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Vincristine and bortezomib use distinct
upstream mechanisms to activate

a common SARM1-dependent axon
degeneration program

Stefanie Geisler,"? Ryan A. Doan,’ Galen C. Cheng," Aysel Cetinkaya-Fisgin,? Shay X. Huang,’
Ahmet Hoke,? Jeffrey Milbrandt,?* and Aaron DiAntonio**

'Department of Neurology, Washington University School of Medicine in St. Louis, St. Louis, Missouri, USA. ?Hope Center
for Neurological Disorders, Washington University, St. Louis, Missouri, USA. *Department of Neurology, Johns Hopkins
University, Baltimore, Maryland, USA. “Department of Genetics and *Department of Developmental Biology, Washington

University School of Medicine in St. Louis, St. Louis, Missouri, USA.

Chemotherapy-induced peripheral neuropathy is one of the most prevalent dose-limiting toxicities
of anticancer therapy. Development of effective therapies to prevent chemotherapy-induced
neuropathies could be enabled by a mechanistic understanding of axonal breakdown following
exposure to neuropathy-causing agents. Here, we reveal the molecular mechanisms underlying
axon degeneration induced by 2 widely used chemotherapeutic agents with distinct mechanisms
of action: vincristine and bortezomib. We showed previously that genetic deletion of SARM1
blocks vincristine-induced neuropathy and demonstrate here that it also prevents axon destruction
following administration of bortezomib in vitro and in vivo. Using cultured neurons, we found

that vincristine and bortezomib converge on a core axon degeneration program consisting of
nicotinamide mononucleotide NMNAT2, SARM1, and loss of NAD* but engage different upstream
mechanisms that closely resemble Wallerian degeneration after vincristine and apoptosis after
bortezomib. We could inhibit the final common axon destruction pathway by preserving axonal
NAD* levels or expressing a candidate gene therapeutic that inhibits SARM1 in vitro. We suggest
that these approaches may lead to therapies for vincristine- and bortezomib-induced neuropathies
and possibly other forms of peripheral neuropathy.

Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is one of the most common complications of can-
cer treatment, affecting up to 80% of cancer patients (1). CIPN is characterized by burning pain, numb-
ness, tingling, imbalance, impaired dexterity, and weakness in the hands and feet. In contrast with other
side effects, CIPN can extend well beyond the duration of treatment and cause permanent disability (2,
3). Despite major efforts, therapies to prevent or effectively treat CIPN remain elusive (4, 5). Most forms
of CIPN are caused by axonal degeneration, but the mechanisms of axonal breakdown remain unknown
for many neuropathy-causing agents (6, 7). In addition, it is unknown whether distinct agents engage
different death programs or converge on a shared axon degeneration pathway to induce symptoms (6).
This lack of a clear mechanistic understanding of the disorder is a major impediment to the development
of efficacious therapies to prevent CIPN.

In contrast with axon degeneration in CIPNs, exciting breakthroughs have been made in recent
years unraveling molecular mechanisms of axon degeneration after traumatic injury (8, 9), which gives
hope that those insights can be applied to understanding CIPN (10). Wallerian degeneration, as axon
degeneration after traumatic injury is called, refers to rapid axonal fragmentation after a long period of
relative latency due to a genetically encoded self-destruction program that is activated distal to the nerve
cut. Sterile alpha and toll/interleukin-1 receptor motif-containing 1 (SARM]1) is a central determinant
of this program because activation of SARMI1 triggers irreversible commitment to Wallerian degenera-
tion (11, 12). SARM1 is a multidomain protein that consists of an autoinhibitory N terminus, tandem
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SAM domains that mediate constitutive homomultimerization, and an executioner TIR domain (12).
Upon injury, N-terminal inhibition is relieved, potentially via a rise in nicotinamide mononucleotide
(NMN) secondary to NMN adenylyltransferase 2 (NMNAT2) loss (13-15), which thereby activates the
intrinsic SARM1 TIR NADase (12, 16). Active SARMI cleaves the metabolic cofactor nicotinamide
adenine dinucleotide (NAD+), generating nicotinamide and the calcium-mobilizing agents ADPR and
cADPR (16), leading to local NAD* depletion, followed by metabolic collapse and axon fragmentation
(17). Activation of SARM1 is sufficient to induce axon degeneration, even in healthy axons, whereas
genetic deletion of SARMI1 protects axons from degeneration for more than 2 weeks after nerve cut in
vivo, indicating that SARMI is necessary and sufficient to induce axon degeneration after axotomy.

After nerve transection all axons distal to the cut degenerate nearly simultaneously, whereas in chronic
neuropathies only a few short axonal segments degenerate at any given time in a pattern that proceeds slow-
ly from distal to proximal. Thus, axon loss during chemotherapy may be due to different injury responses
than after axotomy. Encouragingly, we discovered that SARM1-KO is also protective in models of periph-
eral neuropathy induced by the chemotherapeutic agents vincristine and paclitaxel (18, 19). Vincristine and
paclitaxel inhibit intraaxonal transport (20) and thus produce axon degeneration conceptually similar to the
complete cessation of axonal transport after nerve cut. It is not known whether SARM1 deletion blocks
axon degeneration caused by chemotherapeutic agents with different mechanisms of action or whether
the same upstream regulators and downstream effectors of SARM1 are engaged in neuropathy as after
axotomy. To address these questions, we investigated the molecular mechanisms of axon degeneration
precipitated by 2 commonly used chemotherapeutic agents, vincristine and bortezomib (BTZ). Vincristine
inhibits tubulin polymerization and affects axonal transport, whereas BTZ inhibits the proteasome (7, 21).
Neuropathy is the major nonhematological side effect of both, affecting up to 80% of patients treated with
vincristine (22) and 30%-65% of patients receiving BTZ (23).

We demonstrate here that genetic deletion of SARMI strongly decreases not only vincristine-induced
axon degeneration but also axonal destruction following administration of BTZ in vitro and in vivo. Vin-
cristine and BTZ administration engage distinct upstream pathways that converge on a core axonal degen-
eration program consisting of NMNAT2, SARM1, and NAD". We are able to inhibit this program, and
thus pathological axon degeneration, by expression of a candidate gene therapeutic targeting SARM1 and
suggest that such a therapeutic may be of value in the prevention of vincristine- and BTZ-induced CIPN
and possibly other forms of peripheral neuropathies.

Results

Vincristine and BTZ cause axon degeneration by distinct mechanisms. To study molecular mechanisms underly-
ing axon degeneration after vincristine and BTZ administration, cultured dorsal root ganglion (DRG) neu-
rons were treated after long neurites were established on day in vitro (DIV) 7 with 40 nM vincristine or 100
nM BTZ. Axon fragmentation of proximal and distal axons was quantified over time using high-through-
put imaging and an automated axon degeneration index (24). After vincristine application, axons began
to degenerate at 12 hours (Figure 1A) and were completely fragmented by 36 hours (Figure 1, A and B).
In contrast, axon degeneration began later after BTZ administration, between 24 and 36 hours (Figure 1,
A and B). Once initiated, the process proceeded rapidly, and axons were completely fragmented within 48
hours after BTZ addition (Figure 1, A and B).

To characterize axon degeneration caused by vincristine and BTZ, we cultured DRG neurons in com-
partmentalized microfluidic chambers that allow independent manipulation of cell bodies and axons (25,
26). When vincristine was added to the axon compartment, axon fragmentation was complete by 48 hours
(Figure 1, C and E). However, axons remained intact for days when vincristine was applied exclusively to
the cell body compartment (Figure 1, C and E, and ref. 26) In contrast, when BTZ was administered to
axons, they remained intact for more than 48 hours (Figure 1, D and E), whereas they degenerated within
48 hours when BTZ was added to the cell bodies (Figure 1, D and E). Taken together, these data indicate
that vincristine stimulates an axon autonomous degenerative process, whereas BTZ causes axon degenera-
tion only after exposure of the cell body.

SARMI is required for both vincristine- and BTZ-induced axon degeneration. The loss of SARM1 potently
inhibits vincristine-induced axon degeneration in cultured neurons and in vivo (18, 27). To test wheth-
er genetic deletion of SARMI similarly prevents BTZ-induced axon degeneration, WT and SARMI-
KO DRG neurons were treated with either vincristine or BTZ and axon degeneration was measured.
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Figure 1. Vincristine and BTZ induce axon degeneration by distinct mechanisms. (A) DRG neurons were treated with 40 nM vincristine or 100 nM BTZ,
and axons imaged using high-throughput automated imaging at indicated time points. Axon degeneration was quantified using a degeneration index,
which ranges from 0 (perfectly intact) to 1 (perfectly fragmented). Data were tested with a 2-way ANOVA showing significant main effects of group F
(2,185) = 484.8, P < 0.0001; time F (5, 185) = 213.4, P < 0.0007; and interaction F (10, 185) = 58.28; post hoc Sidak’s multiple-comparisons test, ***p =
0.0001 vincristine versus BTZ 12 hours (blue asterisks); ****P < 0.0001 vincristine versus BTZ (blue asterisks), vincristine versus vehicle, and BTZ versus
vehicle (black asterisks); P = 0.3102 BTZ versus vehicle at 24 hours (1 = 13). (B) Representative phase-contrast photomicrographs of axons treated with
vincristine or BTZ taken at indicated time points showing axon degeneration 24 hours after vincristine but not BTZ administration. Instead, axons frag-
mented between 36 and 48 hours after BTZ. Original magnification 200x. (C) DRG neurons were grown in compartmentalized microfluidic chambers, and
40 nM vincristine was added to the compartment containing cell bodies (soma chamber, n = 3 experiments) or axons (axon chamber, n = 4 experiments)
and degeneration in the axon compartment determined at indicated times. A 2-way ANOVA showed significant main effects of group F (1, 5) = 34.49,

P =0.002; time F (2, 10) = 18.96, P = 0.0004; and interaction F (2, 10) = 13.29, P = 0.0015. Sidak’s multiple-comparisons test, *P < 0.05, ****P < 0.0001.
(D) DRG neurons were grown in compartmentalized chambers, and 100 nM BTZ was added to the soma (n = 5 experiments) or axon compartment (n =

3 experiments) and degeneration in the axon compartment determined over time. Two-way ANOVA showed significant main effects of group F (1, 6) =
8.389, P = 0.0275; time F (2, 12) = 16.39, P = 0.0004; and interaction F (2, 12) = 10.55, P = 0.0023. Sidak’s multiple-comparisons test, ***P < 0.001. (E)
Representative bright-field photomicrographs of the axon compartment taken at indicated times after vincristine or BTZ was added to axon compart-
ment or cell body chamber. Original magnification 200x.

Axons of SARM1-KO DRG neurons remained intact for at least 72 hours after vincristine administration
(Figure 2A). Similarly, axons of SARM1-KO neurons were morphologically intact for at least 72 hours
after BTZ administration, whereas WT axons were completely fragmented by 48 hours (Figure 2B). We
recently developed a SARM1 dominant-negative (SARM1-DN) mutant as a candidate gene therapeutic for
disorders of axon loss (27). Expression of the SARM1-DN mutant potently inhibits WT SARM!1 function
after nerve transection and in a cellular model of vincristine-induced neuropathy (27). To test whether this
SARMI genetic inhibitor protects from BTZ-induced axon degeneration, we used lentivirus to express the
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SARMI1-DN mutant in WT DRG neurons. Akin to SARMI1-KO axons, axons of WT neurons expressing
the SARM1-DN mutant were protected from BTZ-induced degeneration for at least 72 hours (Figure 2, C
and D), suggesting that inhibition of SARMI1 may be a viable strategy to prevent BTZ-induced axon loss.

Such a strategy is useful only if the axons also remain metabolically active. We thus used the cell-per-
meable red fluorescent dye TMRM to probe for metabolic activity. TMRM is sequestered by healthy mito-
chondria and loses its fluorescent signal upon loss of the mitochondrial potential. As expected, TMRM
fluorescence was no longer observed in axons of WT DRG neurons 72 hours after BTZ application (Figure
2D). In contrast, TMRM staining was detected well beyond 72 hours in axons of SARM1-KO neurons
and in WT neurons expressing the SARM1-DN mutant (Figure 2D), indicating that the SARM1-deficient
axons remained metabolically active as well as morphologically intact.

We next examined whether SARMI1 deletion is also protective in an in vivo model of BTZ-induced
neuropathy. WT and SARM1-KO mice on the same genetic background were injected intravenously with
0.8 mg/kg BTZ or vehicle twice weekly for 4 weeks. In human patients, BTZ causes predominantly a sen-
sory peripheral neuropathy characterized by a decrease of unmyelinated or thinly myelinated axons in the
epidermis (23). In accord with the human data, we observed a significant decrease of intraepidermal nerve
fiber (ENF) density in BTZ-treated mice (Figure 2, E and F). In contrast, the IENF density in SARM1-KO
mice was similar between vehicle- and BTZ-treated mice (Figure 2, E and F), indicating that SARM1-KO
prevents the degeneration of intraepidermal axons after BTZ. These data together with published reports
(12, 16, 18) indicate that SARM1 is necessary for both vincristine- and BTZ-induced axon degeneration in
vitro and in vivo.

Vincristine and BTZ induce SARM -dependent depletion of axonal NAD*. Activation of SARMI after nerve
cut causes a rapid, dramatic decrease of NAD", which is followed by local metabolic collapse and axon
degeneration (17). To investigate whether NAD™ decreases in the cell body or axon after vincristine or BTZ
treatment, we extracted and measured NAD* from axon or cell body lysates. We observed a dramatic drop
of axonal NAD" concentration between 4 and 12 hours after vincristine and BTZ treatment, which was
before axon fragmentation became apparent (Figure 3, A and B). In contrast with axonal NAD* levels,
NAD? levels in the soma decreased slowly and to a lesser extent after vincristine and BTZ treatment (Fig-
ure 3, A and B). In SARM1-KO DRG neurons, the rapid NAD* drop in the axon was abolished following
vincristine and BTZ administration (Figure 3, A and B). Instead, NAD" in SARM1-KO axons declined
gradually and with similar kinetics as in the somata of WT and SARM1-KO DRGs. These results indicate
that exposure to these chemotherapeutic agents results in SARM1 activation in the axon, which causes a
rapid decrease of NAD" before axon fragmentation is initiated.

SARMI1-induced axon degeneration after axotomy can be blocked by maintaining NAD" levels in the
distal axon (9, 28). We therefore investigated whether maintaining NAD" is also sufficient to protect from
vincristine- and BTZ-induced axon degeneration. One of the most potent manipulations to increase NAD*
levels in DRG neurons is to express nicotinamide riboside kinase 1 (NRK1) in the presence of nicotinamide
riboside (NR; ref. 28). NRK1 is an enzyme in the NAD* salvage pathway (Figure 3C) that phosphorylates
NR to NMN (29), which is then converted to NAD* by NMNAT. Indeed, lentivirus-mediated expression
of NRK1 in DRG neurons and preincubation with NR increased NAD* levels by about 10-fold in our
hands (control: 0.15 £ 0.05 uM NAD*; n = 34 wells, 8 independent experiments; NRKI1+NR: 1.7 £ 0.4
uM NAD*, n = 15 wells, 3 independent experiments; unpaired ¢ test; P < 0.0001). Whereas NAD* was not
detectable in axon lysates 24 hours after vincristine and BTZ (Figure 3, A and B), in the presence of over-
expressed NRK1 and NR, axonal NAD" levels remained high even 48 hours after vincristine (0.7 = 0.2 uM
NAD; n = 10 wells, 2 independent experiments) and BTZ administration (0.9 + 0.2 uM NAD*; n = 9 wells,
2 independent experiments) (Figure 3D). This increase of NAD* was associated with robust protection
of axons from vincristine- and BTZ-induced degeneration (Figure 3, E-H), which lasted at least 72 hours
after drug administration. As seen after axotomy (28), less robust protection from vincristine and BTZ was
observed after lentivirus-mediated overexpression of nicotinamide phosphoribosyltransferase (NAMPT)
(Figure 3, E-H), another enzyme in the NAD" salvage pathway (Figure 3C).

Vincristine and BTZ induce loss of axonal NMINATZ. In the intact axon, SARM!1 is inhibited by the NAD"*-syn-
thesizing enzyme NMNAT?2 (30). NMNAT?2 has a short half-life and constant delivery from the cell body into
the axon is necessary for axon survival (31). After axotomy, NMNAT?2 levels drop quickly in the distal axon,
promoting degeneration (31). To determine whether vincristine and BTZ administration also cause a loss of
axonal NMNAT?2, we examined axon-only lysates from DRG neurons using Western blot analysis. We found
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Figure 2. SARM1 is required for both vincristine- and BTZ-induced axon degeneration. (A) WT or SARM1-KO DRG neurons were treated with 40 nM
vincristine or vehicle and axon degeneration determined over time. Degeneration index ranges from 0 (completely intact) to 1 (completely fragment-
ed). A 2-way ANOVA showed significant main effects of group F (3, 16) = 76.43, P < 0.0007; time F (3, 48) = 198.8, P < 0.0007; and interaction F (9,
48) =110.2, P < 0.0001. Tukey's multiple-comparisons test, ***P < 0.001 WT vincristine versus SARM1-KO vincristine 24 hours, ****P < 0.0001 (n
=5). (B) WT or SARM1-KO DRG neurons were treated with 100 nM BTZ or vehicle and axon degeneration determined at indicated times. A 2-way
ANOVA showed significant main effects of group F (3, 16) = 175.2, P < 0.0001; time F (3, 48) = 290.8, P < 0.0001; and interaction F (9, 48) =180.2, P <
0.0001. Post hoc Tukey's multiple-comparisons test, ****P < 0.0001 WT BTZ versus SARM1-KO BTZ (n = 5). (C) WT DRG neurons expressing a control
vector (vector) or SARM1 dominant-negative (SARM1-DN) transgene were treated with 100 nM BTZ and axon degeneration was determined. A 2-way
ANOVA showed main effects of group F (1, 4) = 1301, P < 0.007; time F (1, 4) = 1235, P < 0.0001; and interaction F (1, 4) = 832.2, P < 0.0007; Sidak’s
multiple-comparisons test, ****P < 0.0001 (n = 3). (D) Representative bright-field micrographs of WT axons, WT axons expressing the SARM1-DN
transgene, and SARM1-KO axons taken 72 hours after BTZ was added. The mitochondrial potential was monitored with red tetramethylrhodamine
(TMRM) fluorescence in the same axons as shown above. Original magnification 200x. (E) WT or SARM1-KO mice were treated for 4 weeks with intra-
venous BTZ (n = 7 per group) or vehicle (n = 5 per group), and the intraepidermal nerve fiber (IENF) density of the footpads was determined. There
was significantly less IENF in BTZ-treated WT mice compared with vehicle-treated WT and BTZ-treated SARM1-KO mice. WT vehicle: 28.7 + 3.2,

and n=5; WT BTZ:13.5 + 3.8, and n = 7, SARM1-KO vehicle: 28.0 + 3.4, and n = 5; SARM1-KO BTZ: 25.8 + 2.7, and n = 7; One-way ANOVA, F (3, 20) =
5.827 and P = 0.0050; post hoc Tukey's, *P < 0.05. (F) Representative images of IENF densities stained with the pan-neuronal marker PGP 9.5 (black,
arrow) of WT (top row) or SARM1-KO (bottom row) mice treated with vehicle (left) or BTZ (right). Original magnification 400x.
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WT soma; red asterisks, WT axon versus SARM1-KO axon (n = 3). Representative bright-field images just before NAD* extraction. Original magnification 200x. (B)
NAD+ levels were measured as described in A. Two-way ANOVA showed main effects of group F (3, 46) = 30.23, P < 0.0007; time F (3, 46) = 88.83, P < 0.0001; and
interaction F (9, 46) = 5, P = 0.0001. Tukey's multiple-comparisons test, **P < 0.01, ****P < 0.0001; n = 3-5 per time point. Representative
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bright-field images just before NAD* extraction. Original magnification 200x. (C) Diagram of selected mammalian NAD* biosynthesis pathways. NMNAT,
nicotinamide mononucleotide adenylyltransferase; NAMPT, nicotinamide phosphoribosyltrans-ferase; NRK, nicotinamide riboside kinase. (B) WT DRG neurons
expressing NRK1 were treated with 1mM NR and vincristine, BTZ, or vehicle and NAD* was measured from axon-only lysates . Axonal NAD* concentration of DRG
neurons not overexpressing NRK/NR is indicated by a dashed line (0.15 + 0.05 pM NAD*; n = 8). In the presence of overexpressed NRK1and NR, axonal NAD* levels
remained high 48 hours after vincristine administration. (E) WT DRG neurons expressing indicated constructs were treated with vincristine, and axon degenera-
tion was determined. Two-way ANOVA showed main effects of group F (3, 15) = 32.82, P < 0.001; time F (3, 45) = 134.9, P < 0.0001; and interaction F (9, 45) = 44, P
< 0.0001. Tukey's multiple-comparisons test, ****P < 0.0001 (n = 5 for NRK/NR, n = 3 for NAMPT). (F) DRG neurons expressing indicated constructs were treated
with BTZ. Two-way ANOVA showed main effects of group F (3, 17) = 21.13, P < 0.001; time F (3, 51) = 9713, P < 0.0001; and interaction F (3, 51) = 35.95, P < 0.0001.
Tukey's multiple-comparisons test, ****P < 0.0001; *P < 0.05 (n = 5 NRK/NR, n =3 NAMPT). (G and H) Representative bright-field photomicrographs of axons
expressing the indicated constructs after vin-cristine (G) or BTZ (H) administration. Original magnification 200x.
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that axonal NMNAT?2 levels decreased significantly between 8 and 12 hours after vincristine application and
continued to decline over time (Figure 4A). Similarly, axonal NMNAT2 levels dropped within the first 8 hours
after BTZ treatment and rebounded slightly around 24 hours, after irreversible commitment to axon degener-
ation had occurred (Figure 4B). Thus, axonal NMNAT?2 decreases before axons start to fragment in response
to vincristine or BTZ exposure. If a decrease of NMNAT?2 activates SARM!1 after BTZ and vincristine admin-
istration, continued expression of NMNAT should protect from vincristine- and BTZ-induced axon degen-
eration. Accordingly, lentiviral-mediated expression of cytosolic NMNAT]1 (32), a stable NMNAT isoform
that substitutes in axons for the short-lived NMNAT2, resulted in robust protection from both vincristine- and
BTZ-induced axon degeneration (Figure 4, C and D), indicating that the rapid decrease of NAD" in the axon
after vincristine and BTZ administration is mediated by SARM1 activation. These results indicate SARM1
acts via the same downstream effector (i.e., NAD") and is subject to the same immediate upstream regulator
(i.e., NMNAT2) in axons damaged mechanically or by diverse chemotherapeutic agents.

Vincristine- but not BTZ-induced axon degeneration is modulated by the MAPK pathway. The neuronal stress
MAPK pathway mediated by dual leucine zipper kinase (DLK) and leucine zipper-bearing kinase (LZK)
promotes Wallerian degeneration (33, 34) by speeding the turnover of NMNAT?2 (35, 36). To further explore
whether the molecular pathways regulating BTZ- and vincristine-induced axon degeneration are distinct or
identical, we investigated whether they are differentially affected by inhibiting this MAPK cascade. Consis-
tent with previous reports that genetic deletion or pharmacological inhibition of DLK protects against axon
degeneration after vincristine administration (33, 36), we found that 1 M of the DLK inhibitor GNE-3511
provided substantial protection against vincristine-induced axon degeneration (Figure 5A). To our surprise,
however, GNE-3511 did not protect from BTZ-induced degeneration (Figure 5B). As an independent test of
this unexpected result, we used lentivirus to express previously validated guide RNAs directed against the
mitogen-activated protein double kinases MKK4 and MKK?7 (35), which function downstream of DLK and
LZK, in Cas9-knockin DRG neurons. Similar to inhibiting DLK, deletions of MKK4 and MKK?7 resulted
in axon protection after vincristine (Figure 5C) but not BTZ (Figure 5D) administration.

Inhibition of DLK suppresses axotomy-induced axon degeneration by increasing NMNAT?2 levels (Figure
5E and ref. 35). After treatment with vincristine, but not BTZ, we observed an increase of axonal NMNAT2
levels when DLK was inhibited (Figure 5E), likely explaining the selective protection following treatment with
vincristine but not after BTZ treatment. The mechanism by which the DLK pathway regulates NMNAT? is not
known, and so it is unclear how vincristine and BTZ differentially influence this regulatory mechanism. Regard-
less, these findings identify a mechanistic distinction between vincristine- and BTZ-induced axon degeneration.

Axon degeneration stimulated by bortezomib is transcriptionally regulated and mediated by axonal activat-
ed caspases. Our finding that DLK/LZK and MKK4/MKXK?7 promote vincristine but not BTZ-induced
axon degeneration suggests that vincristine and BTZ engage different upstream pathways that converge on
SARMI. Because BTZ-induced axon degeneration is mediated via effects on the soma, we hypothesized
that BTZ-induced degeneration is transcriptionally regulated. To evaluate the role of transcription in vin-
cristine- and BTZ-induced degeneration, we examined BTZ-treated DRG neurons cultured in the presence
of the transcriptional inhibitor actinomycin (1 pg/mL). We found that BTZ-stimulated axon degenera-
tion was decreased for 72 hours (Figure 6B). In contrast, actinomycin had no effect on axon degeneration
induced by vincristine (Figure 6A).

A classic example of a transcriptionally regulated death program is caspase-dependent axon degeneration
after nerve growth factor (NGF) deprivation (37). Underlying this axon death pathway is a caspase cascade
beginning with Bax and resulting in the ordered activation of caspase-9, -3, and -6 (38). If BTZ treatment leads
to activation of a caspase-dependent axon death program, then inhibiting caspases should decrease BTZ-in-
duced degeneration. Indeed, using a cell-permeable, irreversible pan-caspase inhibitor, Z-VAD(OMe)-FMK at
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100 uM, a concentration that effectively blocks NGF deprivation—-induced axon degeneration of DRG neurons
(data not shown), we found that axon degeneration in response to BTZ was inhibited (Figure 6D), but that
axon degeneration stimulated by vincristine proceeded unabated (Figure 6C).

‘We next evaluated whether caspase-3, an essential executioner caspase in apoptosis, is activated in
axons after BTZ. Unfortunately, selective caspase-3 inhibitors do not block NGF deprivation—induced
axon degeneration (39, 40). We therefore used immunohistochemistry to detect caspase-3 activation. We
found cleaved caspase-3 immunoreactivity in axons of DRG neurons within 16 hours after BTZ admin-
istration, before initiation of axonal fragmentation (Figure 6E). In contrast, we did not observe cleaved
caspase-3 immunoreactivity 16 hours after vincristine or vehicle administration (Figure 6E). Interestingly,
cleaved caspase-3 immunoreactivity was also present in axons of BTZ-treated SARM1-KO DRG neurons
(Figure 6E), even though these axons remained completely intact for more than 96 hours. We also used
Western blotting of DRG axonal lysates to examine caspase-3 activation and detected cleaved caspase-3
at 12 and 24 hours after BTZ administration in WT and SARM1-KO axons (Figure 6F). Hence, BTZ-in-
duced axon degeneration is transcriptionally regulated and leads to activation of the effector caspase-3 in
axons, both in WT and SARM1-KO neurons. These findings are consistent with cleaved caspase-3 acting
upstream of SARM1 in BTZ-induced axon degeneration.
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Figure 5. Vincristine- but not BTZ-induced axon degeneration is modulated by a MAPK pathway. (A and B) DRG neurons were treated with 1 uM of the
DLK inhibitor GNE-351112 hours before adding vincristine (A) or BTZ (B), and axon degeneration was determined at indicated time points. (A) GNE-3511
decreases vincristine-induced axon degeneration. Two-way ANOVA showed significant effects for group F (3, 12) = 352.5, P < 0.0001; time F (4, 48) = 515.8, P
< 0.0001; and interaction F (12, 48) = 205.6, P < 0.0001. Tukey’s multiple-comparisons test, ****P < 0.0001 (n = 4). In contrast, GNE-3511 does not decrease
axon degeneration after BTZ administration (B). There was instead a small increase in axon fragmentation (n = 4). (C and D) DRG neurons obtained from
Cas9-knockin mice expressing guide RNAs to MKK4 and -7 (gMKK4&7) or scrambled guide RNAs (gScram) were treated with vincristine (C) or BTZ (D), and
axon degeneration was determined over time. Inhibiting MKK4 and -7 decreased vincristine-induced axon degeneration (C) but did not affect BTZ-induced
axon degeneration (D). A 2-way ANOVA in C showed significant effects of group F (2, 12) = 30.64, P < 0.0001; time F (4, 48) = 100.2, P < 0.0001; and interac-
tion F (8, 48) = 29.5, P < 0.0001. Tukey’s multiple-comparisons test, ***P < 0.001; ****P < 0.0001 (n = 5) (C and D). (E) Axon-only extracts derived from DRG
neurons treated with the DLK inhibitor GNE-3511 and for 12 hours with vehicle, vincristine, or BTZ were immunoblotted for endogenous NMNAT2. GNE-3511
increased endogenous NMNAT2 12 hours after vehicle and vincristine but not following BTZ administration. Paired t tests, *P < 0.05; n = 4.

Loss of SARMI prevents BTZ-stimulated axon degeneration but not somal damage. Vincristine-induced axon
degeneration was axon autonomous (Figure 1, C and E, and ref. 26), whereas that caused by BTZ was
mediated by effects on the neuronal cell body. We therefore investigated whether BTZ-induced degener-
ation is restricted to the axon or also involves the soma. Using Hoechst to stain for live neurons and the
ethidium homodimer-1 to mark dead cells, we found that WT DRG cell bodies died over time after BTZ
administration (Figure 7A). Interestingly, SARM1-KO cell bodies died over a similar time course as WT
DRG neurons after BTZ administration (Figure 7A), although axons remained completely intact for 96
hours and beyond (Figure 7, B and D). Neuronal apoptosis is antagonized by Bcl-XL and overexpression
of Bcl-XL prevents neuron death after trophic factor withdrawal and in neurodegenerative models (41, 42).
To investigate whether expression of an antiapoptotic factor is sufficient to protect from cell body death
and axon degeneration after BTZ administration, we used lentivirus to express Bcl-XL in DRG neurons.
Although expression of Bcl-XL completely prevented BTZ-induced cell body death (Figure 7, B and C), it
did not protect axons as potently as SARM1-KO (Figure 7, B-D). Expressing Bcl-XL in SARM1-KO neu-
rons prevented both cell body death and axon fragmentation (Figure 7, B-D). These data indicate that in
cultured DRG neurons, BTZ activates 2 distinct destructive pathways, one that results in death of the soma
and the other that results in degeneration of the axon.
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Figure 6. Axon degeneration stimulated by BTZ is transcriptionally regulated and mediated by axonal activated caspases. (A and B) DRG neurons were
treated with 1 pg/mL actinomycin starting 1 hour before adding vincristine (A) or BTZ (B), and axon degeneration was determined at indicated time points.
Actinomycin decreased axon degeneration after BTZ but not vincristine administration. Two-way ANOVA in B showed significant effects of group F (2, 6)
=92.89, P < 0.0007; time F (4, 24) = 111.5, P < 0.0007; and interaction F (8, 24) = 31.85, P < 0.0001. Tukey's multiple-comparisons test, ****P < 0.0001 (n
=3in A and B). (C and D) DRG neurons were treated with 100 uM of the cell-permeable pan-caspase inhibitor Z-VAD(Ome)-FMK and vincristine (C) or BTZ
(D) and axon degeneration was determined. Pan-caspase inhibition decreased BTZ-induced (D) but not vincristine-induced axon degeneration (C). A 2-way
ANOVA in D showed significant effects of group F (2, 36) = 26.44, P < 0.00071; time F (3, 36) = 21.61, P < 0.0001; and interaction F (6, 36) = 5.232, P = 0.0006;
n =4 (Cand D). **P < 0.01, Tukey's multiple comparison test. (E) Representative microphotographs of DRG neurons stained to label cleaved caspase-3
(red) and counterstained with green fluorescently labeled tubulin Ill (TUJ) 16 hours after administration of vehicle, vincristine, or BTZ. Cleaved caspase-3
was expressed in axons (white arrows) 16 hours after BTZ but not vincristine administration. Scale bars: 50 um. (F) Axon-only lysates derived from WT or
SARM?1-KO DRG neurons at indicated time points after BTZ or vehicle administration were blotted for endogenous cleaved caspase-3. Actin served as load-
ing control (WT n = 4; SARM1-KO n = 2). Below are representative phase-contrast photomicrographs of axons just before extraction for immunoblotting
demonstrating intact axons 12 and 24 hours after administration of BTZ. Original magnification 200x.

Discussion
Vincristine and BTZ are among the most effective chemotherapeutic drugs used to treat various cancers,
including, but not limited to, lymphomas, leukemias, and multiple myeloma (7). Although vincristine and
BTZ have different mechanisms of action, the main nonhematological side effect of both is peripheral neu-
ropathy (22, 23), for which no effective treatment exists (4, 5). Here, we make the intriguing discovery that
the neurodegenerative effects of both vincristine and BTZ converge on a core degeneration program con-
sisting of NMNAT2, SARM1, and NAD" but engage different upstream mechanisms that closely resem-
ble Wallerian degeneration after vincristine and apoptosis after BTZ administration. These 2 axon death
pathways are activated in different contexts — Wallerian degeneration leads to axon dismantling after a
nerve cut (8, 9), whereas apoptosis-induced axon degeneration occurs, for instance, during nervous system
development in response to loss of trophic support (43). Although these death pathways share some features,
they proceed largely via distinct mechanisms (37, 40). For instance, the cell body is required and in fact
orchestrates degeneration in apoptosis (38), whereas it is not involved in Wallerian degeneration. Accord-
ingly, the cell body is required for BTZ-induced axon degeneration, whereas degeneration proceeds axon
autonomously after vincristine administration (Figure 1 and ref. 26). Furthermore, axon death induced by
apoptosis is transcriptionally regulated; is inhibited by antiapoptotic factors, such as Bcl-XL; and leads to
caspase activation (43). Similarly, BTZ-induced axon degeneration is transcriptionally regulated, inhibited
by overexpression of the antiapoptotic factor Bcl-XL, and mediated by activated axonal caspases. Thus, at
least some of the actions of BTZ in DRG neurons are similar to the ones in cancer cells (21) where BTZ
induces an apoptosis pathway (44, 45). Interestingly, taxol-induced axon loss is also SARM1 dependent (19)
and mediated by a cell body—derived signal (46). In contrast, blocking transcription, inhibiting the activation
of caspases, or expressing the antiapoptotic factor Bcl-XL do not interfere with Wallerian degeneration or
axon degeneration induced by vincristine (40, 47). Vincristine interferes with microtubule dynamics, thereby
leading to decreased anterograde and retrograde axonal transport (20) similar to, but less severe than, the
complete loss of transport that accompanies axotomy. Interventions that prevent axotomy-induced axon
degeneration, such as overexpression of NAMPT (28) and inhibition of the MAPK pathway (33-35), also
prevent vincristine-induced axon degeneration with similar relative effectiveness. Despite these upstream
differences, vincristine and BTZ both lead to a decrease of axonal NMNAT?2 levels, activation of SARMI,
and depletion of NAD* followed by axon fragmentation. We thus identify NMNAT2/SARM1/NAD" as a
final common axon destruction pathway that is shared by otherwise distinct axon death programs. Although
most work on SARMI1 has been done in the context of Wallerian degeneration (9), our finding that SARM1
acts downstream of activated caspases following BTZ is in accord with prior findings that NMNAT and
SARMI act downstream of the apoptotic caspase cascade induced by neurotrophin withdrawal (12, 38, 47).
Following BTZ administration to cultured DRG neurons, we observed a SARMI1-dependent
decrease of NAD" in the axon, but not soma, suggesting that SARMI is activated only in the axon.
Accordingly, SARM1-KO prevents BTZ-induced axon degeneration, but not cell death, in vitro. Con-
versely, overexpressing the antiapoptotic factor Bcl-XL robustly blocks cell body death, but only slows
and does not prevent axon degeneration following administration of BTZ, indicating that cell body
and axon death are mediated by distinct death pathways and that SARM1 is essential for axon degen-
eration but not cell body death following BTZ. The same dichotomy is observed in apoptosis-in-
duced degeneration following NGF withdrawal in which expression of cytNMNAT1 (which inhibits
SARMI function) protects from NGF-induced axon degeneration but does not block cell death (47).
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Figure 7. Loss of SARM1 prevents BTZ-stimulated axon degeneration but not cell death. (A) WT and SARM1-KO DRG neurons were treated with

BTZ and incubated with Hoechst and ethidium homodimer (ETHD positive) at indicated time points to stain, respectively, live and dead cells. After
BTZ administration, the number of dead (ETHD) WT and SARM1-KO DRG neurons increased over time to the same extent. A 2-way ANOVA showed a
significant effect of time F (5, 20) = 72.27, P < 0.0001, but not group F (1, 4) = 0.2639, P = 0.6345, or interaction F (5, 20) = 0.3648, P = 0.8666; n = 3. (B)
Representative photomicrographs of WT and SARM1-KO DRG neurons expressing Bcl-XL or vector and treated with BTZ for 48 or 96 hours that were
incubated with ETHD (red) and Hoechst (blue) to label dead (ETHD) and living (Hoechst) cells. Expression of Bcl-XL prevented neuronal death in both
WT and SARM1-KO neurons. Phase-contrast photomicrographs of axons corresponding to the cells above, showing that expression of Bcl-XL did not
prevent axon degeneration in WT DRG neurons as potently as SARM1KO. (C) WT and SARM1-KO DRG neurons expressing control vector or Bcl-XL were
stained with ETHD and Hoechst 96 hours after BTZ was added. One-way ANOVA F (3, 10) = 128.6, P < 0.0001; ****P < 0.0001. n = 4 WT; n = 3 SARM1-
KO. (D) Axon degeneration of experiments shown in C. WT and SARM1-KO DRG expressing indicated constructs were treated with BTZ or vehicle, and
axon degeneration was determined at indicated time points. Two-way ANOVA showed significant effects of group F (5, 69) = 165.5, P < 0.0007; time F
(4, 69) = 67, P < 0.0001; and interaction F (20, 69) = 14.99, P < 0.0001; Tukey's multiple-comparisons test ***P < 0.001 WT BTZ Bcl-XL vs. SARM1-KO
Bcl-XL; ****P < 0.0001; n =4 WT, n = 3 SARM1-KO.
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Furthermore, SARM1-KO prevents axon degeneration in vivo after optic nerve crush but does not
mitigate the accompanying retinal ganglion cell death (48).

Whether DRG neurons degenerate in patients following BTZ administration is unknown. Large mul-
ticenter phase II and IIT studies have shown that BTZ-induced neuropathy resolves or improves in many
patients after treatment has ended (23), suggesting that cell body death is not a major contributing factor in
BTZ-induced neuropathy. This conclusion is consistent with our in vivo SARM1-KO result showing sub-
stantial protection from BTZ-induced axon degeneration. Nevertheless, degeneration of DRG neurons in a
patient subset that continues to experience neuropathic symptoms after discontinuation of BTZ cannot be
ruled out (49). Indeed, in a study of BTZ-treated mice, Carozzi et al. observed cytoplasmic condensation and
degeneration of DRG neurons (50). Thus, it is possible that for some patients a combination therapy targeting
the cell body and axon may lead to best results.

A major finding of our study is that targeting the core axon degeneration program either by main-
taining NAD" or inhibiting SARMI1 completely and persistently blocks axon degeneration after BTZ
and vincristine in vitro and in vivo. In addition, SARMI1-KO or NR supplementation prevent pacli-
taxel-induced neuropathy and diabetic neuropathy in mouse models (19, 51, 52), indicating that tar-
geting the core axon degeneration program attenuates a variety of forms of peripheral neuropathy.
NAD? can be increased in human patients by the naturally occurring supplement vitamin B, (53, 54).
Although increasing NAD* may be helpful for some forms of neuropathy, it could be problematic
in the setting of certain cancers, such as, for instance, multiple myeloma cells, in which intracellular
NAD* levels can influence treatment efficacy (55). Because SARMI is predominantly expressed in
neurons and kept inhibited at rest, therapeutically inhibiting it is less likely to be associated with
such negative effects on cancer therapy. We recently discovered that SARMI1 has enzymatic activity
(16), which provides a novel target for the rational design of inhibitors and developed a SARM1-DN
transgene (27) that potently prevents vincristine- (27) and BTZ-induced axon degeneration in vitro. We
suggest that inhibiting SARM1 may be of therapeutic value to prevent different chemotherapy-induced
neuropathies and possibly other peripheral polyneuropathies.

Methods

This manuscript was prepared in adherence to the Animal Research: Reporting of In Vivo Experiments
guidelines. Pregnant CD1 mice were purchased from Charles River. C57BL/6 mice were purchased from
The Jackson Laboratory. SARM1-KO mice were a gift from Marco Colonna (56) and bred in our colony.
Male and female mice were used for all in vitro experiments. For in vivo studies, male mice aged 10-16
weeks were used. Chemicals were purchased from MilliporeSigma unless indicated otherwise.

Mouse embryonic DRG cultures. Embryonic dorsal root ganglia were obtained from embryonic day 13.5
CD1 (Charles River) or SARM1-KO mice. Cells were dissociated by incubation in 0.05% Trypsin-EDTA
(Gibco) at 37°C and resuspended in Neurobasal medium (Invitrogen) containing 2% B27 (Invitrogen),
50 ng/mL NGF (Harlan Laboratories), 1 uM 5-Fluoro-2'-deoxyuridine (MilliporeSigma), and 1 pM
uridine and plated in 48-well plates coated with poly-p-lysine and laminin. Cultures were maintained
in Neurobasal medium (Invitrogen) supplemented with 2% B27 (Invitrogen), 50 ng/mL NGF (Harlan
Laboratories), and 1 mM 5-Fluoro-2'-deoxyuridine (MilliporeSigma).

Microfluidic cultures. Experiments described in Figure 1, C-E, were performed in microfluidic cham-
bers. Microfluidic chambers, specifically AXIS AX50010TC Axon Isolation Device (MilliporeSigma), were
placed onto poly-D-lysine— and laminin-coated 6-well plates. Cell suspension was pipetted into each side of
the upper channel of the microfluidic device. Medium was exchanged with fresh every other day. On the
day of the experiment (DIV 5-7), a hydrostatic gradient was introduced, and drugs were added to the com-
partment with the lower hydrostatic pressure. Bright-field images of cells growing in microfluidic chambers
were obtained using an Olympus CKX41 microscope with a Nikon DS-Qil camera.

Drugs and reagents. All drugs and reagents were purchased from MilliporeSigma unless noted. On DIV
7, vincristine sulfate (40 nM in DMSO), BTZ (100 nM in DMSO), or vehicle (DMSO) was added to cul-
tured DRG neurons and remained in the wells until the end of the experiments. NR (1 mM), a gift from
ChromaDex Inc., and DLK inhibitor (GNE-3511, Calbiochem; 1 uM in DMSO) were added 12 hours
before the start of the experiment. The caspase inhibitor Z-VAD(OMe)-FMK (Enzo Life Sciences; 100 uM)
was added 1 hour before the start of the experiment. Actinomycin-D (1 ug/mL) was added at the start of
the experiment. TMRM (Thermo Fisher Scientific) was added to the wells and incubated for 30 minutes.
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The TMRM and bright-field images were imaged simultaneously using an Olympus CKX41 microscope
with a Nikon DS-Qil camera.

Lentiviral preparation and transduction. Mammalian expression constructs were derived from an FCIV
lentiviral vector (32) containing a ubiquitin promoter and Venus marker. HEK293T cells were maintained
in DMEM (Gibco) supplemented with 10% FBS (Peak Serum) and 2 mM L-glutamine (DFG). At approx-
imately 80% confluence, cells were transfected with lentiviral packaging plasmid psPAX2, vesicular stoma-
titis virus glycoprotein, and lentiviral expression vector FCIV. Lentiviral particles were collected 48 hours
later and concentrated with Lenti-X concentrator (Clontech) to a final concentration of 1 X 10¢ infectious
particles/mL. Embryonic DRG cultures were infected with FCIV control, cytNMNAT1 (32), NRK1 (28),
NAMPT (28), or a SARM1-DN mutant (SARM1-K193R/H685A/H194A; ref. 27). Lentiviral particles
were added directly to neuronal media (10° particles/mL) the day after plating (DIV 1). Lentiviral expres-
sion of constructs was confirmed by positive fluorescent signal in the cell bodies.

Axon degeneration imaging and index measurement. DRG neurons were grown in 48-well spot cultures.
Before the start of each experiment, and at time points throughout, images were obtained with an Operetta
High-Content Imaging System (PerkinElmer) using a X20 long working range objective. A total of 15-20
images per well were collected, from a minimum of 3 wells per treatment condition. These images were
then analyzed in ImageJ software (NIH) using a custom-made “degeneration index,” which gives a numeri-
cal output corresponding to the fractional area of fragmented axons (24). Higher degeneration index values
indicate more degenerated axons.

Immunohistochemistry. DRG cultures (on DIV 7) were fixed in 4% paraformaldehyde (Electron Micros-
copy Sciences) for 20 minutes followed by PBS rinse and immunostaining. Briefly, cultures were blocked
in blocking solution (5% normal goat serum and 0.1% Triton X-100 in PBS) for 1 hour and then incubated
overnight in primary antibody at 4°C. The following primary antibodies were used: Alexa Fluor 488 anti—
tubulin B, (1:1000; BioLegend; 801203) and rabbit anti—cleaved caspase-3 (1:500; Cell Signaling Technol-
ogy; 9661). Samples were washed 3 times with 0.1% Triton X-100 in PBS and incubated with Alexa Fluor
594—conjugated goat antirabbit (1:500; Invitrogen; A-11032) for 2 hours at room temperature. Images were
captured with a Leica DFC 7000-T Camera on a Leica DMI 4000B microscope using a X20 objective.

Western blotting. Cell and axon lysates were collected in sample buffer (1 M Tris-HCL, glycerol, SDS,
bromophenol blue), loaded into Mini-PROTEAN precast gels (Bio-Rad), and resolved via SDS-PAGE
using a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad). The gel was then transferred onto
a 0.2-uM nitrocellulose membrane using the Trans-Blot Turbo Transfer System (Bio-Rad). The membrane
was washed, blocked, and incubated overnight with primary antibody. The following primary antibodies
were used: rabbit anti—cleaved caspase-3 (1:500; Cell Signaling Technology; 9661), rabbit anti—caspase-3
(1:1000; Cell Signaling Technology; 9662), rabbit anti—f-actin (1:1000; Cell Signaling Technology; 4970),
and mouse anti-NMNAT?2 (1:250; Santa Cruz Biotechnology; sc-515206). The following day, HRP-con-
jugated antimouse or antirabbit secondary antibodies (1:10,000; Jackson ImmunoResearch; 115-035-003
and 111-035-144) were incubated for 1 hour and were detected by WesternBright Sirius HRP Substrate
(Advansta). Western blot quantification was performed using ImageJ (NIH).

NAD" measurement. Axons and cell bodies were lysed by addition of 0.5 M perchloric acid. Extracts were
centrifuged and supernatants were collected, neutralized with 3 M K,CO,, and diluted in potassium phosphate
buffer. NAD" was assayed by HPLC on an LC-18T HPLC column (Supelco) at a flow rate of 1 mL/min. Elu-
tion peaks were matched to NAD* standards. For experiments involving NRK, neurons were transduced with
concentrated virus expressing NRK on DIV 1, and NR was added 12 hours before adding vincristine or BTZ.

BTZ-induced peripheral neuropathy. BTZ (LC Laboratories B-1408) was dissolved in 100% ethanol/
Tween-80/normal saline (5%/5%/90% v/v) and administered by tail vein injections at a dose of 0.8 mg/kg
twice a week for 4 weeks to SARM1-KO mice (# = 7) and WT C57BL/6J mice (n = 7). Saline was admin-
istered at the same volume, route, and frequency to SARM1-KO (# = 5) and C57BL/6J (n = 5) mice. Four
days after the last dose, mice were euthanized by isoflurane inhalation, and footpads were harvested for the
evaluation of IENFs. Two-millimeter punch biopsies of medial plantar footpads were fixed with parafor-
maldehyde-lysine-periodate for 24 hours at 4°C and transferred into a cryoprotective solution, and 50-pm
thick serial sections were cut with a Thermo Scientific Microm HM550 freezing microtome. The sections
were stained with the pan-axonal marker anti—protein gene product 9.5 (Bio-Rad, 7863-0504). IENFs were
counted in 3 sections for each animal by observers blind to treatment according to standard protocols as
described (57) and averaged using a microscope at x40 magnification for each animal.
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Statistics. Unless otherwise stated, data are reported as mean * SEM. Between group comparisons were
made with 1-way or 2-way ANOVA as appropriate. Two-sided significance tests were used throughout, and
P < 0.05 was considered statistically significant. All statistics were calculated with the aid of GraphPad
Prism software.

Study approval. All experiments were performed in accordance with guidelines mandated by the NIH
Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011) and were approved by the
Washington University in St. Louis Medical School Institutional Animal Care and Use Committee (pro-
tocols 20170030 and 20180030) and the Johns Hopkins Institutional Animal Care and Use Committees
(protocol M015M322).
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