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A B S T R A C T

The mechanisms by which the Golgi apparatus (GA) impacts on cell invasion are poorly understood. The human
Golgi Anti-Apoptotic Protein (hGAAP, also known as TMBIM4) is a highly conserved Golgi cation channel that
modulates intracellular Ca2+ fluxes. Human GAAP is expressed in all human tissues, is essential for cell viability
and provides resistance against a range of apoptotic stresses. Furthermore, hGAAP enhances adhesion and cell
migration by increasing the turnover of focal adhesions due to activation of store-operated Ca2+ entry.

Here, we describe a GA-derived mechanism that controls cell invasion. The overexpression of hGAAP sti-
mulates 3-dimensional proteolytic cell invasion by a mechanism that is dependent on the accumulation of in-
tracellular hydrogen peroxide, which might be produced by the hGAAP-dependent stimulation of mitochondrial
respiration.

These findings provide new insight into the complex mechanisms by which Ca2+ and reactive oxygen species
signaling contribute to cell invasion and to the role of the GA in these processes.

1. Introduction

Cell motility, and specifically cell invasion, plays an important role
in physiological phenomena such as immune cell infiltration and em-
bryogenesis, but also in pathological processes like tumor growth and
metastasis. In cancer, cell invasion is generally an important process for
the dissemination of cells from the primary tumor site to distant tissues
[1–3]. While the severity and mortality of most cancers are frequently
related to their ability to spread and invade other parts of the organism,
the pharmacological approaches for oncological diseases rely mainly in
anti-proliferative or cytotoxic drugs [4]. Only few and poorly effective
strategies are available to control cancer spread and progression. This is
partially due to the high complexity of the systems that control cell
invasion and the variety of mechanisms used [1].

Cell invasion involves intricate coordination of adhesion and cy-
toskeletal remodeling that can be influenced by various cellular pro-
cesses including metabolism, intracellular and extracellular pH,

reactive oxygen species (ROS) accumulation, Ca2+ fluxes and mem-
brane trafficking [1,5–10]. The complexity of these regulatory me-
chanisms is increased by the interplay between several of the above-
mentioned elements. As an example, Ca2+ signaling can regulate key
cellular events that are fundamental to an invading cell, such as mi-
tochondrial metabolism, cytoskeleton remodeling, focal adhesion (FA)
dynamics or matrix metalloproteinases (MMP) activation/secretion
[11–13]. Additionally, several of these events can feedback into the
system's complexity by inducing alterations in Ca2+ fluxes or ROS ac-
cumulation [14]. The interplay between ROS (specially H2O2) and Ca2+

is particularly significant in this context. Both can act as second mes-
sengers and can impact on each other [15–17]. Calcium entering the
mitochondrion from the ER or the cytoplasm can alter O2 consumption
and ATP production, which in turn can directly alter the levels of in-
tracellular ROS [17–20]. Despite their importance, the mechanisms by
which Ca2+ and ROS contribute to cell invasion are not fully under-
stood.
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Emerging evidence suggests that the Golgi apparatus (GA) can di-
rectly or indirectly affect intracellular Ca2+ fluxes, ROS, metabolism,
intra-organelle pH, protein and membrane trafficking and thereby
contribute to cell migration/invasion [21–25]. Although these roles
have been ascribed to the GA, the intricate molecular mechanisms in-
volved in the control of such processes are still mostly unidentified.

The human Golgi Anti-Apoptotic Protein (hGAAP), also known as
transmembrane Bax (Bcl-2-associated X protein) inhibitor-1 motif-
containing protein 4 (TMBIM4) is a highly conserved GA cation-selec-
tive ion channel that controls the Ca2+ filling state of the GA and ER
and regulates store-operated Ca2+ entry (SOCE) [26,27]. The ubiqui-
tous expression of GAAP across all human tissues [28–30], suggests that
its role might be fundamental to the function of a wide variety of cell
types. Indeed, hGAAP was proposed to be a housekeeping protein
[28,31]. Members of the TMBIM family of ion channels are located in
various organelles, and are structurally different from all other ion
channels described to date [32,33]. The mechanisms controlling ion
flow in TMBIM proteins are not fully understood, but recent structural
data obtained from a bacterial TMBIM suggests that intracellular pH
might participate in the opening of the pore [34]. Spontaneous channel
activity of single purified GAAP of virus origin was recorded by elec-
trophysiological experiments, consistent with a passive leak mechanism
[26]. Human GAAP overexpression was shown to enhance SOCE,
leading to activation of the protease calpain 2 near the plasma mem-
brane, resulting in greater FA turnover and increased migration [27].

Here, we provide evidence that hGAAP also enhances mitochondrial
metabolism and proteolytic cell invasion in an H2O2-dependent
manner. This study provides new insight into mechanisms by which
Golgi-associated proteins act to control Ca2+ and ROS production to
facilitate invasive signaling.

2. Material and Methods

2.1. Cell culture and transfection

Human osteosarcoma U2-OS and breast cancer MCF7 cell lines were
grown in Dulbecco's Modified Eagle Medium (DMEM - BioWest).
Medium was supplemented with 10% foetal bovine serum (FBS)
(BioWest), 100 units/ml penicillin and 100 μg/ml streptomycin.
Plasmid transfections were carried out using Lipofectamine LTX
(Invitrogen) or TransIT LT1 (Mirus) according to the manufacturer's
instructions and plasmid-transfected cells were selected using G418
(Gibco) to generate polyclonal cell lines. The siRNA oligonucleotide
duplexes (Invitrogen) were transfected using Oligofectamine
(Invitrogen) according to the manufacturer's instructions. Sequences of
the hGAAP-specific siRNA1 and 2 were described [28]. A siRNA for GFP
was used as control [27]. Cells were used 36–40 h after transfection.

2.2. Plasmids and stable cell lines

Polyclonal U2-OS cells expressing the control plasmid (neo), hGAAP
or hGAAP Ctmut with C-terminal mutations (E233AVNKK238 to
A233AVAAA238), each with a C-terminal HA tag, were described
[28,35]. Immunoblot, reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) and immunofluorescence were used to con-
trol for gene expression and subcellular localization. The HyPerRed and
HyPerRed-C199S [36] were obtained from Addgene.

2.3. Immunoblotting

Cells were lysed on ice in lysis buffer (50mM Tris-HCl pH 7.5,
100mM NaCl, 2 mM EDTA, 1% CHAPS, protease and phosphatase in-
hibitor cocktails (Roche)). The lysates were cleared by centrifugation
(15,000×g, 15 min), resolved using NuPAGE® Novex 4–12% Bis-Tris
gels (Invitrogen) and transferred onto a nitrocellulose membrane.
Antigen-antibody complexes were detected using horseradish

peroxidase (HRP)-conjugated secondary antibodies (Sigma-Aldrich).
The primary antibodies used were: anti-HA (Sigma, 1:10,000), anti-α
tubulin (Millipore, 1:10,000).

2.4. RT-qPCR

The levels of endogenous hGAAP mRNA in U2-OS cells following
siRNA transfection were measured by RT-qPCR using a ViiA 7 Real-
Time PCR System (Life Technologies), fast SYBR Green Master Mix
(Applied Biosystems), hGAAP primers (Fwd: AGGACGACTTCAACTAT
GGC, Rev: CCAGAAACCGTAACAGGTGC) and Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH) primers (Fwd: ACCCAGAAGACT
GTGGATGG, Rev: TTCTAGACGGCAGGTCAGGT). Total cellular RNA
was extracted from transfected cells 24 h and 48 h post siRNA trans-
fection, using a RNeasy mini kit (QIAGEN) and 1 μg of total RNA was
reverse transcribed using Superscript III reverse transcriptase according
to the manufacturer's protocol (Invitrogen). For relative quantification
analysis, amplified hGAAP was normalized to endogenous GAPDH
amplified from the same sample in triplicates. Experiments were per-
formed in biological triplicates and conducted three times.

2.5. In vitro cell invasion and migration assays

The chemotactic invasion and migration was evaluated in 24-well
plates with transwell inserts with transparent PET membranes con-
taining 8-μm pores (BD Falcon) using 10% FBS as chemoattractant. The
invasion assay was performed as described for chemotactic migration
measurements, but in this case the membrane filter was overlaid with
Matrigel™ (BD Biosciences) diluted in serum-free medium (1:30 dilu-
tion) [37,38]. Non-migrating cells were removed from the upper side of
the inserts with a cotton swab. Cells that migrated to the underside of
the inserts were fixed with 96% ethanol and stained with 0.1% crystal
violet. The number of cells per field was counted for at least 10 fields on
an Olympus BX51 inverted microscope using a x20 or x40 objective.

2.6. In vivo cell invasion assay

This study was performed under the Research Project “The role of
the human Golgi-anti apoptotic protein in cell invasion”, which was
appraised by the Animal Welfare Body of the Champalimaud
Foundation and licensed by the Portuguese competent authority,
Direcção Geral de Alimentação e Veterinária (DGAV) under Ref. 0421/
000/000/2017. Housing, husbandry and procedures were designed and
performed according to Directive 63/2010/EC and the 3Rs Principle.

Animals: For this study, 8-week old NOD. CB17-Prkdcscid/J
(known as NOD scid) male mice were used. Mice were purchased from
The Jackson Laboratory, Bar Harbour, ME, USA and were bred in the
Champalimaud Foundation Vivarium. This study was conducted in the
Specific and Opportunistic Pathogen-Free (SOPF) Suite according to
FELASA recommendations Mice are housed in individually ventilated
cages (Tecniplast Green Line IVC Sealsafe PLUS Mouse) and handled
inside ventilated stations (Tecniplast Aria). All cages are garnished with
corncob bedding, red plastic igloos for shelter, and crinkled paper for
nesting. Mice were fed an autoclaved standard pelleted rodent diet
(RM3, Special Diet Services) and drank autoclaved tap water, both
supplied ad libitum.

Cell staining and detection: U2-OS cells overexpressing hGAAP
(hGAAP) and control cells (neo) were stained with CellTrace™ CFSE
(Thermo Fisher) and Vybrant™ DiD (Thermo Fisher), respectively, ac-
cording to the manufacturer instructions.

A short pilot experiment was performed on 5 mice to evaluate the
number of stained cells in the lung at 5 different time points post in-
jection. From the data obtained, 8 h post-injection was selected as the
best time-point for lung harvest. After this, five mice were used per
experiment and two independent experiments were performed. Each
animal was injected with 1×106 cells of each cell line (2× 106 in
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total) in the tail vein under isoflurane anesthesia. Eight h post injection,
the animals were sacrificed by cervical dislocation and the lungs were
harvested. A single cell suspension of the entire lung tissue was ob-
tained using a 70 μm cell strainer. The erythrocytes present in the cell
suspension were lysed using two incubations with Erythrocyte Lysis
Buffer (155mM NH4Cl, 12mM NaHCO3 and 0.1 mM EDTA, pH 7.3).
Cells were analyzed by flow cytometry using a FACSFlow (BD
Biosciences) to detect CFSE and Vybrant DiD stained cells. A total of
2× 106 cells were analyzed for each sample. Data analysis was per-
formed using FlowJo.

2.7. Fluorescent gelatin degradation assay

Fluorescent gelatin-coated cover slips were prepared as described
[39]. Briefly, coverslips were coated with thin layers of Oregon Green
488-conjugated gelatin (Molecular probes), cross-linked with 0.5%
glutaraldehyde, incubated with 5mg/ml NaBH4, washed with PBS and
incubated in 70% ethanol. Cells were seeded on gelatin-coated cover-
slips at a density of 4× 104 cells per well in a 24 well plate, in complete
medium. After 20 h cells were fixed with 4% paraformaldehyde. Image
acquisition was performed on a wide-field Zeiss Axiobserver micro-
scope with a x40 objective and ZEN software. The gelatin degradation
percentage (per image) was measured using Image J software and was
then normalized to the number of cells to obtain a normalized de-
gradation value.

2.8. Gelatin zymography

Protease activity of secreted MMP2 and MMP9 in the culture
medium of U2-OS cells was analyzed using a gelatin zymography assay
as described [40]. Cells (3× 105 cells) were seeded on MatrigelTM–-
coated 6-well plate and allowed to grow for 24 h. Cells were incubated
for 24 h with FBS-free medium. The conditioned medium was collected,
cleared by centrifugation, concentrated using Vivaspin concentrators
(30 kDa cut-off, Sartorius Stedim Biotech) and resolved in a 10%
SDS–polyacrylamide gel copolymerised with 0.1% (w/v) gelatin. The
gel was incubated in renaturing buffer (25% v/v Triton X-100 in water)
for 30min at room temperature and developing buffer (50mM
Tris–HCl, pH 7.8, 0.2 M NaCl, 5 mM CaCl2, and 0.02% Brij 35) at 37 °C
for 16 h. Inclusion of EDTA in the developing buffer inhibits MMP ac-
tivity allowed the confirmation of the bands specificity. The gel was
stained with Coomassie Blue R-250 and imaged with a ChemiDoc XRS
(Bio-Rad, USA). The semi-quantitative densitometry of MMP-2 and
MMP-9 bands was performed using ImageJ as described [40]. Total
protein content of concentrated supernatant and cell lysate was mea-
sured by Bradford assay (BioRad) prior to gel loading to avoid varia-
tions in cell number/mass, total level of protein secretion or loss during
concentration.

2.9. ROS and H2O2 measurements

The overall levels of intracellular ROS were evaluated using
CellROX (Molecular Probes), a cytoplasmic cell-permeant dye that be-
comes fluorescent upon oxidation by several ROS. Briefly,
1.5× 105 cells/well of each U2-OS cell line were seeded in T25 flasks.
Cells were washed with PBS, detached using Accutase (Gibco), washed
with pre-conditioned medium and stained with 5 μM CellROX for
30min at 37 °C according to the manufacturer's instructions. Propidium
Iodide (PI) was used as a live/dead stain. Tert-Butyl hydroperoxide
(TBHP) and N-acetylcysteine (NAC) (Sigma) were used as controls. The
far-red intensity (excitation/emission: 644/665 nm) of each cell line
population was analyzed by flow cytometry using a Cytek FACScan
DxP8 and analyzed using the MoFlo software, following doublet cell
discrimination and PI stain dead cell exclusion.

The genetically encoded sensor HyPerRed was used to measure in-
tracellular levels of H2O2 as described [36]. U2-OS cell lines were

seeded (3×105 cells/well) on 35mm glass-bottom dishes and left to
settle for 24 h. Cells were then transfected with 1 μg of the HyPerRed
plasmid for 12 h using TransIT LT1 according to manufacture's in-
structions. In preparation for live cell imaging, cells were incubated for
2 h with Hank's Balanced Salt Solution (HBSS) supplemented with
20mM HEPES - NaOH pH 7.4 at 37 °C. Image acquisition was per-
formed within an environmental chamber at 37 °C using a wide-field
microscope (LSM 5 PASCAL, Zeiss), with a x10 objective and a camera
(AxioCam HRm; Carl Zeiss) with Ex: 570 nm/Em 620 nm. To control for
possible interference due to variations in intracellular pH, the same
protocol was applied with a H2O2 insensitive but pH sensitive mutant
version of the sensor (HyperRed-C199S). The mean fluorescence in-
tensity analysis was performed and normalized for cell area using Image
J (NIH).

2.10. Mitochondrial metabolism

The assessment of oxygen consumption rate (OCR) in U2-OS cell
lines was undertaken as described [41]. Briefly, 5×104 cells/well of
each U2-OS cell line were seeded in 24-well Seahorse XF Cell Culture
Plates in 500 μL of complete medium and left for 24 h at 37 °C. The
Seahorse XFe24 Sensor Cartridges were filled with Seahorse XF Cali-
brant Solution pH 7.4 and left overnight to hydrate in a 37 °C incubator
without CO2. Just prior to the experiment all the growth medium was
removed and the cells were washed with fresh Seahorse Assay medium
(Seahorse XF DMEM Medium, pH 7.4 supplemented with 10mM glu-
cose, 1 mM pyruvate and 2mM L-glutamine) pre-warmed at 37 °C. A
final volume of 500 μL Seahorse Assay medium was left in the wells for
the experiment. To equilibrate temperature and pH the plate was in-
cubated in a 37 °C incubator lacking CO2 for 1 h prior to the assay. To
generate OCR, oligomycin (1 μM), FCCP (1 μM) and antimycin A
(0.1 μM) were injected in the wells by the Seahorse XFe24 Analyzer and
3 measurements of OCR were taken in each cycle of the analysis. At the
end of the assay the medium was removed and the cells were washed
with cold PBS and lysed with RIPA buffer for protein quantification.
Protein was quantified using a BCA assay. The final values were cal-
culated and expressed with normalization of protein content using
Agilent software Wave.

2.11. Statistical analysis

Statistical analyses were performed by two-tailed Student's t-test,
Paired t-test, or One-way ANOVA with Tukey's test using the GraphPad
Prism statistical analysis software. p < 0.05 was considered statisti-
cally significant.

3. Results

3.1. hGAAP induces cell invasion and matrix degradation

Previously, hGAAP expression was shown to increase random cell
migration on 2D surfaces by activating SOCE and calpain2-dependent
FA turnover [32]. To determine whether hGAAP overexpression also
played a role in directed migration, U2-OS cells expressing empty
vector (neo), hGAAP or mutant of hGAAP in which a series of charged
residues at the C terminus that are essential for regulating cell adhesion,
apoptosis and Ca2+ homeostasis [3,15,17–19] are mutated to un-
charged amino acids (hGAAP Ctmut) were used (Fig. 1A). Non-invasive
MCF7 cells were included as a control. The results showed a significant
increase in directed migration through uncoated (migration) and 3D
Matrigel coated (invasion) chambers in cells overexpressing hGAAP,
but not those expressing hGAAP Ctmut (Fig. 1B–D). Moreover, U2-OS
cells silenced for endogenous hGAAP (Fig. 1E) exhibited over 3-fold
lower invasion than control cells, further confirming the requirement
for hGAAP in this process (Fig. 1F and G).

Cells can invade the extracellular matrix (ECM) using different
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strategies that may vary according to pore size, matrix elasticity, cel-
lular contractility and adhesion [1,42]. To determine if the mechanism
underlying hGAAP-induced cell invasion involved increased ECM pro-
teolytic degradation, cells were analyzed using a fluorescent gelatin
degradation assay. Quantification of images revealed that cells over-
expressing hGAAP showed significantly higher degradation of matrix
when compared to hGAAP Ctmut overexpression or control neo cells
(Fig. 2A and B). Similar results were obtained when hGAAP was over-
expressed in the non-invasive breast cancer cell line MCF-7 (Fig. S1).
Conversely, cells silenced for hGAAP using siRNAs showed a significant
reduction in matrix degradation (Fig. 2C and D). Activity levels of two
extracellular proteases (MMP2 and MMP9) responsible for proteolytic
activity during cell invasion were assessed by gelatin zymography.
Levels of active MMP2 were increased upon hGAAP overexpression,
and, conversely, were reduced upon hGAAP knock down, whereas no
pronounced differences were observed on the amount of active MMP9
(Fig. 2E–J). Taken together, these data demonstrate that hGAAP pro-
motes proteolytic cell invasion potentially through increased levels of
active MMP2.

3.2. hGAAP induces cell adhesion and invasion to the lung

To address the significance of these findings in an in vivo context,
cells overexpressing hGAAP or control cells with endogenous levels of
hGAAP (neo) were stained with different fluorescent dyes and co-in-
jected into the tail vein of immunedeficient NOD scid mice (Fig. 3A).
Lungs were collected 8 h post injection and the number of fluorescent
cells present in the lung was determined by flow cytometry (Fig. 3B).
Data demonstrated significantly higher numbers of hGAAP over-
expressing cells were resident within the lung tissue compared with the
neo control cells (Fig. 3C). Taken together, these data support a role for
hGAAP overexpression in enhancing cell adhesion and colonization in
vivo.

3.3. hGAAP overexpression promotes mitochondrial respiration and
increases intracellular H2O2

An increased ER and GA Ca2+ flow into the mitochondrion can alter
mitochondrial metabolism, typically leading to higher ATP production
and O2 consumption [18–20,43]. Previous reports have also demon-
strated that a close physical link between the ER/GA and mitochondria

Fig. 1. hGAAP overexpression or knock down affects in vitro cell invasion. The migration and invasion of cells overexpressing hGAAP, a C-terminal mutant of
hGAAP, or empty vector (neo) and of cells knocked down for hGAAP was quantified by transwell assays after 8 h. Cell invasion conditions were created by the
addition of a layer of matrigel to the transwell membrane. (A) Immunoblot of U2-OS cells with anti-HA Ab shows expression of HA-tagged hGAAP and hGAAP Ctmut
in stable cell lines, but not in cells expressing control plasmid (neo). (B, F) Representative images of migrating/invading cells. (C, D and G) Summary results (shown
as mean ± SD from a representative experiment from 3 independent experiments) show the number of invading or migrating cells, **p < 0.01 and
****p < 0.0001 (Student's t-test compared to neo control cells or control siRNA). (E) endogenous hGAAP mRNA expression levels were determined 24 and 48 h after
siRNA transfection by RT-PCR using hGAAP specific primers.
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exist and that Ca2+ is able to flow from the ER/GA to mitochondria,
thus affecting mitochondrial respiration and ROS production
[19,44,45]. We postulated that GAAP channel activity at the GA en-
hanced by over-expression allows draining of Ca2+ from the GA/ER
thereby reducing the Ca2+ content of GA/ER stores [46], could lead to
an increase in mitochondrial metabolism. The potential impact of
hGAAP overexpression on mitochondrial metabolism was analyzed
using a Seahorse XF Cell Mito stress test. Data revealed a robust in-
crease in ATP production and O2 consumption when hGAAP was
overexpressed (Fig. 4A–B), suggesting that hGAAP expression promotes
an increase in mitochondrial respiration.

Increases in mitochondrial O2 consumption and ATP production
frequently lead to an increase in the production of ROS [44]. ROS play
an important role in cell migration and in particular cell invasion-re-
lated processes [47,48]. To determine whether the observed GAAP
overexpression correlated with an increase in ROS levels, cells were
assessed for ROS using CellROX. Data demonstrated that ROS levels
were significantly higher in cells overexpressing hGAAP compared with
neo control cells (Fig. 4C–D). Conversely, the overexpression of the

hGAAP C-terminal mutant did not elicit an increase in intracellular ROS
(Fig. 4C–D). The free radical scavenger, NAC, included as a control,
effectively inhibited hGAAP-mediated increase in global ROS levels
(Fig. 4D).

Hydrogen peroxide plays a role controlling several cell motility-re-
lated processes and is a key regulator of cancer cell migration [48–54].
Considering the accumulated evidence for a role of H2O2 in cell inva-
sion, the impact of hGAAP overexpression in H2O2 accumulation was
assessed. The genetically encoded sensor HyPerRed was used to mea-
sure intracellular levels of H2O2 in live cells. Resulting data revealed
that hGAAP overexpression significantly and specifically increased
H2O2 intracellular levels (Fig. 4E–F). Analysis of parallel samples using
a mutated version of the HyPerRed sensor that renders the protein in-
sensitive to H2O2 but preserves the sensitivity to pH variations, showed
no change between cell lines (Fig. 4G) indicating a specific GAAP-de-
pendent increase in H2O2 levels.

Fig. 2. hGAAP overexpression induces extracellular proteolytic degradation and MMP2 activity. (A, B) Cells overexpressing hGAAP, a C-terminal mutant of
hGAAP or empty vector (neo), and cells transfected with hGAAP specific or control siRNAs (C, D) were seeded on fluorescent gelatin-coated cover slips to detect
extracellular proteolytic activity. (B–D) Summary results (shown as mean ± SD from 3 independent experiments) show normalized gelatin degradation,
***p < 0.001 (Student's t-test compared to neo). (E–J) MMP2 and MMP9 activity from the supernatants of cells overexpressing hGAAP (E) or cells where hGAAP
was knocked down by siRNA (F) was measured using a gelatin zymography assay. (G–J) Summary results (means ± SD from 4 to 5 independent experiments) show
relative MMP activity, *p < 0.05, **p < 0.01 (Student's t-test compared to neo).
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Fig. 3. hGAAP overexpression increases in vivo cell adhesion and invasion into the lung tissue. (A) The in vivo lung adhesiveness and invasiveness of U2-OS
cells overexpressing hGAAP or control plasmid was assessed by co-injecting pre-stained cells (hGAAP cells stained with DiD and neo cells stained with CFSE) into the
tail vein of NOD SCID mice. (B) The lungs were collected 8 h post cell injection and analyzed by flow cytometry to detect the injected cells. (C) Summary results (10
animals from 2 independent experiments) show the number of fluorescent cells recovered from the lungs, lines connect the values that were obtained in each animal,
***p < 0.001 (Paired t-test, compared to neo).

Fig. 4. hGAAP overexpression increases mitochondrial respiration and intracellular levels of ROS and specifically of H2O2. The impact of hGAAP over-
expression in mitochondrial metabolism of cells overexpressing hGAAP, a C-terminal mutant of hGAAP or empty vector (neo) was analyzed using the seahorse XF
mito stress test (A–B). (A) Basal respiration and (B) mitochondrial ATP production were calculated. Summary results show means ± SD from a representative
experiment from 3 independent experiments. (C) The intracellular levels of ROS were determined using the fluorescent broad ROS sensor CellRox by flow cytometry.
(D) Summary results (shown as mean ± SD from a representative experiment out of 3 independent experiments) show median fluorescence intensity. (E–F) Relative
H2O2 levels were determined using the H2O2 sensor HyPerRed. (G) A mutated version of the HyPerRed sensor (HyPerRed C199S) that renders the protein insensitive
to H2O2 but preserves the sensitivity to pH changes was used to control for a possible effect of intracellular pH changes in HyPerRed fluorescence. (F–G) Summary
results (shown as mean ± SD from cells from 3 independent experiments) show median HyPerRed fluorescence intensity. **p < 0.01 and ***p < 0.001 (Student's
t-test compared to neo).
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3.4. hGAAP-induced cell invasion and ECM degradation is H2O2 dependent

To determine whether the observed hGAAP-induced H2O2 accu-
mulation played a role in hGAAP-induced cell invasion and extra-
cellular proteolytic activity, cells were incubated with catalase to lower
the overall concentration of H2O2 in the cell before being subjected to
cell invasion and fluorescence gelatin degradation assays. The addition
of catalase restored the hGAAP-induced cell invasion phenotype to le-
vels seen in control cells (Fig. 5A–B) and partially reverted the increase
in extracellular proteolytic activity observed when hGAAP was over-
expressed (Fig. 5C–D). These data suggest that H2O2 is responsible for
the observed hGAAP-induced cell invasion and extracellular proteolytic
phenotypes.

4. Discussion

The GA-resident cation channel hGAAP is part of a bigger family
(TMBIM) of highly conserved membrane proteins. The roles played by
members of this family in critical aspects of cellular biology (Ca2+

fluxes, adhesion/migration, apoptosis, unfolded protein response - UPR,
among others) [27,55–58] together with the high level of conservation
and house keeping roles of some members, highlight the importance of
this group of poorly understood proteins.

Here we describe a novel mechanism controlling cell invasion by a
protein resident in the GA. Changes in the expression levels of hGAAP
induce a marked effect on 3D proteolytic cell invasion. Overexpression
of hGAAP leads to pronounced changes in the mitochondrial metabolic
status with an increase in mitochondrial O2 consumption and ATP
production accompanied by greater ROS accumulation (Fig. 4) [43]. All
above-mentioned effects were inhibited by the mutation of critical re-
sidues near the cytosolic C terminus (Ctmut hGAAP) that abrogate
hGAAP-induced Ca2+ fluxes and all the other known roles of this
protein [35]. The use of the Ctmut hGAAP served to discard the pos-
sibility of protein overexpression-induced UPR activation, changes in
membrane or protein trafficking or other more subtle mechanisms to
account for the observed effects.

The impact of hGAAP on cell invasion and extracellular proteolytic
degradation were inhibited by the addition of catalase, supporting a
central role for H2O2 as a key signaling molecule in this process (Fig. 5).
We propose that hGAAP overexpression promotes the generation of
H2O2 at least partially by activating mitochondrial respiration, possibly
by allowing the flow of Ca2+ from the GA into mitochondria. Entry of
Ca2+ into the mitochondria has repeatedly been linked with an increase
in mitochondrial ATP production and O2 consumption [18,19,59], and
with changes in cell invasion [8,43], in agreement with the data we

present here. Moreover, a close physical contact exists between mi-
tochondria and the GA/ER, enabling a direct flow of Ca2+ between
these organelles [45,59]. Deregulation of this flow has been linked to
mitochondrial metabolic alterations and consequently to ROS accu-
mulation and to changes in cellular events including cell invasion [7,8].

The accumulation of intracellular and extracellular ROS, and spe-
cifically H2O2 is recognized to play a part in cell motility/adhesion
(reviewed in Ref. [60]). Although the involvement of ROS in cell mo-
tility is clear, the mechanisms underlying these effects are not under-
stood in many cases. Hydrogen peroxide has an important role as a
diffusible second messenger, and can act through oxidation of cysteine
thiols [17]. Regarding cell motility, H2O2 can function as a chemoat-
tractant [49,61], alter the expression or directly oxidize cell motility-
related proteins [52,62], indirectly affect cytoskeleton remodeling [63],
or modify MMP activation [64]. The specific mechanism of action of
hGAAP-induced H2O2 on cell invasion and extracellular proteolytic
activity remains to be elucidated.

Whilst various reports have recognized the involvement of the GA in
regulating cell invasion, this is the first report of a GA resident ion
channel controlling cell invasion and mitochondrial metabolic status.
The positioning of the GA at the front of migrating cells mediates the
delivery of new membrane and adhesion proteins to the leading edge
and is closely linked with cell polarity and directional migration
[65–67]. Several GA proteins have been linked with cell migration and
are associated with cancer progression. The upregulation of the GA-
resident proteins GOLPH2 and GOLPH3 is associated with GA or-
ientation and have been linked with tumorigenesis and cancer pro-
gression by promoting cell migration, invasion and adhesion as well as
mitochondrial biogenesis [68,69].

Data obtained in the last two decades supports a role for ion
channels and transporters in the regulation of the metastatic behavior
of tumor cells [10]. However, the integrated regulation of the signaling
elements involved, and the corresponding clinical outcomes are not
well comprehended (reviewed in Ref. [70]).

Human GAAP overexpression in tumor cell lines (U2-OS, MCF7 and
HeLa) induces pro-invasive cellular events, suggesting that hGAAP
might play a role in the progression from primary non-invasive cancer
to a metastatic-competent state. Since hGAAP regulates several im-
portant hallmarks of cancer (resisting cell death, deregulating cellular
energetics, activating invasion & metastasis) and significant dysregu-
lation of its expression has been reported in an increasing number of
malignant tissues [32], hGAAP might affect tumor progression and
metastasis. Other TMBIM members have been reported to participate in
the control of cell motility and to impact metastasis formation, namely
TMBIM6 (also known as Bax inhibitor 1, BI-1) [71] and TMBIM2 (also

Fig. 5. hGAAP-induced cell invasion and extracellular proteolytic degradation is reverted by catalase. Cell invasion (A–B) and extracellular proteolytic
degradation (C–D) in the presence and absence of catalase (CAT) were evaluated in U2-OS cell lines using (A–B) matrigel-coated transwell invasion assay and (C–D)
fluorescent gelatin degradation assays, respectively. (B and D) Summary results (shown as mean ± SD from cells from 3 independent experiments) show (B) the
average number of invading cells and (D) normalized gelatin degradation, *p < 0.05, ***p < 0.001 (One-way ANOVA, Tukey's Test).
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known as FAS inhibitory molecule 2, FAIM2) [32,72]. TMBIM6 is a
Ca2+ ion channel located at the ER and has been implicated in the
regulation of cellular metabolic status [71]. In contrast to this report for
hGAAP, Lee et al., 2010 [47,71] described a reduction in O2 con-
sumption and ROS production upon TMBIM6/BI-1 overexpression,
highlighting the potentially very different roles for these structurally
and evolutionarily similar proteins.

5. Conclusions

This is the first report describing the role of a GA-resident channel in
the control of cell invasion and matrix degradation. Our findings
highlight the importance of the GA in the control of cell motility and
metabolism.

TMBIM proteins such as GAAP/TMBIM4 regulate various key cel-
lular events. Dissecting such regulatory mechanisms contributes to the
understanding of the fundamental cell biology processes in which these
ancestral proteins participate. It will also help to define the role of these
molecules in various aspects of human pathologies such as cancer
progression.

Availability of data and materials

The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Funding

This work was supported by Fundação para a Ciência e a
Tecnologia, through funding UID/DTP/04567/2019 to CBIOS. GC was
supported by an Isaac Newton grant. NA acknowledges his research
grant attributed in the scope of the project UID/DTP/04567/2016. NS
was awarded STSM grants from EU-ROS (BM1203) and EuroCellNet
(CA15214) COST actions. GLS is a Wellcome Trust Principal Research
Fellow.

Authors' contributions

NS, ASF, GLS, GC and MP contributed to the conception and design.
NS, GC, MP, CMP and ASF contributed to the development of metho-
dology. NS, GC, NA and MP contributed to the acquisition of data. NS,
GC, MP, GLS and ASF contributed to the analysis and interpretation of
data. NS, NA, GC, GLS, MP, ASF contributed to the writing, review,
and/or revision of the manuscript. NS and GLS supervised the study. All
authors read and approved the final manuscript.

Declaration of competing interest

The authors declare that they have no known competing or con-
flicting financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

NA.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.redox.2019.101361.

References

[1] P. Friedl, K. Wolf, Tumour-cell invasion and migration: diversity and escape me-
chanisms, Nat. Rev. Cancer 3 (5) (2003) 362–374.

[2] N. Reymond, B.B. d'Agua, A.J. Ridley, Crossing the endothelial barrier during

metastasis, Nat. Rev. Cancer 13 (12) (2013) 858–870.
[3] D. Hanahan, R. Weinberg, Hallmarks of cancer: the next generation, Cell 144 (5)

(2011) 646–674.
[4] A. Gandalovicova, et al., Migrastatics-Anti-metastatic and anti-invasion drugs:

promises and challenges, Trends Cancer 3 (6) (2017) 391–406.
[5] G.R. Monteith, N. Prevarskaya, S.J. Roberts-Thomson, The calcium-cancer signal-

ling nexus, Nat. Rev. Cancer 17 (6) (2017) 367–380.
[6] B.A. Webb, et al., Dysregulated pH: a perfect storm for cancer progression, Nat. Rev.

Cancer 11 (9) (2011) 671–677.
[7] V. Paupe, J. Prudent, New insights into the role of mitochondrial calcium home-

ostasis in cell migration, Biochem. Biophys. Res. Commun. 500 (1) (2018) 75–86.
[8] C. White, The regulation of tumor cell invasion and metastasis by endoplasmic

reticulum-to-mitochondrial Ca(2+) transfer, Front Oncol 7 (2017) 171.
[9] K. Kessenbrock, V. Plaks, Z. Werb, Matrix metalloproteinases: regulators of the

tumor microenvironment, Cell 141 (1) (2010) 52–67.
[10] R.K. Motiani, et al., STIM1 and Orai 1 mediate CRAC channel activity and are es-

sential for human glioblastoma invasion, Pflüg. Arch. 465 (9) (2013) 1249–1260.
[11] A. Raffaello, et al., Calcium at the center of cell signaling: interplay between en-

doplasmic reticulum, mitochondria, and lysosomes, Trends Biochem. Sci. 41 (12)
(2016) 1035–1049.

[12] S.J. Franco, A. Huttenlocher, Regulating cell migration: calpains make the cut, J.
Cell Sci. 118 (Pt 17) (2005) 3829–3838.

[13] M. Yu, et al., Calcium influx inhibits MT1-MMP processing and blocks MMP-2 ac-
tivation, FEBS Lett. 412 (3) (1997) 568–572.

[14] N. Henke, et al., The plasma membrane channel ORAI1 mediates detrimental cal-
cium influx caused by endogenous oxidative stress, Cell Death Dis. 4 (2013) e470.

[15] A. Gorlach, et al., Calcium and ROS: a mutual interplay, Redox Biol 6 (2015)
260–271.

[16] S.G. Rhee, Redox signaling: hydrogen peroxide as intracellular messenger, Exp.
Mol. Med. 31 (2) (1999) 53–59.

[17] J. Egea, et al., European contribution to the study of ROS: a summary of the findings
and prospects for the future from the COST action BM1203 (EU-ROS), Redox Biol
13 (2017) 94–162.

[18] R. Rizzuto, et al., Close contacts with the endoplasmic reticulum as determinants of
mitochondrial Ca2+ responses, Science 280 (5370) (1998) 1763–1766.

[19] A.I. Tarasov, E.J. Griffiths, G.A. Rutter, Regulation of ATP production by mi-
tochondrial Ca(2+), Cell Calcium 52 (1) (2012) 28–35.

[20] C. Giorgi, S. Marchi, P. Pinton, The machineries, regulation and cellular functions of
mitochondrial calcium, Nat. Rev. Mol. Cell Biol. 19 (11) (2018) 713–730.

[21] D. Mennerich, S. Kellokumpu, T. Kietzmann, Hypoxia and reactive oxygen species
as modulators of endoplasmic reticulum and Golgi homeostasis, Antioxidants Redox
Signal. 30 (1) (2019) 113–137.

[22] P. Pizzo, et al., Ca2+ signalling in the Golgi apparatus, Cell Calcium 50 (2) (2011)
184–192.

[23] Z. Jiang, et al., The role of the Golgi apparatus in oxidative stress: is this organelle
less significant than mitochondria? Free Radic. Biol. Med. 50 (8) (2011) 907–917.

[24] T. Migita, S. Inoue, Implications of the Golgi apparatus in prostate cancer, Int. J.
Biochem. Cell Biol. 44 (11) (2012) 1872–1876.

[25] Y. Liu, et al., Knockdown of Golgi phosphoprotein 73 blocks the trafficking of
matrix metalloproteinase-2 in hepatocellular carcinoma cells and inhibits cell in-
vasion, J. Cell Mol. Med. 23 (4) (2019) 2399–2409.

[26] G. Carrara, et al., Golgi anti-apoptotic proteins are highly conserved ion channels
that affect apoptosis and cell migration, J. Biol. Chem. 290 (18) (2015)
11785–11801.

[27] N. Saraiva, et al., hGAAP promotes cell adhesion and migration via the stimulation
of store-operated Ca2+ entry and calpain 2, J. Cell Biol. 202 (4) (2013) 699–713.

[28] C. Gubser, et al., A new inhibitor of apoptosis from vaccinia virus and eukaryotes,
PLoS Pathog. 3 (2) (2007) e17.

[29] R. Petryszak, et al., Expression Atlas update – an integrated database of gene and
protein expression in humans, animals and plants, Nucleic Acids Res. 44 (D1)
(2016) D746–D752.

[30] M. Uhlén, et al., Tissue-based map of the human proteome, Science 347 (6220)
(2015).

[31] S. Lee, et al., Identification of novel universal housekeeping genes by statistical
analysis of microarray data, J. Biochem. Mol. Biol. 40 (2) (2007) 226–231.

[32] G. Carrara, et al., Golgi anti-apoptotic protein: a tale of camels, calcium, channels
and cancer, Open Biol 7 (5) (2017).

[33] D.A. Lisak, et al., The transmembrane Bax inhibitor motif (TMBIM) containing protein
family: Tissue expression, intracellular localization and effects on the ER Ca2+-filling
state, Biochim. Biophys. Acta Mol. Cell Res. 1853 (9) (2015) 2104–2114.

[34] G. Guo, et al., Ion and pH Sensitivity of a TMBIM Ca(2+) Channel, Structure, 2019.
[35] G. Carrara, et al., Six-transmembrane topology for Golgi anti-apoptotic protein

(GAAP) and Bax inhibitor 1 (BI-1) provides model for the transmembrane Bax in-
hibitor-containing motif (TMBIM) family, J. Biol. Chem. 287 (19) (2012)
15896–15905.

[36] Y.G. Ermakova, et al., Red fluorescent genetically encoded indicator for in-
tracellular hydrogen peroxide, Nat. Commun. 5 (2014) 5222.

[37] A.S. Fernandes, et al., Role of the copper(II) complex Cu[15]pyN5 in intracellular
ROS and breast cancer cell motility and invasion, Chem. Biol. Drug Des. 86 (4)
(2015) 578–588.

[38] A. Albini, R. Benelli, The chemoinvasion assay: a method to assess tumor and en-
dothelial cell invasion and its modulation, Nat. Protoc. 2 (3) (2007) 504–511.

[39] K.H. Martin, et al., Quantitative measurement of invadopodia-mediated extra-
cellular matrix proteolysis in single and multicellular contexts, J. Vis. Exp. (66)
(2012) e4119.

[40] X. Hu, C. Beeton, Detection of functional matrix metalloproteinases by zymography,

N. Almeida, et al. Redox Biology 28 (2020) 101361

8

https://doi.org/10.1016/j.redox.2019.101361
https://doi.org/10.1016/j.redox.2019.101361
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref1
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref1
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref2
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref2
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref3
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref3
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref4
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref4
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref5
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref5
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref6
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref6
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref7
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref7
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref8
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref8
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref9
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref9
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref10
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref10
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref11
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref11
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref11
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref12
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref12
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref13
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref13
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref14
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref14
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref15
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref15
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref16
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref16
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref17
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref17
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref17
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref18
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref18
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref19
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref19
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref20
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref20
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref21
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref21
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref21
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref22
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref22
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref23
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref23
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref24
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref24
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref25
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref25
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref25
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref26
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref26
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref26
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref27
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref27
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref28
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref28
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref29
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref29
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref29
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref30
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref30
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref31
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref31
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref32
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref32
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref33
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref33
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref33
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref34
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref35
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref35
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref35
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref35
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref36
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref36
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref37
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref37
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref37
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref38
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref38
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref39
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref39
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref39
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref40


J. Vis. Exp. (45) (2010).
[41] S.H. Issaq, B.A. Teicher, A. Monks, Bioenergetic properties of human sarcoma cells

help define sensitivity to metabolic inhibitors, Cell Cycle 13 (7) (2014) 1152–1161.
[42] C.D. Paul, P. Mistriotis, K. Konstantopoulos, Cancer cell motility: lessons from mi-

gration in confined spaces, Nat. Rev. Cancer 17 (2) (2017) 131–140.
[43] H. Huang, et al., Mcl-1 promotes lung cancer cell migration by directly interacting

with VDAC to increase mitochondrial Ca2+ uptake and reactive oxygen species
generation, Cell Death Dis. 5 (2014) e1482.

[44] P.S. Brookes, et al., Calcium, ATP, and ROS: a mitochondrial love-hate triangle, Am.
J. Physiol. Cell Physiol. 287 (4) (2004) C817–C833.

[45] N.J. Dolman, et al., Stable Golgi-mitochondria complexes and formation of Golgi Ca
(2+) gradients in pancreatic acinar cells, J. Biol. Chem. 280 (16) (2005)
15794–15799.

[46] F. de Mattia, et al., Human Golgi antiapoptotic protein modulates intracellular
calcium fluxes, Mol. Biol. Cell 20 (16) (2009) 3638–3645.

[47] H. Kim, et al., Bax inhibitor 1 regulates ER-stress-induced ROS accumulation
through the regulation of cytochrome P450 2E1, J. Cell Sci. 122 (8) (2009)
1126–1133.

[48] A. Florido, et al., The manganese(III) porphyrin MnTnHex-2-PyP(5+) modulates
intracellular ROS and breast cancer cell migration: impact on doxorubicin-treated
cells, Redox Biol 20 (2019) 367–378.

[49] I.V. Klyubin, K.M. Kirpichnikova, I.A. Gamaley, Hydrogen peroxide-induced che-
motaxis of mouse peritoneal neutrophils, Eur. J. Cell Biol. 70 (4) (1996) 347–351.

[50] D.R. Miller, et al., p66Shc protein through a redox mechanism enhances the pro-
gression of prostate cancer cells towards castration-resistance, Free Radic. Biol.
Med. 139 (2019) 24–34.

[51] D.A. Rudzka, J.M. Cameron, M.F. Olson, Reactive oxygen species and hydrogen
peroxide generation in cell migration, Commun. Integr. Biol. 8 (5) (2015)
e1074360.

[52] F. Vilas-Boas, et al., Hydrogen peroxide regulates cell adhesion through the redox
sensor RPSA, Free Radic. Biol. Med. 90 (2016) 145–157.

[53] D. Zhu, et al., Hydrogen peroxide alters membrane and cytoskeleton properties and
increases intercellular connections in astrocytes, J. Cell Sci. 118 (Pt 16) (2005)
3695–3703.

[54] H. Satooka, M. Hara-Chikuma, Aquaporin-3 controls breast cancer cell migration by
regulating hydrogen peroxide transport and its downstream cell signaling, Mol.
Cell. Biol. 36 (7) (2016) 1206–1218.

[55] J. Cebulski, et al., Yeast Bax inhibitor, Bxi1p, is an ER-localized protein that links
the unfolded protein response and programmed cell death in Saccharomyces cere-
visiae, PLoS One 6 (6) (2011) e20882.

[56] R. Hückelhoven, BAX Inhibitor-1, an ancient cell death suppressor in animals and

plants with prokaryotic relatives, Apoptosis 9 (3) (2004) 299–307.
[57] D. Lisak, et al., BAX inhibitor-1 is a Ca(2+) channel critically important for immune

cell function and survival, Cell Death Differ. 23 (2) (2016) 358–368.
[58] J. Nielsen, et al., Mouse transmembrane BAX inhibitor Motif 3 (Tmbim3) encodes a

38 kDa transmembrane protein expressed in the central nervous system, Mol. Cell.
Biochem. 357 (1–2) (2011) 73–81.

[59] S. Marchi, S. Patergnani, P. Pinton, The endoplasmic reticulum-mitochondria con-
nection: one touch, multiple functions, Biochim. Biophys. Acta 1837 (4) (2014)
461–469.

[60] T.R. Hurd, M. DeGennaro, R. Lehmann, Redox regulation of cell migration and
adhesion, Trends Cell Biol. 22 (2) (2012) 107–115.

[61] P. Niethammer, et al., A tissue-scale gradient of hydrogen peroxide mediates rapid
wound detection in zebrafish, Nature 459 (7249) (2009) 996–999.

[62] J.M. Cameron, et al., Polarized cell motility induces hydrogen peroxide to inhibit
cofilin via cysteine oxidation, Curr. Biol. 25 (11) (2015) 1520–1525.

[63] F. Li, N. Abuarab, A. Sivaprasadarao, Reciprocal regulation of actin cytoskeleton
remodelling and cell migration by Ca2+ and Zn2+: role of TRPM2 channels, J. Cell
Sci. 129 (10) (2016) 2016–2029.

[64] C. Osorio, et al., H2 O2 activates matrix metalloproteinases through the nuclear
factor kappa B pathway and Ca(2+) signals in human periodontal fibroblasts, J.
Periodontal. Res. 50 (6) (2015) 798–806.

[65] V. Millarte, H. Farhan, The Golgi in cell migration: regulation by signal transduction
and its implications for cancer cell metastasis, ScientificWorldJournal 2012 (2012)
498278.

[66] R.J. Natividad, et al., Golgi stabilization, not its front-rear bias, is associated with
EMT-enhanced fibrillar migration, Biophys. J. 115 (10) (2018) 2067–2077.

[67] C.X. Tang, et al., Golgin-160 and GMAP210 play an important role in U251 cells
migration and invasion initiated by GDNF, PLoS One 14 (1) (2019) e0211501.

[68] S. Sechi, et al., The multiple cellular functions of the oncoprotein Golgi phospho-
protein 3, Oncotarget 6 (6) (2015) 3493–3506.

[69] P. Donizy, et al., Golgi-related proteins GOLPH2 (GP73/GOLM1) and GOLPH3
(GOPP1/MIDAS) in cutaneous melanoma: patterns of expression and prognostic
significance, Int. J. Mol. Sci. 17 (10) (2016).

[70] A. Schwab, C. Stock, Ion channels and transporters in tumour cell migration and
invasion, Philos. Trans. R. Soc. Lond. B Biol. Sci. 369 (1638) (2014) 20130102.

[71] G.H. Lee, et al., BAX inhibitor-1 enhances cancer metastasis by altering glucose
metabolism and activating the sodium-hydrogen exchanger: the alteration of mi-
tochondrial function, Oncogene 29 (14) (2010) 2130–2141.

[72] L. Planells-Ferrer, et al., MYCN repression of Lifeguard/FAIM2 enhances neuro-
blastoma aggressiveness, Cell Death Dis. 5 (2014) e1401.

N. Almeida, et al. Redox Biology 28 (2020) 101361

9

http://refhub.elsevier.com/S2213-2317(19)31105-X/sref40
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref41
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref41
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref42
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref42
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref43
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref43
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref43
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref44
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref44
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref45
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref45
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref45
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref46
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref46
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref47
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref47
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref47
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref48
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref48
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref48
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref49
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref49
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref50
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref50
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref50
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref51
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref51
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref51
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref52
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref52
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref53
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref53
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref53
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref54
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref54
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref54
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref55
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref55
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref55
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref56
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref56
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref57
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref57
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref58
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref58
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref58
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref59
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref59
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref59
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref60
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref60
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref61
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref61
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref62
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref62
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref63
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref63
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref63
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref64
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref64
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref64
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref65
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref65
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref65
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref66
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref66
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref67
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref67
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref68
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref68
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref69
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref69
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref69
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref70
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref70
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref71
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref71
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref71
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref72
http://refhub.elsevier.com/S2213-2317(19)31105-X/sref72

	Stimulation of cell invasion by the Golgi Ion Channel GAAP/TMBIM4 via an H2O2-Dependent Mechanism
	Introduction
	Material and Methods
	Cell culture and transfection
	Plasmids and stable cell lines
	Immunoblotting
	RT-qPCR
	In vitro cell invasion and migration assays
	In vivo cell invasion assay
	Fluorescent gelatin degradation assay
	Gelatin zymography
	ROS and H2O2 measurements
	Mitochondrial metabolism
	Statistical analysis

	Results
	hGAAP induces cell invasion and matrix degradation
	hGAAP induces cell adhesion and invasion to the lung
	hGAAP overexpression promotes mitochondrial respiration and increases intracellular H2O2
	hGAAP-induced cell invasion and ECM degradation is H2O2 dependent

	Discussion
	Conclusions
	Availability of data and materials
	Funding
	Authors' contributions
	mk:H1_24
	Acknowledgements
	Supplementary data
	References




