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Abstract

Mechanisms by which long corticospinal axons degenerate in hereditary spastic paraplegia (HSP) are largely unknown. Here,
we have generated induced pluripotent stem cells (iPSCs) from patients with two autosomal recessive forms of HSP, SPG15
and SPG48, which are caused by mutations in the ZFYVE26 and AP5Z1 genes encoding proteins in the same complex, the
spastizin and AP5Z1 proteins, respectively. In patient iPSC-derived telencephalic glutamatergic and midbrain dopaminergic
neurons, neurite number, length and branching are significantly reduced, recapitulating disease-specific phenotypes. We
analyzed mitochondrial morphology and noted a significant reduction in both mitochondrial length and their densities
within axons of these HSP neurons. Mitochondrial membrane potential was also decreased, confirming functional mitochon-
drial defects. Notably, mdivi-1, an inhibitor of the mitochondrial fission GTPase DRP1, rescues mitochondrial morphology
defects and suppresses the impairment in neurite outgrowth and late-onset apoptosis in HSP neurons. Furthermore, knock-
down of these HSP genes causes similar axonal defects, also mitigated by treatment with mdivi-1. Finally, neurite outgrowth
defects in SPG15 and SPG48 cortical neurons can be rescued by knocking down DRP1 directly. Thus, abnormal mitochondrial
morphology caused by an imbalance of mitochondrial fission and fusion underlies specific axonal defects and serves as a po-
tential therapeutic target for SPG15 and SPG48.

Introduction strikingly similar clinical phenotypes that comprise thin corpus

Hereditary spastic paraplegias (HSP) are a heterogeneous group
of more than 70 genetic disorders that result in progressive
lower limb spasticity due to a length-dependent degeneration
of corticospinal motor neuron (CSMN) axons (1,2). SPG11 and
SPG15 are the most common autosomal recessive HSPs, with

callosum, cognitive impairment, ataxia, cataracts, retinopathy
and early-onset parkinsonism (3,4). SPG11 and SPG15 are caused
by biallelic, loss-of-function mutations in the SPG11 and
ZFYVE26 genes that encode spatacsin and spastizin proteins, re-
spectively (3,5,6). These two proteins are direct binding partners
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and depend on one another for stability, concordant with the
very similar clinical phenotypes observed for SPG11 and SPG15.
These proteins localize to a number of regions within cells (7)
and have been implicate in endolysosomal functions in particu-
lar. They are prevalent in the nervous system (5,7), and their
knockdown in zebrafish leads to impaired axonal outgrowth
and locomotor impairment, supporting their involvement in ax-
onal development and maintenance (8).

A recent study has shown that both spastizin and spatacsin
proteins mediate autophagic lysosome reformation (9), prefigur-
ing a possible mechanism for axonal defects in HSP mediated
by impaired lysosomal and autophagic function (9-11). In addi-
tion to binding one another, spatacsin and spastizin are respon-
sible for the stability of a common protein complex that also
includes the SPG48 protein AP5Z1—the { subunit of the hetero-
tetrameric adaptor protein complex-5 (12,13) implicated in
endolysosomal dynamics (14,15). As for loss of SPG11 (16) and
SPG15 proteins (17), loss of AP5Z1 function in mice leads to ac-
cumulation of aberrant endolysosomes (18), supporting a possi-
ble pathogenic role for the endolysosomal system in these
HSPs.

SPG15 and SPG11 can also present with juvenile-onset par-
kinsonism, which can improve symptomatically with dopami-
nergic therapy (19,20). This suggests that in addition to CSMNs,
midbrain dopaminergic (mDA) neurons are also sensitive to
spastizin and spatacsin levels. The identification of two causa-
tive genes in familial forms of Parkinson disease, PTEN-induced
kinase 1 (PINK1) (21) and parkin (22), has provided strong
evidence that dysregulation of mitochondrial degradation
(mitophagy) are involved in Parkinson disease pathogenesis.
Mitochondria are highly dynamic organelles that serve as the
main source for cellular ATP, and mitochondrial dysfunction
has been implicated in a wide variety of developmental and de-
generative neurologic disorders. Neurons are highly dependent
on mitochondria because of their limited glycolytic capacity
(23). While there are only three HSP genes that encode clear mi-
tochondrial proteins—paraplegin, C120rf65 and HSP60—there
are some HSP subtypes associated with mitochondrial DNA
mutations, and still others have evidence for mitochondrial
trafficking disturbances. For instance, in SPG4 and SPG3A, de-
creased fast axonal transport of mitochondria has been ob-
served (24-27).

Mitochondrial shape and size are intimately linked to
their cellular distributions and are determined by a delicate bal-
ance between fusion and fission mechanoenzymes. Fusion-
promoting proteins include the large GTPases mitofusin-1,
mitofusin-2 and optic atrophy protein 1 (OPA1), while the
dynamin-related protein 1 (DRP1) is the GTPase that mediates
mitochondrial fission. Proper maintenance of mitochondrial
morphology is very important for neuronal health, as a variety
of neurodegenerative diseases are caused by mutations in genes
encoding these fission/fusion proteins (28). Although spastizin
has been shown to partially co-localize with mitochondria (7)—
and spasticzin, spatacsin and AP-5 are all involved in lysosomal
degradative processes—any contributions of these proteins to
mitochondrial health have not been reported.

Advances in iPSC technology provide researchers a unique
system to generate patient-specific neurons to study neurologic
diseases (29-32). Over the past few years, iPSCs have been
generated for three forms of HSP: SPG4, SPG3A and SPG11
(24,25,27,33). These patient-specific, iPSC-derived neurons reca-
pitulate key disease-specific phenotypes, including impaired
axonal transport of mitochondria (24,27). Here, we sought to ex-
amine the cellular pathogenesis of SPG15 and SPG48 using

human pluripotent stem cells (hPSCs), including patient-
specific induced pluripotent stem cells (iPSCs) and knockdown
human embryonic stem cells (hESCs). We first generated SPG15
and SPG48 iPSCs and differentiated them into several neuronal
lineages so that the effects of spastizin and AP5Z1 loss could be
examined and compared across various types of human neu-
rons which retain the patients’ genetic backgrounds. This
revealed cell-type specific defects in neurite projections, apo-
ptosis, mitochondrial morphology and membrane potential. To
further assess the potential role of mitochondria in HSP patho-
genesis, control and HSP neurons were treated with mdivi-1, an
inhibitor for DRP1. Application of mdivi-1 restored normal mito-
chondrial morphology and was effective at rescuing neurite out-
growth defects and late-onset apoptosis in SPG15 and SPG48
neurons. Moreover, direct knockdown of DRP1 using lentiviral
shRNA rescued neurite outgrowth defects in SPG15 and SPG48
neurons, suggesting that mitochondrial dynamics are a poten-
tial therapeutic target for treating these HSPs.

Results

Generation and characterization of SPG15 and SPG48
iPSC lines

To generate iPSC lines, dermal fibroblasts from patients or con-
trol subjects (Supplementary Material, Fig. S1A) were trans-
fected with episomal vectors containing Oct3/4, Klf4, L-Myc,
Lin28 and Nanog (34). Emergent iPSC colonies were expanded
for each group, and clones with typical ESC morphology were
used for further analysis. The presence of mutations in the
ZFYVE26 gene was confirmed by Sanger sequences in the
iSPG15-1 lines (Supplementary Material, Fig. S1B). These
mutations were not present in an unaffected sibling of the
SPG15 patient, providing a control line that shares some genetic
background. A homozygous premature stop codon in exon 15 of
the AP5Z1 gene was confirmed in the iSPG48-1 iPSC line
(Supplementary Material, Fig. S1C) (18). The SPG15 and SPG48
iPSC lines generated had typical hESC-like colony morphology
(Supplementary Material, Fig. S1D) and expressed typical plurip-
otent stem cell markers, including Nanog, SSEA-4, and Tra-1-60
(Supplementary Material, Fig. S1E). Fibroblasts from the SPG15
patient and unaffected sibling were previously found to lack
spastizin expression at the mRNA and protein levels (35). As
expected, a significant reduction in ZFYVE26 and AP5Z1 mRNA
transcript was observed in SPG15 and SPG48 iPSC-derived neu-
rons, respectively (Supplementary Material, Fig. S2A and B).

Neurite outgrowth defects in SPG15 and SPG48 iPSC-
derived neurons

To study the effects of spastizin and AP5Z1 depletion in
clinically-relevant cell types, iPSC lines were differentiated to
telencephalic glutamatergic neurons (36-38), spinal neurons
(39,40) and mDA neurons (41) using well-established protocols.
The differentiation efficiency was determined by examining the
percentage of cells expressing markers for telencephalic gluta-
matergic neurons (Tbrl®), spinal neurons (Hoxb4") and mDA
neurons (tyrosine hydroxylase, TH*). No significant differences
were observed between groups in generating these neuronal
subtypes (Fig. 1A-D), suggesting that absence of these proteins
does not affect neuronal specification. The ability of these neu-
rons to project neurites was then examined and compared
across neuronal subtypes (Fig. 1E-G). Interestingly, the length of
the longest neurite, which generally develops into the axon,
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Figure 1. SPG15 and SPG48 neurons display impaired neurite outgrowth. (A) Immunofluorescence images of week 6 telencephalic, spinal and mDA neurons. Cells were
stained for acetylated tubulin to label neurites, along with the telencephalic glutamatergic marker Tbr1, spinal neuron marker Hoxb4, or the dopaminergic marker TH.
(B) Quantification of the percentage of Tbrl" neurons. (C) Quantification of Hoxb4 " spinal neurons. (D) Quantification of TH" dopaminergic neurons. (E) Quantification
of week 6 neurite outgrowth parameters, including average axon length (longest neurite) and average length of all primary neurites in Tbrl™ neurons 48 h after plating.
(F) Hoxb4 " neurite outgrowth quantification. (G) TH" neurite outgrowth quantification. Data are presented as means = SEM, N =3-4 coverslips with a minimum of 50
cells analyzed per group. *P < 0.05 compared with iWT-1; *P < 0.05 compared with iWT-sibling cells. Scale bars: 20 um.
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Figure 2. Increased neurite swellings within SPG15 and SPG48 telencephalic neurons. (A) Representative images of telencephalic neurons with axonal swellings labeled
with arrowheads. Boxed regions are enlarged in the insets. Scale bars: 20 pm. (B) Quantification revealed a significant increase in axonal swellings in patient-derived
neurons compared with control neurons. Data are presented as means + SEM from at least 30 cells in three independent experiments. *P < 0.05 compared with iWT-1.

#P < 0.05 compared with iWT-sibling cells.

was significantly reduced in SPG15 and SPG48 Tbrl" and TH"
neurons, but not in Hoxb4" neurons. The average length of
primary neurites was also reduced in Tbrl" SPG15 and SPG48
telencephalic neurons as well as in TH" SPG48 mDA neurons.
Analysis of neurite outgrowth was repeated on additional
clones, and SPG15 and SPG48 neurons again had reduced
outgrowth in telencephalic glutamatergic neuron -cultures
(Supplementary Material, Fig. S3). These data suggest that neu-
rite outgrowth in telencephalic and mDA neurons is sensitive to
levels of spastizin and AP5Z1, while spinal neurons are not.

A hallmark pathologic change described in models of various
HSP subtypes is the presence of enlarged, swollen axons
(24,26,42,43). To examine whether such swellings are present,
week 6 telencephalic glutamatergic neurons derived from SPG15
and SPG48 iPSCs were stained for acetylated tubulin. While there
were almost no swellings in control lines, there was a significant
increase in the number of swellings in SPG15 and SPG48 neurons,
recapitulating disease-specific axonal defects (Fig. 2A and B).

Loss of spastizin and AP5Z1 alters mitochondrial
morphology and function

Previously, it has been reported that spastizin partially localizes
to mitochondria (7); therefore, we examined mitochondrial
morphology in the affected neuronal subtypes. Telencephalic
glutamatergic and mDA neuron cultures were stained with
MitoTracker CMXRos to visualize mitochondria, and live-cell
images were taken of primary neurites. This revealed a signifi-
cant reduction in average mitochondrial length in SPG15 and
SPG48 telencephalic glutamatergic neurons (Fig. 3A and B).
There was also a reduction in aspect ratio (length/width) in the
SPG15 neurons (Fig. 3C). In addition to this size change, there
was a significant reduction in the number of mitochondria per 1
um neurite for the SPG48 neurons (Fig. 3D) as well as a reduction
in linear density for both groups (Fig. 3E). Neurons in the mDA
cultures also showed changes to mitochondrial morphology.
While mitochondrial length and aspect ratio were only altered
in the SPG15 neurons (Fig. 3G and H), number and density of mi-
tochondria along neurites were significantly reduced in both

SPG15 and SPG48 neurons (Fig. 3I and J). These results suggest
that spastizin and AP5Z1 influence mitochondrial shape and
distribution in neurons.

Next, we examined whether mitochondrial health was
affected in SPG15 and SPG48 neurons. Cells were incubated
with the fluorescent dye tetramethylrhodamine methyl ester
(TMRM), which binds mitochondria based on their membrane
potential (AVyy,) (44). This revealed a significant reduction in
TMRM fluorescence in mitochondria of SPG15 telencephalic glu-
tamatergic neurons (Fig. 4A and B). This TMRM signal was in-
deed dependent on AV, as the uncoupler FCCP reduced TMRM
fluorescence (Fig. 4C). Similarly, Ay, was significantly de-
creased in SPG48 telencephalic glutamatergic neurons as com-
pared with control neurons (Fig. 4D). These data reveal that loss
of spastizin or AP5Z1 has a negative effect on Ay, indicating
reduced mitochondrial health in SPG15 and SPG48 neurons.

Inhibition of mitochondrial fission partially rescues
SPG15 telencephalic neuron defects

Reduced sizes of mitochondria and increased apoptosis in
SPG15 and SPG48 neurons suggested that these neurons might
have increased mitochondrial fragmentation. We tested the
effects of mdivi-1 (mitochondrial division inhibitor 1) in SPG15
and SPG48 neurons. This drug is an inhibitor of DRP1, which
mediates mitochondrial fission (45). A concentration of 10 uM
was chosen for mdivi-1, since it was previously reported to be
effective in rescuing mitochondrial defects in mutant PINK1 do-
paminergic neurons, without inducing the formation of donut-
shaped mitochondria (46). Telencephalic glutamatergic neurons
were plated onto coverslips, and 24 h later they were treated
with 10 uM mdivi-1 or vehicle for another 48 h. Next, mitochon-
drial morphology and neurite outgrowth were examined.
Treatment with mdivi-1 significantly rescued the reduction of
mitochondrial numbers in both SPG15 and SPG48 neurons
(Fig. 5A and B). While mdivi-1 paradoxically reduced the linear
density of mitochondria in neurites of control neurons,
albeit only modestly, it significantly increased linear density in
SPG15 and SPG48 neurons (Fig. 5C). Decreases in average
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Figure 3. SPG15 and SPG48 neurons have altered mitochondrial morphology. (A) Immunofluorescence images of mitochondria within neurites taken in live, week 10
telencephalic glutamatergic neurons derived from iWT-1, iSPG15-1 and iSPG48-1 iPSCs, stained with MitoTracker CMXRos (red). (B) Average mitochondrial length, cal-
culated by measuring the longest axis of each mitochondrion. (C) Average aspect ratio, calculated by dividing the major axis by the minor axis for each mitochondrion.
(D) Average number of mitochondria per 1 ym neurite. (E) Average linear mitochondrial density, calculated by dividing the total mitochondrial area by the neurite
length. (F) Mitochondrial staining in week 10 mDA neuron cultures derived from iWT-1, iSPG15-1 and iSPG48-1 iPSCs. (G) Mitochondrial length, (H) mitochondrial as-
pect ratio, (I) mitochondria per 1 pm neurite, and (J) linear mitochondrial density. Data are presented as means + SEM from a minimal of 20 axon segments in three in-

dependent experiments. *P < 0.01 versus iWT-1; ns, not significant. Scale bars: 20 um.

mitochondrial length were also rescued in SPG15 neurons, with
a trend toward improvement in SPG48 neurons (Fig. 5D). Lastly,
the aspect ratio was also increased in SPG15 neurons, and there
was a non-significant trend towards an increase in SPG48 neu-
rons (Fig. SE). Together these results suggest that mdivi-1 may
improve the health of mitochondria and thus increase their
transport into neurites, since transport is reduced when mito-
chondria become damaged (47).

Next, we examined whether disease-specific axonal defects
in SPG15 and SPG48 telencephalic neurons could be rescued af-
ter restoring mitochondrial morphology using mdivi-1. Neurite
outgrowth was analyzed following 48 h of mdivi-1 treatment;
primary neurite length in SPG15 and SPG48 neurons was signifi-
cantly increased, to a level comparable to that of control neu-
rons (Fig. 6A-C). Since alterations in mitochondrial membrane
potential can result in release of cytochrome c from mitochon-
dria and trigger apoptosis (48), we examined apoptosis in long-
term SPG15 and SPG48 neurons using caspase 3/7 activity as a
readout. Week 10 SPG15 neurons had significantly increased
caspase 3/7 activity (Fig. 6D and E). Interestingly, mdivi-1 had no
effect on caspase 3/7 activity in control neurons, but it caused a
significant reduction in SPG15 and SPG48 telencephalic neurons
(Fig. 6D and E). These findings suggest that restoring mitochon-
drial normal morphology can rescue the disease-specific pheno-
types in SPG15 and SPG48 neurons.

Knocking down spastizin and AP5Z1 recapitulates
phenotypes from SPG15 and SPG48 patient-derived
neurons

To assess further the role of spastizin and AP5Z1 in neurite
outgrowth and mitochondrial morphology, we generated spasti-
zin- and AP5Z1-RNAi hESCs and differentiated these ESCs into
telencephalic glutamatergic neurons. These cells were compared
with H9 lines that expressed shRNAs which target luciferase (Luc
RNAI), a gene not expressed in mammalian cells. Two shRNA
constructs resulted in 51% and 52% knockdown of spastizin
(Fig. 7A and B), and one shRNA targeting AP5Z1 resulted in 87%
knockdown in H9 hESC-derived forebrain neurons (Fig. 7C).
We then examined neurite outgrowth in spastizin- and AP5Z1-
knockdown telencephalic neurons. Neurite outgrowth was signif-
icantly reduced in the knockdown neurons compared with
controls, further supporting a role for spastizin and AP5Z1 in neu-
rite development and maintenance (Fig. 7D-F). Interestingly, the
neurite outgrowth defects in spastizin- and AP5Z1-knockdown
neurons were also rescued following 48 h treatment with 10 uM
mdivi-1 (Fig. 7D-F), recapitulating the effects seen in SPG15 and
SPG48 iPSC-derived neurons. Together, these data suggest that
loss of spastizin and AP5Z1 in SPG15 and SPG48 neurons, respec-
tively, alters mitochondrial dynamics, leading to mitochondrial
fragmentation and subsequent axonal defects.
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Figure 4. Reduced mitochondrial membrane potential in SPG15 and SPG48 neurons. (A) Representative images of control and SPG15 neurons stained with TMRM. Scale
bars: 20 um. (B) Quantification of average pixel fluorescence intensity of TMRM before and after FCCP treatment. (C) Changes in TMRM fluorescence intensity shown by
AF, which represents the levels of mitochondrial membrane potential. FCCP was added at 300 s to decrease mitochondrial membrane potential. (D) TMRM fluorescence
intensity was significantly decreased in SPG48 telencephalic neurons as compared with neurons derived from sibling control iPSCs. Data represent means + SEM from

atleast 50 cells, in three independent experiments. **P < 0.01 versus iWT control.

Role of DRP1 in axonal defects of SPG15 and SPG48
neurons

Since mdivi-1 has also been reported to inhibit mitochondrial
complex I (49), and we observed an unexpected shortening of
mitochondrial length in control iPSC-derived neurons in re-
sponse to mdivi-1 treatment, we generated lentivirus contain-
ing specific DRP1 shRNAs to more firmly establish the specific
role of DRP1 (Fig. 8A). Lentiviruses containing shRNA targeting

luciferase were used as controls. We infected SPG15 and SPG48
telencephalic neurons with lentiviruses containing DRP1 shRNA
(shRNA-b), which efficiently knocked down DRP1 expression in
HEK293 cells (Fig. 8B), or else luciferase shRNA. The DRP1-
shRNA-infected SPG15 and SPG48 neurons (as indicated by GFP
expression) showed a dramatic recovery of their neurite out-
growth (Fig. 8C). Further quantification revealed that knock-
down of Drpl in SPG15 and SPG48 neurons significantly
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increased axonal length and primary neurite length of these
neurons compared with control RNAi-treated SPG15 and SPG48
neurons, respectively (Fig. 8D and E). Together, these data dem-
onstrate that neurite outgrowth deficits in SPG15 and SPG48
neurons can be rescued by direct downregulation of Drp1.

Discussion

Here, we have established human neuronal models for SPG15
and SPG48 by generating patient-specific iPSCs and differentiat-
ing these stem cells into different neuronal subtypes. Our
results show that the lack of spastizin or AP5Z1 results in cell-
type specific defects in telencephalic and mDA neurons but not
in spinal neurons. Our data also implicate dysfunctional mito-
chondria in the pathogenesis of SPG15 and SPG48. There was a
significant reduction in mitochondrial length and density
within neurites, and these neurons had reduced Avy,.
Interestingly, treatment with the DRP1 inhibitor mdivi-1 res-
cued the mitochondrial morphology defects, partially rescued
neurite outgrowth defects, and reduced caspase 3/7 activity in
SPG15 and SPG48 neurons. The role of DRP1 in these HSPs was
further supported by the rescue of neurite outgrowth deficits in
these neurons after directly knocking down expression of DRP1.
Thus, this study identifies a novel role of impaired mitochon-
drial morphology in the disease-specific phenotypes in SPG15
and SPG48 and provides a potential therapeutic strategy
through targeting mitochondrial dynamics for these HSPs.

Both SPG15 and SPG48 telencephalic neurons exhibited a
dramatic reduction in axon length and primary neurite length,
while there was a more dramatic reduction in neurite

outgrowth parameters for SPG48 mDA neurons. Early neurite
outgrowth defects appear to be a common finding among sev-
eral HSP subtypes, including SPG3A (27), SPG4 (24) and SPG11
(33). Previous findings that both patient-specific SPG11 iPSC-
derived cortical neurons and spatacsin knockdown neurons
have reduced axonal outgrowth is significant, since this HSP
subtype is nearly clinically identical to SPG15. The thin corpus
callosum that is often associated with SPG15 and SPGI11 is
thought to be a developmental defect (50), which may arise
from the reduced ability of corticofugal axons to reach their tar-
get. However, it is less clear whether this is a consistent feature
of SPG48. In addition to iPSCs, we generated spastizin- and
AP5Z1-knockdown hESCs, from which neurons were generated
and exhibited similar phenotypes as patient iPSC-derived neu-
rons. Since HSP is a relatively rare group of disorders, these HSP
gene knockdown hESC lines can serve as unique models to con-
firm the findings obtained from iPSCs.

Spastizin was previously shown to partially co-localize with
mitochondria (7). We found that SPG15 and SPG48 cells had
smaller, fragmented mitochondria with a lower density along
neurites. This suggests that spastizin levels may affect the mi-
tochondrial fission/fusion balance. While it is possible that
spastizin does so directly, it is more likely a secondary result of
the reduced autophagic flux that occurs when spastizin and
AP5Z1 levels are reduced (9,11,51), or secondary to endolysoso-
mal defects more generally. Importantly, spastizin is important
for autophagic lysosome reformation, a process that generates
new free lysosomes (9). A deficiency in autophagic flux could re-
sult in the accumulation of autophagic material, including dam-
aged mitochondria. We observed a decrease in mitochondrial
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AV, and increased mitochondrial fragmentation, which resem-
bles findings from familial forms of Parkinson disease, where
PINK1 or parkin are mutated (46).

The Parkinson disease-associated proteins PINK1 and parkin
are directly involved in mitophagy, a form of selective autoph-
agy. Parkin is targeted to damaged mitochondria, such as those
with low membrane potential, in a PINK1-dependent manner
(52). Parkin then ubiquitinates mitochondrial proteins, allowing
adaptor proteins such as p62 to bind and trigger phagophore
formation, leading to degradation (53). The fragmented mito-
chondria observed in SPG15 and SPG48 neurons may be await-
ing degradation via mitophagy, as mitochondrial fission has
been shown to precede mitophagy (54,55). In the future, it will
be interesting to further investigate the connection between
spastizin, spatacsin, PINK1 and parkin, particularly since SPG15
and SPG11 are notable for early-onset parkinsonism in many
cases. Our findings that the DRP1 inhibitor mdivi-1 as well as

direct shRNA-mediated DRP1 depletion can partially rescue
axon defects and reduce subsequent caspase-3/7 activity in
SPG15 and SPG48 telencephalic neurons suggests that abnormal
mitochondrial fragmentation is involved in the pathogenesis of
these forms of HSP. Our results are reminiscent of a study
where mitochondrial defects in mutant PINK1 N27 neuronal
cells could also be rescued by the application of 10 uM mdivi-1
(46).

Regulation of mitochondrial fission and fusion is important
during apoptosis (56), and though mitochondrial fusion is gen-
erally anti-apoptotic (57-59) while fission can be pro-apoptotic
(45), a proper balance is critical. Indeed, neurologic syndrome
are known with mutations in both mitochondrial fusion and fis-
sion GTPases (60,61). During apoptosis, DRP1 accumulates on
mitochondria and increases the rate of division (45), and inhibi-
tion of DRP1 with mdivi-1 can reduce cytochrome c release
following apoptosis stimulation. Even so, inhibition of DRP1
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function through hyperphosphorylation of Ser637 has been de-
scribed in cells from patients with SPG31 (62), an autosomal
dominant HSP whose gene product is linked most directly to
regulation of ER morphology and cytoskeletal interactions. The
models established here provide a powerful system to test
mechanisms by which targeting mitochondrial fission/fusion
improves neurite outgrowth and rescues axonal degeneration
in different HSPs. In future studies, it will be particularly inter-
esting to compare SPG15 and SPG48 iPSC-derived neurons with
those from other HSPs such as SPG31, in order to clarify mecha-
nisms underlying mitochondrial abnormalities in these HSPs.

Materials and Methods

Clinical studies

All study procedures were performed under an Institutional
Review Board-approved clinical research protocol (NINDS proto-
col 00-N-0043) at the National Institutes of Health Clinical
Center. The SPG15 patient is a 26-year-old woman who devel-
oped spastic paraparesis at around the age of 20. In addition,
she has developed dysarthria, cognitive decline, fine action
tremor and she is no longer able to work. Magnetic resonance
imaging (MRI) identified significant thinning of the corpus

callosum (35). The SPG48 patient is a man in early 70s who de-
veloped symptoms of neuropathy, spastic paraplegia, ataxia,
retinopathy and parkinsonism at about the age of 60 (63).

Reprogramming fibroblasts into iPSC lines

Human fibroblast cell lines were established from skin punch
biopsies and maintained using standard procedures. To gener-
ate iPSC lines using episomal transduction, ~200 000 cells were
dissociated and transfected with episomal plasmids (Addgene)
containing pluripotency factors (Oct3/4, Sox2, L-Myc, Klf4 and
Lin 28), as reported previously (34). At around 1 week after elec-
troporation transduction, cells were plated onto a 35-mm dish
in DMEM supplemented with 10% fetal bovine serum. After
culturing for 7 days, cells were dissociated and seeded onto
a mouse embryonic fibroblast (MEF) feeder at ~10° cells per
100 mm dish. Two weeks later, colonies with morphologies sim-
ilar to hESCs were observed. These colonies were split onto MEF
feeder cells to derive iPSC lines. After several passages, homoge-
nous colonies with ESC-like morphology were generated and
subjected for characterization. Control iPSC lines were also gen-
erated from a normal sibling (iWT-Sib) of the SPG15 patient (35)
and a normal individual (iWT) as previously described (27).
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The iPSC lines used in this study were iWT-1, iWT-2, iWT-Sib,
iSPG15-1, iSPG15-2, iSPG48-1 and iSPG48-2 (Supplementary
Material, Table S1).

Lentivirus production and transduction of hESCs

To knock down spastizin, AP5Z1 and Drp1, shRNAs were cloned
into pLVTHM. To produce high-titer lentivirus, 10 pg of
PLVTHM-shRNA lentiviral transfer vector, 7.5 pg of lentiviral
vector psPAX2, and 5 pg of pMD2.G (VSV-G envelope protein)
were cotransfected to HEK293FT cells (Invitrogen) using the cal-
cium phosphate method. Sixty hours after transfection, cell cul-
ture medium containing viral particles were collected and
filtered through a 0.45-pm filter (Millipore). The viral particles
were further concentrated by ultracentrifugation (SW 28 rotor,
Beckman) at 50000g for 2 h. The pellet was resuspended in hESC
medium (for spastizin and AP5Z1) or DMEM-F12 medium (for
DRP1). For transduction with spastizin- and AP5Z1- shRNA,
hESCs were passaged normally and pelleted by brief centrifuga-
tion. Cell pellets were then incubated with 100 ul of concen-
trated virus (10° transducing units/ml) at 37°C for 30 min. The
virus and cell mixture was then transferred to a MEF feeder
layer overnight, and the medium was changed the next day.
Puromycin was used to select transfected cells, and knockdown
hESC lines were expanded and then differentiated into telence-
phalic progenitors as described below. For infection of Drpl
shRNA lentiviruses, 10 pl of concentrated virus were added to
cultured forebrain neurons (10 ul to one well of a 24-well plate);
the medium was changed the next day, and the neurite out-
growth of these cultures was analyzed 2 days later.

Human iPSC forebrain neuron differentiation

To generate telencephalic neurons from iPSCs, stem cells were
cultured on a feeder layer of irradiated MEFs in 6-well tissue

culture-treated plates for around 6 days, with the human ESC
media (+10 ng/ml fibroblast growth factor [FGF]-2) changed
daily. When nearly confluent, cells were detached from the
feeder layer to initiate neural differentiation, as described previ-
ously (36-38). Briefly, iPSC aggregates were cultured in suspen-
sion for 4 days in human ESC media and then transferred to
neural induction media (NIM). After an additional 3 days in sus-
pension, iPSC aggregates were plated onto 6-well tissue culture
plates in NIM with 10% fetal bovine serum. After 12 h, the media
was replaced with fresh NIM. Media was then changed every
other day until day 17, when the generated neuroepithelial (NE)
cells were isolated. Mechanically isolated NE cells were cultured
in suspension with NIM (+B27, +cAMP, +insulin-like growth fac-
tor 1 [IGF-1]) to generate neurospheres for at least 10 additional
days. On about day 28, neurospheres were dissociated and
plated onto polyornithine- and laminin-coated coverslips in
neural differentiation media (NDM) containing N2, B27, ascorbic
acid, cAMP, laminin, IGF-1, brain-derived neurotrophic factor
and glial-derived neurotrophic factor. Half of the media was
changed every other day for 6-12 weeks, depending on the
analysis to be performed. For treatment of cells with mdivi-1,
the media was replaced with standard neural differentiation
media supplemented with 10 uM mdivi-1 (Sigma-Aldrich) dis-
solved in DMSO.

Spinal neuron differentiation

The procedure for generating NE cells and spinal motor neurons
from hESCs and iPSCs was essentially the same as described
(39,40,64). Briefly, hPSCs were induced to neural lineage by
forming ESC aggregations and then culturing in neural medium.
Early NE cells were formed around 8-10 days after differentia-
tion from hPSCs, which exhibited columnar morphology and
started to organize into a rosette-like structure. Human PSC-
derived NE cells at day 10 were then treated with RA (0.1 pM) for
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caudalization in a neural medium, which consisted of DMEM/
F-12 medium, N2 supplement and heparin. One week later
(day 17), the posteriorized NE cells were isolated. For specifying
spinal motor neurons, these NE clusters were suspended in the
same neural medium supplemented with B27, RA (0.1 uM) and
purmorphamine (1 pM) for around 2 weeks. For terminal differ-
entiation, the neural progenitor-enriched clusters were plated
onto ornithine/laminin-coated coverslips in neurobasal me-
dium (Invitrogen) supplemented with N2 and B27.

mDA neuron differentiation

mDA neurons were generated following a previously described
protocol (41). In short, hPSCs were treated using a protocol simi-
lar to the telencephalic glutamatergic neuron differentiation,
with the addition of several morphogens. From days 10-21, 3 uM
CHIR99021 was included in the NIM. From days 12-23, 2 pM pur-
morphamine was added to the NIM. From days 21-35, 200 ng/ml
FGF8 was included in the NIM and NDM. Lastly, starting on day
23 sonic hedgehog (SHH, 10 ng/ml) was included in the NIM and
NDM.

Immunocytochemistry

Confocal immunofluorescence microscopy and immunostain-
ing were performed as described previously (24,27,37). The per-
centage of TBR1", Hoxb4" and TH"' cells among total cells
(Hoechst) was determined by taking three randomly selected
fields per coverslip and blindly counted using MetaMorph soft-
ware as we described previously (27). Overlapping areas were
imaged at 20x and stitched together using AxioVision software.
Antibodies used in this study included: mouse monoclonal IgM
anti-Tra-1-60 (Santa Cruz, 1: 50); goat polyclonal IgG anti-Nanog
(R&D Systems, 1: 500); mouse monoclonal IgG; anti-SSEA-4
(Developmental Studies Hybridoma Bank, 1: 100); mouse IgGap,
monoclonal anti-acetylated tubulin (Sigma-Aldrich, 1: 10 000);
rabbit IgG anti-tau (Sigma-Aldrich, 1: 100); rabbit polyclonal
anti-Tbrl (Proteintech, 1: 1000); mouse monoclonal IgG BIII-tu-
bulin (TuJ-1; Developmental Studies Hybridoma Bank, 1: 100);
mouse monoclonal anti-p-tubulin (Sigma-Aldrich, 1: 2000), rab-
bit monoclonal anti-TH (Pel-Freez, 1: 400), rabbit monoclonal
anti-Hoxb4 (Abcam, 1: 400).

Neurite outgrowth measurements

Axonal outgrowth was quantified using the Neuron] plugin for
ImageJ (65). Here the length of the longest process which also
had the greatest tau intensity was measured. For the experi-
ments in Figure 1, instead of anti-Tau (rabbit-IgG), anti-
acetylated tubulin (mouse IgG) was used to stain axons (the
longest one was selected), which allows double staining with
antibodies against TH (rabbit IgG), Tbrl (rabbit IgG) and Hoxb4
(rabbit IgG). A minimum of 50 cells were quantified per line
from 3-4 coverslips.

Live-cell imaging

Neurospheres were plated onto polyornithine and laminin-
coated 35 mm dishes (MatTek). At 8 weeks of total differentia-
tion, the cells were stained with 50 nM MitoTracker Red
CMXRos (Invitrogen) for 3 min to allow visualization of mito-
chondria, after which the media was replaced with fresh neural
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differentiation media. Live-cell imaging was performed using a
Zeiss Axiovert 200M microscope equipped with an incubation
chamber. The cells were kept at 37°C with 5% CO, while imag-
ing. Axons identified according to morphological criteria (con-
stant thin diameter, long neurites, no branching and direct
emergence from the cell body) were imaged every 5 s for 5 min,
yielding 60 frames. Quantifications were performed using a pro-
tocol described previously (24). In short, the location of each mi-
tochondrion was manually selected using the Track Points
function in MetaMorph, and parameters such as distance from
cell body and velocity were recorded. A velocity threshold of 300
nm/s was used to select microtubule based transport events
(66). To determine the percentage of motile mitochondria, the
total number of mitochondria that were present along the im-
aged neurite was counted and those that changed position
(velocity >300 nm/s) in at least three consecutive frames were
considered motile.

Mitochondrial morphology

Neuronal cultures on glass bottom 35 mm dishes were stained
with 25 nM MitoTracker CMXRos in neural differentiation media
for 2 min at 37°C. The cells were washed twice with fresh NDM,
and 2 ml NDM were added to the dish. Live-cell imaging was
performed using a Zeiss Axiovert 200M microscope equipped
with an incubation chamber. The cells were kept at 37°C with
5% CO, while imaging. Axons identified according to morpho-
logical criteria (constant thin diameter, long neurites, no
branching and direct emergence from the cell body) were
imaged using a Plan-Apochromat 63x/1.40 Oil DIC objective,
with identical microscope settings for each group. The 16-bit
gray-scale images were thresholded in Image] (NIH), and the
particle analysis function was used to measure morphological
characteristics.

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential was measured based on a
previous protocol (44), and the fluorescent dye tetramethylrhod-
amine methyl ester (TMRM, Invitrogen) was used because it
accumulates in mitochondria based on Ayy,. Neurons were
plated on 35 mm glass-bottomed dishes. They were washed
three times with 5 mM K, 2 mM Ca?' Tyrodes solution, then in-
cubated with 10 nM TMRM in 2 ml Tyrodes solution for 45 min
at room temperature in the dark. Live-cell imaging was per-
formed using a Zeiss Axiovert 200M microscope equipped with
an incubation chamber, using an EC Plan-Neofluar 40x/1.30 Oil
DIC objective. Cells were kept at 37°C with 5% CO, while imag-
ing. Microscope settings were optimized using control cells, and
these same settings were used for all other groups. Randomly
selected fields were imaged every 20 s for a total of 600 s. The
mitochondrial uncoupler FCCP was added to the media after
300 s to a final concentration of 1 uM. Time series were analyzed
in MetaMorph, and at least 20 regions of interest (ROIs) were
traced around mitochondrial structures for each cell, along with
adjacent background regions. The pixel intensity for each region
was determined, followed by background subtraction. Changes
in fluorescence were calculated with the formula AF = (F — Fo)/Fo
x 100, where F is the fluorescence intensity at any time point,
and Fy is the initial fluorescence.
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Caspase 3/7 activity assay

For measurements of caspase 3 and 7 activities, the Caspase-Glo
3/7 Assay (Promega) was carried out according to the manufac-
turer’s instructions. Briefly, motor neuron progenitor-enriched
cultures were dissociated with Accutase (Invitrogen) and seeded
onto 96-well plates at 5000 cells/well in 50 pl of caspase-3/7 re-
agent. After incubation for 1 h at room temperature, lumines-
cence from each well was measured using a Wallac VICTOR2
1420 MultiLabel Counter.

Statistical analysis

The statistical significance of mean values among multiple
sample groups was analyzed with Tukey’s range test after
ANOVA. Two-sided t-tests were used to examine the statistical
significance between two sample groups. The significance level
was defined as P <0.05, and significance tests were conducted
using SAS 9.1 (SAS Institute).

Supplementary Material

Supplementary Material is available at HMG online.
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