. Avezov (University of Cambridge, UK). The 
HyPer ER Lumen plasmid, kindly donated by Drs. E. Margittai and M. 
Geistz (Semmelweis University, Budapest, Hungary), served as template 
to generate the H2O2-insensitive HyPer vector (SyPher ER Lumen) using 
the primers Fw: AGATGGTCACTCTTTGCGCGAT and Rv: ATCGCG-
CAAAGAGTGACCATCT and validated by sequencing. 

Transient transfections were performed onto 2 × 105 plated HeLa 
cells using JetPei (Polyplus) and cultured for further 48 h before either 
immunofluorescence or HyPer imaging confocal laser scanning. 

The reagents to silence AQP11 (Custom siRNA, 5′-GAGCUUCG-
CUUGCAAGAAU-3), NOX4 (Custom siRNA, 5’-GCAAGACCUGGUCA-
GUAUA-3’) and Mfn2 (Predesigned siRNA #19262) were purchased 
from Ambion (Life Technologies), while Ero1α-specific siRNA oligonu-
cleotides (5’-CUGUUUUAAGCCACAGACA-3’) and VAPB [26] were ob-
tained from Merck. For silencing experiments 8 × 104 cells were grown 
in 6-well plates and transfected with 30 pmol of each siRNA for 2 days, 
using RNAiMAX lipofectamine (Invitrogen) according to the manufac-
turer’s instructions. Silencing efficiency was monitored by real-time PCR 
as detailed in Ref. [27] using the following primers: AQP11- Fw 
5’-TAGCTTGCAGGAATCCCATC-3’ and Rv 5’-CTCCTGCATAGGCCAAA 
AAG-3’; Ero1α- Fw 5’-GTGTGGCTGCTCAGCTCG-3’ and Rv 
5’-TCAATGGTTTCAAACATCACAGG-3’; NOX4- Fw 5’-AAGACTCC-
GAAATTCTGCCC-3’ and Rv 5’-AACCAACGGAAGGACTGGA-3’; Mfn2- 
Fw 5’-ATTGCAGAGGCGGTTCGACTCA-3’ and Rv 5’-TTCAGTCGGTCT 
TGCCGCTCTT-3’; VAPB- Fw 5’-AGGTTA TGGAAGAATGTAAGAGGC-3’ 
and Rv 5’-GTTGCTCTGCACTGTCTTCCTC-3’. 

2.3. HyPer confocal laser scanning 

To perform imaging assays, 8 × 104 HeLa cells stably expressing 
either HyPer ER Lumen or HyPer Mito were silenced and/or transfected 
on 23 mm glass coverslips for 48 h as described above. For analyzing the 
mitochondrial source of the flux, cells were further treated for the 
indicated times with 33 μM S3QEL [28] from Sigma, 33 μM S1QEL [29] 
from Cayman Chemical C. or 2 μM LCS-1 [30] from EMD Millipore, all 
prepared in DMSO. Time 0 in these experiments corresponds with cells 
treated only with the vehicle. 

After 48 h, cells on coverslips were equilibrated in Ringer buffer (RB: 
140 mM NaCl, 2 mM CaCl2, 1 mM MgSO4, 1.5 mM K2HPO4, 10 mM 
Glucose, pH 7.4) for 10min at room temperature before acquisition. 
Confocal images were collected every 2sec for 1min by dual excitation 
with 488-nm argon and 405-nm violet diode lasers using an Ultraview 
confocal laser scanning microscope equipped with an EC Plan - Neofluar 
20X (NA 0.45) Dry (Carl Zeiss). To determine the response of a 

completely reduced probe (Fig. S1A), cells were treated with 5 mM DTT 
(Sigma) for 5min, recorded for a further minute and then challenged 
with 50 μM H2O2 (Sigma). Each biological condition is represented after 
averaging 3 technical replicates. For each technical sample, the 488/ 
405-nm ratios were calculated for ≥25 cells using ImageJ, and aver-
aged excluding the initial 20sec of acquisition to allow for laser equili-
bration. The results are showed as the mean fold change in the basal 
ratio with respect to controls ± SEM. From 2 to 10 experiments were 
conducted for each condition assayed. 

Representative images of the basal ratio of HyPer ER Lumen or HyPer 
Mito were acquired using a GE Healthcare DeltaVisionTM Ultra micro-
scope equipped with a Plan - Apo 60 X (NA 1 0.42) oil objective lens. To 
this end, 8 × 104 HyPer ER Lumen- or Mito-expressing HeLa cells were 
silenced and/or transfected onto coverslips as described above and 
equilibrated 10min in FluoroBrite DMEM medium (Gibco) with 10% 
FCS before acquisition. 

2.4. Immunofluorescence analyses 

To assess the correct localization of the myc-tagged ER-targeted 
catalase, 8 × 104 Hela cells were plated on 13 mm coverslips placed in 6- 
well plates and transfected for 48 h. The recombinant protein was 
detected using in-house generated mouse monoclonal antibodies (9E10, 
PBS 5% FCS). Rabbit anti-calnexin antibodies (#ADI-SPA-860F, 1 Enzo 
Life Sciences) were used to decorate the ER. Briefly, cells were fixed with 
4%PFA for 20min at room temperature and permeabilized with 0.1% 
Triton X100 before incubation with the indicated antibodies. Suitable 
anti-mouse or anti-rabbit secondary antibodies Alexa Fluor-488 and 
Alexa Fluor-546 (Molecular Probes) were then used, and fluorescent 
images acquired by a GE Healthcare DeltaVisionTM. Images were pro-
cessed with ImageJ. 

2.5. Transmission electron microscopy 

HeLa cells were fixed with 2.5% glutaraldehyde in 0,1 M cacodylate 
buffer (pH 7.4), washed thoroughly in cacodylate buffer and post-fixed 
in 1% osmium tetroxide (OsO4), 1.5% potassium ferricyanide (K4 [Fe 
(CN)6]), 0.1 M Na-Cacodylate buffer for 1 h on ice, washed with distilled 
water (dH2O) and enbloc stained with 0.5% uranyl acetate in dH2O 
overnight at 4 ◦C in the dark. Finally, samples were rinsed in dH2O, 
dehydrated with increasing concentrations of ethanol, embedded in 
Epon, and cured in an oven at 60 ◦C for 48 h. Ultrathin sections (70–90 
nm) were obtained using an ultramicrotome (UC7, Leica microsystem), 
collected, stained with uranyl acetate and Sato’s lead solutions, and 
observed in a Transmission Electron Microscope Talos L120C (FEI, 
Thermo Fisher Scientific) operating at 120 kV. Images were acquired 
with a Ceta CCD camera (FEI, Thermo Fisher Scientific). For morpho-
metric analyses of mitochondria and MAMs, the areas and the perime-
ters (ROIs) of at least 200 mitochondria per sample were drawn using 
the freehand selections of ImageJ (n = 3). All ROIs were then extended 
with the enlarge function and the ER cisternae or tubules present within 
30 nm or less from the mitochondria selected were scored as a MAM. 
GraphPad Prism was used to represent the number of contacts. 

2.6. Statistical analyses 

We used the one-way ANOVA method for multiple samples and the 
Tukey’s HSD post-hoc test to find out which groups were significantly 
different from others. In all cases, statistical significance was defined as 
p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***). 

3. Results 

3.1. H2O2 increases inside the ER upon Ero1α silencing 

Stable HeLa transfectants expressing targeted ratiometric HyPer 
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probes [31] allow to reproducibly measure variations in the H2O2 levels 
of the ER lumen despite the high oxidative environment of this organelle 
(Fig. S1A; [22]). As previously reported [22], AQP11 silencing increased 
the basal oxidation of HyPer ER lumen, likely reflecting the trapping of 
locally generated H2O2 molecules inside the ER. To investigate their 
main sources, we silenced the expression of Ero1α and NOX4 (Fig. S1B), 
two ER-resident enzymes known to release H2O2 into the lumen [32,33]. 
NOX4 downregulation caused only a statistically non-significant 
decrease in the basal H2O2 levels (Fig. 1A, green column). In contrast, 
the results obtained upon Ero1α silencing were most surprising, in that 
lowering the levels of an oxidase strongly increased the oxidation state 
of the HyPer ER lumen probe (Fig. 1A, red column, and 1B upper panels). 
Cells stably expressing a pH-insensitive sensor (SHyPer ER lumen) did not 
undergo significant fluorescent shifts, excluding changes in luminal pH 
(Fig. S1C). 

Importantly, simultaneous AQP11 silencing prevented the increase 
in luminal H2O2 observed in cells deprived of Ero1α (Fig. 1A, red and 
orange-striped column, and 1B upper panels), implying a role for AQP11 
in importing H2O2 from sources external to the ER. The simultaneous 
silencing of NOX4 and AQP11 increased the oxidation levels of HyPer 
with respect to single-silencing of NOX4, albeit in a non-significant 
manner. These results point at Ero1α as the main source of luminal 
H2O2 in untreated HeLa cells (Fig. 1A, green and orange-striped column, 
and 1B upper panels). 

To prove that indeed H2O2 accumulates in the ER upon Ero1α or 
AQP11 downregulation, we co-expressed an ER-targeted catalase 
(Fig. S1D). As shown in panel B of Fig. 1, the presence of a powerful 
H2O2 scavenger counteracted the increases observed in HyPer ER lumen 
activation, further confirming that the sensor faithfully reports on the 
H2O2 levels in the ER lumen. 

The observation that H2O2 levels do not increase upon simultaneous 
AQP11 and Ero1α knockdown confirm that Ero1α is a key source of the 
H2O2 molecules that eventually reach the cytosol via AQP11 [22]. They 
also imply that –unexpectedly- abundant H2O2 molecules enter the ER 
lumen of cells lacking Ero1α. Thus, an external source is activated upon 
silencing Ero1α, which generates H2O2 molecules that can reach the ER 
lumen via AQP11. 

3.2. H2O2 increases also in mitochondria upon Ero1α silencing 

In search of the generator(s) of the H2O2 detected with HyPer ER 
Lumen when Ero1α was silenced, our suspects fell first on mitochondria. 
These organelles contain at least 11 different ROS sources [29], establish 
close contacts with the ER, and are known to exchange other diffusible 
molecules such as calcium with it [34,35]. Moreover, both AQP11 [22] 
and Ero1α [36] have been reported to be partially localized in 
mitochondrial-associated membranes (MAMs). 

To explore this possibility, we analyzed HeLa S3 transfectants that 
stably express HyPer in the mitochondrial matrix (HyPer Mito). Clearly, 
also the mitochondrial sensor was oxidized upon Ero1α downregulation 
(Fig. 2A, red column), mirroring the increase detected in the ER (Fig. 2B, 
compare middle images). Remarkably, HyPer Mito basal oxidation levels 
did not increase when only AQP11 was silenced, while HyPer ER lumen 
did [22]. Moreover, H2O2 levels increased in the mitochondrial matrix 
also upon combined downregulation of AQP11 and Ero1α (Fig. 2A, red 
and orange column, and Fig. 2B, right panels). Thus, the peroxiporin 
activity of AQP11 is not required for HyPer Mito oxidation in cells with 
low Ero1α levels. 

3.3. Complex III is activated upon silencing of Ero1α 

Amongst the numerous potential H2O2 source(s) in mitochondria, 
site IQ in complex I and site IIIQ0 in complex III stand out for their ca-
pacity to produce redox equivalents [37]. Their topology determines the 
side of the mitochondrial inner membrane (IMM) in which the mole-
cules are produced [38]. Site IQ site produces superoxide (O2

•-) and H2O2 

inside the matrix (MM, Fig. 3A), the former being transformed into the 
latter by a matrix superoxide dismutase (MnSOD or SOD2). In contrast, 
complex III site IIIQ0 releases O2

•- into either side of the IMM (Fig. 3A). In 
the intermembrane space (IMS), H2O2 is generated by cytosolic 
Cu/ZnSOD or SOD1. To identify the source of H2O2 activated in mito-
chondria upon Ero1α silencing, we selectively blocked electron leakage 
from site IQ or site IIIQ0 using a new generation of specific inhibitors 
[39,40]. Unlike classical compounds such as rotenone or antimycin A, 

Fig. 1. Ero1α silencing causes a paradoxical increase in the levels of H2O2 in-
side the ER lumen. 
A) The graph summarizes the changes induced by the indicated treatments in 
the basal ratio (488/405) of HyPer ER Lumen, expressed in fold change with 
respect to untreated cells. As previously reported [22], the silencing of AQP11 
(orange column) caused an increase in probe oxidation. Downregulation of 
NOX4, alone or in combination with (green and green-orange striped columns) 
had effects below the significance levels. In contrast, Ero1α downregulation 
caused a higher increase in basal HyPer ER Lumen oxidation (red column) than 
AQP11 silencing alone. This increase was abolished when both AQP11 and 
Ero1α were downregulated (red-orange striped column). Bars represent the 
average of ≥5 independent experiments ± SEM. P-Value *<0.05 ** < 0.01. B) 
Expression of catalase in the ER lumen (ER-CAT) abolished the differences 
observed upon AQP11, Ero1α or NOX4 silencing, confirming that the observed 
results reflected rises in the luminal concentration of H2O2. Average of ≥2 in-
dependent experiments ± SEM. P-Value *<0.05 ** < 0.01. The top panels show 
representative images of HeLa cells expressing Hyper ER Lumen under the 
indicated silencing conditions. The four bottom panels show cells co-expressing 
ER-catalase. Scale Bar = 20 μm.. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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these drugs neither completely interrupt electron flow nor do they alter 
metabolite consumption. Consequently, they induce fewer compensa-
tory mechanisms from upstream and downstream sites and conserve the 
membrane potential and ATP production rate, limiting cell toxicity and 
other potential artefacts [41]. Clearly, the inhibition of site IIIQ0 in 
complex III by S3qel caused a time-dependent decrease in the levels of 
H2O2 in the ER lumen (Fig. 3B, pink columns). In contrast, inhibiting 
complex I activity did not significantly affect the luminal levels of H2O2 
(Fig. 3B, yellow columns). Both compounds lowered the H2O2 levels 
sensed in the mitochondrial matrix by HyPer Mito, though to different 
extents (Fig. S2). Altogether, the above data confirm that lowering the 
Ero1α levels in the ER induces a higher electron leakage in mitochondria 
and identifies mitochondrial complex III as the main source of H2O2 
molecules entering the ER. 

To further confirm the above conclusions, we devised a strategy 
based on the notion that AQPs are not able to transport charged solutes. 
As stated above, complex III only produces O2

•-. Owing to its charged 

nature, O2
•- cannot be transported across peroxiporins [42]. Therefore, 

we reasoned that if peroxiporin were needed to mediate H2O2 entry into 
the ER, blockade of SOD1 should prevent HyPer ER Lumen oxidation 
upon Ero1α silencing (see the scheme in Fig. 3A). Accordingly, a 
pyridazin-3-one derivative (LCS-1), known to effectively inhibit SOD1 
activity [43], prevented the H2O2 increase in the ER lumen, confirming 
the requirement of O2

•- transformation into a suitable peroxiporin 
substrate. 

3.4. Reorganization of ER-mitochondria contact sites promotes H2O2 
transfer upon Ero1α silencing 

As effective communication between cellular compartments is 
facilitated by the vicinity of the organelles involved [44], physical 
contacts between the ER and mitochondria are emerging as key 
signaling hubs [35–45]. In the case of H2O2, vicinity is of paramount 

Fig. 2. The H2O2 levels increase also in mitochondria upon Ero1α silencing. 
A) Cells expressing HyPer in the mitochondrial matrix were silenced with 
Ero1α-specific oligos alone or in combination with AQP11-specific reagents, as 
indicated. Variations in the basal oxidative level of HyPer Mito are expressed as 
fold change relative to untreated cells. Downregulation of Ero1α (siEro1α) fa-
vors HyPer Mito oxidation (red column) also in cells with low AQP11 activity 
(red-orange striped column). Bars represent the average of ≥5 independent 
experiments ± SEM. P-Value **<0.01; n.s. non significant. B) Representative 
images of HyPer Mito and HyPer ER Lumen basal fluorescence after the knock- 
down of Ero1α or Ero1α/AQP11 simultaneously. Scale Bar = 20 μm.. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. Complex III is activated upon silencing of Ero1α. 
A) Schematic representation of the main electron transport chain components 
present in the inner mitochondrial membrane (IMM). Both complex I and 
complex III (highlighted in yellow and pink, respectively) produce superoxide. 
Unlike complex I, however, complex III releases superoxide also in the mito-
chondrial intermembrane space (IMS). Here, superoxide dismutase 1 (SOD1, in 
blue) can generate H2O2. The boxes indicate the drugs used to specifically 
inhibit the three activities. B) Time-dependent effects of the S3qel, S1qel and 
LCS-1 on the basal oxidative level of HyPer ER Lumen before (left panel) or after 
(right panel) Ero1α silencing. The “0” column represents cells treated with the 
drug vehicle (DMSO). S3qel and S1qel inhibit complex III and complex I (pink 
and yellow columns, respectively); LCS-1 (blue columns) inhibits SOD1. 
Average of ≥5 independent experiments ± SEM. P-Value with respect to control 
is indicated at the top of the significant columns, while statistically significant 
differences among groups are highlighted with a linker. In all cases P-Value 
*<0.05 ** < 0.01.. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

I. Sorrentino et al.                                                                                                                                                                                                                              



Redox Biology 55 (2022) 102410

5

relevance, as the reactivity of this compound and the abundance of 
scavenger antioxidants in the cytosol would limit signal diffusion [46, 
47]. We and others have shown previously that key redox modulators 
including AQP11 and Ero1α accumulate partly in MAMs [22–34,48,49]. 
Therefore, we reasoned that the entry of H2O2 molecules generated in 
mitochondria upon Ero1α silencing, would be facilitated by tightening 
of the ER-mitochondria physical links. To visualize MAMs, we per-
formed systematic morphometric analyses of transmission electron mi-
croscopy images (Fig. 4A and B). As there is still controversy on minimal 
length of the interorganellar interface that can define a MAM from ca-
sual contacts between organelles in crowded cells, we selected a strin-
gent gap width threshold for discrimination (≤30 nm) [50]. The results 
of this endeavor are summarized in panel B of Fig. 4. Clearly, the number 
of ER-mitochondria contacts was dramatically increased upon Ero1α 

silencing. Importantly, these were not due to an expansion of mito-
chondrial dimensions as Ero1α silencing slightly reduced their area 
(Fig. S3). Simultaneous downregulation of AQP11 neither prevented nor 
inhibited the effects of Ero1α silencing. Thus, like complex III activation, 
MAM remodeling can occur also without efficient H2O2 transport across 
the ER membrane. Numerous proteins are thought to dynamically 
control MAMs [51–53]. To prove that the tightening of the 
ER-mitochondria contacts observed above was important for H2O2 
transfer, we silenced the vesicle-associated membrane 
protein-associated protein B (VAPB), and mitofusin-2 (Mfn2), two pro-
teins known to be essential for correct juxtaposition of the two organ-
elles, despite in different manner [26–54],55–57]. Clearly, neither VAPB 
nor Mfn2 silencing impacted the ER H2O2 basal levels (Fig. 4C columns 
pink and purple). However, the increase in H2O2 normally observed 
upon Ero1α downregulation was no longer detectable in cells devoid of 
VAPB or Mfn2 (Fig. 4C red-pink and red-purple striped columns). These 
results confirm that the flux of H2O2 from mitochondria to ER depends 
also on the architecture of MAMs. 

Taken together, our results show that not only mitochondrial com-
plex III is induced to produce more H2O2 in the absence of Ero1α, but 
MAMs are remodeled to allow efficient ER delivery. 

4. Discussion 

Functional specialization is important for achieving competence in 
complex societies, but proficiency cannot be reached without distrib-
uting responsibilities and emergency plans. Hence, collaborative re-
lationships constitute the basis of successful cohabitation. Clearly, this 
concept also applies to cells. Compartmentalization of biochemical re-
actions in membrane-bound organelles has paved the thriving of 
eukaryotic organisms. Enclosed generation of energy in mitochondria, 
achievement of intricate protein folds inside the ER [58] and efficient 
transmission of signals across the cytosol are relevant examples, all 
sustained by physical isolation of the processes using lipid bilayers. Still, 
maintenance of cellular homeostasis involves redundancies and inter-
organellar cooperation via sensors and effector elements that allow 
survival and adaptation. Our paradoxical finding that inhibiting a 
powerful source of H2O2, Ero1α, increases the H2O2 levels in the ER 
lumen is to be seen in this context, as adequate safeguarding responses 
must be readily available when key players are compromised. Gradients 
must be generated and maintained across membranes [59–61] and 
channels gated in a timely and spatially regulated manner [25–46],[61, 
62]. 

The notion that Ero1α generates H2O2 during disulfide bond for-
mation links oxidative folding to redox signaling. Thus, H2O2 molecules 
flow from the ER to the cytosol via the peroxiporin AQP11 [22], 
conceivably yielding information on the rate of protein biogenesis 
within the secretory compartment. Our experiments reveal that NOX4 is 
a minor source of luminal H2O2, a role played by Ero1α also in 
non-professional secretory cells like HeLa. Not only does Ero1α provide 
most luminal H2O2, it also ensures that H2O2 levels be restored in its 
absence, asking and obtaining help from mitochondrial complex III 
(Fig. 5). 

In all likelihood, the process we describe here is important in 
maintaining redox homeostasis in an ER deprived of a key player. The 
teleology of having closer contacts between mitochondria and the ER is 
therefore clear, especially considering the abundance of antioxidants in 
the cytosol. It would be of great interest to identify the mechanisms that 
tether the two organelles and regulate the intervening distances. That 
Ero1α is involved in tight relationships with mitochondria does not 
come as a surprise. In fact, we and others have previously shown that its 
levels impact calcium fluxes [35–64]. How can the absence of a soluble 
enzyme in the ER lumen be perceived by complex III in the inner 
mitochondrial membrane? Since the HyPer Mito sensor is activated upon 
Ero1α silencing also when H2O2 export via AQP11 is inhibited, H2O2 is 
unlikely to be involved. The nature of the messages remains to be 

Fig. 4. MAM’s reorganization allows H2O2 transfer from mitochondria when 
Ero1α is silenced. 
A) Representative transmission electron microscopy images of HeLa cells 
treated for ≤48 h with the indicated silencing reagents. Scale Bar = 1 μm. Insets 
are enlarged 3.8 times to better illustrate ER-mitochondria contacts (see red 
arrows). B) The table shows the average number of contacts that a single 
mitochondrion establishes with the ER (mitochondria with 0, 1, 2, ≥3 contacts). 
Mean of three independent experiments, in which at least 200 mitochondria 
were counted for each condition. The graphs summarize the increase in the 
number of contacts that mitochondria establish with ER membranes. P-Value 
*<0.05 ** < 0.01. C) Disturbing the architecture of ER-mitochondria contact 
sites inhibits H2O2 transfer. HeLa cells stably expressing HyPer ER Lumen were 
treated with the indicated oligos to downregulate VAPB (pink column) or Mfn2 
(purple column) alone or in combination with Ero1α (red-pink and red-purple 
striped columns). Clearly, both VAPB and Mfn2 are required for efficient H2O2 
transfer from mitochondria to the ER lumen in cells with low Ero1α levels (red 
column). Average of ≥3 independent experiments ± SEM. P-Value *<0.05 ** 
< 0.01.. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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established, calcium ions [48–49][63], and oxygen molecules [65–68] 
being reasonable candidates. 

As it is often the case with novel findings, our study raises more 
questions than it answers. The notion that Ero1α levels impact the ac-
tivity of complex III in mitochondria as well as the anatomy of the or-
ganelles involved highlights once more how all the ingredients in our 
cells operate in a synergic fashion to guarantee survival also in dire 
conditions. Dissecting the underlying mechanisms is bound to identify 
key targets in a wide spectrum of pathophysiologic conditions. 
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