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Recessive loss-of-function mutations in ATP13A2 (PARK9) are as-
sociated with a spectrum of neurodegenerative disorders, includ-
ing Parkinson’s disease (PD). We recently revealed that the late
endo-lysosomal transporter ATP13A2 pumps polyamines like sper-
mine into the cytosol, whereas ATP13A2 dysfunction causes lyso-
somal polyamine accumulation and rupture. Here, we investigate
how ATP13A2 provides protection against mitochondrial toxins
such as rotenone, an environmental PD risk factor. Rotenone pro-
moted mitochondrial-generated superoxide (MitoROS), which was
exacerbated by ATP13A2 deficiency in SH-SY5Y cells and patient-
derived fibroblasts, disturbing mitochondrial functionality and in-
ducing toxicity and cell death. Moreover, ATP13A2 knockdown
induced an ATF4-CHOP-dependent stress response following rote-
none exposure. MitoROS and ATF4-CHOP were blocked by Mito-
TEMPO, a mitochondrial antioxidant, suggesting that the impact
of ATP13A2 on MitoROS may relate to the antioxidant properties
of spermine. Pharmacological inhibition of intracellular polyamine
synthesis with a-difluoromethylornithine (DFMO) also increased
MitoROS and ATF4 when ATP13A2 was deficient. The poly-
amine transport activity of ATP13A2 was required for lowering
rotenone/DFMO-induced MitoROS, whereas exogenous spermine
quenched rotenone-induced MitoROS via ATP13A2. Interestingly,
fluorescently labeled spermine uptake in the mitochondria drop-
ped as a consequence of ATP13A2 transport deficiency. Our cellu-
lar observations were recapitulated in vivo, in a Caenorhabditis
elegans strain deficient in the ATP13A2 ortholog catp-6. These
animals exhibited a basal elevated MitoROS level, mitochondrial
dysfunction, and enhanced stress response regulated by atfs-1,
the C. elegans ortholog of ATF4, causing hypersensitivity to rote-
none, which was reversible with MitoTEMPO. Together, our study
reveals a conserved cell protective pathway that counters mito-
chondrial oxidative stress via ATP13A2-mediated lysosomal
spermine export.
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Loss—of—function mutations in ATP1342 (PARKY) are causa-
tive for a spectrum of neurodegenerative disorders, including
Kufor-Rakeb syndrome (KRS, a juvenile onset parkinsonism
with dementia) (1), early-onset Parkinson’s disease (PD) (2, 3),
hereditary spastic paraplegia (HSP) (4), neuronal ceroid lip-
ofuscinosis (5), and amyotrophic lateral sclerosis (6), which are
commonly hallmarked by lysosomal and mitochondrial dysfunction
(4, 6, 7). Also, ATP13A2 deficiency causes lysosomal and mito-
chondrial impairment in various models, as evidenced by decreased
lysosomal functionality (8, 9), reduced mitochondrial clearance
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capacity (8-10), mitochondrial fragmentation, mitochondrial DNA
damage, and increased oxygen consumption (11, 12).

We recently discovered that ATP13A2 transports the poly-
amines spermidine and spermine from the late endo/lysosome to
the cytosol (9). Polyamines are ubiquitous polycationic aliphatic
amines that stabilize nucleic acids, influence protein folding,
regulate ion channels, and modulate cell proliferation and dif-
ferentiation (13-15). We found that the late endo-lysosomal
transporter ATP13A2 strongly contributes to the total cellular
polyamine content via a two-step process: Firstly, polyamines
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enter the cell via endocytosis and subsequently, polyamines are
transported by ATP13A2 into the cytosol (9). This process
complements polyamine biosynthesis via the ornithine decar-
boxylase (ODC) pathway (9). Importantly, ATP13A2’s poly-
amine transport function is crucial for its neuroprotective effect,
since it prevents lysosomal polyamine accumulation and subse-
quent lysosomal rupture, while improving lysosomal health and
functionality (9). Moreover, when activated by its two regulatory
lipids—phosphatidylinositol-3,5-bisphosphate  [PI(3,5)P2] and
phosphatidic acid (PA)—ATP13A2 exerts a cell protective effect
against the mitochondrial neurotoxin rotenone (16), an envi-
ronmental risk factor for PD (17). Rotenone is a mitochondrial
complex I inhibitor, which leads to high levels of reactive oxygen
species (ROS), promoting protein aggregation and damaging or-
ganelles. However, how ATP13A2’s polyamine transport function
exerts a cell protective effect against rotenone, or other mito-
chondrial neurotoxins, is not yet clear.

Interestingly, the transported substrates spermine and sper-
midine reduce oxidative stress (14, 15). Spermine is a potent free
radical scavenger (18) and a biologically important antioxidant
(19-23). We therefore hypothesize that ATP13A2-mediated
polyamine transport may counteract oxidative stress (16, 24) and
preserve mitochondrial health (11, 12). Here, we demonstrate in
complementary human cell models and Caenorhabditis elegans
that lysosomal polyamine export by ATP13A2 effectively lowers
ROS levels and promotes mitochondrial health and functional-
ity, pointing to a lysosomal-dependent cell protective pathway
that may be implicated in ATP13A2-related neurodegenerative
disorders.

Results

ATP13A2 Protects Cells and Mitochondria against Mitochondrial
Toxins. We previously validated stable human neuroblastoma
(SH-SY5Y) cell models with either ATP13A2 knockdown (sh-
ATP13A2/kd) or wild-type ATP13A2 overexpression (WT-OE),
and control cell lines with overexpression or shRNA-mediated
knockdown of firefly luciferase (Fluc or sh-Fluc, respectively)
(16). ATP13A2 expression offered protection, whereas knock-
down exacerbated toxicity against rotenone (17) (Fig. 14 and S/
Appendix, Fig. S1 A and B), but also against other mitochondrial
neurotoxins such as 1-methyl-4-phenylpyridinium (MPP*) and
6-hydroxydopamine hydrobromide (6-OHDA) (25, 26) (SI Ap-
pendix, Fig. S1 C-F). The increased rotenone toxicity in kd cells
was associated with a drop in mitochondrial membrane poten-
tial (MMP) (Fig. 1B) and ATP production (Fig. 1C), whereas
ATP13A2 overexpression prevented the reduction in MMP
(Fig. 1B). Interestingly, fibroblasts isolated from patients with
HSP and KRS that harbor homozygous loss-of-function muta-
tions in ATP13A2 (T512I and F851CfsX856, respectively) (4, 12,
27) also present a higher rotenone sensitivity, which is reflected
by increased cell death (Fig. 1D) and a rotenone-induced de-
crease in MMP (Fig. 1E). Thus, ATP13A2 reduces toxicity and
mitochondrial dysfunction induced by mitochondrial toxins.

Loss of ATP13A2 Increases Mitochondrial ROS, Which Activates an
ATF4-Dependent Stress Response. Since ATP13A2’s transported
substrates spermine and spermidine are potent antioxidants (14,
15), and rotenone causes ROS accumulation (28), we examined
the impact of ATP13A2 on ROS levels. Using the probes 2',7'-
dichlorofluorescin diacetate (DCFDA) (29) and MitoSOX (30)
in the SH-SY5Y cell models, we showed that rotenone, MPP™,
and 6-OHDA increased the production of a broad range of ROS
(SI Appendix, Fig. S2A) and superoxide (i.e., ROS originating
from mitochondria, hence referred to as MitoROS) (30) (SI
Appendix, Fig. S2B), respectively. As early as 2 h posttreatment,
ATP13A2 kd cells exhibited significantly higher MitoROS ac-
cumulation upon rotenone exposure, which was lower in WT-OE
cells (ST Appendix, Fig. S3). While the antioxidant N-acetylcysteine
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(NAC) reduced rotenone-induced ROS (Fig. 24) and MitoROS
(Fig. 2B) levels, the mitochondrial targeted antioxidant Mito-
TEMPO, which quenches superoxides, completely abolished
rotenone-induced MitoROS accumulation (Fig. 2C). Moreover,
MitoTEMPO lowered MitoROS in the ATP13A2 kd and Fluc
cells to a similar level as observed in WT-OE cells (Fig. 2C), in-
dicating that ATP13A2 provided a comparable antioxidant effect
as MitoTEMPO. In patient-derived fibroblasts, MitoTEMPO
counteracted the higher MitoROS to comparable levels as in wild-
type fibroblasts (Fig. 2D). In both cell models, the decrease in
MitoROS by MitoTEMPO was accompanied by a diminished cell
death in rotenone conditions (S Appendix, Fig. S4).

It has been reported that MitoROS accumulation leads to
increased ATF4 expression, a transcription factor that activates
an antioxidant response and promotes mitochondrial homeostasis
(31). Also, ATP13A2 kd cells presented a strong up-regulation of
ATF4, peaking at 6 h when challenged with rotenone (Fig. 34),
serving as an independent confirmation of the increased MitoROS
levels. In addition, ATF4 up-regulated the proapoptotic tran-
scription factor CHOP, which was elevated after 12 to 24 h in
ATP13A2 kd cells (Fig. 3B). After 24 h, we further noted an up-
regulation of the mitochondrial chaperone HSP60 (Fig. 3C),
which most likely falls under control of CHOP (32). Interestingly,
MitoTEMPO treatment prevented the rotenone-induced up-
regulation of both ATF4 and CHOP expression in ATP13A2
kd cells (Fig. 3D), indicating that the increased MitoROS in
ATP13A2 kd cells underlies the ATF4-driven stress response. No
effect was observed on ATF5 and C/EBPp expression, highlighting
the specificity of the ATF4 stress response as a consequence of
MitoROS accumulation (SI Appendix, Fig. S5).

The mitochondrial phenotype and stress response observed in
ATP13A2 kd cells are most likely caused by the induction of
MitoROS, rather than as a consequence of cell death. Indeed, kd
cells already presented a clear increase in MitoROS (SI Ap-
pendix, Fig. S3) and initiation of the MitoROS-dependent stress
response (Fig. 34) as early as 6 h post rotenone exposure,
resulting in a decreased MMP, even though cell death was not
yet significantly increased (SI Appendix, Fig. S6).

Taken together, ATP13A2 reduces MitoROS accumulation in
rotenone conditions preventing the activation of a MitoROS-
induced stress pathway and cell death initiation.

Spermine Transported by ATP13A2 Reduces MitoROS. Next, we
tested whether the impact of ATP13A2 on MitoROS depends on
the polyamine transport function of ATP13A2, rather than on its
transport-independent scaffold function (33). Indeed, WT-OE
strongly reduced MitoROS in the presence of rotenone, whereas
expression of a transport-inactive ATP13A2 mutant (DSO8N-
OE) (9) had no effect (Fig. 44), despite comparable expression
of D508N-OE and WT-OE (16). Moreover, pharmacological
inhibition of the formation of the regulatory lipids PI(3,5)P2 and
PA, which activate ATP13A2 transport (9, 16, 24), abolished the
impact of ATP13A2 on ROS and MitoROS (SI Appendix, Fig. S7),
further demonstrating that the transport function of ATP13A2 is
required for reducing the MitoROS levels.

We previously reported that ATP13A2 activity critically con-
tributes to the native polyamine content as well as the cellular
uptake of BODIPY-labeled polyamines spermidine and spermine
(9, 34), reflecting the biochemical activity of ATP13A2 (9). This
explains why Fluc cells exhibited higher cellular uptake of the
BODIPY-spermine and -spermidine as compared to ATP13A2 kd
(SI Appendix, Fig. S8). Interestingly, extracellular administration
of a physiological concentration of 1 uM unlabeled spermine (35)
fully abolished the rotenone-induced MitoROS increase in Fluc
cells to similar levels as observed in WT-OE cells that are maximally
protected (Fig. 4B), but had no significant impact on ATP13A2 kd
cells (Fig. 4B). Together, ATP13A2 promotes uptake of extracel-
lular spermine to counter the accumulation of MitoROS.
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ATP13A2 prevents rotenone-induced cell death and mitochondrial damage. (A-C) SH-SY5Y cells stably overexpressing firefly luciferase (Fluc, control),

ATP13A2 (WT-OE), or sh-ATP13A2 (kd) and (D and E) patient-derived fibroblasts with loss-of-function mutations T5121 or F851CfsX856 in ATP13A2 versus
wild-type fibroblasts (WT1 and WT2) were treated with rotenone (Rot, 1 pM, 24 h). Subsequently, cell death was measured by means of a propidium iodide
(PI) assay (A and D). MMP (B and E) and ATP production (C) were assessed as parameters of mitochondrial functionality. Data are the mean of a minimum of
three independent experiments + SEM. RLU, relative luminescence units; MFI, mean fluorescence intensity. *P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001; ns, nonsignificant versus respective untreated unless depicted otherwise; ANOVA post hoc Tukey’s multiple comparison test.

Inhibition of Polyamine Synthesis in ATP13A2-Deficient Cells Causes a
MitoROS Response. Since impaired polyamine transport induced a
MitoROS response, inhibition of polyamine synthesis may also
elevate MitoROS in ATP13A2 kd cells. Indeed, treating ATP13A2
kd cells with a-difluoromethylornithine (DFMO), a compound that
blocks ODC (a rate-limiting enzyme of polyamine synthesis),
resulted in higher MitoROS levels (Fig. 4C) and ATF4-CHOP up-
regulation (Fig. 4D), which was accompanied by a significant in-
crease in cell death (Fig. 4F). As expected from the reduced
ATP13A2 activity, this could not be prevented by exogenous
spermine, whereas MitoTEMPO completely prevented the initi-
ation of a stress response and cell death in ATP13A2 kd cells
subjected to DFMO (Fig. 4 D and E). In Fluc cells, DFMO
resulted in a nonsignificant increase of MitoROS that was com-
pletely prevented by exogenous spermine addition, whereas
no MitoROS accumulation was observed in WT-OE cells (Fig.
4C). Thus, DFMO treatment mimics the rotenone phenotype in
ATP13A2 kd cells, pointing to a direct effect of the transported
polyamines on MitoROS, the stress response, and cell death.

Importantly, we independently recapitulated both the rote-
none and DFMO phenotypes (SI Appendix, Fig. S9) in CRISPR/
Cas9-mediated ATP13A2 knockout cells (KO) that were recov-
ered with either wild-type ATP13A2 (KO/WT) or the transport
dead D508N mutant (KO/D508N) (9). The ATP13A2 transport
deficiency in KO/D508N cells caused an increased MitoROS and
ATF4-stress response in rotenone or DFMO conditions that was
only rescued by MitoTEMPO, but not spermine administration
(SI Appendix, Fig. S9 B-D).
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Thus, ATP13A2-mediated spermine transport protects mito-
chondria by countering mitochondrial oxidative stress and com-
plements ODC-dependent polyamine synthesis.

ATP13A2 Promotes Cellular and Mitochondrial Polyamine Uptake.
Next, we examined whether the documented lysosomal dysfunc-
tion (8-10) may be responsible for the MitoROS phenotype in
ATP13A2-deficient cells. While lysosomal dysfunction in ATP13A2
KO and KO/D508N cells can be restored by administration of
acidic nanoparticles that enter the cells via endocytosis (9, 36),
these nanoparticles had no impact on MitoROS (Fig. 54), indi-
cating that lysosomal dysfunction is not the underlying cause of the
MitoROS phenotype. Instead, MitoROS levels may be a direct
consequence of a reduced polyamine content, which we examined
here via metabolomics. As observed before (9), the native poly-
amine levels in KO/D508N cells versus KO/WT were significantly
decreased in untreated conditions (SI Appendix, Fig. SOF), how-
ever, without evoking a significant MitoROS response (SI Ap-
pendix, Fig. S9B). Putrescine and spermidine levels were further
reduced in KO/D508N cells exposed to DFMO (Fig. 5B), in line
with higher MitoROS (SI Appendix, Fig. S9B). DFMO had no
significant effect on spermine levels (Fig. 5B), as observed before
(37). In KO/WT cells, the combined polyamine pool (S Appendix,
Fig. SOE), and also MitoROS levels (SI Appendix, Fig. S9B), were
not significantly affected by DFMO, indicating that ATP13A2-
mediated polyamine uptake activity adequately compensated for
the inhibition of polyamine synthesis in these cells, possibly due to
the relatively higher ATP13A2 expression in KO/WT versus control
cells (9). Moreover, adding exogenous spermine in DFMO conditions
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Fig. 2. ATP13A2 prevents the accumulation of mitochondrial-generated ROS. (A-C) In SH-SY5Y cells stably overexpressing Fluc (control), ATP13A2 (WT-OE),
or sh-ATP13A2 (kd), total cellular ROS (A) or mitochondrial-generated superoxide (B and C) levels were analyzed by means of DCFDA or MitoSOX probes,
respectively, followed by flow cytometry. Cells were pretreated (1 h) or not with a general (NAC, 2 mM; A and B) or a mitochondrial-specific superoxide
scavenger (MitoTEMPO, 1 pM; C) before adding rotenone (Rot, 1 pM, 24 h). In human patient-derived fibroblasts (D), the same experimental setup was used
(Rot, 1 uM, 24 h), and pretreatment with MitoTEMPO (1 uM) decreased the MitoROS levels induced by Rot to levels similar to those seen in WT cells (WT1,
WT2). Data are the mean of a minimum of three independent experiments + SEM. MFI, mean fluorescence intensity. *P < 0.05; **P < 0.01; ***P < 0.001;
**%*P < 0.0001; ns, nonsignificant versus respective untreated unless depicted otherwise; ANOVA post hoc Tukey’'s multiple comparison test.

led to a significantly higher polyamine content in DFMO-treated KO/
WT cells (SI Appendix, Fig. SOF), but not in KO/D508N cells, indi-
cating again that KO/WT cells can maintain their polyamine levels by
taking up spermine, in contrast to KO/D508N cells.

To further examine spermine uptake and subcellular distri-
bution, we turned to confocal microscopy to detect BODIPY-
labeled spermine in ATP13A2 KO cell models. ATP13A2 promoted
BODIPY-spermine transport to the mitochondria, as evidenced
by the significantly higher basal colocalization between BODIPY-
spermine and the mitochondrial marker TOMM?22 in KO/
WT cells versus KO/D508N cells (Fig. 5C). Moreover, the mean
fluorescent intensity of BODIPY-spermine within the mitochon-
drial network was significantly higher in KO/WT cells (Fig. 5D).

Thus, spermine transported by ATP13A2 is redistributed to the
mitochondria, where it may locally counteract MitoROS accumulation
and protect mitochondrial function irrespective of lysosomal deficiency.

The MitoROS Protective Response via ATP13A2 Is Highly Conserved
and Relevant In Vivo. Finally, we validated whether the antioxidant
effect of ATP13A2 and the subsequent prevention of a stress
response are conserved among species and may be relevant
in vivo. Therefore, we turned to a C. elegans strain that is de-
fective in catp-6, one of three related nematode orthologs that
has the largest similarity with ATP13A2 because of its late endo-
lysosomal localization (38, 39). The C. elegans catp-6(0k3473)
animals were hypersensitive to rotenone (Fig. 64). Moreover, a
reduced MMP was already evident under basal conditions in the
catp-6(0k3473) strain, which was further aggravated in the
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presence of rotenone (Fig. 6B and SI Appendix, Fig. S104) and
partially rescued by MitoTEMPO (Fig. 6C and SI Appendix, Fig.
S10B). Moreover, MitoROS levels were constitutively elevated in
catp-6(0k3473) animals, and further increased by rotenone expo-
sure (Fig. 6D and SI Appendix, Fig. S10C). MitoTEMPO dimin-
ished MitoROS accumulation (Fig. 6D and SI Appendix, Fig.
S10C) and lethality (Fig. 6F) in response to rotenone. The reex-
pression of wild-type catp-6 rescued the MitoROS phenotype,
while the catalytically inactive mutant catp-6(D465N) did not,
demonstrating the requirement of transport activity (Fig. 6D).
With a Phsp-60::GFP reporter, a marker for Asp-60 expression
(40), we observed that cafp-6 mutant worms presented a consti-
tutively induced mitochondrial stress response (Fig. 6F and SI
Appendix, Fig. S10D). This response could be partially rescued by
reexpression of wild-type catp-6 (Fig. 6F and SI Appendix, Fig.
S10D) or by the addition of MitoTEMPO (Fig. 6G and SI Ap-
pendix, Fig. S10D). Knockdown of atfs-1, the closest ortholog to
mammalian ATF4, down-regulated the expression of the Phsp-
060::GFP reporter (Fig. 6H and SI Appendix, Fig. S10D), indicating
that atfs-1 is at least partially responsible for the hsp-60 up-
regulation in the catp-6(0k3473) animals. Of the three C. elegans
orthologs, catp-6 appears the most relevant isoform that pheno-
copies mammalian ATP13A2 (39), since the triple catp-7(0) catp-
6(0); catp-5(0) null mutant displayed a similar MMP phenotype to
the catp-6(ok3473) animals (SI Appendix, Fig. S10F).

In conclusion, like ATP13A2 in human cells, catp-6 counters
mitochondrial oxidative stress in C. elegans, which prevents the
up-regulation of an ATF4/atfs-1-dependent response.
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Fig. 3. ATP13A2’s antioxidative effect prevents an ATF4-dependent stress response. SH-SY5Y cells stably overexpressing sh-Fluc (control) or sh-ATP13A2 (kd)
were (A-C) treated with rotenone (Rot, 1 uM), and protein levels of various cellular stress markers were followed over a time span of 24 h. Inmunoblotting
was performed for the transcription factors (A) ATF4 and (B) CHOP, and for (C) the mitochondrial chaperone HSP60. All obtained protein levels were nor-
malized for GAPDH before plotting relative to the condition indicated in the bar graph axis. (D) Rot (1 uM, 24 h) treatment combined with the mitochondrial
superoxide scavenger MitoTEMPO (1 uM, 1 h pretreatment + 24 h) prevented the up-regulation of the stress response proteins ATF4 and CHOP (kd1 and kd2
indicate that two different knockdown cell lines were used, stably transduced with two different shRNAs targeting ATP13A2). Data are the mean of a
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Discussion

Lysosomal Spermine Export via ATP13A2 Promotes Lysosomal and
Mitochondrial Health. Our current study offers compelling in-
sights into the physiological role of ATP13A2 as a polyamine
transporter placed at the intersection of lysosomes and mito-
chondria. We previously reported that ATP13A2 maintains healthy
and functional lysosomes by preventing toxic lysosomal accumu-
lation of polyamines (9). In addition, a reduced ATP13A2 activity
lowers the cellular polyamine content and impairs cellular poly-
amine distribution (9). Here, we showed that this contributes to
downstream problems. Our findings show that ATP13A2-mediated
lysosomal polyamine export lowers mitochondrial-derived ROS
and improves mitochondrial function (SI Appendix, Fig. S11). The
dual impact of ATP13A2-mediated polyamine transport on lyso-
somal and mitochondrial health may explain why ATP13A2 exerts
a strong neuroprotective effect and why ATP13A2 deficiency is
associated with neurological disorders hallmarked by lysosomal
and mitochondrial dysfunction (41).
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Lysosomal Spermine Export Exerts an Antioxidant Response That
Protects Mitochondria. The phenotypes we observe in our
ATP13A2/catp-6-deficient models are clearly MitoROS driven.
The increased lethality, high (Mito)ROS levels, aberrant MMP,
and stress response induction can all be reversed by the MitoROS
scavenger MitoTEMPO or a functional ATP13A2/catp-6, but not
by a transport inactive mutant. We showed that polyamines pro-
vide the basis of the protective effect toward mitochondrial com-
plex I inhibition and subsequent MitoROS accumulation. The
impact of ATP13A2’s transport function on MitoROS can be
explained by the antioxidant properties of spermine and spermi-
dine, which are potent free radical scavengers (14, 15, 18-23).
Here, we report the redistribution of extracellular spermine to
mitochondria, which is facilitated via ATP13A2-mediated endo-
lysosomal export, but the nature of the mitochondrial polyamine
transporter remains unknown. There are multiple reports de-
scribing the uptake of polyamines into mitochondria (42-44),
which regulate MMP (45), oxidative phosphorylation (45), and
enzymes of the Krebs cycle (46-48), and/or act as free radical
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Fig. 4. Spermine transported by ATP13A2 provides protection toward oxidative stress, thereby preventing the activation of a stress response. SH-SY5Y cells
stably overexpressing Fluc (control), ATP13A2 (WT-OE), catalytically inactive D508N ATP13A2 (D508N-OE), or sh-ATP13A2 (kd) were treated with rotenone
(Rot, 1 uM, 24 h; A and B) or DFMO (0.1 mM, 48 h; C-E) with or without spermine (SPM) (1 uM; B-E; last 24 h) or MitoTEMPO (1 uM; D and E; last 24 h).
Subsequently, superoxide levels were measured with the MitoSOX probe (A-C), protein levels of stress response markers ATF4 and CHOP were assessed via
immunoblotting (D), or cell death readout was performed by means of a propidium iodide assay with flow cytometry (E). Data are the mean of a minimum of
three independent experiments + SEM. MFI, mean fluorescence intensity. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant versus respective
untreated unless depicted otherwise, ANOVA post hoc Tukey’s multiple comparison test.

scavenger inside mitochondria (49). ATP13A2 potently reduces
MitoROS, indicating that polyamines may quench superoxide in
or near the mitochondria (49). ATP13A2-mediated polyamine
transport may also regulate MMP, as evidenced by the higher
MMP in our WT-OE cells, or mitophagy, explaining the higher
mitochondrial volume consistently reported in cells with ATP13A2
deficiency (11, 12). Additional studies are under way to further
dissect the role of ATP13A2 in mitochondrial-lysosomal cross-talk,
interactions, and polyamine transfer.

Synergy between ATP13A2-Mediated Polyamine Transport and Polyamine
Metabolism. A dynamic interplay between polyamine uptake and
metabolism has been repeatedly reported, but the relative contri-
bution of polyamine uptake versus synthesis may be cell-type de-
pendent. Various cell models present different DFMO sensitivities,
and our observations indicate that ATP13A2 activity modulates
DFMO sensitivity (9). We found that ATP13A2 plays a prominent
role in controlling the cellular polyamine content and synergizes
with the ODC pathway for polyamine synthesis. Indeed, deletion of

Vrijsen et al.

ODC and ATP13A2 orthologs are synthetically lethal in Saccharo-
miyces cerevisiae (50) and C. elegans (51). Also, ATP13A2 KO and
KO/D508N cells display a strong reduction in polyamine levels, in-
dicating that ODC activity is unable to compensate for the loss of
polyamine uptake, despite an up-regulation of ODC mRNA ex-
pression (SI Appendix, Fig. SOF). DEMO treatment elevates ROS
levels and triggers an ATF4-dependent stress response specifically in
ATP13A2-deficient cells. Based on these observations, we speculate
that consequences of ATP13A2 dysfunction may be strongest in cell
types that are more reliant on polyamine uptake than on polyamine
synthesis to maintain the endogenous polyamine pool. DFMO
treatment caused a reduction in putrescine and spermidine in KO/
D508N cells, but not spermine, as reported before (37), whereas
spermine administration affected putrescine and spermidine levels,
but not spermine content, indicating that the spermine pool is most
strictly regulated. Due to polyamine interconversions and redistri-
bution, it remains difficult to correlate changes in MitoROS levels
to local changes in specific polyamine types. Future studies will
be needed to determine the contribution of other enzymes in
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polyamine metabolism, while following the subcellular polyamine
content, interconversions, and distribution.

lysosomal rupture, reduced glutathione deficiency, and impaired
polyamine availability (9, 56). Interestingly, both ATP13A2 (58, 59)
and spermidine supplementation (60) have been reported to di-

ATP13A2 and Polyamines Are Implicated in Oxidative Stress Responses.  minish a-synuclein toxicity, which may at least partially relate to the

ATP13A2 and its transported substrates have been reported be-
fore to protect against conditions of oxidative stress and oxidative
stress pathways (52-54). ATP13A2’s potent antioxidant effect may
be key to confer mitochondrial protection to various ROS-
inducing neurotoxins such as rotenone, 6-OHDA, and MPP™*.
Conversely, ATP13A2 activity promotes paraquat toxicity, which
as a polyamine homolog may be taken up in cells more efficiently,
possibly explaining the increased toxicity (55). Excess ROS is a
main contributor of neuronal cell death, which is related to the high
susceptibility of neurons to oxidative damage (56, 57). Oxidative
stress in neurodegenerative disorders may arise due to a combi-
nation of mitochondrial complex I dysfunction, iron accumulation,
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antioxidant role of ATP13A2-mediated polyamine transport. Also
toxic levels of heavy metals induce oxidative stress and cause ROS
accumulation (61), which may explain why ATP13A2’s transport
activity counteracts heavy metal toxicity (16, 24, 59, 62, 63). Further-
more, hypoxia stimulates ATP13A2 transcription via HIFla (54), which
has been suggested to improve dopaminergic neuron survival (53).

MitoROS accumulation in ATP13A2-deficient cells also
drives an ATF4/CHOP/HSP60-dependent stress response (32), a
modulator of mitochondrial quality control (64-66). ATF4 has a
major role as cell fate decision maker (67), so the ATF4-CHOP
axis may exert a proapoptotic (68, 69) or prosurvival (70, 71) role
in our models, which remains to be investigated.
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Cell Culture Conditions. SH-SY5Y neuroblastoma cell lines stably over-
expressing firefly luciferase or sh-firefly luciferase (Fluc or sh-Fluc, depending
on comparison with either overexpression or knockdown cell lines, respec-
tively), Homo sapiens wild-type ATP13A2 (WT-OE), catalytically deficient
ATP13A2 (D508N-OE) or sh-ATP13A2 (kd) were generated via lentiviral
transduction as described previously (16). We made use of two independent
polyclonal lines with ATP13A2 knockdown (kd1 and kd2, since two different
shRNAs targeting ATP13A2 were used), of which the mean is reported in the

In conclusion, ATP13A2-mediated polyamine export from the late
endo/lysosome into the cytosol reduces ROS generated by mito-
chondria, protecting mitochondrial health and preventing cell death.
This highly conserved pathway counters mitochondrial oxidative
stress and may contribute to ATP13A2’s neuroprotective effect.

Materials and Methods

A more detailed description of the materials and methods can be found in S/
Appendix, Supplementary Materials and Methods.

Vrijsen et al.

results. Immunoblots show the independent clonal cell lines. KO of ATP13A2
and subsequent lentiviral transduction with WT (KO/WT) or D508N mutated
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(KO/D508N) ATP13A2 was achieved as described previously (9). Two inde-
pendent isogenic cell lines were tested, of which either the average is
depicted, or in the case of immunoblots they were loaded separately. Both
fibroblasts and SH-SY5Y cells were maintained at 37 °C in presence of 5%
CO,. SH-SY5Y cells were incubated in Dulbecco’s Modified Eagle Medium
high-glucose culture medium supplemented with 1% glutamax (Life Tech-
nology), 1% penicillin/streptomycin (Sigma), 15% fetal calf serum (heat
inactivated) (Sigma), 1% nonessential amino acids (Sigma), 1% sodium
pyruvate (Gibco), 10 pg/mL gentamicin (Gibco), and selection antibiotic
(5 pg/mL blasticidin or 2 pg/mL puromycin [Invivogen]). All treatments were
performed in the same medium, but without selection antibiotic and with 5%
fetal calf serum instead of 15%. Fibroblasts were maintained in Basal Medium
Eagle media (Sigma), supplemented with 100 U/mL penicillin and 100 ug/mL
streptomycin. Spermine was administered in heat-inactivated fetal calf serum
to inactivate serum polyamine oxidase activity.

Determination of Intracellular ATP Level. The cells were treated as indicated.
Intracellular ATP was determined after saponin-based lysis of phosphate
buffered saline (PBS)-washed cells. An ATP Bioluminescent assay kit (FLAAM-
1VL, Sigma) was used based on luciferin-luciferase conversion, following
manufacturer’s instructions. Bioluminescence was assessed by optical top
reading via a Flex Station 3 microplate reader (Molecular Devices Inc.).

SDS/PAGE and Immunoblotting. Cells were seeded at 3 x 10° or 2 x 10° cells/
10-cm dish, depending on whether the subsequent treatment would take 24
or 48 h, respectively. After treatment for the indicated time periods, cells were
harvested and subsequently lysed with radio-immunoprecipitation assay buffer
(89900, Thermo Fisher Scientific) supplemented with protease inhibitors (58820,
Sigma). Next, protein concentration was determined by means of a bicinchoninic
acid protein assay. SDS/PAGE (sodium dodecyl-sulfate polyacrylamide gel elec-
trophoresis) and immunoblotting were performed as described in (24).

Analysis of BODIPY-spermine Uptake and Redistribution via Inmunocytochemistry.
Cells were seeded at 50,000 cellsiwell in a 12-well plate with coverslips. Next day,
cells were treated with 1 uM BODIPY-labeled spermine for 90 min at 37 °C.
Afterward, cells were processed for immunocytochemistry as described in ref. 9.
Samples were then mounted and images were acquired using an LSM780 con-
focal microscope (Zeiss) with a 63x objective. For the colocalization analysis
(Fig. 50), images were taken with settings optimized for the individual cell lines.
Both for KOAWT and KO/D508N, >75 images were used for analysis. To analyze
BODIPY-spermine mean fluorescence intensity within the mitochondrial network
(Fig. 5D), images were taken with equal settings to enable a comparison of
mitochondrial BODIPY-spermine intensity between the cell lines. Both for KOAVT
and KO/D508N, >145 individual cells were used for analysis.

Cell Viability Assay. Cell viability was assessed by means of a 4-methylumbelliferyl
heptanoate (MUH, M2514, Sigma) assay. Cells seeded at a density of 10,000 cells/
well in a 96-well plate were washed with PBS (without Ca®* and Mg?*) (Sigma)
followed by incubation with 0.01 mg/mL MUH (30 min, 37 °C). End-point mea-
surement was assessed with a Flex Station plate reader (Molecular Devices).
Briefly, emission at 460 nm was measured upon excitation at 355 nm. 455 nm
was taken as a cutoff value.

Determining Cell Death, MMP, (Mito)ROS, and Polyamine Uptake via Flow
Cytometry. When measuring cell death, cells were collected, briefly centri-
fuged (450 x g, 5 min), resuspended in fluorescence-activated cell sorting
(FACS) buffer (PBS without Ca®* and Mg?*, supplemented with 1% wt/vol
bovine serum albumin) (3854.3, Roth) and subsequently incubated with
2 pug/mL propidium iodide or 5 nM SYTOX Red (10 min, 4 °C) before quantifying
the mean fluorescent intensity with either the Attune Cytometer (Life Technol-
ogies) for one-dye experiments or the Canto Il AIG equipped with BD FacsDIVA
software version 6 (BD Biosciences) for simultaneous detection of two dyes.
When analyzing MMP, ROS, MitoROS, or BODIPY-labeled polyamine up-
take, cells were treated with 0.1 uM tetramethylrhodamine methyl ester (35
min, 37 °C), 10 uM DCFDA (35 min, 37 °C) (CM-H2DCFDA, Thermo Fisher
Scientific), 3 pM MitoSOX (35 min, 37 °C) (M36008, Thermo Fisher Scientific),
or 5 uM BODIPY-labeled polyamine (2 h, 37 °C), respectively. Next, cells were
immediately collected and further processed for flow cytometry analysis as
described above, with (Fig. S6) or without the SYTOX Red incubation step.
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Metabolomics. Metabolomics was performed as previously described (9, 72).

C. elegans Strains and Culture. All strains were cultured on nematode growth
medium (NGM) plates with Escherichia coli strain OP50 as food source (73)
and maintained at 20 °C. Strains were obtained from the Caenorhabditis
Genetics Center (CGC), University of Minnesota, Minneapolis, MN. The fol-
lowing strains were used in this study: Bristol N2 as the wild-type (control)
strain, catp-6(0k3473) IV, $J4058 (zcls9[Phs,.c0GFP] V), EX[Pcatp.sCatp-6::mKate2;
rol-6(d)] (catp-6(ok3473) + WT), and Ex[P.¢,scatp-6(D465N)::mKate2; rol-6(d)]
(catp-6(ok3473) + D465N). catp-7(0) catp-6(0); catp-5(0) animals were obtained
as F1 segregants from catp-7(dx189) catp-6(ok3473)/DnT1 IV, catp-5(tm4481) X
hermaphrodites.

RNA Interference (RNAi). RNA interference (RNAI) was carried out using atfs-
1(RNAI) from the Ahringer Library (74) and mock(RNA) as a control (which
contains HT115 RNAi bacteria transformed with the empty RNAi vector
pPD129.36). The feeding method was performed as previously described (75).

C. elegans Lethality Assay. Rotenone and MitoTEMPO were added to a final
concentration of 1.5 uM and 10 mM, respectively, in NGM agar plates.
Staged nematodes were placed on control or treatment plates and counted
after 60 or 72 h exposure. Missing worms were counted as dead worms.

Analysis of MMP and MitoROS in C. elegans. When analyzing MMP or
MitoROS, 0.1 pM TMRE or 20 pM MitoSOX was added in NGM plates, re-
spectively. After an incubation at 20 °C overnight in the dark, animals at
larval stage 3 were mounted on 2% agarose pads for differential interfer-
ence contrast and epifluorescence microscopy (Zeiss Axioskop 2 and Meta-
Morph software) (Molecular Devices Inc.). Whole worms were immobilized
with 10 mM levamisole and/or 1 mM sodium azide. Image processing was
performed in Fiji/imageJ 2.0.0; brightness and contrast was adjusted in Fiji/
Imagel 2.0.0. For quantification of the MitoSOX measurements, images were
first segmented using MitoSegNet (https:/github.com/mitosegnet) (76).
Next, Fiji/lmage) was used as well to measure fluorescence intensity using a
binary mask of the raw images to define the regions in which intensity
was analyzed.

Statistics. Statistical analysis was performed by using GraphPad Prism 8.1.1.
Normality was tested using the Shapiro-Wilk test. Next, ANOVA or Kruskal-
Wallis tests were used for multiple comparison with the subsequent Tukey/
Dunnett or Dunn post hoc tests, respectively. If only two groups were com-
pared, the Mann-Whitney test or unpaired two-tailed t test was applied. Each
experiment was repeated at least three times.

Data Availability. All study data are included in the article and supporting
information.
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