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Abstract Lysosomal acidification is a key feature of healthy cells. Inability to maintain lysosomal
acidic pH is associated with aging and neurodegenerative diseases. However, the mechanisms
elicited by impaired lysosomal acidification remain poorly understood. We show here that inhibition
of lysosomal acidification triggers cellular iron deficiency, which results in impaired mitochondrial
function and non-apoptotic cell death. These effects are recovered by supplying iron via a
lysosome-independent pathway. Notably, iron deficiency is sufficient to trigger inflammatory
signaling in cultured primary neurons. Using a mouse model of impaired lysosomal acidification, we
observed a robust iron deficiency response in the brain, verified by in vivo magnetic resonance
imaging. Furthermore, the brains of these mice present a pervasive inflammatory signature
associated with instability of mitochondrial DNA (mtDNA), both corrected by supplementation of
the mice diet with iron. Our results highlight a novel mechanism linking impaired lysosomal
acidification, mitochondrial malfunction and inflammation in vivo.

Introduction

Lysosomal function is now recognized as a key factor in cellular and tissue health. Recessive muta-
tions in genes encoding lysosomal proteins result in over 50 severe lysosomal storage diseases, and
carriers of these mutations are at risk of many neurodegenerative diseases, such as Parkinson’s
(Ramirez et al., 2006; Murphy et al., 2014; Nguyen et al., 2019), Alzheimer’s (Lee et al., 2010),
amyotrophic lateral sclerosis (Corrionero and Horvitz, 2018), frontotemporal lobar degeneration
(Lie and Nixon, 2019), among others (Fassio et al., 2018).

The lysosomes are now recognized as key players in cellular signaling and nutrient sensing, in
addition to their roles as terminal platform of autophagy and endocytosis (Perera and Zoncu,
2016). Lysosomes are also involved in the intracellular partitioning of several cellular building blocks,
such as amino acids, cholesterol and sphingomyelin, as well as metals including calcium (Ca) and iron
(Fe) (Lim and Zoncu, 2016).

There are different populations of lysosomes in each cell, which can be distinguished by their
position, size, acidification and reformation properties (Bright et al., 2016). Yet, most lysosomal
functions rely on the acidification of the lysosomal lumen, as the vast majority of the enzymes resid-
ing in the lysosome have an optimal function in the pH range of 4.5-5 (Perera and Zoncu, 2016).
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The acidic pH of the lysosomal lumen is the result of an electrochemical gradient maintained mostly
by the vacuolar ATPase (v-ATPase) (Wang and Semenza, 1993), with contribution from the chloride
channel CLC-7 (Mindell, 2012). The v-ATPase is a multisubunit complex with two domains, the mem-
brane-associated Vo and the soluble hydrolytic V¢, which hydrolyzes ATP to pump protons to the
lysosomal lumen against a concentration gradient (Stransky et al., 2016). The existence of specific
v-ATPase inhibitors such as bafilomycin (Baf; interacts with the Vg ring, inhibiting proton transloca-
tion) and saliphenylhalamide (saliphe; locks v-ATPase in an assembled state) provides pharmacologi-
cal tools to assess loss of v-ATPase activity (Bowman et al., 1988; Garcia-Rodriguez et al., 2015;
Xie et al., 2004).The v-ATPase exists also in other cellular organelles, such as endosomes, Golgi
complex and secretory vesicles (Farsi et al., 2018), but the effects of v-ATPase loss-of-function most
severely relate to its role in lysosomal acidification (Lie and Nixon, 2019).

Decreased activity of the v-ATPase has been linked to age-related decrease in lysosomal function
and neurodegenerative diseases (Lee et al., 2010; Nixon, 2013, Korvatska et al., 2013,
Bagh et al., 2017; Fassio et al., 2018). It has also been shown that impaired acidification of the
yeast vacuole, the evolutionary ancestor of lysosomes, results in decreased mitochondrial function
and accelerated aging (Hughes and Gottschling, 2012). Nevertheless, the mechanisms by which
impaired lysosomal acidification result in aging and disease remain poorly characterized. In addition,
the v-ATPase has been recognized as a therapeutic target in cancer, given that its inhibition posi-
tively correlates with decreased tumor mass (McGuire et al., 2016). Therefore, it is pivotal to charac-
terize the mechanisms underlying the cellular response to v-ATPase inhibition.

Importantly, the potent inhibition of v-ATPase causes cell death, but the underlying mechanisms
also remain unclear. The understanding of which signaling pathways are elicited in response to
v-ATPase inhibition would allow the definition of therapeutic targets, for example for neurodegener-
ative diseases and for cancer.

Here, we show that inhibition of the v-ATPase results in impairment of lysosomal iron metabolism,
which causes iron deficiency in the cytoplasm and in mitochondria. This results in activation of the
pseudo-hypoxia response, loss of mitochondrial function and cell death. These effects were all
ablated by iron repletion in a form that can be imported across the plasma membrane, indepen-
dently of the lysosomes. Notably, iron deficiency is sufficient to trigger inflammatory signaling in cul-
tured neurons as well as in vivo. A mouse model of impaired lysosomal acidification shows iron
deficiency, activation of the pseudo-hypoxia response, and pervasive inflammation, all detectable
long before the disease onset. All these phenotypes could be rescued by increasing the levels of
iron in the animal diet.

Results

v-ATPase inhibition triggers hypoxia-inducible factor-mediated
response

With the goal of identifying signaling events caused by impaired organelle acidification, we analyzed
several transcriptome datasets of cells treated with the v-ATPase inhibitor bafilomycin. These data-
sets include bafilomycin treatment of Hela cells (GSE16870) (Straud et al., 2010), colon carcinoma
cells (GSE47836) (Dirrbaum et al., 2014) and retinal pigment epithelial cells (GSE60570)
(Santaguida et al., 2015). We performed multi-dimensional transcriptome analyses in these data-
sets, aiming at the identification of signaling pathways, networks and transcription factors
(Murdoch et al., 2016; Raimundo et al., 2012; Raimundo et al., 2009; Schroeder et al., 2013;
Tyynismaa et al., 2010; West et al., 2015; Yambire et al., 2019). We reasoned that those transcrip-
tion factors (TF) showing similar behavior in the three datasets of bafilomycin-treated cells would be
the main regulators of the response to loss of acidification, independently of the cell type. Therefore,
we crossed the TF list associated with each dataset, to determine which of those were involved in all
three datasets, and found eight common TF, of which seven were predicted as active and one as
repressed (Figure 1A). These TF are associated with autophagy (NUPR1), cholesterol homeostasis
(SREBF1, SREBF2), hypoxia response (HIF-1o. and EPAS1, which is also known as HIF-2a) and diverse
stress responses (p53, myc, FoxO3a), and form a highly interconnected network (Figure 1B). To
determine which biological processes were associated with these TF, and identify which of them
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Figure 1. Lysosomal v-ATPase inhibition triggers HIF-1a activation. (A) Venn diagram illustrating common significantly changed upstream regulators
(shown as a table) mediating differential gene expression in bafilomycin (Baf)-treated cells in three different transcriptome datasets from Hela, HCT116
and RPE cells. (B) Transcription factor network of the significantly changed upstream regulators found in Figure 1A. (C) Metascape gene set enrichment
analyses show significant overrepresentation of the transcription factors (Figure 1A) in the hypoxia response. (D) Immunoblot of HIF-10. and VHL with
GAPDH as loading control in cell lysates of 500 nM Baf- and 500 nM saliphe (Sal)-treated fibroblasts. 300 uM Dfo is used as a positive control for the
iron deficiency response. (E) Western blot of whole cell extracts showing HIF-1a. levels in control and 500 nM Baf-treated fibroblasts supplemented with
cell-permeant ao-ketoglutarate (5 mM). GAPDH is used as a loading control (n = 3). (F) Total, ferrous and ferric iron concentrations in fibroblasts treated
with or without 500 nM Baf for 24 hr. Results are summarized as mean + SEM of three experimental measures shown as black dots. **p<0.01;
***5<0.001, unpaired two-tailed t-test. (G) Illustration of the intralysosomal pathway of iron homeostasis handling (H) Immunoblot of lysosomes
following purification by the lysolP method in 3x HA-tagged Tmem192 mouse embryonic fibroblasts treated with or without 50 nM Baf for 24 hr.
Lysosomal purity is shown by enrichment of LAMP1 and LC3B in the lysosomal compartment, while excluding GAPDH and HPRT (cytosol), PEX5
(peroxisome), VAPB (endoplasmic reticulum), and VDAC1T and TOMZ20 (mitochondria), n = 3. (I) Total iron concentration in lysosomes purified from
Figure 1 continued on next page
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Figure 1 continued

fibroblasts treated with or without 50 nM Baf for 24 hr. Results are shown as mean = SEM of three experimental measures shown as black dots. The
indicated p value is the unpaired two-tailed t-test with Welch's correction.

were most upstream, we performed a pathway analysis using Metascape, and found that the most
affected processes dealt with cellular response to hypoxia (Figure 1C).

The major coordinator of the cellular response to hypoxia is the transcription factor hypoxia-
inducible factor-1a (Majmundar et al., 2010), which is included in the list of TFs responding to bafi-
lomycin. Furthermore, HIF-2a. (EPAS1), whose activation mechanism is similar to HIF-1q, is also part
of the TF list. The HIF transcription factors function as heterodimers of a regulated o-subunit and the
constitutive B-subunit (Majmundar et al., 2010). The o subunits are regulated post-translationally by
the prolyl hydroxylases. These enzymes are di-oxygenases of the o-ketoglutarate-dependent super-
family, and hydroxylate HIF-1o. and HIF-20. in the presence of O, Fe?* and a-ketoglutarate
(Majmundar et al., 2010). Hydroxylated HIF-1o. and HIF-2a. are then recognized by the ubiquitin
ligase VHL and targeted to the proteasome for degradation. Notably, the protein levels of HIF-1a
were increased in bafilomycin (or Baf in figures)-treated fibroblasts (Figure 1D). A similar result was
obtained in fibroblasts treated with a different inhibitor of the lysosomal v-ATPase, saliphenylhala-
mide (henceforth, saliphe [or Sal in figures]) (Figure 1D). It is known that iron chelation results in HIF-
1o accumulation (Wang and Semenza, 1993); so, as positive control for the HIF-1a protein accumu-
lation, we treated cells with an iron chelator, deferoxamine (Dfo in figures). Deferoxamine treatment
resulted in the expected robust increase in HIF-10. protein levels (Figure 1D). Accumulation of HIF-
10 can be caused by decreased function of the prolyl hydroxylases or decreased levels of O,, Fe?*,
VHL or a-ketoglutarate (Raimundo et al., 2011). Because the fibroblasts used in this study are main-
tained under normoxic conditions, the lack of O, is not a factor. We therefore tested if VHL, a-keto-
glutarate or Fe®* could explain the accumulation of HIF-1a. and HIF-20.. The protein levels of VHL
were not changed in bafilomycin-treated fibroblasts (Figure 1D). To test if the reason why HIF-1a
was accumulating upon v-ATPase inhibition was due to decreased levels of o-ketoglutarate, we
added a cell-permeant form of a-ketoglutarate to the bafilomycin-treated fibroblasts, and found no
decrease in the accumulation of HIF-1a (Figure 1E). Then, we tested if there were any perturbations
in Fe levels. We therefore assessed the total, Fe?" and Fe3* levels in bafilomycin-treated and control
fibroblasts, and found a robust decrease in total, Fe?* and Fe®* (Figure 1E). The hydroxylation of
HIF-10, which leads to its ubiquitination and degradation, is Fe2+—depedent, and therefore lower
Fe?" levels are in agreement with the accumulation of HIF-1o.. Altogether, these results suggest that
perturbation of Fe homeostasis by v-ATPase inhibition triggers the pseudo-hypoxia HIF-mediated
response, in agreement with a prior study (Miles et al., 2017).

When the cytoplasmic Fe®* levels are low, intracellular iron is mobilized by autophagy of ferritin
(ferritinophagy) (Mancias et al., 2014) and mitochondria (mitophagy) (Allen et al., 2013,
Schiavi et al., 2015), which deliver iron directly to the lysosomes (via autophagosomes). In parallel,
transferrin receptor uptake first releases iron in the endosomes, which is then delivered by kiss-and-
run to mitochondria (Hamdi et al., 2016) or released to the cytoplasm. In the endosomes/lyso-
somes, Fe®* is reduced to Fe?* by the enzyme STEAP3, and Fe®* (but not Fe3") is released to the
cytoplasm by DMT1 (SLC11A2) or MCOLNT1 (Figure 1G) (Dong et al., 2008; Touret et al., 2003).
To test whether vATPase inhibition results in cytoplasmic Fe®* deficiency due to retention of iron in
the lysosomes, we purified lysosomes from fibroblasts using an immunoprecipitation protocol (Abu-
Remaileh et al., 2017). The lysosomes obtained from control and bafilomycin-treated fibroblasts
showed enrichment in lysosomal proteins (e.g. LAMP1), while mitochondrial (VDAC1, TOM20), endo-
plasmic reticulum (VAPB), peroxisomal (PEX5) and cytoplasmic proteins (HPRT, GAPDH) were only
detected in the input lanes (Figure 1H). Using these purified lysosomes, we measured their total
iron content, and found a robust increase in lysosomal iron in the bafilomycin-treated cells
(Figure 1I) in agreement with the retention of iron in lysosomes following impaired lysosomal
acidification.
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Lysosomal vATPase inhibition causes functional iron deficiency

The cytoplasmic concentration of Fe?* is controlled by the iron regulatory protein 1 (IRP1), the IRP2
and the ferritinophagy receptor NCOA4 (Mancias et al., 2014; Rouault, 2015). When the levels of
cytoplasmic Fe?* are down, IRP activity mediates a reduction in the expression of the iron storage
protein ferritin, and an increase in transferrin receptor leading to extracellular (transferrin-bound)
iron uptake (Rouault, 2015).

We first tested if the lower cellular Fe?* levels when the v-ATPase is inhibited can affect iron
homeostasis. We monitored cellular iron homeostasis by measuring the protein levels of ferritin light
(FTL1) and heavy chain (FTH1) subunits and the transcript levels of transferrin receptor (TFRC). The
lysosomal chelator deferoxamine, was used as positive control given that it retains iron in the lyso-
some and thus impedes its release to the cytoplasm, thus triggering functional iron deficiency
(Doulias et al., 2003; Kurz et al., 2006). As TFRC mRNA has a 3’ iron responsive element, its tran-
script levels are expected to increase upon iron deficiency. We observed in fibroblasts treated with
the v-ATPase inhibitors, bafilomycin and saliphe, increased Tfrc transcript levels and decreased pro-
tein amounts of FTL1 and FTH1 (Figure 2). As expected, deferoxamine treatment resulted in
increased Tfrc transcript (Figure 2—figure supplement 1A) and decreased protein levels of the fer-
ritin light and heavy chain subunits, FTL1 and FTH1 (Figure 2A). Importantly, the treatment with
Deferoxamine does not impact lysosomal function, as assessed by the protein levels of autophagy
markers SQSTM1 and LC3B-Il (Figure 2—figure supplement 1B). Furthermore, we stained fibro-
blasts with the probe FerroOrange, which reacts specifically with Fe?" but not Fe**, and found that
the signal intensity of FerroOrange was sharply decreased in bafilomycin-treated cells (Figure 2B).
Notably, iron deficiency elicited by bafilomycin is not a consequence of the concentration employed,
as lower concentration yields a similar result (Figure 2—figure supplement 1C). Similarly, chloro-
quine, a lysosomotrophic weak base, which perturbs lysosomal acidification by dissipating the pH
gradient across the lysosomal membrane but not by inhibiting the vATPase, also results in functional
iron deficiency (Figure 2—figure supplement 1C).

Because the iron-deficiency response caused by v-ATPase inhibition is due to retention of iron in
the lysosome, we supplemented the growth medium with Fe-citrate, which allows iron to be
imported through transporters in the plasma membrane (Ofer et al., 1981), thus bypassing the
endolysosomal pathway. When fibroblasts are treated simultaneously with v-ATPase inhibitors and
Fe-citrate, the iron-deficiency response is deactivated, as assessed by the transcript levels of Tfrc
(Figure 2C). To ensure that his effect was specifically due to Fe, Na-citrate was used as control. This
result underscores that the iron homeostatic response is regulated by the cytoplasmic iron levels
(Rouault, 2015), and that retention of iron in the lysosome triggers cytoplasmic iron deficiency,
which can be resolved by iron import independently of the endolysosomal pathway.

To directly test if the accumulation of HIF-1c. upon v-ATPase inhibition was due to the perturba-
tion in Fe homeostasis, we supplemented the growth medium of the bafilomycin- or saliphe-treated
fibroblasts with Fe-citrate, which restored HIF-1a. to the barely detectable amounts observed in con-
trol cells (Figure 2D). The striking normalization of ferritin levels upon Fe-citrate supplementation of
bafilomycin-treated fibroblasts further underscores that Fe-citrate is being taken up by the cells and
resolves the iron deficiency (Figure 2D).

To further probe the impact of HIF-1a accumulation upon v-ATPase inhibition, we tested if the
transcriptional targets of HIF-1o. were affected. We observed that the transcript levels of HIF-10 tar-
gets are robustly induced in bafilomycin- and saliphe-treated fibroblasts, and are restored to basal
levels when the cells are co-treated with v-ATPase inhibitors and Fe-citrate (Figure 2E and Fig-
ure 2—figure supplement 1D).

We then sought to test whether genetic perturbation of lysosomal acidification also triggers iron
deficiency and impacts HIF accumulation. We silenced the expression of Atpévih, encoding an
essential subunit of the vATPase, using siRNAs (Figure 2—figure supplement 1E). The Atpév1h-
silenced fibroblasts show impaired lysosomal acidification (Figure 2—figure supplement 1F and G).
In the Atpév1h-silenced fibroblasts we observed increased expression of Tfrc, decreased protein lev-
els of FTH1 and FTL1, and accumulation of HIF-1o (Figure 2—figure supplement 1E), as well as
increased transcript levels of most HIF-1a target genes (Figure 2—figure supplement 1H). There-
fore, inhibition of lysosomal acidification using a genetic approach also results in functional iron defi-
ciency and HIF-1a activation.
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Figure 2. Lysosomal iron efflux regulates HIF-1a. response. (A) Increased Tfrc transcript levels in 500 nM Baf- and 500 nM Sal-treated mouse embryonic
fibroblasts relative to untreated fibroblasts. Western blot showing decreased FTH1 and FTL1 protein levels in Baf- and Sal-treated fibroblasts (n = 6).
GAPDH is used as loading control. Tfrc expression is depicted as bars representing mean + SEM, n = 6; shown as black dots. p value is determined by
the Welch's one-way ANOVA as differences between untreated group, and Baf- and Sal-treatments. (B) Representative images of FerroOrange staining
Figure 2 continued on next page
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of cytoplasmic labile iron pools in control, 500 nM Baf-treated and 500 nM Baf-treated fibroblasts with 150 UM iron citrate supplementation. Note the
reduced staining in Baf-treated fibroblasts relative to the other conditions. (C) mRNA levels of Tfrc in control, 500 nM Baf-treated and 500 nM Baf-
treated fibroblasts with 150 uM iron citrate supplementation (left) or in control, 500 nM Sal-treated and 500 nM Sal-treated fibroblasts with 150 uM iron
citrate supplementation (right) for 24 hr. Bar graphs depict mean + SEM of four independent experimental measures (shown as black dots). p values
represent Welch's one-way ANOVA with Dunnett's correction for multiple comparisons, estimated as differences between Baf- or Sal-treated cells and
other experimental groups. (D) Whole cell immunoblots of HIF-1o. and FTH1 in fibroblasts treated with 500 nM Baf or 500 nM Baf + 150 uM iron citrate
(left) or with 500 nM Sal and 500 nM Sal + 150 uM iron citrate (n = 4). GAPDH is used as loading control. (E) Transcript levels of HIF-1a. target genes in
fibroblasts treated with 500 nM Baf or with 500 nM Baf + 150 uM iron citrate. The mean = SEM of four biological replicates (black dots) is shown.
p-values are determined by Welch's one-way ANOVA with Dunnett’s correction for multiple comparisons (all experimental groups compared to Baf-
treated cells). (F-G) Gaa KO fibroblasts display impaired lysosomal acidification. Representative spinning-disk microscopy images for Gaa WT and Gaa
KO MEFs co-stained with Dextran-Oregon Green 488 and Dextran-TMRM are shown with Baftreatment in Gaa WT used as a positive control for
impaired acidification. Scale bar 2 pm. (G) Quantification of the intensity of Dextran-Oregon Green in Dextran-TMRM positive punta shows increased
Dextran-Oregon Green intensity in Gaa KO fibroblasts and in Baf-treated Gaa WT fibroblasts. Bar graphs depict mean + SEM, n = 3 independent
experiments, with 50 cells per condition from each experiment. ***p<0.001, determined by the unpaired two-tailed t-test with Welch's correction (H)
Increased Tfrc expression (left) in Gaa™ fibroblasts (n = 6, depicted as black dots). p value is determined by the unpaired two-tailed t-test with Welch’s
correction. Whole cell immunoblots of FTL1 and HIF-1a (right) in Gaa™ fibroblasts (n = 4). GAPDH is used as loading control. (I) Total, ferrous and ferric
iron concentrations in fibroblasts prepared from Gaa”" and their wild type littermate controls. Results are summarized as mean + SEM of experimental
measures shown as black dots. Differences between means shown as actual p values are determined by the unpaired two-tailed t-test with Welch's

correction.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. HIF-1a mediated response is triggered by lack of lysosomal iron efflux.

To test whether other lysosomal defects which impair lysosomal acidification would similarly result
in functional iron deficiency, we used fibroblasts derived from mice lacking acid a-glucosidase (Gaa,
mice referred henceforth as Gaa-KO), a lysosomal enzyme mutated in Pompe’s disease. The immedi-
ate biological consequence of the loss of GAA is lysosomal glycogen storage (Raben et al., 1998).
Furthermore, it was reported that a large portion of lysosomes is not able to acidify in Gaa-KO fibro-
blasts (Fukuda et al., 2006). We assessed lysosomal pH in the Gaa-KO fibroblasts (Figure 2F) and
observed impaired acidification, albeit less robust than observed when inhibiting the vATPase or
silencing Atpév1h (Figure 2F-G). The Gaa-KO fibroblasts present iron deficiency as shown by
increased Tfrc transcript level, and decreased FTL1 levels (Figure 2H). Notably, these fibroblasts
also present HIF-1o. accumulation (Figure 2H). Furthermore, the Gaa-KO fibroblasts show a
decrease in Fe?* (Figure 2I), in agreement with the iron deficiency response and the accumulation
of HIF-1a.. The increase in Fe3* suggests a defect in the endolysosomal reduction of Fe3* to Fe?*.

Altogether, these results show that v-ATPase inhibition results in decreased cytoplasmic Fe?*,
which impairs the hydroxylation-mediated degradation of HIF-1o. and culminates in the accumulation
and activation of this transcription factor.

Mitochondrial biogenesis and function require iron

Having shown that endolysosomal acidification is required for Fe?* release from endo/lysosomes to
the cytoplasm, we sought to test if mitochondrial iron content was also affected. We loaded the cells
with the probe Mito-FerroGreen, which localizes to mitochondria and reacts specifically with Fe®*.
The cells treated with bafilomycin showed a robust decrease in Mito-FerroGreen signal (Figure 3A).
This effect was ablated in the presence of Fe-citrate (Figure 3A). This result shows that supply of
iron to mitochondria is also impaired when the v-ATPase is inhibited, and that mitochondria seem to
be able to uptake iron from cytoplasm when the endolysosomal pathway is ineffective.

Mitochondria are a key component of Fe-S cluster synthesis, which is essential for the proper
function of the respiratory chain. To assess if mitochondrial function was impacted by the decrease
in Fe?*, we performed real-time respirometry, which monitors O, consumption in real-time as a
proxy for mitochondrial respiratory chain activity. We observed that fibroblasts treated with either
v-ATPase inhibitor bafilomycin or saliphe showed a robust decrease in mitochondrial O, consump-
tion (Figure 3—figure supplement 1A). A similar result was obtained when perturbing lysosomal
acidification using a lower concentration of bafilomycin, or using chloroquine (Figure 3—figure sup-
plement 1B). Interestingly, treatment of fibroblasts with the lysosomal iron chelator deferoxamine
resulted in virtual absence of mitochondrial respiratory chain activity (Figure 3—figure supplement
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Figure 3. Mitochondrial biogenesis and function are dependent on endolysosomal iron supply. (A) Representative image Mito-FerroGreen staining of
mitochondrial labile iron pools in control, 500 nM Baf- and 500 nM Baf + 150 uM Fe-citrate treated fibroblasts. Note the barely detectable labile iron
levels in mitochondria of Baf-treated fibroblasts. (B—C) Mitochondrial oxygen consumption rates (OCR) in 500 nM Baf- and 500 nM Baf-treated
fibroblasts with 150 uM iron citrate supplementation (B) or in 500 nM Sal- and 500 nM Sal-treated fibroblasts with 150 uM iron citrate supplementation
Figure 3 continued on next page
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(C). Results represent mean + SEM, three independent experimental replicates. Each experimental replicate is calculated from the average of 8

technical replicates.

*kk

p<0.001, Welch’s one-way ANOVA with Dunnett’s correction for multiple comparison (all experimental groups compared to Baf-

or Sal-treated cells). (D) Western blot of whole cell extracts showing ATP5A, UQCRC2, mtCO1, SDHB and NDUFSB in control, 500 nM Baf- and 500 nM
Sal-treated fibroblasts (n = 6). 300 uM Dfo is used as positive control for iron deficiency. Note the reduction of mitochondrial proteins in treated cells
relative to controls. GAPDH is used as loading control. (E) Representative images of fibroblasts transfected with GFP-Mito and treated with 500 nM Baf
for 24 hr to show the mitochondrial network. Note the prevalent mitochondrial fragmentation in Baf-treated fibroblasts. Number of cells is shown as
black dots per condition in bars representing mean + SEM of mitochondrial perimeter from three independent experiments. p value is estimated by the
Mann-Whitney U-test. Scale bar, 10 um. (F) Transcript levels of nuclear-encoded mitochondrial genes in 500 nM Baf-treated fibroblasts. Bars depict
mean + SEM of six independent experimental measures. *p<0.05; **p<0.01; ***p<0.001, unpaired two-tailed t-test with Welch's correction. (G)
Transcript levels of nuclear-encoded mitochondrial genes in 500 nM Baf-treated fibroblasts and 500 nM Baf-treated fibroblasts with150uM iron citrate
supplementation. Results are shown as mean + SEM, n = 8. *p<0.05; **p<0.01; ***p<0.001, Welch's one-way ANOVA with multiple test corrections
made by the Dunnett's method. All comparisons were made between Baf-treated cells and other experimental conditions. (H) Mitochondrial
superoxide levels in 500 nM Baf- and 500 nM Baf-treated fibroblasts with 150 uM iron citrate supplementation. Differences are depicted as mean
fluorescent intensities of the superoxide-sensitive and mitochondrial-targeted dye, Mitosox. Error bars represent SEM of three independent
experimental measures (black dots). p value is Welch's one-way ANOVA with Dunnett's correction for multiple corrections (all conditions compared to

Baf-treated cells).

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Lysosomal iron efflux is essential for mitochondrial biogenesis and function.
Figure supplement 2. Impaired lysosomal iron efflux results in decreased mitochondrial biogenesis and function.

1C). Notably, supplementation of the medium with Fe-citrate was sufficient to return mitochondrial
respiratory chain activity to normal levels in cells treated with bafilomycin (Figure 3B), saliphe
(Figure 3C) or with deferoxamine (Figure 3—figure supplement 1D).

We then explored what may be driving the decrease in mitochondrial respiration. Multiple causes
are possible, including a decrease in the mass or the quality of the mitochondrial network, or a meta-
bolic shift that shunts pyruvate away from aerobic metabolism. First, we assessed the protein levels
of respiratory chain subunits in whole cell extracts by Western blot, and observed that they are
decreased when v-ATPase is inhibited (Figure 3D). Similar results were observed in fibroblasts
treated with the iron chelator deferoxamine (Figure 3D), chloroquine or lower concentration of bafi-
lomycin (Figure 3—figure supplement 1F). To assess mitochondrial mass, we measured the protein
levels of the proteins VDAC1 and Tom20, which are highly abundant in the outer mitochondrial
membrane. We found a decrease in VDAC1 and Tom20 levels in v-ATPase-inhibited cells (Figure 3—
figure supplement 1E). Next, we tested if the mitochondrial network was affected by v-ATPase inhi-
bition, and observed a robust phenotype of mitochondrial fragmentation and swelling (Figure 3E).

Because autophagy is impaired in fibroblasts treated with v-ATPase inhibitors but not in deferox-
amine-treated cells (Figure 2—figure supplement 1B), and the effect on mitochondrial mass is simi-
lar in vATPase-inhibited or deferoxamine-treated cells, increased mitophagy cannot explain the
decrease in mitochondrial mass. Therefore, we tested if the transcriptional program of mitochondrial
biogenesis was affected. We measured the transcript levels of several mitochondrial respiratory
chain subunits (all encoded in the nuclear DNA), and found that they all presented a robust down-
regulation when treated with bafilomycin (Figure 3F and Figure 3—figure supplement 1G), or with
saliphe (Figure 3—figure supplement 1H). A similar effect was observed when the fibroblasts were
treated with deferoxamine, as previously shown by Pagliarini and colleagues (Rensvold et al.,
2013). Notably, supplementation of the cell medium with Fe-citrate returned the transcript levels of
the mitochondrial respiratory chain subunits to control levels in bafilomycin (Figure 3G) or saliphe
treatment (Figure 3—figure supplement 1I). The protein levels of several mitochondrial subunits
also show a recovery to control levels when Fe-citrate is given together with bafilomycin (Figure 3—
figure supplement 1J).

Finally, we also assessed the efficiency of electron transfer along the mitochondrial respiratory
chain by estimating the levels of superoxide (O,"., the product of a single-electron reduction of O),
which is a byproduct of inefficient electron transfer along the chain. Using the mitochondria-targeted
superoxide-sensitive dye MitoSox, we observed a sharp increase in MitoSox levels in bafilomycin-
treated fibroblasts, almost completely recovered in the fibroblasts that also received Fe-citrate
(Figure 3H). We probed the levels of pro-oxidant molecules (superoxide, hydroxyl radical, among
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others) using the probe dichlorofluoresceine (DCF), which reacts with many reactive oxygen species
(ROS). We observed a sharp increase in DCF intensity in bafilomycin-treated cells, which was normal-
ized by co-treatment with Fe-citrate (Figure 3—figure supplement 1K). A similar pattern is
observed with the dye BODIPY C11, which reports the levels of oxidized membrane phospholipids
(Figure 3—figure supplement 1L). The increased levels of mitochondrial superoxide, ROS and lipid
peroxidation were recapitulated in saliphe-treated fibroblasts and rescued following co-treatment
with Fe-citrate (data not shown). Overall, these results show that mitochondrial biogenesis and func-
tion require iron, made available to the cytoplasm by the endolysosomal system or via direct trans-
port through the plasma membrane (Fe-citrate supplementation). In the absence of iron,
mitochondrial function is impaired and generates more superoxide, promoting an oxidative shift in
the cellular redox environment.

We then set to test whether the cells with genetic perturbation of lysosomal acidification also pre-
sented mitochondrial defects. Using the Atpévih-silenced fibroblasts, we observed a robust
decrease in their mitochondrial respiratory chain activity (Figure 3—figure supplement 2A),
decreased protein levels of several OXPHOS subunits (Figure 3—figure supplement 2B) and
decreased mitochondrial biogenesis (Figure 3—figure supplement 2C). Taken together, genetic
and pharmacologic impairment of lysosomal acidification yields similar effects on iron homeostasis
and mitochondrial function.

Because retention of iron, due to impaired lysosomal acidification, triggers iron deficiency and
mitochondrial dysfunction, we sought to test if the removal of lysosomal iron exporters, indepen-
dently of acidification, could recapitulate the phenotype. Iron can be released from the lysosomes
by DMT1 (SLC11A2) or MCOLN1 (Dong et al., 2008; Touret et al., 2003). Therefore, we used fibro-
blasts obtained from Mcoln1-KO mice (and WT littermates), and silenced Slc11a2 using siRNA. We
confirmed the efficiency of Slc11a2 silencing by gPCR (Figure 3—figure supplement 2D). The indi-
vidual loss of Mcoln1 or Slc11a2, as well as the simultaneous loss of both, triggered an increase in
the transcript levels of Tfrc (Figure 3—figure supplement 2E) and a decrease in the protein levels
of FTL1 (Figure 3—figure supplement 2F). Mitochondrial respiration was robustly inhibited in the
absence of Mcoln1 and/or Slc11a2 (Figure 3—figure supplement 2F), which was underscored by
the decrease in the protein levels (Figure 3—figure supplement 2G) and transcript levels of
OXPHOS subunits (Figure 3—figure supplement 2H). Altogether, these results show that iron
retention in the lysosome results in functional iron deficiency and decreased mitochondrial biogene-
sis and function.

Lysosomal Fe?* efflux is required for cell proliferation in a
mitochondrial respiratory chain-dependent manner

Given the importance of iron to many cellular processes, we tested whether iron-deficiency induced
by v-ATPase inhibition could affect cell proliferation. We observed that fibroblasts treated with vehi-
cle control proliferate, while both bafilomycin (Figure 4A) and saliphe treatments (Figure 4B)
resulted not only in halting of cell proliferation but also in cell death (the number of cells decreases
during the treatment). The treatment with saliphe has slightly lower impact on cell death than with
bafilomycin (Figure 4B). Remarkably, the supplementation of the medium with Fe-citrate during
v-ATPase inhibition restores cellular proliferation (Figure 4C). Similar results were observed in fibro-
blasts treated with the iron chelator deferoxamine (Figure 4—figure supplement 1A-B).

Because iron supplementation in the presence of v-ATPase inhibitors also improved mitochondrial
function, we tested if the mitochondrial respiratory chain activity was necessary for the recovery in
cell viability and proliferation. The addition of the mitochondrial respiratory chain complex lll inhibi-
tor antimycin A to bafilomycin-treated iron-supplemented fibroblasts ablated the recovery in cell via-
bility conferred by the iron supplementation (Figure 4D). A similar result was observed in saliphe-
treated (Figure 4E) and in deferoxamine-treated fibroblasts (Figure 4—figure supplement 1C).

Next, we sought to characterize the cell death phenotype in response to v-ATPase inhibition. We
first looked for apoptotic markers such as cleaved (active) caspase three and cleaved PARP (caspase
three substrate). We could not detect either cleaved caspase-3 or cleaved PARP in bafilomycin-
(Figure 4F) or saliphe-treated fibroblasts (Figure 4—figure supplement 1D), despite they were
readily detectable in cells treated with the apoptosis inducer staurosporine. Accordingly, pan-cas-
pase inhibitor ZVAD had no attenuating effect on cell death in bafilomycin- or saliphe-treated fibro-
blasts (Figure 4G), further supporting that the cell death in these conditions is not apoptotic. We
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Figure 4. Impaired lysosomal iron efflux results in non-apoptotic cell death. (A-B) 500 nM Baf-treated (A) and 500 nM Sal-treated (B) fibroblasts display
about 4- to 8-fold increase in cell death with time of treatment, relative to untreated fibroblasts, which show progressive cell proliferation. Results are
presented as mean + SEM, n = 4 experimental replicates with each experimental replicate being the average of technical triplicates. ***p<0.001,
unpaired two-tailed t-test with Welch's correction (C) 150 uM iron citrate supplementation rescues cell death in fibroblasts upon treatment with 500 nM
Figure 4 continued on next page
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Baf or Sal. Bars and error bars represent mean + SEM of log2 fold change in cell number of experimental conditions. Black dots indicate individual

experimental measurements.

KKk

p<0.001, Welch's one-way ANOVA with Dunnett’s correction for multiple comparisons. All conditions compared to

fibroblasts treated with either Baf or Sal alone. (D-E) 20 uM Antimycin treatment for 48 hr abolishes the rescue of cell death following iron
supplementation in 500 nM Baf-treated (C) or 500 nM Sal-treated (D) fibroblasts. Bar graphs represent mean + SEM of three independent experimental

measures (black dots).

*kk

p<0.001, Two-way ANOVA with Sidak correction for multiple comparisons. (F) Whole cell immunoblot of cleaved PARP and

cleaved caspase-3 levels shows that Baf-induced cell death is non-apoptotic (n = 3). 1 UM Staurosporine treatment for 4 hr is used as positive control
for caspase-3 dependent apoptotic cell death. GAPDH is used as loading control. (G-H) Inhibitors of apoptosis (G) and ferroptosis (H) show no
observed effects on 500 nM Baf or Sal-induced cell death in fibroblasts following 48 hr of treatment. Results show mean + SEM, n = 4. *p<0.5; ns
p>0.05, Welch's one-way ANOVA with Dunnett's correction for multiple comparisons to treatment with Baf or Sal alone. 20 uM zVAD or 5 uM

Ferrostatin were used. (I-K) 300 uM Dfo treatment in neurons results in more than 2-fold increase in the expression of Tnfa (1), increased expression of

regulators of interferon gene expression (J) and increased transcript levels of interferon-stimulated genes (K). Results show mean = SEM of six
independent experiments. **p<0.01; ***p<0.001, unpaired two-tailed t-test with Welch's correction.
The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Iron deficiency-induced cell death is non-apoptotic.

then tested if the cell death induced by v-ATPase inhibition was sensitive to necrostatin (inhibitor of
necrosis) or to ferrostatin (inhibitor of ferroptosis). Necrostatin-1s, which can decrease necroptotic
cell death by inhibiting RIP1 kinase, had no effect on the cell death caused by v-ATPase inhibition
(Figure 4—figure supplement 1E). Ferrostatin, an inhibitor of ferroptosis, also had no effect on
v-ATPase inhibition-induced cell death (Figure 4H), despite it effectively inhibited cell death trig-
gered by the ferroptosis inducer erastin (Figure 4—figure supplement 1F). Therefore, v-ATPase
inhibition triggers caspase-independent, RIP1K-independent, ferrostatin-unrelated cell death. These
results are consistent with the previously reported caspase-independent bafilomycin-induced cell
death (Yan et al., 2016). In agreement with this finding, the analysis of the three transcriptome data-
sets of bafilomycin-treated cells that were used in Figure 1 ranks necrosis (and not apoptosis) as the
top cell death mechanism (Supplementary files 1-3 tables S1-S3).

Iron deficiency triggers cell-autonomous inflammatory gene expression
The occurrence of non-apoptotic cell death is often associated with triggering of sterile inflammatory
responses (Rock and Kono, 2008; Weinlich et al., 2017). To test if iron deficiency is sufficient to
trigger immune responses, we treated mouse primary cortical neurons with deferoxamine, and moni-
tored the expression of pro-inflammatory cytokines and interferon-stimulated genes, which are typi-
cally increased during inflammatory responses. We first observed the expression of tumor necrosis o
(Tnfa) and found a robust increase in its transcript levels in deferoxamine-treated primary neurons
(Figure 4I). We then measured the transcript levels of innate immune regulators such as TIr9,
Myd88, Irf7, Stat1 and Stat2, which were all robustly up-regulated in deferoxamine-treated cortical
neurons (Figure 4J). Accordingly, the expression of other downstream interferon-stimulated genes
such as Cxcl10, Isg15, Ifit1, Ifit3 and [fi44 was also strongly induced in deferoxamine-treated neurons
(Figure 4K). We have not tested the effect of bafilomycin or saliphe treatment in the primary neu-
rons because these v-ATPase inhibitors would not just inhibit lysosomal function but also synaptic
vesicle recycling (Farsi et al., 2018), and therefore trigger a number of events that are unrelated to
iron homeostasis alone. These results underscore that unavailability of cytoplasmic iron is sufficient
to trigger inflammatory signaling and cell death.

Iron deficiency is prevalent in the brain of an in vivo model of impaired
lysosomal acidification

Given the pro-inflammatory nature of Fe-deficiency caused by lysosomal v-ATPase inhibition, we
sought to test the system in vivo, using a mouse model lacking Gaa (Gaa-KO), as described above.
Absence of Gaa impairs the acidification of a large proportion of lysosomes, and fibroblasts
obtained from these mice show iron deficiency and HIF-10. accumulation (see Figure 1F-I). The Gaa-
KO mice show a predominantly muscular phenotype, albeit with a later disease onset when com-
pared to human patients with Gaa loss-of-function mutations (Raben et al., 1998). Nevertheless, the
mice present severe motor symptoms with onset around 14 months, and so we assessed them at
earlier time points (6 and 12 months) to avoid this confounding factor. We focused on the brain of
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the Gaa-KO mice, as loss of lysosomal acidification has been observed in association with neurode-
generative diseases (Lie and Nixon, 2019). Furthermore, it has been shown that the muscular phe-
notype of the Gaa-KO mice can be rescued by re-expression of Gaa in the motor neurons
(Lee et al., 2018; Todd et al., 2015; Turner et al., 2016), illustrating that lysosomal function is rele-
vant in neuronal cell populations. First, we tested if the cortex of the Gaa-KO mice showed signs of
iron deficiency. We observed a robust increase in the transcript levels of Tfrc in the cortex of 6- and
12-month-old mice (Figure 5A). Ferritin light chain protein levels were down-regulated both at 6-
and 12 months (Figure 5B). Together, these results document an iron deficiency response in Gaa-
KO brain. To further probe the functional consequences of iron-deficiency in the Gaa-KO brain, we
also tested if HIF-1a was accumulating, by western blot, and found an increase in its levels in Gaa-
KO cortex both at 6- and 12 months (Figure 5C). Furthermore, mitochondrial iron availability was
also affected, as the activity of complex IV, which is dependent on Fe, was decreased in Gaa-KO cor-
tex (Figure 5D), while the activity of complex V (loading control) was similar between WT and KO
mice (Figure 5D). The decrease in complex IV activity (cytochrome ¢ oxidase, COX) occurs despite
the protein levels of the subunit COX1 were similar between WT and KO both in whole cell extracts
(Figure 5—figure supplement 1A) and in mitochondrial extracts from mouse cortices (Figure 5—
figure supplement 1B).

We then performed in vivo magnetic resonance spectroscopy (MRS) and imaging in the mice at 6
and 12 months of age (Figure 5E and Figure 5—figure supplement 1D), to assess if the perturba-
tions in iron homeostasis were widespread or in discrete brain regions. For this, we analyzed the
thalamus, striatum and cerebral cortex, and in all three regions we found a decrease in the T, relaxa-
tion time of water protons (Table 1), which is highly correlated with reduced labile iron pool levels
(Vymazal et al., 1993). Interestingly, we also observed by MRS, reduced levels of choline-containing
compounds, which may be due slow turnover of phosphatidylcholine, further suggesting impaired
myelination (Figure 5E-F and Supplementary file 4).

We therefore tested whether myelination (which is also a Fe-dependent process) was affected in
the Gaa-KO cortex. We observed that the abundance of myelination-related proteins such as pro-
teolipid protein (PLP) and myelin basic protein (MBP) was decreased in Gaa-KO cortical homoge-
nates (Figure 5—figure supplement 1C). Altogether, these results show that the Gaa-KO brain is
iron-deficient, with consequences for HIF signaling, mitochondrial function and myelination.

Gaa-KO brain shows prevalent inflammation at early presymptomatic
stages

Having shown that the Gaa-KO brain presents functional iron deficiency akin to what was observed
in cultured Gaa-KO fibroblasts, as well as in fibroblasts treated with v-ATPase inhibitors or fibro-
blasts with genetic silencing of vATPase subunits, we sought to determine if we could detect inflam-
matory signatures in the Gaa-KO mouse cortex. In order to have an unbiased approach, we
performed RNA sequencing of WT (n = 5) and Gaa-KO (n = 5) 12 month-old cortices. We identified
1779 differentially expressed genes (adjusted p value < 0.05; fold change >2.0), of which 996 were
up-regulated and 783 were down-regulated in Gaa-KO cortices. The differential gene list fully segre-
gates WT and KO samples in hierarchical clustering (Figure 6A). The most significantly changed tran-
scripts were Gaa (as expected) and several proteins related to immune responses, particularly
complement activation, macrophage infiltration and genes induced by interferon signaling
(Figure 6B). Accordingly, several pathways related to inflammation were found enriched in the Gaa-
KO dataset (Figure 6C). We then determined which upstream regulators (specifically, transcription
factors) were affected in the Gaa-KO cortex, and found that the interferon regulatory factors Irf7
and Irf3 were predicted as the two most active transcription factors (Figure 6D). Thus, we focused
on the target genes of Irf7, and using the Gaa-KO cortex transcriptome data we observed that 17
out of 20 Irf7 targets in the Gaa-KO brain were robustly up-regulated (Figure 6E). Altogether, these
results show in an unbiased manner that the 12 month old cortex of the Gaa-KO mouse presents a
robust inflammatory signature involving Irf7 signaling.

Next, we tested if the inflammatory signature in the Gaa-KO cortex can be detected at earlier
ages. We measured by qPCR the transcript levels of several transcripts regulated by Irf7, most of
which were up-regulated in the Gaa-KO brain at 2, 6 and 12 months of age (Figure 6F). The excep-
tion was Stat1, which was up-regulated only at 12 months.
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Figure 5. Functional iron deficiency in a mouse model of impaired lysosomal acidification (Gaa” mouse). (A) Tfrc mRNA levels in the cortex of 6 and 12
month old Gaa”* mice and their wild type littermate controls. Black dots represent sample size (n) in each group. p values are unpaired two-tailed
t-tests with Welch's correction. Bars are depicted as mean + SEM. (B) Western blot of FTL1 and GAPDH as loading control from cortical tissue lysates of
6 and 12 month old Gaa™* and Gaa”" mice (n = 4 mice per group). (C) HIF-1o. immunoblots with GAPDH as loading control from cortical tissue lysates
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Figure 5 continued

of 6 and 12 month old Gaa®™* and Gaa”" mice (n = 4 mice per group). (D) Activity staining of native respiratory chain complex IV of mitochondria
purified from cortices of 6 month old mice (n = 3; depicted as black dots). Complex V activity staining is used as loading control. The difference
between activities (mean + SEM) of groups is determined by the unpaired two-tailed t-test with Welch’s correction. (E) MRS reveals significant changes
in metabolite concentrations in Gaa”™ mice in vivo. MRS (STEAM, TR/TE/TM = 6000/10/10 ms, 256 averages, (2.0 mm)® volume-of-interest centered on
the striatum) of 6 month old (upper row) and 12 month old (lower row) wild type (right column) and Gaa™" mice (left column) in vivo, as summarized in
Table 1, processed with a 1 Hz line broadening. GPC+PCh = Choline containing compounds, tCr = total creatine, [=significant signal intensity
increases, |=significant signal intensity decreases. *p<0.05; **p<0.01, Mann-Whitney's U-test. (F) Graphs depicted as mean + SEM of n = 8 mice per
group (6 months) or five mice per group (12 months) show decreased concentration of total choline-containing compounds in Gaa”~ mice in vivo. p
values indicate the Mann-Whitney's U-test.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Steady state levels of COX1, PLP and MBP proteins, and in vivo MRI of mouse brain.

Glial activation is a typical marker of brain inflammation, and can be assessed by the levels of the
microglia- and astrocyte-enriched protein GFAP (which is highly up-regulated at transcript level in
the RNA sequencing dataset, see Figure 6B). Therefore, we searched for markers of glial activation
in the Gaa-KO cortex. We observed an increase in GFAP protein levels in GAA-KO cortex at 6 and
12 months (Figure 6G), by western blot. Staining of tissue sections against GFAP protein in the 6
month GAA-KO cortex yielded similar results (Figure 6H).

Altogether, these results show that the brain of GAA-KO exhibits increased inflammatory and
interferon signatures and enrichment of innate immune cells detectable already at 2 months of age.

Iron deficiency perturbs mtDNA homeostasis in vivo

Mitochondrial malfunction has been shown to be a contributor to inflammatory reactions (West and
Shadel, 2017). In particular, imbalance in mtDNA homeostasis is a robust trigger of type | interferon
responses (West et al., 2015). Therefore, we sought to test if iron deficiency, which we showed to
be sufficient to trigger inflammation in cultured neurons (see Figure 4I-K), was associated with
mtDNA perturbation in vivo. First, we measured mtDNA copy number in the Gaa-KO cortex. We
observed a reduction in mtDNA of about 20% in newborn mice, 25% at 2 months, and a robust
decrease of ~50-60% in 6- and 12 month old Gaa-KO cortices (Figure 7A). Notably, the protein lev-
els of TFAM, a key protein for mtDNA replication, transcription and maintenance, were reduced
by ~50% in the 6 month-old Gaa-KO cortex (Figure 7B). This decrease is akin to the loss of TFAM
and mtDNA observed in Tfam heterozygous knockout mice, in which mtDNA instability was shown

Table 1. Relaxation times of water protons and Magnetization Transfer ratios determined by MRI
(related to Figure 5).

6 months 12 months
Background Wild type Gaa(-/-) Wild type Gaa(-/-)
n n=38 n=38 n=>5 n=5
T (s)
Cerebral Cortex 1.67 +0.07 1.67 +0.07 1.65 + 0.05 1.62 +0.09
Striatum 1.62 £ 0.05 1.64 + 0.07 1.62 +0.03 1.58 + 0.06
Thalamus 1.49 +0.03 1.52 £ 0.09 1.50 + 0.04 1.46 +0.03
T2 (ms)
Cerebral Cortex 40.3 +0.5 38.3 + 0.8*** 39.8+0.7 37.9 +£0.5*
Striatum 39.7+10 37.3 £ 0.8** 38.5+0.6 36.7 £0.7*
Thalamus 384+10 35.9 £ 1.1%* 37.2+03 36.2+0.8
Magnetization Transfer Ratio (%)
Cerebral Cortex 75+17 7017 7.8+£09 8.4+0.6
Striatum 9.9+0.7 9.0+ 0.8* 9.8+06 10.0 £ 0.9
Thalamus 125+1.6 19+£19 129 +£20 13.0+£0.9
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Figure 6. Iron deficiency is linked to induction of innate immunity in the CNS of Gaa”™ mice. (A) Hierarchical clustering of the brain samples of Gaa™”-
and WT mice at 12 months of age. (B) Volcano plot of the transcripts detected in the RNAseq analysis, highlighting those that were considered as
differentially expressed genes (adjusted p value < 0.05, and fold-change >2). Some of the transcripts with the lowest p value between WT and KO are
highlighted in the plot. (C) Results of the pathway analysis showing the pathways most enriched in the differentially expressed gene list of the Gaa-KO/
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Figure 6 continued

WT cortex dataset. The pathways related to inflammation are highlighted in red. (D) Transcription factors predicted to be significantly active or
repressed in the cortex of 12 month old Gaa”” mice compared to WT. The z-score is represented (positive z-score, predicted activation; negative
z-score, predicted repression). (E) Transcript levels of Irf7 targets recognized in the Gaa”"dataset by Ingenuity Pathway Analysis. The targets are color-
coded (red indicates higher expression in Gaa” mice, green represents lower expression), showing that the vast majority is up-regulated, in agreement
with the predicted activation of Irf7. (F) Transcript levels of interferon-stimulated genes and their regulators in the cortices of 2 month, 6 month and 12
month old Gaa” mice and their wild type littermate controls. Number of mice per group is displayed as black dots in bars, which represent

mean + SEM. *p<0.05; **p<0.01; ***p<0.001, unpaired two-tailed t-test with Welch's correction. (G) Whole cortical tissue immunoblots of increased
GFAP levels and GAPDH as loading control in 6- and 12 month old wild type and Gaa”" mice (n = 4 mice per group). (H) Representative images of
GFAP (green) in the cortex of 6 month old Gaa”" mice and their wild type littermate controls. Scale bar, 20 um. Quantifications on the right show the
increased number of GFAP-positive cells in the cortices of Gaa”™ mice (n = 3 mice per group) depicted as bars denoting mean + SEM. p value is
estimated from an unpaired two-tailed t-test with Welch's correction.

to trigger interferon signaling (West et al., 2015). The decrease in TFAM protein levels cannot be
explained only by decreased transcription, since Tfam transcript levels are only 20% down in the
Gaa-KO brain (Figure 7—figure supplement 1A).

We then turned to clonal cells to test if the loss of mtDNA observed in vivo could be triggered in
cells by iron deficiency. We first measured mtDNA copy number in WT fibroblasts treated with the
lysosomal iron chelator deferoxamine, and observed a reduction of ~40% in mtDNA (Figure 7—fig-
ure supplement 1B). A similar result was obtained by deferoxamine treatment of primary cortical
neurons (Figure 7—figure supplement 1C).

To test the effect of iron deficiency on mtDNA in the absence of lysosomal perturbations, we
used fibroblasts obtained from mice lacking the iron regulatory proteins IRP1 and IRP2, in which the
expression of heavy and light ferritin chains is robustly up-regulated, and for that reason are func-
tionally iron deficient (all available iron is stored in the ferritin oligomers, and thus biologically inac-
tive) (Meyron-Holtz et al., 2004). The mtDNA copy number in the Irp1”7" and Irp2”°KO fibroblasts
was ~40% reduced compared to WT (Figure 7—figure supplement 1D). We then tested whether
impaired lysosomal acidification caused by genetic mutations also resulted in decreased mtDNA
copy number. To this end, we used fibroblasts obtained from Gaa-KO and respective WT litter-
mates, and observed a loss of ~40% mtDNA in Gaa-KO (Figure 7—figure supplement 1E). Notably,
the protein levels of TFAM were also decreased in Gaa-KO fibroblasts (Figure 7—figure supple-
ment 1F).

mtDNA synthesis relies on dNTPs imported from the cytoplasmic dNTP pool (Copeland, 2012),
which is high in proliferating cells but decreases sharply in post-mitotic cells and tissues. Ribonucleo-
tide reductase is a key enzyme for the reduction of NTPs to dNTPs, and its active site is dependent
on iron (Puig et al., 2017). Thus, the iron deficiency observed in Gaa-KO cells or Deferoxamine-
treated cells might result in a decrease in functionally active ribonucleotide reductase. Therefore, we
supplemented the cell medium with Fe-citrate, and observed that the mtDNA copy number
increased in iron-supplemented Gaa-KO fibroblasts to control values (Figure 7C).

Having shown that mtDNA levels can be rescued in iron-deficient cells by Fe-citrate supplementa-
tion in the medium, we sought to test if the same principle was valid in vivo. Therefore, we tested if
increasing the concentration of iron in the diet would avoid loss of mtDNA in vivo, as well as amelio-
rate the downstream consequences of iron-deficiency in Gaa-KO mice. The change in iron levels in
the diet is most efficient when it occurs at weaning. Thus, upon separating the litters from the moth-
ers (at post-natal day 21), we gave the weaned mice an iron-enriched diet (500 mg Fe/Kg) or a con-
trol diet (179 mg Fe/Kg). We followed the mice until they were two months of age, and measured
mtDNA copy number in the cortex. While the GAA-KO mice treated with the control Na-citrate diet
showed a ~ 20% decrease in mtDNA in cortex relative to the WT littermates, the Gaa-KO cohort fed
iron-enriched chow had mtDNA copy number similar to the WT mice (Figure 7D). This result shows
that the mitochondrial phenotype of young Gaa-KO mice can be rescued by increasing the levels of
dietary iron.
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Figure 7. Iron deficiency impairs mtDNA homeostasis in Gaa”™ mice. (A) Age-dependent decline in relative mtDNA copy number levels in the cortex of
Gaa”" mice from 0 to 12 months of age. Number of mice per group is depicted as dots in bars which denote mean = SEM. *p<0.05; **p<0.01;
***<0.001, unpaired two-tailed t-test with Welch’s correction. (B) Western blot showing reduced TFAM and GAPDH as loading control in the cortex of
Gaa”" mice and their wild type littermate controls (n = 8 mice per group). (C-D) Iron supplementation rescues mtDNA copy number defects in Gaa™
Figure 7 continued on next page
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Figure 7 continued

fibroblasts (C) and in the cortex of 2 month old Gaa”" mice (D). Results are summarized as mean + SEM of n = 3 independent measures in Gaa™””
fibroblasts and n = 6 mice per group indicated as black dots for 2 month old Gaa”" mice. *p<0.05; ***p<0.001, Welch's one-way ANOVA test with
Dunnett’s correction for multiple comparisons. All conditions compared to the untreated Gaa”" fibroblasts (C) or Gaa” mice fed standard chow (D). (E)
Iron supplementation as iron-enriched chow dampens the increased expression of innate immune response genes in Gaa”™ mice at 2 months of age.
This result is depicted as a Heatmap for n = 6 mice per group, in which blue denotes decreased expression of interferon-stimulated genes relative to
white (no change or baseline) and red denotes increased expression. Note the dampening of the hot red in Gaa”” on standard chow relative to the
cohort of Gaa”™ mice on iron-enriched chow. (F) Immunoblot of GFAP and TNFa in the cortices of Gaa”" mice and their wild type littermate controls
fed standard or iron-enriched chow for 2 months (n = 3). Note the reduction in GFAP and TNFa. protein amounts following iron supplementation in
Gaa”" mice. GAPDH is used as loading control (G) Iron-enriched diet restores increased levels of cytokine and chemokines to control levels in the
cortices of 2 month old Gaa” mice. Cytokines are increased in Gaa”™ mice fed standard chow, and are barely detectable in Gaa”~ mice fed iron-
enriched diet or their wild type littermate controls. Levels of cytokines and chemokines are shown as mean + SEM (n = 3 mice per group, black dots)
and p values represent Brown-Forsythe's one-way ANOVA tests estimated as differences between Gaa”” mice on standard chow and all other
experimental groups. (H) Mouse gait analysis shows rescue of stride length following 2 months of iron supplementation in Gaa”~ mice. Data is
presented as mean + SEM. Each experimental data point (hollow circles) represents stride length measured on all four limbs of each animal. 13-19
animals per group were used. p value is determined by the Welch's one-way ANOVA followed by Dunnett's correction for multiple comparisons of all
groups to Gaa”” mice fed standard diet.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Iron deficiency causes impaired mtDNA homeostasis and induces inflammation in vivo.

Dietary iron supplementation corrects inflammation in the Gaa-KO
brain

The rescue of mtDNA levels in Gaa-KO brain by using a Fe-enriched diet encouraged us to test if
other parameters responding to iron deficiency would also be corrected, in particular inflammation.
So, we analyzed the transcript levels of interferon-stimulated genes and those of their regulators in
the cortex of 2 month old mice in Fe-enriched or control diet, and observed that in the iron-supple-
mented Gaa-KO mice the inflammatory response was ablated (Figure 7E). Furthermore, we
observed that the protein levels of GFAP and of the inflammatory mediator TNFa were also
decreased by the iron-supplementation in the Gaa-KO cortex (Figure 7F).

Next, we sought to characterize the molecules driving the inflammatory response. To achieve
that, we employed a cytokine array, and used Gaa-KO and WT 2 month old cortical extracts, from
mice that were either iron-supplemented or in the control diet. While we barely could observe
TNFo, interferon gamma (IFNy) as well as the cytokines CXCL9, CXCL10, CXCL11, IL-1a, IL-16 in
wild type mice, these proteins were significantly increased in the cortices of Gaa-KO fed standard
chow, but were normalized to the barely detectable WT levels in the iron-supplemented mice
(Figure 7G). Other inflammatory molecules, including TREM-1, M-CSF, TIMP-1, C5, ICAM-1 and
CXCL12 showed a similar profile (Figure 7—figure supplement 1G-H).

These results show that the pro-inflammatory phenotype observed in the brain of the Gaa-KO
mice is due to the impaired iron homeostasis and can be corrected by increasing iron concentration
in the diet.

To test whether the dietary iron supplementation had any effects on the behavior of the mice, we
made a broad analysis of gait and motor parameters of the mice using the DigiGait platform
(Rostosky and Milosevic, 2018). We observed that several parameters were affected in the Gaa-KO
already at 2 months of age, particularly the stride length, which was decreased in the Gaa-KO mice
(Figure 7H). This is an indication of gait disorder (Fernagut et al., 2002), suggesting that the Gaa-
KO mice may have motor impairments. Notably, the Gaa-KO mice supplemented with iron showed
a normalization of the stride length (Figure 7H). Taken together, normalization of iron levels by a
Fe-enriched diet restores mtDNA stability and ablates inflammation at 2 months of age in a mouse
model of lysosomal malfunction causing functional iron deficiency.

Discussion

This study shows that iron deficiency can cause non-apoptotic cell death and inflammation in cul-
tured cells as well as inflammation in vivo. Furthermore, we establish the role of (endo)lysosomal
acidification as a key step in cellular iron homeostasis. Notably, the inflammatory signaling triggered
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by (endo)lysosomal malfunction-induced iron deficiency can be ablated by supplementation of iron
that bypasses the endo-lysosomal pathway.

We show here that iron release from (endo)lysosomes to cytoplasm requires acidic pH. This step
is key to maintaining appropriate cytoplasmic iron levels. When the (endo)lysosomes are not prop-
erly acidified, Fe3* obtained from ferritinophagy, mitophagy or transferrin endocytosis cannot be
reduced to Fe?*. This reduction is catalyzed by the ferroreductase STEAP3, which has an optimal
acidic pH (Lambe et al., 2009). The inability to reduce Fe3* to Fe?" results in the accumulation of
Fe3* in the lysosomes, since only Fe?* can be exported via the channels divalent metal transporter 1
(DMT1) or mucolipin-1 (MCOLNT1) (Dong et al., 2008; Touret et al., 2003). In addition to the excess
of iron in the lysosomes, there is lack of it in the cytoplasm. The proteins that sense cellular iron func-
tion are located in the cytoplasm, implying that cytoplasmic Fe levels determine when the cellular
iron deficiency response is activated. Low Fe levels result in the conversion of aconitase in IRP1 and
stabilization of IRP2 (Rouault, 2015). Together, these proteins promote iron mobilization and
uptake, while repressing its storage and export from the cell. This program is carried out by repres-
sing the translation of ferritin heavy and light chains (to inhibit storage), and by stimulating the
expression of transferrin receptor (TFRC), in order to increase the uptake of iron. This response
keeps Fe within a tight range of concentrations. We show here that this program of iron homeostasis
requires functional lysosomes. When lysosomes are defective, either by treatment with v-ATPase
inhibitors or by genetic mutations that impair their acidification, the iron homeostatic cycle is also
impaired because iron cannot be released in sufficient amounts to the cytoplasm.

Iron is an essential microelement, and life relies on iron availability (Rouault, 2015). Accordingly,
inhibition of lysosomal v-ATPase and the consequent iron deficiency result in cell death. It can be
argued that this is due to toxicity of the inhibitors used, or to effects in other cellular organelles (the
v-ATPase is also present at the Golgi and in synaptic vesicles) or processes. Nevertheless, the simple
repletion of iron through an (endo)lysosome-independent pathway was sufficient to restore cell pro-
liferation almost to control levels. Therefore, the main contributor to cell death caused by impaired
(endo)lysosomal acidification seems to be iron deficiency. We determined that the cell death caused
by iron deficiency is non-apoptotic, which likely contributes to the inflammation observed in vivo in
the brain of a mouse model of lysosomal malfunction (Gaa-KO). In addition, iron deficiency was suffi-
cient to trigger inflammatory signaling in cultured primary cortical neurons. While we cannot exclude
the possibility that neuronal cell death in culture was sensed by astrocytes or glia that are present in
the culture (primary neurons typically have a small number of co-cultured astrocytes and microglia),
our results suggest that the inflammation trigger is cell-intrinsic.

Many cellular processes rely on iron, from DNA replication (the synthesis of dNTPs is Fe-depen-
dent) to metabolism (mitochondrial respiratory chain relies on Fe-S clusters) (Rouault, 2015). Impor-
tantly, mitochondrial respiratory chain and oxidative phosphorylation subunits are encoded by two
genomes, the nuclear DNA and the mitochondrial DNA (mtDNA). There is no dedicated de novo
production of dNTPs for mtDNA synthesis, and mtDNA replication relies mostly on the cytoplasmic
dNTP production (Copeland, 2012). A key step in dNTP production is catalyzed by the enzyme ribo-
nucleotide reductase, a heterodimeric protein that has Fe in its active center (Puig et al., 2017).
Decreased availability of dNTPs is a known cause of mtDNA instability, which in turn is an inflamma-
tory trigger. We show here that iron deficiency perturbs mtDNA homeostasis, regardless of the cell
type (fibroblasts, neurons) or the mechanism (genetic, pharmacologic) that leads to iron deficiency.
We also show here that the levels of mtDNA decrease sharply in iron deficiency. This effect is akin to
what is observed in the mice lacking one allele of the mitochondrial transcription factor A (TFAM), a
protein needed to replicate, transcribe and stabilize mtDNA (Ekstrand et al., 2004; West et al.,
2015). In the Tfam™" mice, mtDNA instability triggers interferon-dependent signaling that culmi-
nates in potent inflammatory responses (West et al., 2015). We show here that iron deficiency,
either caused by iron chelation, genetic ablation of Irp1 or Irp2, or genetic defects impairing lyso-
somal acidification, is associated both with mtDNA instability and inflammation, in vitro and, impor-
tantly, in vivo. Notably, supplying iron via an endo/lysosome-independent route resolved the iron
deficiency response, the loss of mtDNA and the inflammatory signaling.

Another process that depends on iron is the activity of the a-ketoglutarate-dependent superfam-
ily of dioxygenases (Raimundo et al., 2011). These enzymes transfer oxygen atoms to different sub-
strates, in a manner that is dependent on O,, Fe?* and a-ketoglutarate. Absence of any of these
factors or accumulation of succinate (a product of these reactions) results in inhibition of the
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dioxygenases. The prolyl hydroxylases are part of the o-ketoglutarate-dependent superfamily, and
catalyze the hydroxylation of the a-subunit of hypoxia-inducible factor (HIF-10). After hydroxylation,
HIF-1a is recognized by the ubiquitin ligase VHL, and labeled for proteasomal degradation
(Raimundo et al., 2011). HIF-1a is therefore constitutively expressed and readily degraded under
normal conditions, and thus barely detectable (Raimundo et al., 2011). However, in the absence of
VHL or when the function of prolyl hydroxylases is impaired, HIF-1a accumulates and triggers a tran-
scriptional program known as (pseudo-)hypoxia response. Therefore, the activation of HIF signaling
is a novel consequence of impaired lysosomal acidification (Miles et al., 2017). It is noteworthy to
point out that there may be other routes by which the lysosomal function regulates HIF-1c, particu-
larly its degradation via chaperone-mediated autophagy (Hubbi et al., 2013). Notably, HIF signaling
can also be activated by mitochondrial malfunction, particularly loss-of-function of the citrate cycle
enzymes fumarate hydratase or succinate dehydrogenase, which results in the accumulation of fuma-
rate and succinate, and in the consequent inhibition of the prolyl hydroxylases. Therefore, HIF-1a
can be seen as a sensor of the mitochondrial-lysosomal axis. Reciprocally, it can also be noted that
the constitutive silencing of the (pseudo)hypoxia response requires both functional lysosomes and
functional mitochondria. This aspect illustrates a specific mechanism of cooperation between differ-
ent organelles, in this case, between mitochondria and lysosomes.

We and others have recently unveiled several signaling pathways by which dysfunctional mito-
chondria result in lysosomal impairment, or vice-versa (Demers-Lamarche et al., 2016; Fernandez-
Mosquera et al., 2017, Fernandez-Mosquera et al., 2019, Osellame et al., 2013; Yambire et al.,
2019). This mutually destructive relationship between mitochondria and lysosomes is particularly
detrimental in neurodegenerative diseases. For example, many of the genes that cause inherited
Parkinson's disease are associated either with mitochondria or lysosomes/autophagy, and therefore
the primarily-damaged organelle is likely to promote the secondary impairment of the other.

This manuscript presents a novel role of mitochondria-lysosome crosstalk in the regulation of cen-
tral nervous system inflammation in vivo.

Materials and methods

(species) or Source or Additional
resource Designation reference Identifiers information
Antibody Anti-ATP5B Self-made PRAB4826 WB (1:1000)
Antibody Anti-ATP6V1H Abcam Cat# WB (1:1000)
Ab187706
Antibody Anti-COX1 Self-made PRAB2035 WB (1:1000)
Antibody Anti-cleaved Cell signaling RRID: WB (1:1000)
caspase 3 AB_2070042
Antibody Anti-cleaved PARP Cell signaling RRID: WB (1:1000)
AB_10699459
Antibody Anti-FTH1 Cell signaling RRID: WB (1:1000)
AB_1903974
Antibody Anti-Ferritin Abcam RRID: WB (1:1000)
light chain AB_1523609
Antibody Anti-GAPDH Sigma-Aldrich RRID: WB (1:10000)
AB_796208
Antibody Anti-GFAP Abcam RRID: WB (1:1000)
AB_305808
Antibody Anti-HA Abcam RRID: WB (1:1000)
AB_301017
Antibody Anti-HIF-1 Novus RRID: WB (1:500)
alpha AB_10000663
Antibody Anti-HPRT Abcam RRID: WB (1:4000)
AB_297217

Continued on next page
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(species) or Source or Additional
resource Designation reference Identifiers information
Antibody Anti-LAMP1 Sigma-Aldrich RRID: WB (1:1000)
AB_477157
Antibody Anti-LC3B Cell signaling RRID: WB (1:1000)
AB_2137707
Antibody Anti-MBP MPI-EM Klaus- WB (1:1000)
Goettingen Armin Nave
Antibody Anti-Total Abcam RRID: WAB (1:2000)
Rodent OXPHOS AB_2629281
Cocktail
Antibody Anti-PEX5 Sigma-Aldrich RRID: WB (1:1000)
AB_10673419
Antibody Anti-PLP MPI-EM Klaus- WB (1:1000)
Goettingen Armin Nave
Antibody Anti-SQSTM1 Abcam RRID: WAB (1:8000)
AB_945626
Antibody Anti-mtTFA Abcam RRID: WB (1:1000)
AB_2651017
Antibody Anti-TNFo. Abcam Cat# WB (1:1000)
Ab183218
Antibody Anti-TOM20 Proteintech RRID: WB (1:1000)
Group AB_2207530
Antibody Anti-VAPB Bethyl RRID: WB (1:1000)
Laboratories AB_2780841
Antibody Anti-VDAC1 Abcam RRID: WB (1:2000)
AB_443084
Antibody Anti-VHL Santa Cruz RRID: WAB (1:1000)
AB_2215955
Antibody Anti-mouse 1gG Jackson RRID: WB (1:4000)
Laboratory AB_2307392
Antibody Anit-rabbit Jackson RRID: WB (1:4000)
fe]€! Laboratory AB_2307391
Chemical Antimycin Sigma-Aldrich Cat# A8674 1 uM, 20 uM
compound,
drug
Chemical Bafilomycin Santa Cruz Cat# sc- 500 nM, 50 nM
compound, 201550
drug
Chemical Bodipy*®"*" C11 Thermo Fisher Cat# D3861 1 uM
compound,
drug
Chemical Deferoxamine Sigma-Aldrich Cat# D9533 300 uM
compound, mesylate
drug
Chemical Dimethyl 2- Th. Geyer GmbH Cat# 349631 5mM
compound, oxoglutarate
drug
Chemical Dextran Oregon Thermo Fisher Cat# D7170 0.4 mg/mL
compound, Green 488
drug
Chemical Dextran Thermo Fisher Cat# D1817 1 mg/mL
compound, Tetramethylrhodamine
drug
Continued on next page
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Chemical Erastin Cayman Chemical Cat# 17754 10 uM
compound,

drug

Chemical FCCP Sigma-Aldrich Cat# C2920 2 uM
compound,

drug

Chemical Mito-FerroGreen Dojindo Cat# M489 5uM
compound, Laboratories

drug

Chemical FerroOrange Goryo Cat# GC904 1uM
compound, Chemical

drug

Chemical Ferrostatin Sigma- Cat# SML0583 5uM
compound, Aldrich

drug

Chemical H,DCF-DA Thermo Fisher Cat# D399 10 uM
compound,

drug

Chemical Ferric citrate Sigma-Aldrich Cat# F3388 150 uM
compound,

drug

Chemical Lipofectamine Thermo Fisher Cat# 13778-150

compound, RNAIMAX Reagent

drug

Chemical Lipofectamine Thermo Fisher Cat# 11668-019

compound, 2000

drug

Chemical MitoSox Red Thermo Fisher Cat# M36008 1 uM
compound, Mitochondrial

drug Superoxide indicator

Chemical Necrostatin-1s Abcam Cat# Ab221984 5uM
compound,

drug

Chemical Oligomycin Sigma-Aldrich Cat#t 04876 1 uM
compound,

drug

Chemical Pierce anti-HA Thermo Scientific Cati 88836 200 pL
compound, Magnetic Beads

drug

Chemical Rotenone Sigma-Aldrich Cat# R8875 1 uM
compound,

drug

Chemical Saliphenylhalamide Omm Scientific Donald R. 500 nM
compound, Inc Stewart

drug

Chemical Staurosporine LC Laboratories Cat# S-9300 1 uM
compound,

drug

Chemical TriReagent Sigma-Aldrich Cat# T9424

compound,

drug

Chemical z-VAD InVivoGen Cat# tlrl-vad 20 uM
compound,

drug

Commercial Iron assay Kit Abcam Cat# Ab83366

assay or kit

Continued on next page
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Commercial Crystal RNA BioLab Cat# 31-010-404
assay or kit Mini Kit Products
Commercial Luna Universal New England Cat# M3003E
assay or kit gPCR Master Mix Biolabs
Commercial iScript cDNA Bio-Rad Cat# 170-8891
assay or kit Synthesis Kit
Commercial Proteome Profiler R and D Systems Cat# ARY006
assay or kit Mouse Cytokine

Array Kit, Panel A
Commercial Cell Titer-Glo Promega Cat# G7572
assay or kit Luminiscence

Cell Viability Assay
Commercial Seahorse XFe Agilent Cat# 103015-100
assay or kit Cell Mito Stress

Test Kit
Cell line Murine embryonic This paper N/A
(M. musculsus) fibroblast

(wild type)
Cell line Gaa”” murine embryonic This paper N/A
(M. musculsus) fibroblasts
Cell line Primary cortical This paper N/A
(M. musculsus) neurons
Cell line Ip1” and Ip2” Israel Institute Esther

(M. musculsus)

Cell line
(M. musculsus)

murine embryonic
fibroblasts

Tmem192-3xHA
murine embryonic
fibroblasts

of technology

This paper

Meyron-Holtz

N/A

Cell line

Mcoln1”~ murine embryonic

Ludwig Maximillians-

Christian Grimm

(M. musculsus) fibroblasts University, Munich
Genetic Mouse: Bé6; Jackson Laboratory JAX: 004154
reagent 129-Gaa'™Rabn/

(M. musculus)

Sequence- gPCR primer Integrated This paper (N/A) Sequences in
based reagent sequences DNA technologies Supplementary

file 5
Recombinant Plasmid: Clontech Cat# 632432
DNA reagent pAcGFP1-Mito
Recombinant Plasmid: Addgene Cat# 102930
DNA reagent pLJC5-Tmem192-

3xHA
Transfected siRNA to Atpévih Integrated This paper (N/A) Sequences in
reagent (M. DNA technologies Supplementary
musculus) file 5
Transfected siRNA to Slc11a2 Integrated DNA This paper (N/A) Sequences in
reagent technologies Supplementary
(M. musculus) file 5
Software, Metascape http://metascape.
algorithm Zhou et al., 2019 org/gp/index.
html#/main/step
Software, Prism GraphPad https://www.graphpad.
algorithm version 8.0 Software Inc com/scientific-
software/prism/

Software, ImageJ NIH https://image;.
algorithm version 1.51j8 nih.gov/ij/
Continued on next page
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Software, Ingenuity Qiagen https://www.
algorithm Pathway Analysis Bioinformatics giagenbioinformatics.
com/products/ingenuity-
pathway-analysis/
Software, Partek Genomics Partek Inc http://www.partek.
algorithm Suite Analysis com/partek-genomics-
Software suite/
Software, Wave Desktop Agilent https://www.
algorithm software agilent.com/en/
products/cell-analysis/
software-download-
for-wave-desktop
Software, Digigait Imaging Mouse Specifics Inc https://mousespecifics.
algorithm and Analysis com/digigait/
software
Software, FlowJo v10 Tree Star Inc https://www.flowjo.
algorithm com/solutions/flowjo/

downloads

Experimental model and subject details

Mice

The Gaa”" mice (B6:GaatmRbn/J) used in this study were purchased from the stock of The Jackson
Laboratory, bred and housed under standard pathogen-free conditions at the animal facility of the
European Neuroscience Institute with access to food and water ad libitum. All animal experiments
were carried out in accordance with the European guidelines for animal welfare and were approved
by the Lower Saxony Landesamt fur Verbraucherschutz and Lebensmittelsicherheit (LAVES) registra-
tion number 15-883. Except for iron-enriched chow experiments in which mixed sex cohorts were
used at 2 months of age, all other experiments were performed on only male cohorts at 0, 2, 6 and
12 months of age. Regular chow contains 179 mg Fe/Kg, and the iron-enriched chow contains 500
mg Fe/Kg. The iron-enriched and control diet were purchased from Brogaarden (Denmark).

Cell lines and primary cultures

Murine embryonic fibroblasts (MEFs) were prepared in-house from Gaa”~ mice and their wildtype lit-
termate controls. MEFs from wild type, Irp1”~ and Irp2”~ mice were obtained from the Technion-
Israel Institute of Technology (Esther Meyron Holtz). All these lines were cultured in Dulbecco’s mod-
ified Eagle’s medium with high glucose (Gibco) supplemented with 10% fetal bovine serum (FBS)
and 1% Penicillin/Streptomycin at 37°C and 5% CO,, in a humidified incubator, unless otherwise
stated. Mycoplasma testing was routinely carried ou as described (Murdoch et al., 2016), and cell
lines tested negative. Wild type C57BL/6J PO pups were used to prepare primary cortical cultures as
previously described (Ferguson et al., 2007). Briefly, mouse cortices were dissected under sterile
conditions and digested in freshly prepared, warm enzyme solution (1.5 mM cysteine, 20 U/mL
papain, 0.75 mM EDTA, 1.5 mM CaCl2 and 10 ul/mL DNase) in HBSS medium for 30 min at 37°C on
a shaker. The enzyme solution was replaced with plating medium (Neurobasal medium supple-
mented with 5% FBS, 1% glutamax, 2% B27 supplement and 0.5% Penicillin/Streptomycin) for 5 min.
Neuronal tissue was washed in HBSS medium and cultured in plating medium for 12 hr at 37°C and
5% CO,, in a humidified incubator. The plating medium was replaced with neuronal medium (as plat-
ing medium without 5% FBS) and neurons were cultured under standard growth conditions (37°C
and 5% CO,) in a humidified incubator. All neuronal experiments were carried out with neurons at
DIV 14. For transient siRNA-mediated silencing of Slc11a2 or Atpév1h, MEFs were seeded and cul-
tured for 24 hr prior to transfection under normal growth conditions. The medium was replaced with
fresh growth medium. siRNA constructs along with scrambled non-targeting control and Lipofect-
amine RNAIMAX reagent were diluted separately in OptiMEM reduced serum medium according to
supplier’s instructions, mixed and incubated for five minutes at room temperature. The optimized
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siRNA-Lipofectamine mix was added dropwise to cells, incubated for 72 hr, and harvested for subse-
quent assays.

Generation of stable 3XHA-tagged Tmem192 cell line

Lentiviral suspensions were obtained by lipofectamine-mediated transfection of HEK293T packaging
cells with an optimized mix of envelope and packaging plasmids, and pLJC5-Tmem192- 3xHA (a
kind gift from David Sabatini, Addgene 102930). Following manufacturer’s instructions, lentiviral vec-
tors were concentrated using the Lenti-X concentrator. Mouse embryonic fibroblasts were trans-
duced with concentrated viral suspension supplemented with 8 ug/ml Polybrene and cells with
puromycin resistance were selected and polyclonally expanded. Overexpression efficiency was con-
firmed by anti-HA immunoblots of whole cells lysates.

Behavior experiments

Mouse behavior experiments were performed as detailed in Rostosky and Milosevic (2018). In
brief, ventral plane videography for gait analysis was performed on Gaa”" mice and their wild type
littermate controls fed standard or iron-enriched chow for 2 months using Digigait instrumentation
at a speed of 40cms™". For each group 13-19 male mice were used for behavior experiments.
Results were analyzed with software from Mouse Specifics according to the manufacturer’s protocol
and differences were determined by the Welch’s one-way ANOVA test with Dunnett’s correction for
multiple comparison to Gaa”” mice fed standard diet.

Cell culture drug treatments

All experiments involving drug treatments or iron supplementation in cells were carried out in MEFs
prepared from wild type C57BL/6J mice under the standard growth conditions stated above (see
‘Cell lines and primary cultures’) unless otherwise stated. Briefly, following seeding and overnight
incubation, cells were washed with warm PBS and treated for 24 hr with growth medium containing
final concentrations of 0.5 uM bafilomycin, 0.5 uM saliphenylhalamide or 300 uM deferroxamine.
Experiments involving iron supplementation were carried out for 48 hr with a final concentration 150
UM Fe-citrate (or Na-citrate as control) in growth medium. For each experiment, the used concentra-
tion of drugs is stated in the corresponding figure legends including dimethyl-ketoglutarate (5 mM),
zVAD (20 uM), Ferrostatin (5 uM), Erastin (10 uM), Antimycin (20 uM) and Necrostatin-1s (5 uM).

Cell viability and cell death assay

Cell viability or death was determined using the Cell Titer Glo Luminiscence cell viability assay
(Promega) following manufacturer’s instructions. Briefly 8000 fibroblasts per well were cultured in
200 uL of DMEM high glucose medium supplemented with 10% FBS and 1% Penicillin/Streptomycin
as at least technical triplicates for each treatment in a 96-well plate. Following overnight culture, the
initial number of cells prior to treatment was determined from five untreated wells. MEFs were then
treated with the indicated drugs as described in each experimental condition for 24 hr or 48 hr in
100 uL of medium. Prior to cell number measurements, plates and reagents were equilibrated to
room temperature. 100 uL of Cell Titer Glo reagent (Promega) was added to each well, mixed and
the luminescence after 10 min of incubation was read in a microplate reader (Synergy H1, Biotek).
Cell viability was determined from a standard calibration curve and reported as log2 fold change of
cell numbers relative to that at the initial time point prior to treatment. Proliferation of cells is shown
as positive log2 fold change while cell death is depicted as negative log2 fold change.

Mouse brain sample preparation

For all biochemical and g-RT-PCR experiments, mouse tissues were harvested, snap frozen in liquid
nitrogen and stored at —80°C. Briefly, mice were anesthesized with isofluorane and euthanized by cer-
vical dislocation. Mouse brain was dissected into cortices, hippocampi and rest of brain, rinsed in PBS,
transferred into tubes and snap frozen in liquid nitrogen. These samples were frozen at —80°C until
processed for each experiment accordingly. For Immunohistochemical assays, mice were anethesized
by peritoneal injection with 40 mg/mL chloral hydrate in PBS and perfused with 100 U/mL heparin fol-
lowed by cold 4% para-formaldehyde (PFA) in PBS. Harvested brains were post-fixed overnight in 4%
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PFA at 4°C, slowly dehydrated in 12-18% gradients of sucrose solutions and embedded in OCT (Tissue
Tek) in a cryomold, frozen in isopentane set in liquid nitrogen and stored at —80°C.

Fluorescence microscopy and image analysis
To determine cytoplasmic and mitochondrial labile iron levels by microscopy, MEFs were seeded in
poly-L-lysine coated coverslips in 12-well plates, treated with bafilomycin for 24 hr and loaded with
FerroOrange and Mito-FerroGreen respectively. Live cell imaging of cells was performed with a
Nikon/Perkin Elmer Ultra VIEW VoX system (Perkin Elmer).

Mitochondrial morphology of bafilomycin-treated cells was assessed as described
(Fonseca et al., 2019). Briefly, MEFs were electroporated (Amaxa Nucleofector) with pAcGFP1-Mito
and seeded into poly-L-lysine coated coverslips in 12-well plates, treated for 24 hr with 0.5 uM bafi-
lomycin and fixed with 3.7% PFA for 15 min at room temperature. About 0.2 um thick Z-stacks were
obtained with the 63x objective of the LSM800 Airyscan setup (Zeiss).

Frozen brain tissue as prepared before see ‘Mouse brain sample preparation’ above were used
for Immunohistochemical assays to determine GFAP levels. In brief, 10 uM thick sagittal brain sec-
tions were cut with a cryostat, post-fixed and permeabilized with 0.1% Triton X-100. Immunofluores-
cence of the sections was performed as described (Milosevic et al., 2011). Image analysis was
carried out as detailed in Fonseca et al. (2019) using ImageJ software version 1.51j8.

Assessment of lysosomal acidification

Lysosomal pH was assessed as decribed (Fernandez-Mosquera et al., 2019). Briefly, we loaded
MEFs with two dextran molecules, one labeled with Oregon Green (488) and the other with Tetra-
methylrhodamine (TMRM). The emission at 488 nm is quenched under acidic pH. The cells were incu-
bated with dextrans in full medium during 6 hr, after which the dextrans were removed, the cells
washed twice in PBS, and incubated in full medium overnight. The images were collected from live
cells in imaging buffer in the next morning, using Spinning Disk confocal microscopy. The red chan-
nel was used to generate a mask on which the intensity of the green channel was measured. The
intensity was then normalized to the area of the mask. WT fibroblasts treated with bafilomycin were
used as positive control for loss of lysosomal acidification.

Isolation of lysosomes

Lysosomes were purified by the LysolP method as described in Abu-Remaileh et al. (2017). Briefly
3xHA-tagged Tmem192 mouse embryonic fibroblasts were treated for 24 hr with or without 50 nM
Baf. The medium was aspirated, and cells were washed twice with warm PBS, scraped into ice-cold
KPBS (136 mM KCI, 10 mM KH2PO4, pH 7.25 adjusted with KOH) and centrifuged at 1000xg for 2
min at 4°C. 200 uL of anti-HA magnetic beads for each experimental condition were washed 3 times
in 1 mL KPBS. The subsequent steps were carried out in the cold room. The cell pellets were resus-
pended in 1 mL KPBS, and 200 uL of the suspension was collected into separate tubes for whole cell
extracts. The rest of the cell suspension was transferred into a 2 mL Dounce homogenizer and
homogenized gently with 35 strokes while avoiding trapping air bubbles. The homogenate was cen-
trifuged at 1000xg at 4°C for 2 min. The supernatant was carefully transferred into the tubes contain-
ing the pre-washed anti-HA magnetic beads and incubated for 10 min at 4°C on a rotator shaker.
Immunoprecipitates were carefully washed three times in TmLKPBS on a MagnaRack. Purified lyso-
somes were used for iron measurements or lysed for immunoblotting.

Isolation of cortical mitochondria

Mouse cortices were harvested and mitochondria were purified from the tissues as described in
Lazarou et al. (2007). In brief, tissues were Dounce homogenized on ice in homogenization buffer
(300 mM Trehalose, 10 mM KCI, 10 mM HEPES pH 7.4 supplemented freshly with 0.2% BSA and
protease/phosphatase inhibitor cocktail), centrifuged twice at 700xg for 10 min at 4°C to pellet tissue
debris and nuclear fractions. The supernatant was centrifuged at 11000xg for 15 min at 4°C to sepa-
rate the mitochondria.
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Blue native (BN) -PAGE and complex IV activity staining

Isolated mitochondria were solubilized in buffer containing 1% digitonin and protein complexes
were separated by BN-PAGE as previously described (Wittig and Schagger, 2005). For native
complex IV activity staining, gels were equilibrated in 50 mM Potassium phosphate buffer (pH 7.4)
and stained at 30°C with complex IV activity staining buffer (50 mM KPi pH 7.4, 0.5 mg/mL diamino-
benzidine (DAB) and 1 mg/mL reduced cytochrome c) until the brown oxidized DAB stains were visi-
ble. The intensity of DAB stain (complex IV activity) was quantified with Imagequant TL (GE
Healthcare Life Sciences). For native complex V activity staining, gels were equilibrated in 35 mM
Tris, 220 mM Glycine (pH 8.3) and stained at 30°C in assay buffer (35 mM Tris, 220 mM glycine, 14
mM MgSQy, 0.2% Pb(NO3),, 8 mm ATP (pH 8.3)).

Immunoblotting

Whole cell extracts of cultured MEFs or lysosomal extracts from purified lysosomes were lysed in
1.5% n-dodesylmaltoside (Roth) in PBS supplemented with protease and phosphatase inhibitor cock-
tail (Thermo Fisher Scientific) as described (Fernandez-Mosquera et al., 2019). For brain (cortical)
lysates, snap frozen and ground tissues were lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl,
1% Triton X, 0.5% sodium deoxycholate and 0.1% SDS) freshly supplemented with protease and
phosphatase inhibitor cocktail. Protein concentrations of whole cell extracts and tissue lysates were
determined using a Bradford Protein assay (Bio-Rad). 50 nug of sample proteins per well were sub-
jected to SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Amersham, Life
Technologies). Membranes were blocked in 5% Milk in TBS tween and probed with the following pri-
mary antibodies: HIF-1 alpha (Novus), GAPDH (Sigma-Aldrich),SQSTM1 (Abcam), ATP6V1H (Abcam),
VAPB (Bethyl), PEX5 (Sigma), anti-HA (Abcam), LAMP1 (Sigma Aldrich), (LC3B (Cell signaling),
mtTFA (Abcam), Total rodent OXPHOS cocktail (Abcam), TNFo (Abcam), cleaved caspase 3 (Cell sig-
naling), cleaved PARP (Cell signaling), GFAP (Abcam), PLP and MBP (Kind gift of K-A Nave, MPI-
EM), FTH1 (Cell signaling), Ferritin light chain (Abcam), TOM20 (Proteintech), VDAC1 (Abcam), VHL
(Santa Cruz) and self-made rabbit polyclonal antibodies to COX1 and ATP5B. HRP-conjugated sec-
ondary antibodies against mouse and rabbit IgGs (The Jackson Laboratory) were used. Band densi-
tometric quantifications were determined using Image J software version 1.51j8.

Mitochondrial respiration measurements

Mitochondrial oxygen consumption rate (OCR) was measured in fibroblasts using the XF96 Extracel-
lular Flux analyzer (Seahorse Bioscience) as described (Yambire et al., 2019). Briefly, cells were
seeded at 20000 cells per well in XF?6 cell culture multi-well plates and cultured overnight under
standard conditions stated previously (see ‘Cell lines and primary cultures’ above). Cells were then
treated with the indicated drugs for 24 hr while XF96 cartridges were incubated overnight in XF cali-
brant at 37°C in a non-CO2 incubator. Prior to OCR measurements, the growth medium containing
the indicated treatments of cells was exchanged with XF medium containing 1 ug/mL Hoechst dye,
stained for 10 min to determine cell numbers, and subsequently incubated at 37°C in a non-CO2
incubator for 1 hr. For OCR profiles, 1 uM Oligomycin, 2 uM FCCP and 1 uM mix of Rotenone and
Antimycin loaded into corresponding microwells in the XF96cartridge plate. Following equilibration
of sensor cartridges, XF96 cell culture plate was loaded into the XF96 Extracellular Flux analyzer at
37°C and OCR was measured after cycles of mixing and acquiring data (basal) or inhibitor injection,
mixing and data acquisition. Results were analyzed by the WAVE desktop software (Agilent) and nor-
malized to the number of cells determined prior to assay.

Quantitative RT-PCR

RNA from MEFs was extracted using the Crystal RNA mini Kit (Biolab,). For tissue RNA extraction,
the TriReagent (Sigma, T9424) was used according to supplier instructions. RNA concentration and
quality were determined using Nanodrop (PeglLab) and cDNA was synthesized with the iScript
cDNA synthesis kit (Bio-Rad) following manufacturer’s protocol. Each 9 ul reaction for g-RT-PCR was
made of 4 pl diluted cDNA, 0.25 ul of each primer (from 25 uM stock) and 4.5 ul of Luna Universal
Master Mix (New England Biolabs). The g-RT-PCR reactions were run on the QuantStudio 6 Flex
Real-Time PCR system (Applied Biosystems). gPCR results were analyzed using the AACt method rel-
ative to the mean of housekeeping genes (Rps12, Hprt and Gapdh). Relative values for mtDNA and
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nDNA genes were used to generate mtDNA copy number levels per nuclear genome. Each biologi-
cal data point represents the average of at least technical triplicates.

mtDNA copy number analysis

To measure relative mtDNA copy number levels, total DNA was isolated from cultured MEFs or tis-
sues as described previously in Cotney et al. (2007). Briefly, cells or tissues were lysed in 500 pL
DNA extraction buffer (50 mM Tris-HCI pH 8.5, 0.25% SDS, 1 mM EDTA pH 8.0, 5 mM DTT) by boil-
ing for 10 min. Samples were cooled to room temperature and incubated with 100 ug RNAse A for
3 hr at 37°C followed by incubation with 100 pg of Proteinase K at 55°C overnight. After Proteinase
K digestion, samples were boiled at 95°C, allowed to cool to room temperature and the DNA con-
centration determined using Nanodrop (Peglab). Diluted DNA samples were used along with
mtDNA and nuclear DNA primers for gPCR as described above to determine relative mtDNA levels
per genome.

Flow cytometry

Measurements of mitochondrial superoxide levels, lipid peroxidation and cellular reactive oxygen
species (ROS) levels were determined using MitoSox Red Superoxide indicator, Bodipy581/591 C1
and H,DCFDA (Thermo Fisher Scientific) respectively. Briefly, following treatments of cultured MEFs
with indicated drugs for 24 hr, fibroblasts were washed in prewarmed PBS and loaded with either 1
uM MitoSox, 1 uM Bodipy®®"*" C11 or 10 uM H,DCFDA during 30 min in the dark. Control cells
were treated with H,O, (5 mM) or Antimycin (20 uM) for 20 min as positive controls for increased
levels of mitochondrial superoxides, lipid peroxidation or ROS. The mean fluorescent intensities cor-
responding to steady state levels of mitochondrial superoxides (Mitosox), lipid peroxidation (Bod-
ipy>815?1 C11) or ROS levels (H,DCFDA) were determined by flow cytometry (FACs Canto II, BD
Biosciences). Data were collected from 20,000 cells and results were analyzed by FlowJo vX.0.7
(Tree Star Inc).

Measurement of cellular or lysosomal iron levels

Determination of cellular total, ferric and ferrous iron levels were carried out using the Iron assay Kit
(Abcam) according to manufacturer’s instructions. Previously cultured and bafilomycin-treated MEFs
were washed in prewarmed PBS, scraped into ice-cold PBS and pelleted at 1000xg for 5 min. Cell
pellets or purified lysosomes were homogenized in assay buffer on ice using a Dounce homogenizer,
centrifuged at 16000xg for 10 min and the supernatant collected for the iron assay. 25 uL of samples
were made up to 100 pL in a 96-well plate with assay buffer, and incubated for 30 min at 37°C with 5
UL iron reducer (for total iron) or assay buffer (for ferrous iron) along with standards. 100 pL of iron
probe was added to each reaction, mixed and incubated for a further 1 hr at 37°C in the dark. The
absorbance at 593 nm, which corresponds to the iron levels, was determined using a microplate
reader (Synergy H1, Biotek). Iron concentrations were calculated from the standard curve and nor-
malized to the amount of protein for each sample, determined by the Bradford protein assay. The
average of technical triplicates was used for each biological sample.

Magnetic resonance spectroscopy (MRS) and magnetic resonance imaging
(MRI)

Mice underwent MRS, T4, T,, and MTR measurements of the cerebral cortex, striatum, and thalamus
at 37°C. After induction of anaesthesia by intraperitoneal injection of ketamine (100 mg/kg b.w.) and
xylazine (10 mg/kg b.w.), animals were intubated with a purpose-built polyethylene endotracheal
tube (0.58 mm inner diameter, 0.96 mm outer diameter) and artificially ventilated using an animal
respirator (TSE, Bad Homberg, Germany) with a respiratory rate of 25 breaths per minute and an
estimated tidal volume of 0.35 ml under 0.5% isoflurane as previously described (Watanabe et al.,
2016). The animals were then placed in a prone position on a purpose-built palate holder equipped
with an adjustable nose cone. Respiratory movement of the abdomen as well as rectal temperature
were monitored by a unit supplied by the manufacturer (Bruker Biospin MRl GmbH, Ettlingen, Ger-
many). At 9.4 T (Bruker Biospin MRI GmbH, Ettlingen, Germany), localized proton MRS (STEAM, TR/
TE/TM = 6000/10/10 ms) was performed with the use of a birdcage resonator (inner diameter 70
mm) and a saddle-shaped quadrature surface coil (both Bruker Biospin MRI GmbH, Ettlingen,
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Germany) on anesthetized mice as previously described (Watanabe et al., 2016). Shimming of the
B field was carried out by FASTMAP (Gruetter, 1993). A (20 mm) volume-of-interest was centered
on the right striatum (squares in Figure 4—figure supplement 1D). Water saturation was accom-
plished by means of three Gaussian-shaped CHESS radiofrequency (RF) pulses (90°—90°—180°), each
of which with a duration of 7.83 ms and a bandwidth of 350 Hz. Overall duration of the CHESS mod-
ule was 147 ms. Each CHESS pulse was followed by an associated spoiler gradient and a 37 ms outer
volume saturation module covering a range of 3 mm around the volume-of-interest without gap.
Metabolite quantification involved spectral evaluation by LCModel (Provencher, 1993) and calibra-
tion with brain water concentration of 79% (Duarte et al., 2014), for which the unsuppressed water
proton signal served as internal reference. Metabolites with Cramer-Rao lower bounds above 20%
were excluded from further analysis. Relaxation times and magnetization transfer ratios are deter-
mined in selected regions of the brain. T, relaxation times of water protons were determined by a
multi-echo spin-echo MRI (TR/TE = 2500/10-123 ms). T relaxation times were determined with the
use of a spin-echo saturation recovery sequence and 7 TR values from 0.15 to 6 s. For measurements
of the magnetization transfer ratio, an off-resonance Gaussian-shaped RF pulse with a frequency off-
set of —3.6 kHz, duration of 8.5 ms, and a flip angle of 128" was incorporated into a spin density-
weighted gradient-echo MRI sequence (RF-spoiled 3D FLASH, TR/TE = 19/4.2 ms, flip angle 5°, mea-
suring time 97 s) at a resolution of 200 x 200 x 400 um?®. The duration and power of the off-reso-
nance pulse was optimized to observe the transfer of saturation from non-water protons to water
protons in brain of mice in vivo (Natt et al., 2003; Watanabe et al., 2012). For the evaluation of
MRI signal intensities, square-shaped regions of interest with were selected in a standardized man-
ner in the cerebral cortex (98 pixels), the striatum (100 pixels), and the thalamus (61 pixels) (Fig-
ure 4—figure supplement 1D). The analysis followed a strategy previously developed for
intraindividual comparisons of MR images obtained after manganese administration
(Watanabe et al., 2004). Volumetric assessments were obtained by analyzing proton-density-
weighted images (RF-spoiled 3D FLASH, TR/TE = 22/7.7 ms, flip angle 10°, fat suppression 90°, 117
um isotropic resolution, measuring time 12 min, Figure 4—figure supplement 1D) using software
provided by the manufacturer (Paravision 5.0, Bruker Biospin, Ettlingen, Germany). After manually
outlining the whole brain and the ventricular spaces in individual sections, respective areas were cal-
culated (in mm?), summed and multiplied by the section thickness. Significant differences between
two groups of data were determined by Mann-Whitney’s U-test.

Cytokine measurements

Brain tissue cytokine levels were measured using the Mouse cytokine array Panel A (R and D Sys-
tems) following protocols described by the manufacturer. Briefly cortices from Gaa”™ mice mice and
their wild type littermate controls, fed iron-enriched or standard chow for 2 months were harvested,
snap frozen in liquid nitrogen and ground using a tissue grinder. Tissues were lysed in RIPA buffer
and spun at 10000xg for 5 min. The supernatants were collected and their protein concentrations
determined by the BCA protein assay (Thermo Fisher Scientific). Nitrocellulose membranes contain-
ing capture antibodies were blocked in array buffer 6 for 1 hr. Samples were prepared by diluting 1
mg of tissue lysates in 500 pL array buffer 4 containing 15 pL Detection antibody cocktail and made
up to 1.5 mL with array buffer 6. Block buffer on membranes was replaced with prepared samples.
Following overnight incubation at 40C, membranes were washed three times in wash buffer for 10
min each, incubated for 30 min with Strepatavidin-HRP on a rocking platform, washed three more
times and incubated for 1 min with the Chemi Reagent mix. Membranes were developed onto X-ray
films by a chemiluminiscence developer (AGFA) and the pixel density (using ImageJ) of each spot
representing the level of the corresponding cytokine determined and normalized to that of the aver-
age of reference spots.

Quantification and statistical analysis

Statistical analysis

All statistical analyses were carried out using Prism version 8.0 software. Unless otherwise stated in
figure legends, to compare means between two groups, a two-tailed unpaired t-test with Welch's
correction was used for normally distributed data. Non-parametric, two-group means were com-
pared by a two-tailed Mann-Whitney test. Welch’s one-way ANOVA, followed by Dunnett’s test for
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multiple comparisons was performed for multi-group (at least three) comparisons. For data on cyto-
kine array experiments, the Brown-Forsythe's one-way ANOVA test was used given the identical val-
ues in at least one of the coconditions. Measures were summarized as graphs displaying
mean + SEM, of at least three independent biological replicates. Means of control samples are typi-
cally centered at one (or 100%) to ensure easier comparisons unless otherwise noted. Estimated p
values are either stated as the actual values or denoted by *p<0.05; **p<0.01; ***p<0.001. Differen-
ces were only considered as statistically significant when the p value was less than 0.05.

Data and software availability

The microarray and RNA sequencing data analysis was performed using Partek Software Suite.
Microarray data analysis was performed as described in Raimundo et al. (2009), using RMA normali-
zation. RNAseq data was aligned to the reference genome mm10 by the BowTie algorithm, and the
transcripts were quantified using the ‘mm10 - Ensembl Transcripts release 95’ as reference. For dif-
ferential expression analysis, Bonferroni multi-test correction was applied, and adjusted
p-value<0.05 was considered significant. Ingenuity Pathway Analysis was used for assessment of
transcription factor activity, as described in Yambire et al. (2019). The RNAseq data generated in
this study from the Gaa-KO and WT cortices is deposited in Gene Expression Omnibus under the
serial number GSE134704.

Acknowledgements
This work was supported by a Starting Grant from the European Research Council (337327, MitoPex-
Lyso), to NR. This project stems from results obtained under the support of a research grant from
the Acid Maltase Deficiency Association (to NR). IM lab was supported by a Emmy Noether award
from the Deutsche Forschungsgemeinschaft (DFG). NR and IM were supported by the Collaborative
Research Center SFB1190-P02 by DFG.

The authors thank the technical support of Dirk Schwitters, and thank Adrian M Raimundo for dis-
cussions on the project. We thank Prof. Dérthe Katschinski (Universitdtsmedizin Gottingen) for the
primers to test HIF targets, and Prof. David Sabatini for the Addgene construct 102930.

Additional information

Funding

Funder Grant reference number  Author

H2020 European Research 337327 Nuno Raimundo
Council

Acid Maltase Deficiency Asso- Nuno Raimundo
ciation

Deutsche Forschungsge- Emmy Noether award Ira Milosevic
meinschaft

Deutsche Forschungsge- SFB1190-P02 Ira Milosevic
meinschaft Nuno Raimundo

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

King Faisal Yambire, Conceptualization, Formal analysis, Validation, Investigation; Christine Rostosky,
Takashi Watanabe, David Pacheu-Grau, Sylvia Torres-Odio, Angela Sanchez-Guerrero, Ola Sendero-
vich, Formal analysis, Investigation; Esther G Meyron-Holtz, Conceptualization, Resources, Formal
analysis, Supervision; Ira Milosevic, Resources, Formal analysis, Supervision, Investigation; Jens
Frahm, Formal analysis, Supervision; A Phillip West, Conceptualization, Resources, Formal analysis,
Supervision, Investigation; Nuno Raimundo, Conceptualization, Resources, Data curation, Formal
analysis, Supervision, Funding acquisition, Validation, Investigation

Yambire et al. eLife 2019;8:e51031. DOI: https://doi.org/10.7554/eLife.51031 31 of 36


https://doi.org/10.7554/eLife.51031

LI FE Research article Cell Biology | Human Biology and Medicine

Author ORCIDs

Ira Milosevic () http://orcid.org/0000-0001-6440-3763
Jens Frahm @ http://orcid.org/0000-0002-8279-884X
Nuno Raimundo () https://orcid.org/0000-0002-5988-9129

Ethics
Animal experimentation: The experiments were performed under the permit 15-883 by the authority
for animal research in Lower Saxony, Germany (LAVES).

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.51031.sal
Author response https://doi.org/10.7554/eLife.51031.5a2

Additional files

Supplementary files

 Supplementary file 1. Annotation of disease or functions (Ingenuity Pathway Analysis) for the cate-
gory of cell death and survival, for the differentially-expressed gene list obtained from dataset
GSE47836.

 Supplementary file 2. Annotation of disease or functions (Ingenuity Pathway Analysis) for the cate-
gory of cell death and survival, for the differentially-expressed gene list obtained from dataset
GSE60570.

 Supplementary file 3. Annotation of disease or functions (Ingenuity Pathway Analysis) for the cate-
gory of cell death and survival, for the differentially-expressed gene list obtained from dataset
GSE16870.

 Supplementary file 4. Concentration and concentration ratios of metabolites determined by in vivo
MRS.

 Supplementary file 5. List of gPCR primers and siRNA sequences for mouse genes.
« Supplementary file 6. Antibody validation.

 Transparent reporting form

Data availability
We generated RNAseq data from brain of mice (WT and KO), which is deposited in Gene Expression
Omnibus under the serial number Series GSE134704.

The following dataset was generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier

Yambire KF, Rai- 2019 Cortical transcriptome reveals * https://www.ncbi.nlm.  NCBI Gene

mundo N widespread inflammation in brain  nih.gov/geo/query/acc.  Expression Omnibus,
of Gaa-/- mice cgi?acc=GSE134704 GSE134704

The following previously published datasets were used:

Database and
Author(s) Year Dataset title Dataset URL Identifier

Straud S, Roth MG 2008 Hela cells treated with V-ATPase  https://www.ncbi.nlm. NCBI Gene
inhibitors or with desoxyferramine  nih.gov/geo/query/acc.  Expression Omnibus,
compared to Hela in DMSO or cgi?acc=GSE16870 GSE16870
medium with low LDL

Stingele S, Stoehr 2013 Human colon carcinoma cell line https://www.ncbi.nlm. NCBI Gene

G, Dirrbaum M, treated with bafilomycin A1 nih.gov/geo/query/acc.  Expression Omnibus,
Storchové Z cgi?acc=GSE47836 GSE47836
Santaguida S, Va- 2014 Aneuploidy-induced cellular https://www.ncbi.nim. NCBI Gene

zile E, White E, stresses limit autophagic nih.gov/geo/query/acc.  Expression Omnibus,
Amon A degradation. cgi?acc=GSE60570 GSE60570

Yambire et al. eLife 2019;8:e51031. DOI: https://doi.org/10.7554/eLife.51031 32 of 36


http://orcid.org/0000-0001-6440-3763
http://orcid.org/0000-0002-8279-884X
https://orcid.org/0000-0002-5988-9129
https://doi.org/10.7554/eLife.51031.sa1
https://doi.org/10.7554/eLife.51031.sa2
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134704
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134704
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134704
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16870
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16870
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16870
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47836
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47836
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47836
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60570
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60570
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60570
https://doi.org/10.7554/eLife.51031

e LI FE Research article

Cell Biology | Human Biology and Medicine

References

Abu-Remaileh M, Wyant GA, Kim C, Lagtom NN, Abbasi M, Chan SH, Freinkman E, Sabatini DM. 2017.
Lysosomal metabolomics reveals V-ATPase- and mTOR-dependent regulation of amino acid efflux from
lysosomes. Science 358:807-813. DOI: https://doi.org/10.1126/science.aan6298, PMID: 29074583

Allen GF, Toth R, James J, Ganley IG. 2013. Loss of iron triggers PINK1/Parkin-independent mitophagy. EMBO
Reports 14:1127-1135. DOI: https://doi.org/10.1038/embor.2013.168, PMID: 24176932

Bagh MB, Peng S, Chandra G, Zhang Z, Singh SP, Pattabiraman N, Liu A, Mukherjee AB. 2017. Misrouting of
v-ATPase subunit V0a1 dysregulates lysosomal acidification in a neurodegenerative lysosomal storage disease
model. Nature Communications 8:e14612. DOI: https://doi.org/10.1038/ncomms 14612

Bowman EJ, Siebers A, Altendorf K. 1988. Bafilomycins: a class of inhibitors of membrane ATPases from
microorganisms, animal cells, and plant cells. PNAS 85:7972-7976. DOI: https://doi.org/10.1073/pnas.85.21.
7972, PMID: 2973058

Bright NA, Davis LJ, Luzio JP. 2016. Endolysosomes are the principal intracellular sites of acid hydrolase activity.
Current Biology 26:2233-2245. DOI: https://doi.org/10.1016/}.cub.2016.06.046, PMID: 27498570

Copeland WC. 2012. Defects in mitochondrial DNA replication and human disease. Critical Reviews in
Biochemistry and Molecular Biology 47:64-74. DOI: https://doi.org/10.3109/10409238.2011.632763,

PMID: 22176657
Corrionero A, Horvitz HR. 2018. A C9orf72 ALS/FTD ortholog acts in endolysosomal degradation and lysosomal
homeostasis. Current Biology 28:1522-1535. DOI: https://doi.org/10.1016/j.cub.2018.03.063, PMID: 29731301
Cotney J, Wang Z, Shadel GS. 2007. Relative abundance of the human mitochondrial transcription system and
distinct roles for h-mtTFB1 and h-mtTFB2 in mitochondrial biogenesis and gene expression. Nucleic Acids
Research 35:4042-4054. DOI: https://doi.org/10.1093/nar/gkm424, PMID: 17557812
Demers-Lamarche J, Guillebaud G, Tlili M, Todkar K, Bélanger N, Grondin M, Nguyen AP, Michel J, Germain M.
2016. Loss of mitochondrial function impairs lysosomes. Journal of Biological Chemistry 291:10263-10276.
DOI: https://doi.org/10.1074/jbc.M115.695825, PMID: 26987902
Dong XP, Cheng X, Mills E, Delling M, Wang F, Kurz T, Xu H. 2008. The type IV mucolipidosis-associated protein
TRPML1 is an endolysosomal iron release channel. Nature 455:992-996. DOI: https://doi.org/10.1038/
nature07311, PMID: 18794901
Doulias PT, Christoforidis S, Brunk UT, Galaris D. 2003. Endosomal and lysosomal effects of desferrioxamine:
protection of HelLa cells from hydrogen peroxide-induced DNA damage and induction of cell-cycle arrest. Free
Radical Biology and Medicine 35:719-728. DOI: https://doi.org/10.1016/S0891-5849(03)00396-4, PMID: 145
83336
Duarte JM, Do KQ, Gruetter R. 2014. Longitudinal neurochemical modifications in the aging mouse brain
measured in vivo by TH magnetic resonance spectroscopy. Neurobiology of Aging 35:1660-1668. DOI: https://
doi.org/10.1016/j.neurobiolaging.2014.01.135, PMID: 24560998
Diirrbaum M, Kuznetsova AY, Passerini V, Stingele S, Stoehr G, Storchové Z. 2014. Unique features of the
transcriptional response to model aneuploidy in human cells. BMC Genomics 15:139. DOI: https://doi.org/10.
1186/1471-2164-15-139, PMID: 24548329
Ekstrand MI, Falkenberg M, Rantanen A, Park CB, Gaspari M, Hultenby K, Rustin P, Gustafsson CM, Larsson NG.
2004. Mitochondrial transcription factor A regulates mtDNA copy number in mammals. Human Molecular
Genetics 13:935-944. DOI: https://doi.org/10.1093/hmg/ddh109, PMID: 15016765
Farsi Z, Gowrisankaran S, Krunic M, Rammner B, Woehler A, Lafer EM, Mim C, Jahn R, Milosevic I. 2018. Clathrin
coat controls synaptic vesicle acidification by blocking vacuolar ATPase activity. eLife 7:€32569. DOI: https://
doi.org/10.7554/eLife.32569, PMID: 29652249
Fassio A, Esposito A, Kato M, Saitsu H, Mei D, Marini C, Conti V, Nakashima M, Okamoto N, Olmez Turker A,
Albuz B, Semerci Giinduz CN, Yanagihara K, Belmonte E, Maragliano L, Ramsey K, Balak C, Siniard A,
Narayanan V, Ohba C, et al. 2018. De novo mutations of the ATP6V1A gene cause developmental
encephalopathy with epilepsy. Brain 141:1703-1718. DOI: https://doi.org/10.1093/brain/awy092, PMID: 2966
8857
Ferguson SM, Brasnjo G, Hayashi M, Waélfel M, Collesi C, Giovedi S, Raimondi A, Gong LW, Ariel P, Paradise S,
O’toole E, Flavell R, Cremona O, Miesenbéck G, Ryan TA, De Camilli P. 2007. A selective activity-dependent
requirement for dynamin 1 in synaptic vesicle endocytosis. Science 316:570-574. DOI: https://doi.org/10.1126/
science.1140621, PMID: 17463283

Fernagut PO, Diguet E, Labattu B, Tison F. 2002. A simple method to measure stride length as an index of
nigrostriatal dysfunction in mice. Journal of Neuroscience Methods 113:123-130. DOI: https://doi.org/10.1016/
S0165-0270(01)00485-X

Fernandez-Mosquera L, Diogo CV, Yambire KF, Santos GL, Luna Sédnchez M, Bénit P, Rustin P, Lopez LC,
Milosevic |, Raimundo N. 2017. Acute and chronic mitochondrial respiratory chain deficiency differentially
regulate lysosomal biogenesis. Scientific Reports 7:e45076. DOI: https://doi.org/10.1038/srep45076
Fernandez-Mosquera L, Yambire KF, Couto R, Pereyra L, Pabis K, Ponsford AH, Diogo CV, Stagi M, Milosevic |,
Raimundo N. 2019. Mitochondrial respiratory chain deficiency inhibits lysosomal hydrolysis. Autophagy 15:
1572-1591. DOI: https://doi.org/10.1080/15548627.2019.1586256, PMID: 30917721

Fonseca TB, Sanchez-Guerrero A, Milosevic |, Raimundo N. 2019. Mitochondrial fission requires DRP1 but not
dynamins. Nature 570:E34-E42. DOI: https://doi.org/10.1038/s41586-019-1296-y, PMID: 31217603

Yambire et al. eLife 2019;8:e51031. DOI: https://doi.org/10.7554/eLife.51031 33 0of 36


https://doi.org/10.1126/science.aan6298
http://www.ncbi.nlm.nih.gov/pubmed/29074583
https://doi.org/10.1038/embor.2013.168
http://www.ncbi.nlm.nih.gov/pubmed/24176932
https://doi.org/10.1038/ncomms14612
https://doi.org/10.1073/pnas.85.21.7972
https://doi.org/10.1073/pnas.85.21.7972
http://www.ncbi.nlm.nih.gov/pubmed/2973058
https://doi.org/10.1016/j.cub.2016.06.046
http://www.ncbi.nlm.nih.gov/pubmed/27498570
https://doi.org/10.3109/10409238.2011.632763
http://www.ncbi.nlm.nih.gov/pubmed/22176657
https://doi.org/10.1016/j.cub.2018.03.063
http://www.ncbi.nlm.nih.gov/pubmed/29731301
https://doi.org/10.1093/nar/gkm424
http://www.ncbi.nlm.nih.gov/pubmed/17557812
https://doi.org/10.1074/jbc.M115.695825
http://www.ncbi.nlm.nih.gov/pubmed/26987902
https://doi.org/10.1038/nature07311
https://doi.org/10.1038/nature07311
http://www.ncbi.nlm.nih.gov/pubmed/18794901
https://doi.org/10.1016/S0891-5849(03)00396-4
http://www.ncbi.nlm.nih.gov/pubmed/14583336
http://www.ncbi.nlm.nih.gov/pubmed/14583336
https://doi.org/10.1016/j.neurobiolaging.2014.01.135
https://doi.org/10.1016/j.neurobiolaging.2014.01.135
http://www.ncbi.nlm.nih.gov/pubmed/24560998
https://doi.org/10.1186/1471-2164-15-139
https://doi.org/10.1186/1471-2164-15-139
http://www.ncbi.nlm.nih.gov/pubmed/24548329
https://doi.org/10.1093/hmg/ddh109
http://www.ncbi.nlm.nih.gov/pubmed/15016765
https://doi.org/10.7554/eLife.32569
https://doi.org/10.7554/eLife.32569
http://www.ncbi.nlm.nih.gov/pubmed/29652249
https://doi.org/10.1093/brain/awy092
http://www.ncbi.nlm.nih.gov/pubmed/29668857
http://www.ncbi.nlm.nih.gov/pubmed/29668857
https://doi.org/10.1126/science.1140621
https://doi.org/10.1126/science.1140621
http://www.ncbi.nlm.nih.gov/pubmed/17463283
https://doi.org/10.1016/S0165-0270(01)00485-X
https://doi.org/10.1016/S0165-0270(01)00485-X
https://doi.org/10.1038/srep45076
https://doi.org/10.1080/15548627.2019.1586256
http://www.ncbi.nlm.nih.gov/pubmed/30917721
https://doi.org/10.1038/s41586-019-1296-y
http://www.ncbi.nlm.nih.gov/pubmed/31217603
https://doi.org/10.7554/eLife.51031

e LI FE Research article

Cell Biology | Human Biology and Medicine

Fukuda T, Ewan L, Bauer M, Mattaliano RJ, Zaal K, Ralston E, Plotz PH, Raben N. 2006. Dysfunction of endocytic
and autophagic pathways in a lysosomal storage disease. Annals of Neurology 5§9:700-708. DOI: https://doi.
org/10.1002/ana.20807, PMID: 16532490

Garcia-Rodriguez J, Mendiratta S, White MA, Xie XS, De Brabander JK. 2015. Synthesis and structure-activity
studies of the V-ATPase inhibitor saliphenylhalamide (SaliPhe) and simplified analogs. Bioorganic & Medicinal
Chemistry Letters 25:4393-4398. DOI: https://doi.org/10.1016/j.bmcl.2015.09.021, PMID: 26372654

Gruetter R. 1993. Automatic, localized in vivo adjustment of all first- and second-order shim coils. Magnetic
Resonance in Medicine 29:804-811. DOI: https://doi.org/10.1002/mrm.1910290613, PMID: 8350724

Hamdi A, Roshan TM, Kahawita TM, Mason AB, Sheftel AD, Ponka P. 2016. Erythroid cell mitochondria receive
endosomal iron by a “kiss-and-run” mechanism. Biochimica Et Biophysica Acta (BBA) - Molecular Cell Research
1863:2859-2867. DOI: https://doi.org/10.1016/j.bbamcr.2016.09.008

Hubbi ME, Hu H, Kshitiz, Ahmed I, Levchenko A, Semenza GL. 2013. Chaperone-mediated autophagy targets
hypoxia-inducible factor-1o (HIF-10) for lysosomal degradation. Journal of Biological Chemistry 288:10703-
10714. DOI: https://doi.org/10.1074/jbc.M112.414771, PMID: 23457305

Hughes AL, Gottschling DE. 2012. An early age increase in vacuolar pH limits mitochondrial function and lifespan
in yeast. Nature 492:261-265. DOI: https://doi.org/10.1038/nature11654, PMID: 23172144

Korvatska O, Strand NS, Berndt JD, Strovas T, Chen DH, Leverenz JB, Kiianitsa K, Mata IF, Karakoc E, Greenup
JL, Bonkowski E, Chuang J, Moon RT, Eichler EE, Nickerson DA, Zabetian CP, Kraemer BC, Bird TD, Raskind
WH. 2013. Altered splicing of ATP6AP2 causes X-linked parkinsonism with spasticity (XPDS). Human Molecular
Genetics 22:3259-3268. DOI: https://doi.org/10.1093/hmg/ddt180, PMID: 23595882

Kurz T, Gustafsson B, Brunk UT. 2006. Intralysosomal iron chelation protects against oxidative stress-induced
cellular damage. FEBS Journal 273:3106-3117. DOI: https://doi.org/10.1111/].1742-4658.2006.05321.%,

PMID: 16762036

Lambe T, Simpson RJ, Dawson S, Bouriez-Jones T, Crockford TL, Lepherd M, Latunde-Dada GO, Robinson H,
Raja KB, Campagna DR, Villarreal G, Ellory JC, Goodnow CC, Fleming MD, McKie AT, Cornall RJ. 2009.
Identification of a Steap3 endosomal targeting motif essential for normal iron metabolism. Blood 113:1805-
1808. DOI: https://doi.org/10.1182/blood-2007-11-120402, PMID: 18955558

Lazarou M, McKenzie M, Ohtake A, Thorburn DR, Ryan MT. 2007. Analysis of the assembly profiles for
mitochondrial- and nuclear-DNA-encoded subunits into complex |. Molecular and Cellular Biology 27:4228-
4237. DOI: https://doi.org/10.1128/MCB.00074-07, PMID: 17438127

Lee JH, Yu WH, Kumar A, Lee S, Mohan PS, Peterhoff CM, Wolfe DM, Martinez-Vicente M, Massey AC, Sovak G,
Uchiyama Y, Westaway D, Cuervo AM, Nixon RA. 2010. Lysosomal proteolysis and autophagy require
presenilin 1 and are disrupted by Alzheimer-related PS1 mutations. Cell 141:1146-1158. DOI: https://doi.org/
10.1016/.cell.2010.05.008, PMID: 20541250

Lee NC, Hwu WL, Muramatsu Sl, Falk DJ, Byrne BJ, Cheng CH, Shih NC, Chang KL, Tsai LK, Chien YH. 2018. A
Neuron-Specific gene therapy relieves motor deficits in pompe disease mice. Molecular Neurobiology 55:
5299-5309. DOI: https://doi.org/10.1007/s12035-017-0763-4, PMID: 28895054

Lie PPY, Nixon RA. 2019. Lysosome trafficking and signaling in health and neurodegenerative diseases.
Neurobiology of Disease 122:94-105. DOI: https://doi.org/10.1016/].nbd.2018.05.015, PMID: 29859318

Lim CY, Zoncu R. 2016. The lysosome as a command-and-control center for cellular metabolism. The Journal of
Cell Biology 214:653-664. DOI: https://doi.org/10.1083/jcb.201607005, PMID: 27621362

Majmundar AJ, Wong WJ, Simon MC. 2010. Hypoxia-inducible factors and the response to hypoxic stress.
Molecular Cell 40:294-309. DOI: https://doi.org/10.1016/j.molcel.2010.09.022, PMID: 20965423

Mancias JD, Wang X, Gygi SP, Harper JW, Kimmelman AC. 2014. Quantitative proteomics identifies NCOA4 as
the cargo receptor mediating ferritinophagy. Nature 509:105-109. DOI: https://doi.org/10.1038/nature13148,
PMID: 24695223

McGuire C, Cotter K, Stransky L, Forgac M. 2016. Regulation of V-ATPase assembly and function of V-ATPases in
tumor cell invasiveness. Biochimica Et Biophysica Acta (BBA) - Bioenergetics 1857:1213-1218. DOI: https://doi.
org/10.1016/j.bbabio.2016.02.010

Meyron-Holtz EG, Ghosh MC, Iwai K, LaVaute T, Brazzolotto X, Berger UV, Land W, Ollivierre-Wilson H,
Grinberg A, Love P, Rouault TA. 2004. Genetic ablations of iron regulatory proteins 1 and 2 reveal why iron
regulatory protein 2 dominates iron homeostasis. The EMBO Journal 23:386-395. DOI: https://doi.org/10.
1038/sj.emb0j.7600041, PMID: 14726953

Miles AL, Burr SP, Grice GL, Nathan JA. 2017. The vacuolar-ATPase complex and assembly factors, TMEM199
and CCDC115, control HIF1a prolyl hydroxylation by regulating cellular iron levels. eLife 6:€22693.

DOI: https://doi.org/10.7554/eLife.22693, PMID: 28296633

Milosevic I, Giovedi S, Lou X, Raimondi A, Collesi C, Shen H, Paradise S, O'Toole E, Ferguson S, Cremona O, De
Camilli P. 2011. Recruitment of endophilin to clathrin-coated pit necks is required for efficient vesicle uncoating
after fission. Neuron 72:587-601. DOI: https://doi.org/10.1016/j.neuron.2011.08.029, PMID: 22099461

Mindell JA. 2012. Lysosomal acidification mechanisms. Annual Review of Physiology 74:69-86. DOI: https://doi.
org/10.1146/annurev-physiol-012110-142317, PMID: 22335796

Murdoch JD, Rostosky CM, Gowrisankaran S, Arora AS, Soukup SF, Vidal R, Capece V, Freytag S, Fischer A,
Verstreken P, Bonn S, Raimundo N, Milosevic I. 2016. Endophilin-A deficiency induces the Foxo3a-Fbxo32
network in the brain and causes dysregulation of autophagy and the Ubiquitin-Proteasome system. Cell
Reports 17:1071-1086. DOI: https://doi.org/10.1016/j.celrep.2016.09.058, PMID: 27720640

Yambire et al. eLife 2019;8:e51031. DOI: https://doi.org/10.7554/eLife.51031 34 of 36


https://doi.org/10.1002/ana.20807
https://doi.org/10.1002/ana.20807
http://www.ncbi.nlm.nih.gov/pubmed/16532490
https://doi.org/10.1016/j.bmcl.2015.09.021
http://www.ncbi.nlm.nih.gov/pubmed/26372654
https://doi.org/10.1002/mrm.1910290613
http://www.ncbi.nlm.nih.gov/pubmed/8350724
https://doi.org/10.1016/j.bbamcr.2016.09.008
https://doi.org/10.1074/jbc.M112.414771
http://www.ncbi.nlm.nih.gov/pubmed/23457305
https://doi.org/10.1038/nature11654
http://www.ncbi.nlm.nih.gov/pubmed/23172144
https://doi.org/10.1093/hmg/ddt180
http://www.ncbi.nlm.nih.gov/pubmed/23595882
https://doi.org/10.1111/j.1742-4658.2006.05321.x
http://www.ncbi.nlm.nih.gov/pubmed/16762036
https://doi.org/10.1182/blood-2007-11-120402
http://www.ncbi.nlm.nih.gov/pubmed/18955558
https://doi.org/10.1128/MCB.00074-07
http://www.ncbi.nlm.nih.gov/pubmed/17438127
https://doi.org/10.1016/j.cell.2010.05.008
https://doi.org/10.1016/j.cell.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20541250
https://doi.org/10.1007/s12035-017-0763-4
http://www.ncbi.nlm.nih.gov/pubmed/28895054
https://doi.org/10.1016/j.nbd.2018.05.015
http://www.ncbi.nlm.nih.gov/pubmed/29859318
https://doi.org/10.1083/jcb.201607005
http://www.ncbi.nlm.nih.gov/pubmed/27621362
https://doi.org/10.1016/j.molcel.2010.09.022
http://www.ncbi.nlm.nih.gov/pubmed/20965423
https://doi.org/10.1038/nature13148
http://www.ncbi.nlm.nih.gov/pubmed/24695223
https://doi.org/10.1016/j.bbabio.2016.02.010
https://doi.org/10.1016/j.bbabio.2016.02.010
https://doi.org/10.1038/sj.emboj.7600041
https://doi.org/10.1038/sj.emboj.7600041
http://www.ncbi.nlm.nih.gov/pubmed/14726953
https://doi.org/10.7554/eLife.22693
http://www.ncbi.nlm.nih.gov/pubmed/28296633
https://doi.org/10.1016/j.neuron.2011.08.029
http://www.ncbi.nlm.nih.gov/pubmed/22099461
https://doi.org/10.1146/annurev-physiol-012110-142317
https://doi.org/10.1146/annurev-physiol-012110-142317
http://www.ncbi.nlm.nih.gov/pubmed/22335796
https://doi.org/10.1016/j.celrep.2016.09.058
http://www.ncbi.nlm.nih.gov/pubmed/27720640
https://doi.org/10.7554/eLife.51031

e LI FE Research article

Cell Biology | Human Biology and Medicine

Murphy KE, Gysbers AM, Abbott SK, Tayebi N, Kim WS, Sidransky E, Cooper A, Garner B, Halliday GM. 2014.
Reduced glucocerebrosidase is associated with increased o-synuclein in sporadic parkinson’s disease. Brain
137:834-848. DOI: https://doi.org/10.1093/brain/awt367, PMID: 24477431

Natt O, Watanabe T, Boretius S, Frahm J, Michaelis T. 2003. Magnetization transfer MRI of mouse brain reveals
Areas of high neural density. Magnetic Resonance Imaging 21:1113-1120. DOI: https://doi.org/10.1016/j.mri.
2003.08.012, PMID: 14725918

Nguyen M, Wong YC, Ysselstein D, Severino A, Krainc D. 2019. Synaptic, mitochondrial, and lysosomal
dysfunction in Parkinson’s Disease. Trends in Neurosciences 42:140-149. DOI: https://doi.org/10.1016/j.tins.
2018.11.001, PMID: 30509690

Nixon RA. 2013. The role of autophagy in neurodegenerative disease. Nature Medicine 19:983-997.

DOI: https://doi.org/10.1038/nm.3232, PMID: 23921753

Ofer S, Fibach E, Kessel M, Bauminger ER, Cohen SG, Eikelboom J, Rachmilewitz EA. 1981. Iron incorporation
into ferritin and hemoglobin during differentiation of murine erythroleukemia cells. Blood 58:255-262.

DOI: https://doi.org/10.1182/blood.V58.2.255.255, PMID: 6941820

Osellame LD, Rahim AA, Hargreaves IP, Gegg ME, Richard-Londt A, Brandner S, Waddington SN, Schapira AH,
Duchen MR. 2013. Mitochondria and quality control defects in a mouse model of gaucher disease-links to
Parkinson’s disease. Cell Metabolism 17:941-953. DOI: https://doi.org/10.1016/j.cmet.2013.04.014,

PMID: 23707074

Perera RM, Zoncu R. 2016. The lysosome as a regulatory hub. Annual Review of Cell and Developmental Biology
32:223-253. DOI: https://doi.org/10.1146/annurev-cellbio-111315-125125, PMID: 27501449

Provencher SW. 1993. Estimation of metabolite concentrations from localized in vivo proton NMR spectra.
Magnetic Resonance in Medicine 30:672-679. DOI: https://doi.org/10.1002/mrm.1910300604, PMID: 8139448

Puig S, Ramos-Alonso L, Romero AM, Martinez-Pastor MT. 2017. The elemental role of iron in DNA synthesis and
repair. Metallomics 9:1483-1500. DOI: https://doi.org/10.1039/C7MT00116A, PMID: 28879348

Raben N, Nagaraju K, Lee E, Kessler P, Byrne B, Lee L, LaMarca M, King C, Ward J, Sauer B, Plotz P. 1998.
Targeted disruption of the acid alpha-glucosidase gene in mice causes an illness with critical features of both
infantile and adult human glycogen storage disease type Il. Journal of Biological Chemistry 273:19086-19092.
DOI: https://doi.org/10.1074/jbc.273.30.19086, PMID: 9668092

Raimundo N, Vanharanta S, Aaltonen LA, Hovatta |, Suomalainen A. 2009. Downregulation of SRF-FOS-JUNB
pathway in fumarate hydratase deficiency and in uterine leiomyomas. Oncogene 28:1261-1273. DOI: https://
doi.org/10.1038/0nc.2008.472, PMID: 19151755

Raimundo N, Baysal BE, Shadel GS. 2011. Revisiting the TCA cycle: signaling to tumor formation. Trends in
Molecular Medicine 17:641-649. DOI: https://doi.org/10.1016/j.molmed.2011.06.001, PMID: 21764377

Raimundo N, Song L, Shutt TE, McKay SE, Cotney J, Guan MX, Gilliland TC, Hohuan D, Santos-Sacchi J, Shadel
GS. 2012. Mitochondrial stress engages E2F1 apoptotic signaling to cause deafness. Cell 148:716-726.

DOI: https://doi.org/10.1016/j.cell.2011.12.027, PMID: 22341444

Ramirez A, Heimbach A, Griindemann J, Stiller B, Hampshire D, Cid LP, Goebel I, Mubaidin AF, Wriekat AL,
Roeper J, Al-Din A, Hillmer AM, Karsak M, Liss B, Woods CG, Behrens MI, Kubisch C. 2006. Hereditary
parkinsonism with dementia is caused by mutations in ATP13A2, encoding a lysosomal type 5 P-type ATPase.
Nature Genetics 38:1184-1191. DOI: https://doi.org/10.1038/ng 1884, PMID: 16964263

Rensvold JW, Ong SE, Jeevananthan A, Carr SA, Mootha VK, Pagliarini DJ. 2013. Complementary RNA and
protein profiling identifies iron as a key regulator of mitochondrial biogenesis. Cell Reports 3:237-245.

DOI: https://doi.org/10.1016/j.celrep.2012.11.029, PMID: 23318259

Rock KL, Kono H. 2008. The inflammatory response to cell death. Annual Review of Pathology: Mechanisms of
Disease 3:99-126. DOI: https://doi.org/10.1146/annurev.pathmechdis.3.121806.151456, PMID: 18039143

Rostosky CM, Milosevic . 2018. Gait analysis of Age-dependent motor impairments in mice with
neurodegeneration. Journal of Visualized Experiments 136:e57752. DOI: https://doi.org/10.3791/57752

Rouault TA. 2015. Mammalian iron-sulphur proteins: novel insights into biogenesis and function. Nature Reviews
Molecular Cell Biology 16:45-55. DOI: https://doi.org/10.1038/nrm3909, PMID: 25425402

Santaguida S, Vasile E, White E, Amon A. 2015. Aneuploidy-induced cellular stresses limit autophagic
degradation. Genes & Development 29:2010-2021. DOI: https://doi.org/10.1101/gad.269118.115,

PMID: 26404941

Schiavi A, Maglioni S, Palikaras K, Shaik A, Strappazzon F, Brinkmann V, Torgovnick A, Castelein N, De Henau S,
Braeckman BP, Cecconi F, Tavernarakis N, Ventura N. 2015. Iron-Starvation-Induced mitophagy mediates
lifespan extension upon mitochondrial stress in C. elegans. Current Biology 25:1810-1822. DOI: https://doi.
org/10.1016/j.cub.2015.05.059, PMID: 26144971

Schroeder EA, Raimundo N, Shadel GS. 2013. Epigenetic silencing mediates mitochondria stress-induced
longevity. Cell Metabolism 17:954-964. DOI: https://doi.org/10.1016/j.cmet.2013.04.003, PMID: 23747251

Stransky L, Cotter K, Forgac M. 2016. The function of V-ATPases in Cancer. Physiological Reviews 96:1071-
1091. DOI: https://doi.org/10.1152/physrev.00035.2015, PMID: 27335445

Straud S, Zubovych |, De Brabander JK, Roth MG. 2010. Inhibition of iron uptake is responsible for differential
sensitivity to V-ATPase inhibitors in several Cancer cell lines. PLOS ONE 5:e11629. DOI: https://doi.org/10.
1371/journal.pone.0011629, PMID: 20661293

Todd AG, McElroy JA, Grange RW, Fuller DD, Walter GA, Byrne BJ, Falk DJ. 2015. Correcting neuromuscular
deficits with gene therapy in pompe disease. Annals of Neurology 78:222-234. DOI: https://doi.org/10.1002/
ana.24433, PMID: 25925726

Yambire et al. eLife 2019;8:e51031. DOI: https://doi.org/10.7554/eLife.51031 35 of 36


https://doi.org/10.1093/brain/awt367
http://www.ncbi.nlm.nih.gov/pubmed/24477431
https://doi.org/10.1016/j.mri.2003.08.012
https://doi.org/10.1016/j.mri.2003.08.012
http://www.ncbi.nlm.nih.gov/pubmed/14725918
https://doi.org/10.1016/j.tins.2018.11.001
https://doi.org/10.1016/j.tins.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30509690
https://doi.org/10.1038/nm.3232
http://www.ncbi.nlm.nih.gov/pubmed/23921753
https://doi.org/10.1182/blood.V58.2.255.255
http://www.ncbi.nlm.nih.gov/pubmed/6941820
https://doi.org/10.1016/j.cmet.2013.04.014
http://www.ncbi.nlm.nih.gov/pubmed/23707074
https://doi.org/10.1146/annurev-cellbio-111315-125125
http://www.ncbi.nlm.nih.gov/pubmed/27501449
https://doi.org/10.1002/mrm.1910300604
http://www.ncbi.nlm.nih.gov/pubmed/8139448
https://doi.org/10.1039/C7MT00116A
http://www.ncbi.nlm.nih.gov/pubmed/28879348
https://doi.org/10.1074/jbc.273.30.19086
http://www.ncbi.nlm.nih.gov/pubmed/9668092
https://doi.org/10.1038/onc.2008.472
https://doi.org/10.1038/onc.2008.472
http://www.ncbi.nlm.nih.gov/pubmed/19151755
https://doi.org/10.1016/j.molmed.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21764377
https://doi.org/10.1016/j.cell.2011.12.027
http://www.ncbi.nlm.nih.gov/pubmed/22341444
https://doi.org/10.1038/ng1884
http://www.ncbi.nlm.nih.gov/pubmed/16964263
https://doi.org/10.1016/j.celrep.2012.11.029
http://www.ncbi.nlm.nih.gov/pubmed/23318259
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151456
http://www.ncbi.nlm.nih.gov/pubmed/18039143
https://doi.org/10.3791/57752
https://doi.org/10.1038/nrm3909
http://www.ncbi.nlm.nih.gov/pubmed/25425402
https://doi.org/10.1101/gad.269118.115
http://www.ncbi.nlm.nih.gov/pubmed/26404941
https://doi.org/10.1016/j.cub.2015.05.059
https://doi.org/10.1016/j.cub.2015.05.059
http://www.ncbi.nlm.nih.gov/pubmed/26144971
https://doi.org/10.1016/j.cmet.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23747251
https://doi.org/10.1152/physrev.00035.2015
http://www.ncbi.nlm.nih.gov/pubmed/27335445
https://doi.org/10.1371/journal.pone.0011629
https://doi.org/10.1371/journal.pone.0011629
http://www.ncbi.nlm.nih.gov/pubmed/20661293
https://doi.org/10.1002/ana.24433
https://doi.org/10.1002/ana.24433
http://www.ncbi.nlm.nih.gov/pubmed/25925726
https://doi.org/10.7554/eLife.51031

e LI FE Research article

Cell Biology | Human Biology and Medicine

Touret N, Furuya W, Forbes J, Gros P, Grinstein S. 2003. Dynamic traffic through the recycling compartment
couples the metal transporter Nramp2 (DMT1) with the transferrin receptor. Journal of Biological Chemistry
278:25548-25557. DOI: https://doi.org/10.1074/jbc.M212374200, PMID: 12724326

Turner SMF, Falk DJ, Byrne BJ, Fuller DD. 2016. Transcriptome assessment of the pompe (Gaa-/-) mouse spinal
cord indicates widespread neuropathology. Physiological Genomics 48:785-794. DOI: https://doi.org/10.1152/
physiolgenomics.00075.2016, PMID: 27614205

Tyynismaa H, Carroll CJ, Raimundo N, Ahola-Erkkild S, Wenz T, Ruhanen H, Guse K, Hemminki A, Peltola-
Mijgsund KE, Tulkki V, Oresic M, Moraes CT, Pietildinen K, Hovatta |, Suomalainen A. 2010. Mitochondrial
myopathy induces a starvation-like response. Human Molecular Genetics 19:3948-3958. DOI: https://doi.org/
10.1093/hmg/ddg310, PMID: 20656789

Vymazal J, Bulte JW, Frank JA, Di Chiro G, Brooks RA. 1993. Frequency dependence of MR relaxation times. I.
paramagnetic ions. Journal of Magnetic Resonance Imaging 3:637-640. DOI: https://doi.org/10.1002/jmri.
1880030413, PMID: 8347957

Wang GL, Semenza GL. 1993. Desferrioxamine induces erythropoietin gene expression and hypoxia-inducible
factor 1 DNA-binding activity: implications for models of hypoxia signal transduction. Blood 82:3610-3615.
DOI: https://doi.org/10.1182/blood.V82.12.3610.3610, PMID: 8260699

Watanabe T, Radulovic J, Spiess J, Natt O, Boretius S, Frahm J, Michaelis T. 2004. In vivo 3D MRI staining of the
mouse hippocampal system using intracerebral injection of MnClI2. Neurolmage 22:860-867. DOI: https://doi.
org/10.1016/j.neuroimage.2004.01.028, PMID: 15193616

Watanabe T, Frahm J, Michaelis T. 2012. Myelin mapping in the central nervous system of living mice using
contrast-enhanced magnetization transfer MRI. Neurolmage 63:812-817. DOI: https://doi.org/10.1016/].
neuroimage.2012.06.073, PMID: 22796983

Watanabe T, Frahm J, Michaelis T. 2016. Amide proton signals as pH Indicator for in vivo MRS and MRI of the
brain-Responses to hypercapnia and hypothermia. Neurolmage 133:390-398. DOI: https://doi.org/10.1016/j.
neuroimage.2016.03.013, PMID: 26975553

Weinlich R, Oberst A, Beere HM, Green DR. 2017. Necroptosis in development, inflammation and disease.
Nature Reviews Molecular Cell Biology 18:127-136. DOI: https://doi.org/10.1038/nrm.2016.149, PMID: 27
999438

West AP, Khoury-Hanold W, Staron M, Tal MC, Pineda CM, Lang SM, Bestwick M, Duguay BA, Raimundo N,
MacDuff DA, Kaech SM, Smiley JR, Means RE, lwasaki A, Shadel GS. 2015. Mitochondrial DNA stress primes
the antiviral innate immune response. Nature 520:553-557. DOI: https://doi.org/10.1038/nature 14156,

PMID: 25642965

West AP, Shadel GS. 2017. Mitochondrial DNA in innate immune responses and inflammatory pathology. Nature
Reviews Immunology 17:363-375. DOI: https://doi.org/10.1038/nri.2017.21

Wittig I, Schdgger H. 2005. Advantages and limitations of clear-native PAGE. Proteomics 5:4338-4346.

DOI: https://doi.org/10.1002/pmic.200500081, PMID: 16220535

Xie XS, Padron D, Liao X, Wang J, Roth MG, De Brabander JK. 2004. Salicylihalamide A inhibits the VO sector of
the V-ATPase through a mechanism distinct from bafilomycin A1. The Journal of Biological Chemistry 279:
19755-19763. DOI: https://doi.org/10.1074/jbc.M313796200, PMID: 14998996

Yambire KF, Fernandez-Mosquera L, Steinfeld R, Muhle C, lkonen E, Milosevic |, Raimundo N. 2019.
Mitochondrial biogenesis is transcriptionally repressed in lysosomal lipid storage diseases. eLife 8:639598.
DOI: https://doi.org/10.7554/eLife.39598

Yan 'Y, Jiang K, Liu P, Zhang X, Dong X, Gao J, Liu Q, Barr MP, Zhang Q, Hou X, Meng S, Gong P. 2016.
Bafilomycin A1 induces caspase-independent cell death in hepatocellular carcinoma cells via targeting of
autophagy and MAPK pathways. Scientific Reports 6:€37052. DOI: https://doi.org/10.1038/srep37052

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, Benner C, Chanda SK. 2019. Metascape
provides a biologist-oriented resource for the analysis of systems-level datasets. Nature Communications 10:
1523. DOI: https://doi.org/10.1038/s41467-019-09234-6, PMID: 30944313

Yambire et al. eLife 2019;8:e51031. DOI: https://doi.org/10.7554/eLife.51031 36 of 36


https://doi.org/10.1074/jbc.M212374200
http://www.ncbi.nlm.nih.gov/pubmed/12724326
https://doi.org/10.1152/physiolgenomics.00075.2016
https://doi.org/10.1152/physiolgenomics.00075.2016
http://www.ncbi.nlm.nih.gov/pubmed/27614205
https://doi.org/10.1093/hmg/ddq310
https://doi.org/10.1093/hmg/ddq310
http://www.ncbi.nlm.nih.gov/pubmed/20656789
https://doi.org/10.1002/jmri.1880030413
https://doi.org/10.1002/jmri.1880030413
http://www.ncbi.nlm.nih.gov/pubmed/8347957
https://doi.org/10.1182/blood.V82.12.3610.3610
http://www.ncbi.nlm.nih.gov/pubmed/8260699
https://doi.org/10.1016/j.neuroimage.2004.01.028
https://doi.org/10.1016/j.neuroimage.2004.01.028
http://www.ncbi.nlm.nih.gov/pubmed/15193616
https://doi.org/10.1016/j.neuroimage.2012.06.073
https://doi.org/10.1016/j.neuroimage.2012.06.073
http://www.ncbi.nlm.nih.gov/pubmed/22796983
https://doi.org/10.1016/j.neuroimage.2016.03.013
https://doi.org/10.1016/j.neuroimage.2016.03.013
http://www.ncbi.nlm.nih.gov/pubmed/26975553
https://doi.org/10.1038/nrm.2016.149
http://www.ncbi.nlm.nih.gov/pubmed/27999438
http://www.ncbi.nlm.nih.gov/pubmed/27999438
https://doi.org/10.1038/nature14156
http://www.ncbi.nlm.nih.gov/pubmed/25642965
https://doi.org/10.1038/nri.2017.21
https://doi.org/10.1002/pmic.200500081
http://www.ncbi.nlm.nih.gov/pubmed/16220535
https://doi.org/10.1074/jbc.M313796200
http://www.ncbi.nlm.nih.gov/pubmed/14998996
https://doi.org/10.7554/eLife.39598
https://doi.org/10.1038/srep37052
https://doi.org/10.1038/s41467-019-09234-6
http://www.ncbi.nlm.nih.gov/pubmed/30944313
https://doi.org/10.7554/eLife.51031

