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Local production of reactive oxygen species drives vincristine-
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Neurological side effects arising from chemotherapy, such as severe pain and cognitive impairment, are a major concern for cancer
patients. These major side effects can lead to reduction or termination of chemotherapy medication in patients, negatively
impacting their prognoses. With cancer survival rates improving dramatically, addressing side effects of cancer treatment has
become pressing. Here, we use iPSC-derived human neurons to investigate the molecular mechanisms that lead to neurotoxicity
induced by vincristine, a common chemotherapeutic used to treat solid tumors. Our results uncover a novel mechanism by which
vincristine causes a local increase in mitochondrial proteins that produce reactive oxygen species (ROS) in the axon. Vincristine
triggers a cascade of axon pathology, causing mitochondrial dysfunction that leads to elevated axonal ROS levels and SARM1-
dependent axon degeneration. Importantly, we show that the neurotoxic effect of increased axonal ROS can be mitigated by the
small molecule mitochondrial division inhibitor 1 (mdivi-1) and antioxidants glutathione and mitoquinone, identifying a novel
therapeutic avenue to treat the neurological effects of chemotherapy.
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INTRODUCTION
Vincristine is a widely used chemotherapeutic agent for treating
solid tumors in children and adults [1]. However, its use at high
doses in patients is restricted by its potential to cause
chemotherapy-induced peripheral neuropathy (CIPN) [2]. CIPN is
a debilitating and sometimes irreversible condition with symp-
toms including chronic neuropathic pain, muscle weakness, and
sensory loss [1]. The emergence of CIPN symptoms often leads to
a reduction or premature discontinuation of cancer treatment. To
date, there is no reliable way to predict which patients may
develop CIPN. Often, CIPN symptoms worsen once treatment is
completed, leaving little opportunity to adjust chemotherapy
frequency or dose level [3]. Currently, there are limited palliative
treatment options and no cure for CIPN.
Another type of neurological side effect of chemotherapeutics

such as vincristine involves cognitive and memory deficits
commonly referred to as chemo brain [4–6]. This suggests that
central as well as peripheral neurons can be negatively affected by
chemotherapy. With cancer survival rates improving significantly
over the last decades, an unintended consequence is more people
living with chronic pain. Thus, there is a pressing need to find
effective interventions to manage vincristine-induced neurological
symptoms in the growing number of affected patients [7].
Vincristine is an anti-mitotic agent that binds with high affinity

to the tubulin in microtubules of the mitotic spindle and impedes
cancer cell division [8]. However, vincristine also binds to
microtubules of the axonal cytoskeleton, disrupting axonal
transport and inducing axon degeneration by blocking micro-
tubule polymerization [9]. In mice, vincristine treatment has been

shown to cause mitochondrial transport dysfunction [10] and
swelling [11], leading to increased levels of reactive oxygen
species (ROS) in the soma [12]. These downstream consequences
of axonal damage are potential contributors to the high
incidences of neurological side effects in patients who receive
treatment with vincristine.
Numerous studies have modeled vincristine-induced axon

degeneration with in vitro assays in mouse dorsal root ganglia
cultures [1, 10, 13, 14]; however, these are limited by scalability
and possibly also by translational relevance to human patients.
Using human neurons to find potential therapeutic interventions
for neurological side effects of chemotherapy is therefore highly
desirable. Inducible pluripotent stem cell-derived neuron (iPSN)
technology, in addition to being human in origin, affords the
production of sufficient quantities of neurons to perform large-
scale analyses. Importantly, iPSNs have been used to model
vincristine-induced neurotoxicity and to screen for potential
therapeutic candidates [15, 16], paving the way for mechanistic
studies.
In this study, we investigate the effects of vincristine on axonal

health using a validated transcription factor-mediated platform to
generate human neurons from iPSCs (inducible, isogenic, and
integrated i3Neurons [17]). To identify the molecular changes that
occur in human axons directly after localized exposure to
vincristine, we perform mass spectrometry of i3Neuron axons
and detect an early increase in mitochondrial and electron
transport chain-related proteins. We determine that even low
doses of vincristine cause mitochondrial dysfunction, increases in
ROS, and mild axon degeneration. This degeneration depends on
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SARM1, a key executioner protein of axon degeneration [18, 19].
We find that the toxic effects of vincristine can be ameliorated by
mitochondrial division inhibitor 1 (mdivi-1), a small molecule
reported to inhibit dynamin-related protein 1 (DRP1) and
potentially interfere with mitochondrial respiratory complex I.
We demonstrate that treatment of neurons with mdivi-1 or
antioxidants such as glutathione and the mitochondrial-targeted
ubiquinone derivative (mitoquinone or MitoQ) reduces ROS and
confers neuroprotection in the axons of human iPSC-derived
neurons after vincristine treatment. We unexpectedly find that
mdivi-1 mitigates vincristine-induced axon degeneration inde-
pendently of DRP1, implicating the reduction of ROS as a key
target for the treatment of vincristine-induced neurotoxicity.

RESULTS
Low doses of vincristine induce axon degeneration in human
neurons
To investigate the effects of vincristine on human neurons, we
used a transcription factor- mediated platform to generate human
i3Neurons. i3 iPSCs are engineered with a doxycycline-inducible
promoter to direct expression of the transcription factor NGN2
(neurogenin-2) which drives their differentiation into glutamater-
gic cortical-like neurons. Addition of doxycycline to the cell culture
media causes iPSC differentiation into human i3Neurons in an
efficient, scalable, and reproducible manner in 10 days [17] (Fig.
1A). Vincristine is known to cause axon degeneration in vitro and
in vivo in mice [20]. To measure the effect of vincristine on human
axon health, iPSCs were plated in the center of a well such that
axons grew outwards, enabling the formation of a distinct axon-
enriched region (Fig. 1B). Neurons were grown for 10–14 days
before treatment with 5 nM vincristine, a physiologically relevant
dose [21]. Axonal integrity was assessed by adapting a published
method to quantify axon degeneration (Supplementary Fig. 1)
[22]. Significant axon degeneration was observed 8 and 24 h after
vincristine treatment (Fig. 1C, D), consistent with previous results
obtained in primary neurons from mouse. Thus, i3Neurons are a
robust and scalable system to investigate the toxicity of vincristine
in human neurons.

Mass spectrometry of i3Neuron axons reveals vincristine-
induced mitochondrial deficits
We predicted that vincristine application would cause acute
protein changes in axons. Therefore, we locally applied vincristine
just to the axons and selectively purified this cellular compartment
for unbiased mass spectrometry analyses. Neurons were plated in
Boyden chambers (Fig. 1E) which allow axons to grow through a
porous membrane and be cleanly isolated from somas, as
assessed by the absence of the nuclear protein Lamin A in the
axonal fraction (Fig. 1F). Using this platform, we compared control
axons treated with DMSO with those selectively treated with 5 nM
vincristine. After 4 h, the axonal and cell body compartments were
harvested and subjected to label-free mass spectrometry. In total,
3441 proteins were identified, with 766 enriched in soma and 224
in axons (Supplementary Fig. 2A, Supplementary File 1). Gene
ontology analysis of proteins significantly enriched in the cell
body highlighted proteins involved in RNA catabolic process,
translation initiation, and RNA splicing (Supplementary Fig. 2B).
Conversely, proteins involved in axonogenesis, synapse organiza-
tion, and axon guidance were enriched in the axonal fraction
(Supplementary Fig. 2C). These results validated our approach to
efficiently isolate axons from the cell bodies and provide a rich
dataset to investigate protein level changes during CIPN.
When comparing vincristine- to DMSO-treated axons, 63

enriched and 12 depleted proteins were identified (>2 unique
peptides detected, fold change >1.5, adjusted P-value < 0.05, Fig.
1G, Supplementary File 1). We validated the increase of three of
these proteins: cytochrome C, NDUFB9 and NDUFA12, by Western

blot from axonal lysates after vincristine treatment (Supplemen-
tary Fig. 2D–I). Notably, gene ontology analysis revealed that a
significant fraction of the upregulated proteins was mitochondrial
(23/63; 36%) (Fig. 1H) and involved in ATP synthesis or oxidative
phosphorylation (Fig. 1I). String analysis was performed to create a
protein–protein interaction network of vincristine-induced upre-
gulated proteins. This analysis showed that many of the enriched
mitochondrial proteins are known to interact (Fig. 1J, red).
Interestingly, we observed a largely connected cluster that is
associated with the electron transport chain, an intensive site of
ROS production [23] (Fig. 1J, blue). This led us to hypothesize that
vincristine causes axon degeneration by impairing axonal
mitochondrial function and inducing oxidative stress through
the overproduction of ROS [23].

Vincristine causes mitochondrial dysfunction and increased
ROS in i3Neuron axons
We next addressed the effect of vincristine on mitochondrial
function. Mitochondrial health can be evaluated by measuring
cellular oxygen consumption rates using a Seahorse metabolic flux
assay. Exposing neurons for 4, 8, and 24 h to 5 nM vincristine
caused basal respiration levels to drop significantly for the next
24 h (Fig. 2A, B). These data demonstrate that a major effect of
vincristine is impairment of normal mitochondrial function in
neurons.
Mitochondrial dysfunction is known to result in an increase in

ROS [23]. Additionally, our mass spectrometry results showed that
proteins involved in oxidative phosphorylation as well as those
involved in the catalysis of ROS (SOD2, PRDX3, GLRX and
TXNDC17) were increased after axonal exposure to vincristine.
We hypothesized that vincristine causes a local increase in the
levels of ROS in human axons leading to axon degeneration. To
measure the levels of ROS in axons, neurons were incubated with
dihydroethidium (DHE), a cell-penetrable fluorescent indicator of
ROS in the cytoplasm [24]. Treatment of i3Neurons with vincristine
resulted in a significant increase in axonal ROS levels at 4, 8, and
24 h after treatment (Fig. 2C, D).
Mitochondrial dysfunction and cellular stress can also lead to an

increase in mitochondrial superoxide species. We hypothesized
that a significant proportion of the observed increase in total
axonal ROS levels would be accounted for by mitochondrial ROS.
Mitochondrial ROS levels in the axon were indeed increased 4, 8,
and 24 h after exposure to vincristine as measured by MitoSOX
(Fig. 2E, F). Taken together, these results demonstrate that
vincristine induces mitochondrial dysfunction and leads to an
increase in total and mitochondrial ROS levels in axons.

Mdivi-1 inhibits vincristine-induced axon degeneration
We hypothesized that inhibiting ROS generation may delay axon
degeneration. To test this, vincristine-treated neurons were
exposed to the small molecule mdivi-1. Mdivi-1 is often described
as a DRP1 inhibitor and has been utilized in the context of
neuronal injury to attenuate traumatic brain injury-induced cell
death [25], protect against glutamate excitotoxicity and oxygen-
glucose deprivation [26], and reduce cerebral damage caused by
ischemia/reperfusion injury [27]. However, it has also been shown
to reduce ROS production in neurons [28]. Through this
mechanism, mdivi-1 has conferred neuroprotection by suppres-
sing the mitochondrial apoptosis pathway and decreasing ER
stress and ROS-mediated oxidative stress [29].
When we treated neurons with 50 µM mdivi-1 in addition to

5 nM vincristine, axon degeneration was significantly reduced by
two-fold after 24 h compared to neurons treated only with
vincristine (Fig. 3A, B). We next asked whether mdivi-1 acts locally
on the axon, or whether application to the whole cell is required
for its protective effect. To test this, neurons were grown in
microfluidic chambers to physically isolate axons from cell bodies
(Fig. 3C). Vincristine, mdivi-1, or their combination was added to
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the axonal compartment for 24 h. We observed no degeneration
in axons treated with mdivi-1 alone (Fig. 3D, E). However, local
treatment of axons with mdivi-1 significantly reduced vincristine-
induced axonal degeneration (Fig. 3D, E). Together, these data
reveal that vincristine acts locally to induce axonal degeneration

and that axonal application of mdivi-1 can delay this
degeneration.
We also measured axon degeneration by another method,

using a fluorescently labeled Annexin V conjugate in live neurons.
In apoptotic cells, Annexin V accumulates in the outer plasma
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membrane due to its high affinity for phosphatidylserine, which
undergoes externalization during apoptosis [30, 31]. An increase in
the levels of Annexin V fluorescence correlates with apoptotic cell
death, or in this case, externalization of axonal membrane and
axon degeneration. Center-plated neurons were treated with
vincristine and mdivi-1 for 24 h and then stained with Annexin V.
Neurons treated with vincristine had significantly greater levels of
Annexin V staining than untreated neurons (Fig. 3F, G). Mdivi-1
significantly reduced Annexin V staining (Fig. 3F, G). These data
demonstrate that axonal exposure to vincristine is sufficient to
cause axon degeneration that can be mitigated by mdivi-1.

Preventing mitochondrial fission does not delay vincristine-
induced axon degeneration
Because mdivi-1 has been used as an inhibitor of DRP1 and thus of
mitochondrial fission [32], we asked whether inhibiting mitochon-
drial fission would reduce vincristine-induced axon degeneration.
To knock down DRP1, I3 iPSCs containing dCas9 gene silencing
machinery were transduced with gRNAs to DNM1L (which
encodes DRP1) or controls [33]. Using this approach, an 80
percent reduction in the DRP1 transcript levels was measured by
qPCR (Fig. 4A). DRP1 knockdown was functionally confirmed in
mature neurons by measuring the mitochondrial size in control
and DRP1 knockdown (KD) neurons (Fig. 4B, C). As expected, DRP1
KD neurons had significantly larger mitochondria (~60% increase)
(Fig. 4B, C), validating that the knockdown of DRP1 in i3Neurons
impairs mitochondrial fission.
We next treated control and DRP1 KD neurons with vincristine.

Inhibiting mitochondrial fission via DRP1 knockdown failed to
delay or reduce vincristine-induced axon degeneration (Fig. 4D, E).
Moreover, DRP1 phosphorylation (p-S616), a marker of increased
mitochondrial fission [34], was not increased after vincristine
treatment (Supplementary Fig. 3A, B and Supplementary Fig. 5).
Vincristine treatment caused axonal mitochondria to decrease in
size 8 h after vincristine treatment (Supplementary Fig. 3E) but did
not increase the number of axonal mitochondrial particles
(Supplementary Fig. 3C, D) as would be expected if it induced
mitochondrial fission. Finally, treatment of DRP1 KD neurons with
mdivi-1 resulted in a significant reduction in vincristine-induced
axon degeneration after 24 h (Fig. 4F, G). Together, our results
demonstrate that vincristine does not induce mitochondrial fission
in i3Neurons and inhibiting mitochondrial fission does not delay
vincristine-induced axonal degeneration. We therefore conclude
that mdivi-1 delays axonal degeneration via a DRP1-independent
mechanism.

Mdivi-1 reduces vincristine-induced axonal ROS levels
Mdivi-1 has recently been shown to act not by inhibiting DRP1, but
instead by inhibiting ROS production in mitochondria
[28, 35–37]. We therefore evaluated whether mdivi-1 treatment

would result in a decrease in axonal ROS levels. I3Neurons were
treated with vincristine alone or concurrently with mdivi-1 for 4, 8,
and 24 h, and at each timepoint, concurrent treatment with
vincristine and mdivi-1 resulted in a significant decrease in axonal
ROS levels measured by DHE compared to treatment with
vincristine alone (Fig. 5A, B). Additionally, mdivi-1 significantly
reduced the levels of mitochondrial ROS 8 and 24 h after vincristine
treatment (Fig. 5C, D). Here we demonstrate that mdivi-1 delays
vincristine-induced axonal degeneration by reducing the levels of
ROS and not by inhibiting mitochondrial fission.
To further test whether reducing ROS prevented axon

degeneration, neurons were treated with two potent antioxidant
agents that have been shown to inhibit ROS after neuronal stress;
glutathione (GSH) [38] and mitoquinone (MitoQ) [12, 39]. As
expected, treatment with GSH or MitoQ almost completely
abolished vincristine-induced ROS generation in the axons after
24 h (Fig. 5E, F). Furthermore, GSH and to a lesser extent MitoQ
were able to delay vincristine-induced axon degeneration
(Fig. 5G, H). These results demonstrate that inhibition of ROS in
axons can reduce vincristine-induced axon degeneration.

Mitochondrial dysfunction and ROS production lies upstream
of SARM1
Mitochondrial dysfunction and an increase in ROS levels have
been shown to lie upstream of sterile α and TIR motif containing 1
(SARM1) to cause axon degeneration in the cell bodies of mouse
neurons in vitro [18]. To confirm this in human axons in response
to vincristine, we generated SARM1 KO iPSCs using CRISPR/Cas9
gene editing (Supplementary Fig. 4). Wildtype and SARM1 KO
neurons were treated with 5 nM vincristine for 4, 8, and 24 h.
Deletion of SARM1 significantly reduced axon degeneration
approximately two- and four-fold 8 and 24 h after vincristine
treatment, respectively, compared to wildtype neurons (Fig. 6A, B).
To confirm that SARM1 was acting downstream of the ROS
increase caused by vincristine, we measured ROS levels in
wildtype and SARM1 KO neurons. We found no significant
difference in the levels of total axonal ROS (Fig. 6C, D) or
mitochondrial ROS levels (Fig. 6E, F) between wildtype and SARM1
KO neurons in response to vincristine treatment. Taken together,
our results show that mitochondrial dysfunction and an increase
in ROS levels in the axon lie upstream of SARM1 activation and
axon degeneration in human neurons.

DISCUSSION
In the present study, we validate i3Neurons as a highly translatable
model for studying vincristine-induced axon degeneration. We
demonstrate that increases in mitochondrial proteins involved in
oxidative phosphorylation and increase of ROS in the axon are

Fig. 1 Mass spectrometry of i3Neuron axons reveals a vincristine-induced upregulation of mitochondrial proteins. A Schematic
representation of i3Neuron differentiation (created using Biorender). B Representative image of i3Neuron cell bodies plated in the center of an
8-well slide to allow axons to grow outwards. Immunostaining for βIII tubulin (orange), DAPI (blue). 20X magnification (Scale bar= 100 µm).
C Representative images of axon degeneration upon addition of 5 nM vincristine for 0 (UT), 4, 8, or 24 h. Immunostaining for βIII tubulin
(orange), DAPI (blue) (Scale bar= 5 µm). D Axon degeneration index (ADI) quantification for i3Neuron-treated axons with 5 nM vincristine.
N= 5 independent differentiations. One-way ANOVA, Bonferroni correction (p < 0.05 *, p < 0.01 **). E Schematic representation of Boyden
chambers for axonal separation and experimental procedure (created using Biorender). FWestern blotting showing efficient isolation of axons
from cell bodies. The nuclear envelope protein Lamin A is absent from the axon fraction. G Volcano plot showing the significant proteins up
(red) and down (blue) regulated in i3Neuron axons after 5 nM vincristine treatment for 4 h (>2 unique peptides detected, fold change
(FC) > 1.5, adjusted P-value < 0.05.). H Dot plot showing top 5 enriched cellular compartment gene ontology analysis categories for axon-
enriched proteins after 5 nM vincristine treatment ranked by gene ratio. I Dot plot showing top 5 enriched biological process gene ontology
analysis categories for axon-enriched proteins after 5 nM vincristine treatment ranked by gene ratio. J Protein–protein interaction network for
proteins upregulated in the axon after vincristine treatment. Mitochondrial proteins are highlighted in red and electron transport chain
proteins in blue. Proteins involved in the catalysis of ROS were also elevated (Superoxide dismutase 2 (SOD2), Thioredoxin-dependent
peroxide reductase (PRDX3), Glutaredoxin-1 (GLRX) and Thioredoxin Domain Containing 17 (TXNDC17)).
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early molecular events in response to vincristine. We uncover a
novel mechanism by which vincristine causes mild mitochondrial
dysfunction, leading to increased levels of ROS in the axon and
SARM1-dependent axon degeneration. Additionally, we show that

mdivi-1 and other antioxidants reduce vincristine-induced axon
degeneration by decreasing levels of ROS in the axon (Fig. 7).
Previous studies have used iPSC-derived neurons to model the

effect of vincristine on neuronal survival [15, 40–45]. However,

Fig. 2 Vincristine causes mitochondrial dysfunction and increased ROS in i3Neurons. A Seahorse oxygen consumption rate (OCR) analysis
of i3Neurons untreated (UT) or treated for 4, 8, and 24 h with 5 nM vincristine. Results normalized to UT i3Neurons. Results are represented as
mean ± SEM. N= 5 independent differentiations, 3 wells measured per condition. Oligomycin (2 µM), FCCP (1 µM), and antimycin A/rotenone
(500 nM) were added as indicated. B Basal OCR levels of i3Neurons UT and treated for 4, 8, and 24 h with 5 nM vincristine. Results normalized
to UT i3Neurons. Results are represented as mean ± SEM. N= 5 independent differentiations, 3 wells measured per condition. One-way
ANOVA, Bonferroni correction (p < 0.05 *). C Representative images of 5 nM vincristine-treated i3Neuron axons for ROS quantification. Staining
with DHE (white) and βIII tubulin (green). Scale bar= 20 µm. D Quantification of DHE fluorescence in 5 nM vincristine-treated i3Neuron axons.
Results normalized to untreated axons. Results are represented as mean ± SEM. N= 3 independent differentiations, 5–8 images per
differentiation. One-way ANOVA, Bonferroni correction (p < 0.001 ***). E Representative images of 5 nM vincristine-treated i3Neuron axons for
ROS quantification. Staining with MitoSOX (white) and MitoTracker Green (green). Scale bar= 20 µm. F Quantification of MitoSOX
fluorescence in 5 nM vincristine-treated i3Neuron axons. Results normalized to UT axons. Results are represented as mean ± SEM. N= 3
independent differentiations, 5–8 images per differentiation. One-way ANOVA, Bonferroni correction (p < 0.05 *, p < 0.01 **).
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Fig. 3 Mdivi-1 delays vincristine-induced axonal degeneration. A Representative images of i3Neuron axons treated with 5 nM vincristine or
5 nM vincristine+ 50 µM mdivi-1. Immunostaining for βIII tubulin (orange). Scale bar= 10 µm. B Axon degeneration index for the experiments
shown in (A). Results are represented as mean ± SEM. N= 3 independent differentiations, 10 images per differentiation. Two-way ANOVA,
Bonferroni correction (p < 0.05 *) All other comparisons are not significant. C Image of the axon compartment of a microfluidic chamber used
for isolation of axons and cell bodies, with the microgrooves for axons visible on the left. D Representative images of UT, 50 µM mdivi-1, 5 nM
vincristine, and 5 nM vincristine+ 50 µM mdivi-1 treated i3Neuron axons for 24 h in the microfluidic axonal compartment. Immunostaining for
βIII tubulin (orange). Scale bar= 10 µm. E Axon degeneration index of the experiments shown in (D). Results are represented as mean ± SEM.
N= 3 independent differentiations, 5–8 images per differentiation. One-way ANOVA, Bonferroni correction (p < 0.001 ***). F Representative
brightfield and Annexin V stain images of UT, 5 nM vincristine, and 5 nM vincristine+ 50 µM mdivi-1 treated i3Neuron axons for 24 h. Scale
bar= 10 µm. G Quantification of Annexin V staining of UT, 5 nM vincristine, and 5 nM vincristine+ 50 µM mdivi-1 treated i3Neuron axons for
24 h. N= 3 individual differentiations. N= 3 independent differentiations, 5–8 images per differentiation. One-way ANOVA, Bonferroni
correction (p < 0.001 ***).
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these studies typically used much higher doses of vincristine
(50 nM–1 µM) than levels that have been measured in cerebral
spinal fluid of human patients after vincristine treatment
(~0.1–2 nM) [21, 46]. This discrepancy of 25–500-fold in vincris-
tine dose level calls into question the ability of previous studies
to accurately model the effects of vincristine on neuronal health.
In our study, we used 5 nM vincristine which is much closer to
the actual levels measured in patients undergoing
chemotherapy.

Vincristine is known to cause mitochondrial depolarization [47],
but the mechanism by which this happens remains poorly
understood. We found that vincristine acts locally to increase
the levels of axonal mitochondrial proteins that constitute
complex I of the electron transport chain involved in oxidative
phosphorylation and catalysis of ROS. This correlates well with our
observed increase in the levels of axonal ROS. However, the rates
of oxidative phosphorylation were unchanged 4 h after vincristine
treatment, as measured by the Seahorse assay. We hypothesize

Fig. 4 Mdivi-1 delays axon degeneration via a DRP1-independent mechanism. A Validation of DRP1 gene knockdown (KD) using qPCR in
CRISPRi-i3 iPSCs. Results are represented as mean ± SEM. N= 3. Unpaired t test. (p < 0.0001 ****). B Representative images of axonal
mitochondria in control and DRP1 KD i3Neurons. Axon (cytoplasmic blue fluorescent protein (BFP)) and mitochondria (mitoGFP). Scale
bar= 10 µm. C Quantification of mitochondrial area in control and DRP1 KD i3Neurons. Results are represented as mean ± SEM. Over 2000
mitochondrial particles quantified from 3 independent differentiations. Unpaired T test (p < 0.001 ***). D Representative images of control and
DRP1 KD i3Neuron axons for 0, 4, 8, and 24 h with 5 nM vincristine for axon degeneration quantification. Immunostaining for βIII tubulin
(orange). Scale bar= 10 µm. E Axon degeneration index of the experiments shown in (D). Results are represented as mean ± SEM. N= 3
independent differentiations, 5–8 images per differentiation. Two-way ANOVA, Bonferroni correction. No significant differences.
F Representative images of control and DRP1 KD i3Neuron axons UT or treated for 24 h with 5 nM vincristine and 5 nM vincristine+ 50 µM
mdivi-1. Scale bar= 10 µm. Axon degeneration index of the experiments shown in (G). Results are represented as mean ± SEM. N= 3
independent differentiations, 8–10 images per differentiation. Two-way ANOVA, Bonferroni correction. (p < 0.05 *, p < 0.01 **).
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that the enrichment in mitochondrial proteins may be an adaptive
response to mitochondrial dysfunction caused by vincristine in the
axon, since increased assembly of complex I would be predicted
to result in a reduction of ROS [48]. Elevated ROS levels have been
reported in the spinal cord of mice treated with vincristine [12]

and in the brains of patients that undergo chemotherapy [5]. We
observed increased levels of total and mitochondrial ROS in the
axon as early as 4 h after vincristine treatment, in agreement with
these studies. Interestingly, since the changes in protein levels
happened on the scale of just a few hours after the addition of
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vincristine, it is possible that they arise from local regulation in the
axon (such as protein stabilization or local translation). Vincristine’s
disruption of the microtubule cytoskeleton, which impairs retro-
grade axonal cargo transport [49, 50], might contribute to the
increase in ROS observed. Damaged mitochondria may not be
properly retrogradely transported to the soma for degradation
and/or fusion with other healthy mitochondria, which can lead to
their accumulation in axons and an increase in ROS levels. Since
we have shown that reducing ROS levels reduces vincristine-
induced axon degeneration, unraveling the mechanism by which
ROS are increased in i3Neurons merits future investigation.
Our observation that SARM1 knockout does not prevent

accumulation of axonal and mitochondrial ROS is in line with
previous studies placing ROS production and mitochondrial
depolarization upstream of SARM1 activation (Fig. 6C–F). Mito-
chondrial ROS has been shown to mediate calcium influx into the
cell after both sensory nerve axotomy and CCCP-induced SARM1-
dependent axonal degeneration and neuronal death [18, 19, 51]. It
is possible that vincristine-driven ROS production impairs axonal
calcium levels, leading to the activation of the SARM1-dependent
axon degeneration program.
We also demonstrate that mdivi-1 reduces vincristine-induced

axon degeneration by locally reducing the levels of ROS in the
axon. Although it was initially discovered as an inhibitor of
mitochondrial fission [32], mdivi-1 has since been shown to
mitigate the production of ROS, possibly through the inhibition of
complex I of the ETC [28]. In our study, we observed no evidence
of mitochondrial fission after exposure to vincristine. Furthermore,
knockdown of DRP1 did not reduce vincristine-induced axon
degeneration, and treatment of DRP1-deficient neurons with
mdivi-1 attenuated vincristine-induced axon degeneration. We
therefore concluded that mdivi-1 protects axons from vincristine-
induced degeneration by reducing ROS and not by inhibiting
mitochondrial fission. The precise mechanism by which mdivi-1
reduces ROS is unclear. Two types of complex I inhibitors have
been described: Class A compounds that inhibit complex I and
increase ROS levels, and Class B that prevent the formation of ROS
even in the presence of Class A inhibitors [52]. It is therefore
possible that mdivi-1 behaves like a class B inhibitor, or through a
different mechanism altogether.
A key methodological advance of our study was the use of

microfluidic chambers to allow independent treatment of axons
and cell bodies with vincristine and/or mdivi-1. This method
allowed us to demonstrate that mdivi-1 acts locally in the axon to
delay vincristine-induced axon degeneration. Furthermore, we
observed that axon degeneration was more severe in locally
treated axons than in neurons treated globally (Fig. 3E vs 3B),
suggesting a possible adaptive mechanism by which the cell body
signals to the axon to attenuate the injury response.
The rapid and scalable generation of iPSC-derived neurons

using transcription factors provides an exciting and highly

relevant model in which to test the molecular mechanisms
underlying CIPN and chemo brain. The i3Neuron model has
already been paired with CRISPR-interference (CRISPRi) technology
[33, 53], highlighting its utility to identify new druggable pathways
and develop novel therapeutic strategies for neurological side
effects of chemotherapy. Perhaps most importantly, the human
neuron platform helps circumvent potential issues of translat-
ability. Most current knowledge on how chemotherapeutic agents
cause axon degeneration derives from research performed in
mouse cultured neurons, which may or may not translate well
to human.
Using treatment-relevant levels of vincristine in human neurons,

we have demonstrated that mitochondrial dysfunction and
increase in ROS are early, axon-localized events in vincristine-
induced axon degeneration. This degeneration can be pharma-
cologically mitigated by local treatment of axons with mdivi-1 and
other antioxidant agents. Our study reveals that the mitigation of
vincristine-induced ROS generation is an exciting novel potential
therapeutic target for CIPN and chemo brain which should be
further investigated. This work also advances our insight into how
clinically relevant levels of vincristine causing mild axon degen-
eration can lead to the neurological side effects of chemotherapy.

METHODS
Differentiation of i3Neurons
I3Neurons were differentiated as previously described [17]. Briefly, i3 iPSCs
were dissociated using Accutase (Life Technologies, cat. no. A1110501).
Cells were plated in Matrigel-coated (1:100 Corning) plates in neuronal
induction media on day 0 (Knockout Dulbecco’s modified Eagle’s medium
(DMEM)/F12 medium; Life Technologies Corporation, cat. no. 12660012), 1X
N2 supplement (Life Technologies, cat. no. 17502048), 1× GlutaMAX
(Thermofisher Scientific, cat. no. 35050061), 1× MEM nonessential amino
acids (NEAA) (Thermofisher Scientific, cat. no. 11140050), 10 μM ROCK
inhibitor (Y-27632; Selleckchem, cat. no. S1049), and 2 μg/ml doxycycline
(Clontech, cat. no. 631311). Neuronal induction media was changed once a
day for 2 more days. On day 3 of induction, cells were dissociated using
Accutase and plated in dishes coated with poly-L-ornithine (PLO; 0.1mg/ml;
Sigma, cat. no. P3655-10MG). Cells were plated in neuronal maturation
media (BrainPhys medium (STEMCELL Technologies, cat. no. 05790), 1× B27
Plus Supplement (ThermoFisher Scientific, cat. no. A3582801), 10 ng/ml
BDNF (PeproTech, cat. no. 450-02), 10 ng/ml NT-3 (PeproTech, cat. no. 450-
03), 1 mg/ml mouse laminin (Invitrogen, cat. no. 23017015), and 2 μg/ml
doxycycline). Half of the neuronal maturation media was removed and
replenished with fresh media every 2–3 days.

Axonal separation and vincristine treatment for mass
spectrometry
On day 3 of differentiation, 2 million cells were plated into Falcon®
Permeable Support for 6-well plate with 1.0 µm transparent PET membrane
(Boyden chambers, cat. No. 353102) in 2mL of neuronal maturation media.
Half media changes were performed every 3–4 days. On day 14 of
differentiation, the axonal compartment of the chamber was treated with

Fig. 5 Local reduction of ROS in the axon delays vincristine-induced axon degeneration. A Representative images of 5 nM vincristine-
treated and 5 nM vincristine+ 50 µM mdivi-1 treated i3Neuron axons. Staining with DHE (white). Scale bar= 20 µm. B Quantification of DHE
fluorescence in 5 nM vincristine and 5 nM vincristine+ 50 µM mdivi-1 treated i3Neuron axons shown in (A). Results normalized to untreated
axons. Results are represented as mean ± SEM. N= 4 independent differentiations, 5–8 images per differentiation. Two-way ANOVA,
Bonferroni correction (p < 0.05 *, p < 0.01 **). C Representative images of 5 nM vincristine-treated and 5 nM vincristine+ 50 µM mdivi-1-treated
i3Neuron axons ROS quantification. Staining with mitoSOX (white). Scale bar= 20 µm. D Quantification of mitoSOX fluorescence in 5 nM
vincristine and 5 nM vincristine+ 50 µM mdivi-1-treated i3Neuron axons shown in (C). Results normalized to untreated axons. Results are
represented as mean ± SEM. N= 4 independent differentiations, 5–8 images per differentiation. Two-way ANOVA, Bonferroni correction
(p < 0.05 *, p < 0.01 **). E Representative images of UT, vincristine, vincristine+ 5mM GSH, and vincristine+ 5 µM MitoQ treated i3Neuron
axons for 24 h. Staining with DHE (white). Scale bar= 10 µm. F Quantification of DHE fluorescence shown in (E). Results normalized to
untreated axons. Results are represented as mean ± SEM. N= 3 independent differentiations, 8–10 images per differentiation. Two-way
ANOVA, Bonferroni correction ( < 0.05 *, p < 0.01 **, p < 0.001 ***). G Representative images of UT, vincristine, vincristine+ 5mM GSH, and
vincristine+ 5 µM MitoQ treated i3Neuron axons for 24 h. Scale bar= 10 µm. H Axon degeneration index of the experiments shown in (G).
Results are represented as mean ± SEM. N= 3 independent differentiations, 8–10 images per differentiation. Two-way ANOVA, Bonferroni
correction. (p < 0.005 ***).
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5 nM vincristine or DMSO (Simga, cat. no. 276855) for 4 h. Axonal and cell
body fractions were harvested in ice cold RIPA buffer (Invitrogen, cat. no.
89901) supplemented with protease inhibitors (Sigma, 11836153001).
Protein concentrations were calculated using a BCA assay (ThermoFisher,
cat. No. 23225). 50 µg of protein was boiled in loading buffer (Invitrogen
cat. no. NP0008) and loaded into a 7.5% Mini-PROTEAN® TGX™ (Biorad, cat.
No. 4561023) for 5 min until all protein moved into the gel. Bands were
subsequently cut and subjected to mass spectrometry.

Immunofluorescence, vincristine, and mdivi-1, Glutathione
and Mitoquinone (MitoQ) treatments
For immunofluorescent staining of i3Neuron axons, cells were plated on a
PLO-coated 8-well plate (Ibidi, cat. No. 80827) by adding a 10 µl drop of
neuronal maturation media containing ~100,000 cells to the center of each

well. Cells were placed in the cell culture incubator for 20min to allow for
attachment to the center of the well. 200 µL of neuronal maturation media
was then added to the well. For immunofluorescent staining of whole
neurons, cells were plated on PLO-coated 96 well plates (PerkinElmer cat.
No. 6055300) with 50,000 cells/well. On day 10 or 11 of neuronal
differentiation, cells were treated with 5 nM vincristine, 50 µM mdivi-1
(Sigma, M1099), 5mM L-Glutathione (reduced) (Sigma, G-4251), and 5 µM
Mitoquinone (MitoQ) mesylate (Selleckchem, S8978). After treatment, cells
were fixed in cold 4% PFA for 5–10min. Cells were permeabilized using
0.1% Triton X-100 in PBS for 5 min and blocked in 5% normal donkey
serum (NDS) in PBS at room temperature for 1 h. Cells were immunos-
tained with anti-beta-3 Tubulin (Invitrogen, cat. no. 2G10-TB3, 1:500) in
2.5% NDS overnight at 4 °C. Cells were washed three times with PBS and
stained with the Alexa Fluor 595 (ThermoFicher cat. no. A-21203)
secondary antibody at a concentration of 1:500 in 2.5% NDS for 1 h at

Fig. 6 SARM1 knockout prevents axon degeneration and does not prevent axonal and mitochondrial ROS production after vincristine
treatment. A Representative images of 5 nM vincristine-treated WT and SARM1 KO i3Neuron axons. Immunostaining for βIII tubulin (green).
Scale bar= 20 µm. B Axonal degeneration index of the experiments shown in (A). Vincristine treated WT and SARM1 KO i3Neuron axons.
Results are represented as mean ± SEM. N= 4 independent differentiations, 5 images per differentiation. Two-way ANOVA, Bonferroni
correction (p < 0.01 **, p < 0.0001 ****). C Representative images of 5 nM vincristine-treated WT and SARM1 KO neurons. Staining with DHE
(white). Scale bar= 20 µm. D Quantification of DHE fluorescence in 5 nM vincristine WT and SARM1 KO i3Neuron axons shown in (C). Results
normalized to untreated axons. Results are represented as mean ± SEM. N= 4 independent differentiations, 5–10 images per differentiation.
Two-way ANOVA, Bonferroni correction (ns not significant). E Representative images of 5 nM vincristine-treated WT and SARM1 KO i3Neuron
axons ROS quantification. Staining with mitoSOX (white). Scale bar= 20 µm. F Quantification of mitoSOX fluorescence in 5 nM vincristine WT
and SARM1 KO i3Neuron axons shown in (E). Results normalized to untreated axons. Results are represented as mean ± SEM. N= 4
independent differentiations, 5–10 images per differentiation. Two-way ANOVA, Bonferroni correction (ns not significant).
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room temperature. Cells were washed three times with PBS and DAPI was
used as a nuclear counterstain.

DHE and ROS quantification
Cells were plated in an 8-well dish. On Day 10 or 11 of differentiation, cells
were treated with 5 nM vincristine, or a cocktail of 5 nM vincristine and
50 µM mdivi-1. Treatments were added 24, 8, and 4 h prior to staining with
both DHE and mitoSOX. In this way, all conditions were treated with the
same stock of DHE and MitoSOX to avoid differences in solution
preparation. For quantification of total ROS levels, cells were treated with
DHE (ThermoFisher, cat no. D11347, 1:1000, Excitation: 508 nm Emission:
575 nm) for 30min at 37 °C and fixed in cold 4% PFA for 5–10min. Cells
were immunostained with anti-beta-3 Tubulin as described above. For
quantification, 5–8 images of the axons were taken using a Zeiss 800 LSM
Scanning Microscope. Fluorescent intensity of DHE was quantified and FIJI
imaging analysis software and normalized to the area of tubulin (total
axonal area) in a blinded manner.
For mitochondrial ROS quantification, cells were treated with Mito-

Tracker Green (ThermoFisher, cat. No. M7514, 1:1000, excitation: 490 nm
emission: 516 nm) and MitoSOX™ Red Mitochondrial (ThermoFisher, cat.
No. M36008, 1:1000, excitation: 510 nm emission: 602 nm) for 30min at
37 °C. Cells were washed twice in PBS and fresh media was added. For
quantification, live imaging was performed at 37 °C, 5% CO2. 5–8 images of
the axons were taken using a Zeiss LSM 800 confocal. Fluorescent intensity
of MitoSOX™ Red was quantified using FIJI imaging analysis software and
normalized to the area of MitoTracker Green (mitochondrial area) in a
blinded manner.

Mass spectrometry
In-gel samples (~ 20 µg per sample) were reduced using 10mM Tris(2-
carboxyethyl) phosphine hydrochloride at room temperature for 1 h and
alkylated with 10mM N-Ethylmaleimide for 10min. Samples were digested
with trypsin (Promega) with a trypsin:sample ratio of 1:20 (w/w) at 37 °C for
18 h. Tryptic digests were extracted from the gel and cleaned with an Oasis
HLB µElution plate (Waters). Peptides were separated on an ES802A
column. Mobile phase B (98% ACN, 1.9% H2O, 0.1% formic acid) amount
was increased from 3% to 20% over 83min. Mobile phase A composition is
98% H2O, 1.9% ACN, 0.1% formic acid. LC-MS/MS data were acquired in
data-dependent mode. The MS1 scans were performed in orbitrap with a
resolution of 120 K, a mass range of 400–1500m/z, and an AGC target of
4 × 105. The quadrupole isolation window is 1.6 m/z. The precursor ion
intensity threshold to trigger the MS/MS scan was set at 1 × 104. MS2 scans
were conducted in ion trap. Peptides were fragmented with CID method
and the collision energy was fixed at 30%. MS1 scan was performed every
3 s. As many MS2 scans were acquired within the 3 s cycle.

Proteome Discoverer software version 2.4 (ThermoFisher) was used for
protein identification and quantitation. Raw data were searched against
Sprot Human database. Up to 2 missed cleavages were allowed for trypsin
digestion. NEM on cysteines was set as fixed modification. Mass tolerances
for MS1 and MS2 scans were set to 10 ppm and 0.6 Da, respectively.
Percolator was used for PSM validation. The search results were filtered by
a false discovery rate of 1% at the protein level. Protein abundance values
were calculated for all proteins identified by summing the abundance of
unique peptides matched to that protein. Protein ratios were calculated by
comparing the protein abundances between two conditions with normal-
ization. Adjusted p-values were calculated with the ANOVA method.

Seahorse analysis
For Seahorse analysis, 50,000 cells per well were plated after 3 days of
induction in a specialized Seahorse analyzer 96-well plate (Agilent, cat. no.
103774-100). 10–12 day old i3Neurons were treated with 5 nM vincristine.
Oligomycin (2 µM), FCCP (1 µM) and rotenone/antimycin A (500 nM) were
added as shown in Fig. 2A. Cells were washed in PBS once and incubated
in a hypoxic chamber following the manufacturer’s procedure. Seahorse
analysis was performed using a Seahorse XFe96 Analyzer (Agilent). The
average value for three wells was used for analysis.

Western blotting
10–14 day old i3Neurons were harvested in ice cold RIPA buffer (Invitrogen,
cat. no. 89901) supplemented with protease inhibitors (Sigma,
11836153001) and PhosStop (Sigma, cat. no. 4906845001). Protein
concentrations were calculated using a BCA assay (ThermoFisher, cat. no.
23225). 10–20 µg of total protein lysate was loaded into a 4–20% Mini-
PROTEAN® TGX™ Precast Protein Gels (Biorad, cat. no. 4561095). Gels were
transferred into PVDF membranes and blocked for 1 h at room
temperature in 5% BSA. Membranes were incubated with the primary
antibody (primary antibodies, catalog numbers and concentrations listed
below) in 2.5% BSA solution in a cold room, rocking, overnight. Membranes
were washed 3 times with PBS 0.1% Tween solution. Secondary antibody
(goat anti-rabbit HRP and IRDye® 680RD Goat anti-Mouse IgG) was
incubated for 1 h at room temperature at a concentration of 1:8000 in 2.5%
BSA solution. Membranes were washed 3 times with PBS 0.1% Tween
solution prior to developing. Western blots were developed using Clarity
Western ECL Substrate (Biorad, cat. no. 1705061) or fluorescence and
imaged using a ChemiDoc MP Imaging system (Biorad). Band intensity was
quantified using FIJI imaging analysis software. The following antibodies
were used at the concentrations stated: anti-DRP1 (Santa Cruz Biotechnol-
ogy, cat. no. sc-101270, 1:1000), anti-pDRP1 S616 (CST, cat. no. 3455 S,
1:1000), anti-β Actin (Sigma, cat. no. A1978, 1:5000), anti-Lamin A (Sigma,
cat. no. L1293, 1:1000), anti-NDUFA12 (Santa Cruz Biotechnology, cat. no.
SC-398869, 1:500), anti-NDUFB9 (Abcam, cat. no. AB-192617, 1:2000), anti-
Cytochrome C (Biolegend, cat. no. 612302 1:1000). Full uncropped Western
blots are provided as a supplement (Original Data Files).

Axon degeneration index experiment and quantification
On day 3 of differentiation, i3Neurons were dissociated into single cells
with Accutase, and plated in Ibidi 8-well µ-Slides (Ibidi, Cat. No. 80826).
50,000 cells were plated in a 5 µL drop of neuronal maturation media in
the middle of each well for the axons to grow out from the center. Slides
were incubated for 20min at 37 °C to allow cells to attach, and 200 µL of
neuronal maturation media was then added to each well. Cells were fed
with half-media changes every two days until the day of the experiment.
Two slides were used for each experiment. On Day 10 or 11 of
differentiation, 5 nM vincristine or a cocktail of 5 nM vincristine and
50 µM mdivi-1 was prepared in neuronal maturation media and added to 6
wells of an 8-well slide. The remaining two wells were fixed at the start of
the experiment for the untreated timepoint. Two wells of each slide were
fixed at 4 h, 8 h, and 24 h after treatment using 4% cold PFA for 5–10min,
then washed three times with PBS. The slides were subsequently blinded
for processing and imaging. Cells were immunostained with βIII-Tubulin
primary antibody, AlexaFluor 594 (ThermoFisher, cat. no. A-21203)
secondary antibody, and DAPI as described above. Images were acquired
on a Zeiss LSM 800 laser-scanning confocal microscope. Five images of
axons from two technical replicate wells were taken, for a total of ten
images per timepoint per treatment, for three biological replicates. Images
were taken at the distal-most end of the neurons to ensure axons, and not
dendrites, were being captured. An axon degeneration index for each
image was calculated as follows: 8-bit maximum intensity projections were

Fig. 7 Proposed model for vincristine-induced axon degeneration
in human neurons. Low doses of vincristine (5 nM) induce axonal
degeneration in i3Neurons within 24 h of treatment. Preceding
axonal degeneration, vincristine induces mitochondrial dysfunction
by reducing basal respiration rates of i3Neurons, and inducing both
total axonal (DHE) and mitochondria (MitoSOX) ROS production
upstream of SARM1 activation. Concurrent treatment of vincristine
and mdivi-1 reduces the local production of ROS in axons.
Treatment with antioxidants GSH and mitoquinone also reduces
axonal ROS. Mdivi-1 subsequently delays vincristine-induced axonal
degeneration in both whole cell cultures and axons only, in a DRP1-
independent manner.
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binarized and thresholded [22] in the FIJI imaging analysis software. The
same threshold was used for each image analyzed across biological
replicates. The total number of black pixels was measured to be the total
axonal area. The degenerated area was measured to be the total area of
particles whose pixel circularity was 0.2–1.00. The axon degeneration index
(ADI) is calculated as the degenerated area divided by the total axonal area
(Supplementary Fig. 1).

Generation and validation of DRP1 knockdown
Control and DRP1 gRNA were cloned into a plasmid containing a U6
promoter using BstXI and BlpI restriction enzymes (NEB) (gifted by Dr.
Michael Ward, NINDS). Control gRNA sequence: GGA CTA AGC GCA AGC
ACC TA. DNM1L gRNA sequence: GGG AGG AAG GAG GCG AA CTG.
Constructs were verified by Sanger Sequencing and packaged into
lentivirus for transduction of iPSCs as follows. In one well of a 6-well
plate, 1 million Lenti-X HEK293T cells (Takara Bio, cat. no. 632180) were
seeded in 2 mL DMEM (Gibco, cat. no 11995065) supplemented with 10%
FBS (Gibco, cat. no. 10437028). The next day, a transfection mix was
prepared containing 1 µg DNM1L or Control gRNA-containing plasmid,
3 µg of third generation packaging mix (1:1:1 mix of three plasmids), 12 µL
Lipofectamine 3000 Reagent (ThermoFisher, cat. no. L3000008), and 200 µL
Opti-MEM I Reduced Serum Medium (GIBCO, cat. no. 31985070). The mix
was vortexed, spun down briefly, incubated at room temperature for
20min, then added dropwise to the HEK293T cells and gently swirled to
mix. The next day, the media was replaced with 3 ml fresh 10% FBS DMEM
supplemented with 1:500 ViralBoost (Alstem, Cat. No. VB100). After two
days of incubation, the media was collected into a 15ml Falcon tube,
supplemented with 1ml Lenti-X Concentrator (Takara Bio; Cat. No. 631231),
mixed thoroughly, and stored at 4 °C for 48 h. The supernatant was then
spun down at 4 °C for 45min at 1500 x g. The supernatant was aspirated,
and the pellet was resuspended in 300 μL of PBS.
CRISPRi-i3 iPSCs containing a CAG promoter-driven dCas9-BFP-KRAB

cassette inserted into the CLYBL safe harbor locus were the kind gift of Dr.
Michael Ward [33]. 500,000 cells were seeded in one well of a Matrigel-
coated 6-well plate and transduced with 100 μL of DNM1L, or control
sgRNA vector lentivirus in 2ml mTESR Plus Basal Media with ROCK inhibitor.
The next day, fresh media was added containing 1 µg/ml puromycin (Gibco;
cat. no. A1113803). Transduced CRISPRi-i3N iPSCs were subsequently
passaged twice with puromycin until all cells were visibly expressing BFP.
One well of a 60–80% confluent 12-well was harvested with 700 μl QIAzxol
Lysis Reagent (Qiagen; Cat. No. 79306) for subsequent RNA extraction with
RNeasy Mini Kit (Qiagen; Cat. No. 74104) and cDNA synthesis (random
hexamers method) with SuperScript III First-Strand Synthesis System
(Invitrogen; Cat. No. 18080051) with an input of 1 µg of RNA. Samples
were prepared for quantitative real-time PCR in technical duplicates. qPCR
was performed with SYBR Green Quantitative RT-qPCR Kit (Sigma-Aldrich;
Cat. No. QR0100) using GAPDH as a housekeeping gene, with the CFX
Connect Real-Time PCR Detection System (BioRad; Cat. No. 1855201). The
following primers were used. GAPDH RNA Fwd: AATGGGCAGCCGTTAG-
GAAA GAPDH RNA Rev: GCGCCCAATACGACCAAATC DNM1L RNA Fwd:
GTTGATCCACTTGGTGGCCT DNM1L RNA Rev: GCCGCTTCACCAGTAACTCA.
Expression fold changes were calculated using the ΔΔCt method.

Annexin V staining
i3Neurons were plated in the center of 8-well slides as described above for
axons to grow outwards. At 10–14 days old, i3Neurons were treated with
5 nM vincristine or 5 nM vincristine with 50 µM mdivi-1. 23 h after treatment,
the cells were incubated with 1:1000 Annexin V, AlexaFluorTM 488 conjugate
(Invitrogen; Cat. No. A13201) for 1 h at 37 °C. Images were acquired 24 h
after treatment, in a stage top 5% CO2 and 37 °C temperature-controlled
incubator on a Zeiss LSM 800 laser scanning confocal microscope.

Generation of SARM1 KO iPSCs
WT iPSCs were transfected with two gRNAs targeting exon 2 of the SARM1
gene gRNA1: AATGCGCGCCACGCGGTCT and gRNA2: CTGTATTG
GTGCCGCCGCA and a Cas9-GFP expressing constructs. iPSCs were allowed
to grow for two days, then colonies were dissociated to make single cells
using Accutase for 10min at 37 °C and a serial dilution was performed in two
6-well plates in mTESR Plus Basal Media with ROCK inhibitor. iPSCs were
allowed to grow until single colonies were visible, hand-picked using a P1000
pipette, and an individual colony was transferred to a well of a 24-well plate.
Once confluent, 10% of the cells were used for passaging and DNA was
extracted on the remaining 90% of the cells using a Qiagen DNA extraction

kit (Qiagen; Cat. No. 69504). Clones were screened by PCR and sequencing
confirmed the deletion of a 161 bp fragment in the SARM1 KO iPSCs.

Statistical analysis
All quantification of microscopy images was performed blinded. Statistical
analyses were performed using GraphPad Prism 9. Gene ontology analysis
was performed in R version 4.0.3 (2020-10-10). String analysis was
performed with https://string-db.org version 11.5.

DATA AVAILABILITY
Proteomics raw data, peak list and search results have been deposited to the
ProteomeXchange Consortium with the dataset identifier: PXD045536.
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