Stem Cell Reports

Article

&

Stem Cell Modeling of Neuroferritinopathy Reveals Iron as a Determinant of
Senescence and Ferroptosis during Neuronal Aging
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SUMMARY

Neuroferritinopathy (NF) is a movement disorder caused by alterations in the L-ferritin gene that generate cytosolic free iron. NF is a
unique pathophysiological model for determining the direct consequences of cell iron dysregulation. We established lines of induced
pluripotent stem cells from fibroblasts from two NF patients and one isogenic control obtained by CRISPR/Cas9 technology. NF fibro-
blasts, neural progenitors, and neurons exhibited the presence of increased cytosolic iron, which was also detectable as: ferritin aggre-
gates, alterations in the iron parameters, oxidative damage, and the onset of a senescence phenotype, particularly severe in the neurons.
In this spontaneous senescence model, NF cells had impaired survival and died by ferroptosis. Thus, non-ferritin-bound iron is sufficient
per se to cause both cell senescence and ferroptotic cell death in human fibroblasts and neurons. These results provide strong evidence
supporting the primary role of iron in neuronal aging and degeneration.

INTRODUCTION

Neuroferritinopathy (NF) (OMIM, no. 606159) is a rare
dominantly inherited late-onset monogenic disorder
with 100% penetrance caused by mutations in the
L-ferritin gene (FTLI) (Curtis et al., 2001). NF belongs to
a group of monogenic extrapyramidal disorders called neu-
rodegeneration with brain iron accumulation (NBIA) and
is characterized by the focal accumulation of iron in the
basal ganglia (Levi and Finazzi, 2014). The main common
symptoms of NBIA include movement disorders, spas-
ticity, and cognitive impairment; the age of onset varies
among these diseases (Di Meo and Tiranti, 2018), aver-
aging around 40 years. At present, 11 different causative
mutations have been described worldwide, all of which
are located in the last part of exon 4 in the FTL1 sequence
(Levi and Rovida, 2015). These mutations affect both
length and sequence of the C terminus peptide, disturbing
the amino acid contacts involved in the shaping of the hy-
drophobic channels along the 4-fold axis of the molecule
(Levi and Rovida, 2015). In humans, cytosolic ferritin is a
heteropolymeric protein with a spherical shape obtained
by the assembly of 24 structurally similar subunits of two
different types, namely H and L, and encoded by two
genes, FTHI1 and FTL1, with iron stored in the internal
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cavity as ferrihydrite (Arosio and Levi, 2010). The overex-
pression of disease-associated gene variants in vitro (Cozzi
et al., 2010) and in vivo (Maccarinelli et al., 2015; Vidal
et al., 2008) revealed that the NF causative mutations act
in a negative-dominant manner to impair the iron-storage
function of ferritin, resulting in increased level of intracel-
lular free iron (Cozzi et al., 2010; Luscieti et al., 2010).
Emerging evidence supports the key role of iron in aging
(Zecca et al.,, 2004) and neurodegeneration processes
(Rouault, 2013), mainly because iron accumulates in the
brain during aging (Ward et al., 2014) and its surplus
renders cells more susceptible to oxidative stress (Kosken-
korva-Frank et al., 2013). Thus, NF cellular models repre-
sent valuable tools for investigations of the controversial
role of this metal in the cellular processes occurring during
aging and neurodegeneration. However, the precise role of
iron in the development of these two cellular processes is
not completely elucidated, and its role in the neuronal
compartment is particularly obscure due to the lack of
faithful experimental models recapitulating spontaneous
occurrence of these alterations.

Cellular senescence is normally induced in vitro by
several stressful events (radiation, oxidants, and onco-
genes) and in vivo by ablation of anti-senescent genes,
such as p66 (Berry et al.,, 2008) and nuclear receptor
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co-activator 4 (NCOA4) (Bellelli et al., 2014). Ferroptosis is
prevalently studied in cancer cell lines (Dixon et al., 2012),
where it is revealed only after ferroptosis-inducing reagents
(Xu et al., 2019).

The scarcity of human primary neuronal models to
study the action of iron in aging and neurodegeneration
stimulated us to develop a model characterized by the pres-
ence of excess free iron. We applied cellular reprogram-
ming techniques (Orellana et al., 2016) to fibroblasts,
obtaining induced pluripotent stem cell (iPSC)-derived
neuronal precursor cells (NPCs) and neurons derived
from two patients affected by NF, one isogenic control
and three healthy subjects. A significant increase of cyto-
solic free iron content, alteration of iron homeostasis,
DNA/protein/lipid oxidative damage, a clear senescence
phenotype, and spontaneous death by ferroptosis were
observed in NF fibroblasts, iPSC-derived NPCs, and neu-
rons compared with controls.

These results, when interpreted in view of the pathoge-
netic mechanism of NF, confirm the detrimental effect of
free iron in neuronal cells. In fact, in conditions such as
NF in which iron is not safely removed from cytosol due
to alterations of ferritin structure/function, it triggers a
cascade of damaging events leading to senescence and fer-
roptosis, thereby accelerating the aging process.

RESULTS

Development and Characterization of NF Fibroblasts
and iPSC-Derived Neuronal Models

Fibroblasts were obtained from skin biopsies of two
NF affected patients: one with heterozygous FTL1
469_484dup (Storti et al., 2013), and the other with hetero-
zygous FTL1 351delG_InsTTT (hereafter referred to as NF1
and NF2, respectively) (Figure S1). Control fibroblasts
from three healthy adult subjects were purchased from
ATTC (hereafter referred to as Ctrl, Ctr2, and Ctr3). To
develop a neuronal model we established multiple iPSC
lines by reprogramming fibroblasts from all subjects as pre-
viously described (Orellana et al., 2016). Isogenic control
cells were obtained by CRISPR/Cas9 technology on clone
no. 7 of NF1-iPSC. We used one clone from each healthy
subject (Ctrl no. 203, Ctr2 no. 37, and Ctr3 no. 151), and
three from each patient and isogenic control (NF1 no. 1,
no. 7, and no. 8; NF2 no. 8, no. 11, and no. 12; and
R-NF1 no. 38, no. 40, and no. 41). Characterization of the
obtained clones of iPSCs, embryoid bodies (EBs), derived
NPCs, and neurons are shown and described in Supple-
mental Information (Figures S2 and S3). Electrophysiolog-
ical recordings in iPSC-derived neurons are reported in Fig-
ure S4. All clones were subjected to the same reported
analysis, an example of which is provided in each panel.

NF Fibroblast/iPSC-Derived NPCs and Neurons
Showed Cellular Iron Mobilization and Ferritin/Iron
Aggregates

NF mutations caused structural modification in the ferritin
E-helix, which is involved in the formation of the hydro-
phobic pores of the molecule (Figure SSA) (Cozzi et al.,
2010; Levi and Rovida, 2015). In-silico-generated structural
models of the ferritins containing the mutated subunits
(Figures S5B, S5C, S1B, and S1C) showed the 4-fold channel
dramatically altered, with a larger pore that likely impairs
the retention of iron into the cavity. In the NF2 variant (Fig-
ure S1C), this effect is directly related to the premature stop
site caused by the mutation, resulting in a shortened
sequence and a smaller subunit lacking the E-helix and a
part of the D-helix. In the NF1 variant (Figure S1B), this ef-
fect can be attributed to conformational changes that
expose the E-helix to proteolytic cleavage, as confirmed
experimentally by proteinase K digestion (Figure S1D).

To investigate the ferritin functionality, we treated the fi-
broblasts with 2 pCi >*Fe-ammonium citrate (FeAC) for
18 h. The incorporation of iron into ferritin was reduced
to approximately 20% in the NF1 and NF2 fibroblasts (Fig-
ure S5D) and to 50% in the iPSC-derived neurons (Fig-
ure S5H) compared with controls, probably leaving a
high amount of intracellular free iron. To confirm this ef-
fect, we explored the activity of the IRE/IRP machinery,
which post-transcriptionally controls the expression of
the major iron proteins (ferritin, transferrin receptor 1,
and ferroportin) as a function of cytosolic iron concentra-
tion (Muckenthaler et al., 2008).

ELISA assay, specific for cytosolic ferritin-L (FtL) and
ferritin-H (FtH), performed in fibroblasts, revealed similar
contents of FtL and of FtH among the three controls; in pa-
tients the concentration of FtL was found to be similar to
controls, while FtH was 2-fold higher (Table S1). Immuno-
blotting revealed that the expression of transferrin receptor
1 was decreased ~2.5-fold in the NF fibroblasts and NPCs
(Figures S5E and S5F) and was undetectable in neurons (Fig-
ure SS5I); accordingly, ferroportin appeared unchanged in fi-
broblasts (not shown) and NPCs (Figure S5G), and showed
a tendency to increase in neurons (Figure S5L). These data
suggest that the reduced efficiency of iron incorporation of
mutant ferritin results in an increased free cellular iron
availability.

To stress this phenotype, the NF fibroblasts were treated
with 0.1 mM ferric ammonium citrate (FAC) for 14 days
and subjected to immunostaining using an antibody spe-
cific for H-ferritin. The higher number of ferritin-positive
granules observed in the NF1 and NF2 fibroblasts in basal
conditions (Figure 1A, upper panel) was further increased
after treatment with iron (Figure 1A, lower panel). Analysis
at ultrastructural level by electron microscopy (EM) and
electron spectroscopy imaging (ESI) in patient cells showed
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Figure 1. Representative Images of NF Fibroblasts and iPSC-Derived Neurons Showed Formation of Ferritin/Iron Aggregates

(A) Control and variant fibroblasts untreated (UT) or treated (Fe) with 100 uM FeAC for 14 days and stained with an anti-human H-ferritin
antibody (Hoechst staining to detect the nuclei). The arrows show the ferritin aggregates. Scale bars, 20 pum.

(B) Ultrastructural analysis of fibroblasts examined under an electron microscope (EM). The arrows indicate the aggregates. Cells untreated
(UT) or treated (Fe) as described in (A) were subjected to an ESI analysis. The images showing the ultrastructural organization observed at
250 eV with a superimposed iron map represented by pseudo-colors. The iron granules were counted and are represented as a ratio to the
total number in the counted fields (means + SD of three independent experiments). The data were analyzed by unpaired, two-tailed t test,

***p < 0.001.
(legend continued on next page)

834 Stem Cell Reports | Vol. |3 | 832-846 | November 12,2019



that the granules were localized in the cytosol, mainly
associated with lipid droplets and surrounded by bilayer
membranous formations (Figure 1B), similarly to the ones
detected in the NF disease mouse model (Maccarinelli
et al., 2015). ESI defined iron as a component of these ag-
gregates (Figure 1B), the number of which was ~3-fold
greater in NF than in control cells.

A similar phenotype was present in the NF iPSC-derived
neurons. Immunofluorescence analysis on NF iPSC-
derived neurons showed increased FtH, visualized as gran-
ular formations localized to the cytosolic part of the soma
and along the axon (Figure 1C). These formations were
also detectable by Perls staining (a specific dye for ferric
iron deposits), suggesting the presence of a large amount
of iron (Figure 1D). A 3-week treatment with the iron
chelator deferoxamine (DFO) (5 uM) and the antioxidant
n-acetyl-cysteine (NAC) (100 uM) reverted this phenotype
(Figures 1C and 1D).

Cellular Iron Mobilization-Induced Oxidative

Damage and Cellular Death in the NF Fibroblast/iPSC-
Derived NPCs and Neurons

The free redox-active form of iron promotes the formation
of free oxygen/mnitrogen radicals, and thus increased
cellular iron availability may affect cell resistance to oxida-
tive stress. We searched for any sign of an altered cellular
oxidative status under basal conditions and compared
NF fibroblasts, iPSC-derived NPCs, and neurons with con-
trols. For each cell type, we set up appropriate methods to
reveal different types of oxidative damage products. The
ROS levels were assayed by the specific fluorescent probe
2',7'-dichlorofluorescein (DCF). Carbonylated proteins
were assessed using an Oxy-Blot analysis, while lipid per-
oxidation was assessed using an Oxy-MDA assay (Cozzi
et al,, 2010) and C11-Bodipy (581/591) staining. A low
but significant increase in the ROS levels was revealed in
the NF fibroblasts (Figure 2A), which was corroborated
by an enhancement of oxidized proteins in NF fibroblasts,
iPSC-derived NPCs, and neurons (Figures 2B, 2D, and 2F).
Lipid peroxidation was significantly increased only in the
NF1, but not NF2, fibroblasts (Figure 2C); however, the
phenotype was more severe in the NPCs and neurons,
and the cells from both patients showed a statistically
significant difference from the controls (Figures 2E and
2@G). Furthermore, the reduced form of glutathione was
significantly decreased in the NF iPSC-derived neurons
(Figure 2H).

To investigate whether this altered oxidative status was
sufficient to promote cellular death, we performed DAPI
and trypan blue staining and LDH determination. No sig-
nificant differences were detected between controls and
NF fibroblasts (not shown), indicating that the NF fibro-
blasts did not die by apoptosis or necrosis. However, the
MTT assay revealed a significantly decreased number of
viable cells in the NF fibroblasts (NF1 ~27%, NF2
~22%), which was more consistent in the iPSC-derived
NPCs (NF1 ~46%, NF2 ~52%) and neurons (NF1 ~52%,
NF2 ~51%) compared with the controls. To confirm the
specific involvement of free iron in eliciting cell death,
neurons were grown for 3 weeks in the presence of the
iron chelator deferiprone (5 uM) (Pinto et al., 2018). The
addition of deferiprone prevented the death of the
NF-derived neurons (~90% NF1 and ~94% NF2 viable
cells), demonstrating that iron is the leading cause of
neuronal death.

Iron-Induced Senescence in NF Fibroblast/iPSC-
Derived NPCs and Neurons

Patient fibroblasts showed a disorganized layer that did not
reach cellular confluence in the plate/flask (Figure 3A,
bright field), suggesting the presence of a senescence
phenotype in these cells. We stained the cells to detect
SA-B-galactosidase (SA-B-Gal) activity at pH 6. In control
cells this activity was almost undetectable, while NF fibro-
blasts showed positive staining that boosted in intensity as
the cell passages increased (not shown); in particular, at the
13th passage the SA-B-Gal-positive cells constituted ~90%
of all NF1 and 60% of all NF2 fibroblasts versus 10% of all
controls (Figure 3A).

To investigate whether the increased cytosolic free iron
availability was the primary cause of the cellular
senescence, we treated fibroblasts at an intermediate
passage (i.e., the fifth passage) with 500 uM FAC for
24 h and analyzed their morphology and SA-B-Gal activ-
ity. The NF1 fibroblasts showed an evident change in
morphology and a ~30% increase of SA-B-Gal activity
compared with the untreated cells, while control cells
were almost unaffected (Figure 3B). When the iron
treatment was performed in the presence of 500 uM
NAC for 24 h, the cellular morphology and SA-B-Gal ac-
tivity of the NF1 fibroblasts were similar to those of the
untreated cells (Figure 3B), implying that the antioxidant
treatment was able to counteract the effect of iron
supplementation.

(C) Immunofluorescence of B-III-tubulin (Tuj1) and H-ferritin (FtH) in neurons obtained from a control subject and patient NF1 (Hoechst
staining for the nuclei), and co-treatment with the iron chelator (5 uM DFO) and antioxidant (100 uM NAC). Digital higher-magnification

of images (dashed rectangles) is shown. Scale bars, 20 um.

(D) Control and NF1 Perls staining under basal conditions and after treatment with 5 uM DFO and 100 uM NAC. The arrows show the

presence of iron aggregates. Scale bars, 20 pm.
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Figure 2. Cellular Iron Mobilization-Induced Oxidative Damage in NF Fibroblast/iPSC-Derived NPCs and Neurons

(A) Fibroblasts were incubated with the ROS-sensitive 2’,7’-dichlorofluorescein. The results are presented as the mean of three inde-
pendent experiments in octuplicate.

(B and C) Quantification by densitometry of Oxyblot (B) and lipid-malondialdehyde (MDA) peroxidation (C) of fibroblasts.

(D and E) Quantification of Oxyblot (D) and lipid-MDA peroxidation (E) of NPCs.

(F) Oxyblot of neurons.

(G) BODIPY of neurons.

(H) Glutathione (GSH)-sensitive ThiolTracker Violet fluorescence signal detected on Tujl-positive human neurons.

The data are presented as the means + SD (B-F) or + SEM (G and H) of at least three independent experiments. All the data were analyzed
by unpaired, two-tailed t test, *p < 0.05, **p < 0.01, ***p < 0.001.

Ultrastructural analysis of NF fibroblasts showed vacu- undetectable in the control cells (Figure 3C, upper panel).
olar formations, similar to those already detected in senes- EM analysis did not show alterations in the mitochondria
cent cells (Malatesta et al., 2011), which were almost ultrastructure in the NFs fibroblasts (Figure 3C, lower
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Figure 3. Iron-Induced Senescence in NF Fibroblasts

(Aand B) (A) Cells morphology (upper panel) and SA-B-Gal activity (lower panel) in bright field. Scale bars, 20 pm. (B) SA-B-Gal activity of
NF1 cells treated with iron (Fe) and NAC. Scale bars, 20 um. Positive stained cells in (A) and (B) were counted and plotted as a percentage
of the total cells. The results are presented as the mean + SD of five fields in three independent experiments.

(legend continued on next page)
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panel), suggesting that mitochondria function was not
impaired in this cellular model. However, we cannot
exclude mitochondrial impairment in neurons differenti-
ated for longer time.

The NF fibroblasts showed a ~3- to 4-fold increase in the
LC3II protein compared with the controls (Figure 3D). In
addition, the content of interleukin-1p (IL-1B) was signifi-
cantly increased in both NF1 and NF2. The amount of
IL-6 appeared extremely high only in NF1 (Figure 3E),
while IL-8 and tumor necrosis factor alpha were

unchanged. All these interleukins were undetectable in
growth media from the iPSC-derived NPCs and neurons
(not shown).

Interestingly, analysis of SA-B-Gal activity revealed a
high number of positive cells in NF1 and NF2 iPSC-
derived NPCs and neurons, reaching ~70% and 20% in
NF1 and NF2 NPCs, respectively (Figure 4A), and above
70% in neurons of both patients (Figure 4B). Moreover,
the analysis of p62 expression (Masaldan et al., 2018)
confirmed the increase of this peptide in neurons from

(C) Ultrastructural analysis of fibroblasts examined by EM evidencing vacuoles (white arrows) and mitochondria (black arrows).
(D) Immunoblotting of LC3I and II expression in soluble fibroblast homogenates. Results are presented as the mean + SD of three in-

dependent experiments.

(E) Levels of IL-1PB and IL-6 determined by ELISAs on cell media. The results are presented as the mean + SD of three independent ex-
periments in octuplicate. The data were analyzed by unpaired, two-tailed t test, except for (B) in which one-way ANOVA were used, *p <

0.05, **p < 0.01, ***p < 0.001.
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both patients (Figure 4C), further proving the cellular
senescence status.

Iron-Dependent Senescence Phenotype Involves a
NCOA4 Decrease and p53 Activation

NCOA4 is a mediator of ferritinophagy (Mancias et al.,
2014) and is involved in senescence (Bellelli et al., 2014).
We analyzed its expression in NF fibroblasts and NPCs to
investigate the origin of the senescence phenotype. In
the NF fibroblasts, the level of the NCOA4 protein was sub-
stantially undetectable (Figure 5A), although the level of
NCOA4-mRNA was not significantly changed compared
with the controls (Figure 5D). A similar result was obtained
in the control cells exposed to 100 uM FeAC (Figure 5B),
suggesting that the addition of iron to cells mimics the ef-
fect of the increased free cytosolic iron caused by ferritin
dysfunction and is sufficient to stimulate NCOA4 degrada-
tion. The addition of the protease inhibitor leupeptin
(50 pM) to inhibit the lysosomal enzymatic activity re-
sulted in an increased amount of NCOA4 in the NF fibro-
blasts (Figure 5C).

The iPSC-derived NPCs and neurons from the controls
showed a low level of NCOA4 expression, which was
further reduced in the patients’ cells (Figures SE-5G). One
of the main roles of NCOA4 is to maintain DNA stability
(Bellelli et al., 2014); thus, we investigated DNA damage
by testing the presence of correlated post-translational his-
tone modifications. Immunoblotting analysis showed a
large increase in Ser139 phosphorylation on y-H2A.X his-
tone in the NF neurons compared with a negligible level
in the control cells (Figure 5H), suggesting that the telo-
mere uncapping starts to support the initiation of the
dsDNA break response (d’Adda di Fagagna et al., 2003).

In addition, the immunofluorescence staining revealed
that a massive decrease in NCOA4 was concurrent with
the translocation of p53 to the nucleus in the NF-derived
NPCs (Figure 5F). To determine whether p53 also acquires
its transcriptional activity in iPSC-derived neurons, we
evaluated the transcription of one of its target genes,
i.e., SLC7A11, a key component of the cystine/glutamate

antiporter. In the patient neurons, the amount of
SLC7A11 mRNA was increased by ~6-fold (Figure S5I).
Overall, these data suggest that the NF fibroblasts, iPSC-
derived NPCs, and neurons exhibited a consistent senes-
cent phenotype in multiple aspects, and that this cellular
status was associated with the activation of the p53-signal-
ling pathway.

Iron Triggers Cell Death via Ferroptosis in iPSC-
Derived Neurons

P53 has been described as an activator of ferroptosis, thus
the pS3-nuclear translocation is suggestive of a possible
pathway of cellular death via ferroptosis (Jiang et al.,
2015). iPSC-derived NPCs were incubated with 80 uM era-
stin for 18 h in the presence or not of 20 uM ferrostatin-1.
Cell viability was then evaluated by an MTT assay (Fig-
ure 6A). The data suggested that erastin reduced the cell
viability to 50% in the isogenic control and ~25% in the
NFs (Figure 6A). Ferrostatin-1 rescued the viability of the
cells (Figure 6A), suggesting that ferroptosis is crucially
involved in the cell death program. To confirm the hypoth-
esis that cytosolic iron mobilization triggers ferroptosis,
iPSC-derived NPCs and neurons were grown in the pres-
ence of ferrostatin-1 (2.6 uM for five passages and 1 pM
for 3 weeks, respectively). Then, we performed the MTT
analysis in the absence of erastin. A reduction in cell
viability was observed in the NF cells compared with their
isogenic counterparts and was comparable with the reduc-
tion observed in the erastin-treated isogenic control (Fig-
ures 6A and 6B). The addition of ferrostatin-1 did not affect
the isogenic control cells but was able to significantly pre-
vent cell death in the NF NPCs and neurons, indicating
that cytosolic iron mobilization is sufficient to cause cell
death via ferroptosis (Figures 6B and 6C).

Furthermore, from the above experiments that were per-
formed in parallel starting from the same cell number we
calculated the percentage of neurons that died by ferropto-
sis and those in senescence (Figure 6D). We found that the
percentage of senescent cells was higher than the B-galacto-
sidase-negative cells (73% versus 27% in NF1 and 67%

Figure 5. Iron-Dependent Senescence Phenotype Involves an NCOA4 Decrease and p53 Activation

(A-C) Immunoblotting of NCOA4 expression in soluble fibroblast homogenates, untreated (A), treated with iron (B), or leupeptin (C). The
results are presented as the mean + SD of three independent experiments.

(D) NCOA4 mRNA levels of fibroblasts determined by qRT-PCR and normalized to the mRNA expression of GAPDH. The data are presented as

the mean + SD of three independent experiments.

(E) Immunoblotting of NCOA4 expression in soluble NPC homogenates, * unspecific band. The results are presented as the mean + SD of

three independent experiments.

(F) Immunofluorescence of p53 and NCOA4 in NPCs. The results are presented as the mean + SD of three independent experiments. Scale

bars, 20 um.

(G and H) Immunoblotting of NCOA4 expression (G) and H2A.X (H) in neuron soluble homogenates, * unspecific band.
(I) gRT-PCR analysis of SLC7A11 expression. The data are presented as the mean + SD values of three independent experiments.
The data were analyzed by unpaired, two-tailed t test, **p < 0.01, ***p < 0.001.
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NPC Figure 6. Iron Triggers Cell Death via
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versus 33% in NF2), while in ferroptotic cells we reported a
lower percentage compared with the viable cells (43%
versus 57% in NF1 and 42% versus 58% in NF2). Thus,
the number of ferroptotic cells is higher than non-senes-
cent (negative) cells (Figure 6D), indicating that the differ-
ence may be attributed to a portion of senescent cells dying
by ferroptosis.

DISCUSSION

Using cell-reprogramming technology, we clarified the
pathogenesis of NF in an in vitro human neuronal model
and outlined the molecular mechanism by which iron
plays a primary role in triggering the cascade of events
that leads to neuronal death. The defective ferritin shell
promotes redox-active iron excess in the cytosol, thereby
inducing (1) the upregulation of iron-dependent ferritin
translation, which generates the continuous overproduc-
tion of defective peptides and facilitates ferritin aggrega-
tion; (2) a decrease in NCOA4 that reduces ferritinophagy
favors ferritin/iron aggregation, and implements DNA

% Negative cells

% Ferroptotic cells

instability; and (3) an increase in ROS, causing oxidative
injury followed by DNA damage and protein and lipid
oxidation. As a consequence, the cells either activate path-
ways leading to senescence (possibly as a defensive mecha-
nism) or, alternatively, have an increased tendency to die
by ferroptosis (Figure 7).

The appearance of an evident senescence phenotype in
the fibroblasts demonstrated that free iron alone may
induce a cell-cycle arrest to counteract iron imbalance.
This phenotype is even more pronounced in NF neurons,
indicating that even quiescent cells can activate cell-cy-
cle-associated events in response to DNA damage (Kruman
et al., 2004). Thus, these results provide strong evidence
supporting the direct involvement of iron in the aging pro-
cess, especially in the neuronal compartment, as demon-
strated by iron accumulation in the brain during both
physiological and pathological aging (Ward et al., 2014).
The precise mechanism of regulation of iron uptake into
the brain is currently not fully defined; however, growing
evidence suggests that, during aging, the blood-brain bar-
rier becomes more permeable to iron, thus favoring its
deposition (Marques et al., 2013). It is conceivable that,
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Figure 7. Scheme of the Proposed Molecu-
lar Mechanism Stimulated by Iron in NF
and Aging

The insertion of the variant L-ferritin pep-
tide into the protein shell causes the
enhancement of redox-active iron in the
cytosol, inducing iron-dependent ferritin
translation that generates the over-
production of protein, facilitating its ag-
gregation. Furthermore, an iron-dependent
decrease in NCOA4 occurs that abolishes the
physiological degradation of ferritin by the
lysosome, further increasing ferritin/iron
aggregation. The augmentation of ROS pro-
motes cell oxidative injury with consequent
DNA damage and protein and lipid oxidation.
DNA instability is also enhanced by the
diminished level of NCOA4. The cells seem to
respond by triggering a p53-dependent
pathway that further promotes senescence.
However, the endless ROS-induced lipid
peroxidation leads to death by ferroptosis.
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Although over a much longer time course, this mechanism might also occur physiologically during aging due to the ferritin/iron accu-

mulation mainly in non-dividing cells.

in neuronal cells, when accumulated iron exceeds the abil-
ity of ferritin to incorporate it, an iron-dependent detri-
mental process is triggered, leading to cell aging (Figure 7).
Although with a premature onset and higher severity, a
similar chain of events is initiated in the disease state as
shown here in NE.

The molecular mechanism responsible for triggering
senescence in these cellular models appeared to be medi-
ated by the iron-dependent reduction of the ferritin-cargo
NCOA4, which, in addition to failing to maintain ferriti-
nophagy (Mancias et al., 2015), induced ferritin accumula-
tion and facilitated DNA instability. In fact, NCOA4 also
acts as a regulator of DNA stability as demonstrated in
Ncoa4~'~ MEFs in which Ncoa4 ablation caused aberrant
DNA replication origin activation, generating replication
stress and premature senescence (Bellelli et al., 2014). In
addition, the iron-dependent development of ROS exacer-
bates DNA instability as confirmed by the increased Ser139
phosphorylation on the H2A.X histone (Burma et al.,
2001). Cells appeared to respond to the insult by activating
the p53-dependent anti-cellular stress pathway, as demon-
strated by the pS3-nuclear translocation and the increase in
its transcriptional activity in neurons. This latter result
seems contradictory because, recently, the tumor-suppres-
sion activity of p53 has been reported to be involved in
the regulation of cystine metabolism, and p53 exerts its ef-
fect by repressing the expression of SLC7A11 and inducing
ferroptosis (Jiang et al., 2015). However, previous studies
investigating mouse models have suggested that iron
excess might negatively regulate p53 signaling by both
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destabilizing the pS53 protein and interfering with its
DNA binding activity (Shen et al., 2014). Thus, we cannot
exclude the possibility that pS3 might progressively lose
its ability to protect cells. Indeed, p53 accumulation has
been detected in autoptic NF brain samples as a component
of the protein aggregates that are pathognomonic of the
disease (Curtis et al., 2001).

Remarkably, in our cellular models, ferroptosis can also
occur in senescent cells. In fact, in the NF-derived NPCs
and neurons, the development of senescence occurred in
parallel with consistent cellular death, which was signifi-
cantly reduced by ferrostatin-1, a widely used inhibitor
of ferroptosis. Moreover, we can formulate some hypothe-
ses about the fate of senescent cells among non-dividing
cells, such as neurons. By simultaneously measuring senes-
cence and ferroptosis in parallel experiments, we noticed
that the percentage of senescent iPSC-derived neurons is
higher than that in neurons that did not die by ferroptosis.
This finding implies that at least some neurons showed a
senescence phenotype before ferroptotic death. This
intriguing result might be explained by considering that
senescence and ferroptosis are not induced by other acti-
vating agents but instead develop consecutively over a
relatively long period. Moreover, this study is the first
work reporting a simultaneous analysis of senescence
and ferroptosis in human neurons, highlighting a peculiar
behavior of neuronal cells. It is well known that neuronal
cells are more sensitive to iron toxicity than MEFs or can-
cer cell lines generally used in these experiments (Stock-
well et al., 2017). Thus, the development of ferroptosis



soon after senescence can be a peculiarity of this cell type.
Alternatively, the continuous cellular deterioration due to
the excess of cytoplasmic free iron counteracts the ability
of neurons to maintain the senescence status, leading to
premature death. Although the present in vitro experi-
mental model does not include all cellular types that are
involved in iron management in the nervous system,
such as the glial components, we believe that it represents
an innovative and valid approach to study the direct
involvement of iron in neurodegenerative processes. In
fact, even in this simplified model we have been able to
detect iron accumulation in human NF neurons, similarly
to that occurring in patients, and thus we show that iron
triggers neuronal death via ferroptosis.

In summary, we demonstrated that non-ferritin-bound
iron is able to cause both cell senescence and ferroptotic
cell death in human fibroblasts and neurons, indicating
a primary role of iron in accelerating the processes of ag-
ing and neurodegeneration. These data have also impor-
tant implications for studies investigating the role of
iron in a more general context of neurodegenerative dis-
eases. The pathogenetic mechanism that we described in
the setting of NF might be common in various neurode-
generative disorders, such as Alzheimer (Liu et al,
2018), Parkinson (McLeary et al., 2019), and Huntington
diseases (Mi et al., 2019), amyotrophic lateral sclerosis (Yu
et al., 2019), and frontotemporal lobar dementia (Zhang
et al., 2017), in which dysfunction of the lysosome-auto-
phagy pathway can lead to ferritin engulfment with
consequent impairment of iron homeostasis (Biasiotto
et al.,, 2016). Accordingly, growing evidence suggests
that iron imbalance is a hallmark of neurodegenerative
diseases, suggesting that iron chelators may be therapeu-
tic options for preventing these diseases (Ward et al.,
2014). Our data support this idea and suggest considering
the monitoring of iron deposition in the brain during ag-
ing and carefully evaluating iron-supplemented diets in
elderly people.

EXPERIMENTAL PROCEDURES

The primary fibroblast cell lines were generated from skin biopsies
from two patients, obtained with informed consent from the pa-
tients, and three healthy adult subjects purchased from ATCC.

Cases
The case of the patient carrying the FTL1 469_484dup mutation
(named NF1) has been described previously (Storti et al., 2013).
The second patient carrying the heterozygous nucleotide inser-
tion 351delG_InsTTTin FTLI (named NF2) is a 58-year-old woman
who presented with mild tremor in both hands at the age of
52 years. The patient did not exhibit alterations in muscular
tone or an unsteady gait with broadened and multidirectional

retropulsion after the pushing test without spontaneous rest. No
optical alterations were observed. The neuropsychological evalua-
tion showed moderate cognitive deterioration. These symptoms
appeared within a few weeks with progressive worsening. No famil-
iarity was present. The laboratory examinations showed normal
vitamin B12 values and hepatic and renal function parameters. A
low level of serum ferritin (1.1 ng/mL, normal range 15-
150 ng/mL) and normal saturated transferrin and sideremia values
were obtained. Brain MRI showed hyperintensity with surround-
ing hypointensity on T2*-weighted imaging involving the pal-
lidum, substantia nigra, and red nucleus. The clinical symptoms,
radiological evidence, and low level of serum ferritin suggested
an analysis of the FTL1 gene; the DNA sequence identified the
abovementioned mutation associated with NFE.

iPSC Generation

The fibroblasts were grown in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen), 100 mg/mL strepto-
mycin, 100 U/mL penicillin and 2 mM L-glutamine (Sigma-Al-
drich) and reprogrammed into iPSCs as in (Orellana et al., 2016)
using CytoTune-iPS 2.0 Sendai reprogramming kit (Life Technolo-
gies) according to the manufacturer’s instructions. Colonies
started to appear 30 days later, and on approximately day 40, the
cells were selected according to their morphology and transferred
to a new feeder layer in DMEM/F12 (Sigma-Aldrich), 20%
knockout serum replacement (Life Technologies), 1% penicillin/
streptomycin (P/S), 2 mM L-glutamine, 1% non-essential amino
acids MEM NEAA (Life Technologies), 1 mM NaPyr (Sigma-Al-
drich), 0.1 mM B-mercaptoethanol (Life Technologies), and
10 ng/mL fibroblast growth factor 2 (FGF2) (Life Technologies).
Subsequently, the iPSC clones were passed into feeder-free condi-
tions on Matrigel hESC-qualified coated plates (Corning) while
gradually increasing the percentage of Essential 8 medium (Life
Technologies). The iPSCs were passaged every 5-7 days with
ReLeSR (STEMCELL Technologies) on Matrigel-coated wells. The fi-
broblasts and iPSCs were periodically tested for mycoplasma
contamination by PCR. To detect the presence of FTL1 mutations
in the iPSCs clones, the genomic DNA was amplified by PCR, and
the purified PCR products were analyzed by Sanger sequencing
(GATC Biotech). The DNA sequences of the primers are listed in
Table S2 (primers designated P1Fw and Re were used for the
sequencing of the NF1 and R-NF1 clones, and P2 Fw and Re were
used for the sequencing of the NF2 clones). In vitro three germ layer
differentiation and karyotype analysis were performed as in Orel-
lana et al. (2016).

Generation of R-NF1 Clones

We performed a gene knockin of the FTLI WT allele in the NF1
iPSCs by combining CRISPR/Cas9 with a single-stranded oligo-
deoxynucleotide donor template and an sgRNA directed specif-
ically to the 469_484dup mutation as listed in Table S2. The gene
correction was corroborated by a sequence analysis of the iPSC
clones. The potential off-target sites were selected according to
http://crispr.mit.edu. We analyzed the seven most likely off-target
hits present in the gene coding regions as described previously (Ru-
bio et al., 2016). These sites were amplified by genomic PCR using
the following primers: DPF1 Fw, DPF1 Re, ACADS Fw, ACADS Re,
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TUBB4 Fw, TUBB4 Re, SUZ12 Fw, SUZ12 Re, GPR150 Fw, GPR150
Re, FTL 2 Fw, FTL 2 Re, METTL2S5 Fw, and METTL2S5 Re (Table
S2). Then, we performed Sanger sequencing.

Generation of Human NPCs and Neurons

The NPCs and EBs were formed by the dissociation of the iPSC col-
onies following the procedure described in (Orellana et al., 2016).
To obtain the rosettes, the EBs were plated onto Matrigel growth
factor reduced (Corning)-coated dishes in DMEM/F12 (Sigma-Al-
drich) plus N2 (1:200), 1% NEAA (Life Technologies), and 1% P/S
(Marchetto et al., 2010). After 10 days, the rosettes were dissociated
with accutase and plated again onto Matrigel-coated dishes with
the NPC medium DMEM/F12, N2 (1:200), B27 (1:100, Life Tech-
nologies), 1% P/S, and FGF2 (20 ng/mL). Homogeneous NPC pop-
ulations were achieved after 3-5 passages with accutase under the
same conditions. The neurons were obtained as described previ-
ously (Orellana et al., 2016). The NPCs were transduced with a
lentivirus-expressing Ngn2 cDNA under the control of the tetracy-
cline-responsive promoter TetO-Ngn2-t2a-Puro (kindly provided
by T.C. Sudhof) and a lentivirus-expressing rtTA. The lentiviruses
were produced as described previously (Indrigo et al., 2010). The
NPCs were seeded on Matrigel-coated wells and differentiated in
medium containing Neurobasal (Life Technologies), BDNF
(10 ng/mL, Peprotech), NT-3 (10 ng/mL, Peprotech), B27, P/S,
glutamine, and doxycycline (2 pg/mL, Sigma-Aldrich). NT-3 was
present in the medium only during the first week of differentia-
tion, and doxycycline was present only for 3 weeks. Half of the me-
dium was changed every 2-3 days.

Electrophysiology

Whole-cell patch-clamp recordings were performed after 45 days
of differentiation. Cells were continuously perfused with standard
artificial cerebrospinal fluid containing the following (in mM): 125
NacCl, 2.5 KCl, 25 NaHCO3, 2 CaCl,, 1 MgCl,, 1.25 NaH,POy,, and
11 glucose bubbled with 95% O, and 5% CO, at pH 7.3 at room
temperature. Glass pipettes were filled with a solution containing
the following (in mM): 124 KH,PO,, 2 MgCl,, 10 NaCl, 10 HEPES,
0.5 EGTA, 2 Nay-ATP, and 0.02 Na-GTP (pH 7.2, adjusted with
KOH; tip resistance, 5-6 MQ). Action potential firing was evoked
in current clamp mode by current injection steps (10-50 pA,
500 ms). Traces were recorded using a digital amplifier (Multiclamp
700B, Molecular Devices) interfaced with a PC through an analog-
to-digital board (Digidata 1440A, Molecular Devices). Signals were
acquired and analyzed using pClamp software (Molecular De-
vices). All reagents were supplied by Sigma-Aldrich.

Iron Parameter Analysis and Immunofluorescence
Cellular >°Fe incorporation, EM, ESI, ferritin quantification, iron-
protein expression, analysis of cellular oxidative status, and immu-
nofluorescence staining were described previously (Cozzi et al.,
2010; Maccarinelli et al., 2015; Orellana et al., 2016). The used an-
tibodies were listed in Table S3.

Cell Viability Assay

In total, 2 x 10* cells grown at 37°C in the appropriate medium
were treated with or without deferiprone, erastin, or ferrostatin
at the concentrations and times indicated in the figure legends
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and finally incubated with 10 pL MTT solution (5 mg/mL in phos-
phate-buffered saline) for 2 h at 37°C. The color absorbance was
read at 570 nm following the manufacturer’s instructions (Sigma-
Aldrich) (Cozzi et al., 2010).

SA-B-Gal Activity Detection

The cells were analyzed according to the protocol “Senescence
Cells Histochemical Staining” (Sigma). This assay is based on a his-
tochemical stain for B-galactosidase activity at pH 6. In brief, the
cells were fixed with a solution containing 20% formaldehyde
and 2% glutaraldehyde, stained with a solution of X-gal, and incu-
bated at 37°C for 18 h. The cells were also treated with 0.5 mM FAC,
0.5 mM NAC, and 0.1 mM DFO for 18 h, and B-galactosidase activ-
ity was analyzed as described above. The cells were observed under
bright light; the blue-stained cells and total number of cells were
counted, and the percentage of cells expressing B-galactosidase
was calculated.

qRT-PCR Analysis

RNA was extracted using an RNeasy kit (QIAGEN) and then retro-
transcribed using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). For the real-time qPCR analysis, HOT
FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne) was used, and
the expression levels were normalized to GAPDH expression. The
primers specific for SLC7A11 and NCOA4 are listed in Table S2.

Computational Analysis

The secondary and tertiary structure information of wild-type
ferritin was obtained from X-ray coordinates of the human ferritin
L chain (PDB: 2FFX). For the mutants, the secondary structure pre-
diction was performed with the online tool “Psi-pred” (http://
bioinf.cs.ucl.ac.uk/psipred/), while the 3D structure was modeled
with a threading approach using the iTasser server (https://
zhanglab.ccmb.med.umich.edu/I-TASSER/). The electrostatic po-
tential was calculated with Delphi software package using the
default parameters (Li et al., 2012). The surface representation of
the electrostatic potential was obtained with PyMol Molecular
Graphics System (Schrodinger), which was also used for all molec-
ular visualizations.

Statistical Analyses

Statistical methods were not employed to predetermine sample
size in the in vitro experiments. All the experiments were per-
formed at least in triplicate; data were analyzed using GraphPad
Prism. In general, for normally distributed data two-tailed un-
paired Student’s t test and one-way ANOVA followed by Bonferroni
post-test was used. Data are reported as means + SD or + SEM. A p
value < 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2019.09.002.
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