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Cellular/Molecular

Sarm1-Mediated Axon Degeneration Requires Both SAM and
TIR Interactions

Josiah Gerdts,' Daniel W. Summers,'” Yo Sasaki,' Aaron DiAntonio,”” and Jeffrey Milbrandt'-
'Department of Genetics, Department of Developmental Biology, and *Hope Center for Neurological Disorders, Washington University Scheol of Medicine,
St. Louis, Missouri 63110

Axon degeneration is an evolutionarily conserved pathway that eliminates damaged or unneeded axons. Manipulation of this poorly
understood pathway may allow treatment of a wide range of neurological disorders. In an RNAi-based screen performed in cultured
mouse DRG neurons, we observed strong suppression of injury-induced axon degeneration upon knockdown of Sarm| [SARM (sterile
a-motif-containing and armadillo-motif containing protein)]. We find that a SARM-dependent degeneration program is engaged by
disparate neuronal insults: SARM ablation blocks axon degeneration induced by axotomy or vineristine treatment, while SARM acts in
parallel with a soma-derived caspase-dependent pathway following trophic withdrawal. SARM is a multidomain protein that associates
with neuronal mitochondria. Deletion of the N-terminal mitochondrial localization sequence disrupts SARM mitochondrial localization
in neurons but does notalter its ability to promote axon degeneration. [n contrast, mutation of either the SAM (sterile & motif) or TIR
(Toll-interleukin-1 receptor) domains abolishes the ability of SARM to promote axonal degeneration, whilea SARM mutant containing
only these domains elicits axondegeneration and nonapoptotic neuronal death even in theabsence of injury. Protein—protein interaction
studies demonstrate that the SAM domains are necessary and sufficient to mediate SARM-SARM binding. SARM mutantslacking a TIR
domainbind full-length SARM and exhibit strong dominant-negative activity. These results indicate that SARM plays an integral role in
the dismantling of injured axons and supporta model inwhich SAM-mediated multimerization is necessary for TIR-dependent engage-
ment of a downstream destruction pathway. These findings suggest that inhibitors of SAM and TIR interactions represent therapeutic

candidates forblocking pathological axon loss and neuronal cell death.

Introduction

Axon degeneration is aspecialized self-destructive program that me-
diates axon breakdown and clearance in development, injury, and
disease (Coleman and Freeman, 2010; Wang et al, 2012). Like pro-
grammed cell death, axon degeneration plays beneficial roles during
development and in response to damage, allowing developmental
axon pruning (Luoand O'Leary, 2003) and promoting clearance of
irreparably damaged axons following transection injury, a process
termed “"Wallerian” degeneration. Axonal degeneration isa promi-
nent teature of diseases of the nervous system, including neurode-
generative diseases and neuropathies, that leads to dystunctional
neuronal connectivity (Saxena and Caroni, 2007). [dentifving the
molecular underpinnings of the axon degeneration program is
therefore important for understanding nervous system develop-
ment and may offer novel therapeutic options for neurological dis-
orders.
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Studies of mice bearing the axon-protective Wid™ (Wallerian de-
generation slow) mutation revealed that axon degeneration is a dy-
namically regulated destruction program (Coleman and Freeman,
2010y, WId® mice express a fusion protein containing Nmnatl, an
enzyme in the NAD (nicotinamide adenine dinucleotide) biosyn-
thetic pathway that is the axon-protective component {Coleman et
al., 1998; Araki et al.,, 2004), While studies of Wid* mice have dem-
onstrated the potential therapeutic benefit of suppressing axon de-
generation in many neurological disorders, this gain-of-function
mutation has not vielded direct insight into the genetic control of
normal axon degeneration. Recentstudies demonstrated that loss of
dual leucine zipper Kinase {DLK) slows axon degeneration in Dro-
sophila and in mice, thus providing direct evidence for an axon de-
struction program (Miller et al, 2009). However, the limited
durationofaxon protection atforded by DLK ablation argues against
its centrality in an axon degeneration pathway. [ndeed, we and oth-
ers have identified additional molecules whose loss or inhibition
delays injuryv-induced axon degeneration (Barrientos et al,, 2011;
Gerdts etal,, 2011; Wakatsuki etal., 2011; Bhattacharya et al,, 2012;
Babetto etal,, 2013).

Here we report that SARM, a Toll-like receptor adaptor family
member, is essential for injury-induced axon degeneration. SARM mu-
tant mice exhibit dramatically delaved axon degeneration upon sci-
atic nerve transection. SARM confains a mitochondrial localization
signal as well as SAM (sterile ce motif) and TIR {Toll-interleukin-1
receptor] protein—protein interaction domains. Both fluorescently
tagged human SARM and endogenous murine SARM associate with
neuronal mitochondria, but a cytosolic SARM mutant effectively
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substitutes for wild-type SARM to promote
injury-induced degeneration. Biochemical
experiments demonstrate that SARM un-
dergoes SAM-dependent multimerization
and that SARM requires intact SAM do-
mains to promote axon degeneration. Mu-
tations within the TIR domain disrupt
SARM function but do not disrupt SARM-
SARM binding; moreover, the incorpora-
tion of TIR-less SARM molecules into
SARM complexes renders them nonfunc-
tional, indicating that SARM promotes
axon degeneration as a complex that must
contain multiple TIR domains to function.
Finally, SARM containing the SAM and TIR
domains but lacking the N-terminal 408
aa elicits axon degeneration and non-
apoptotic neuronal death in the absence
of injury, indicating the N terminus of
SARM isa negative regulator of SARM-
mediated degeneration. During these
studies, Osterloh and colleagues {2012]
independently reported the results of a
Driosoplila screen showing that SARM is
important for injurv-induced axon de-
generation in Drosephila and mice,

Materials and Methods

Primary newronal culture. Dorsal root ganglia
(DRGs) from embryonic day (E) 12.5 mice
were dissected in DMEM and dissociated in
0.25% trypsin at 277, then washed in Neuro-
basal media (Invitrogen ) containing 2% B27
supplement (Invitrogen ). Complete DRG media
comprised Neurobasal media supplemented
with L-glutamine (Tnvitrogen), 2% B27 (Tnvitmo-
cen ), 50 ng/ml nerve growth factor (Harlan Lab-
oratories), 1wy 5-tfluoro-2'-deoxyuridine
(Sigma-Aldrich), and | gpa uridine (Sigma-
Aldrich). Axon insult experiments were per-
formed after 7 d growth i virro. For cortical
newron cultures, cortices were isolated from 12.5
to 14.5 d embryos in DMEM, dissociated in

o

0.25% trypsin at 37°, then washed in Neurobasal
media containing 2% B27 supplement. Cell sus-
pensions containing 10 " neurans were applied to
poly-p-lysing/ laminin-coated coverslips in 24-
well plates and imaging experiments were per-
formed at> d a1 vima.

Lentiviral transduction. Lentiviral shRNA con-
structs in the pLKOL ] vector (Moffat et al., 2006)
targeting murine Sarm | { target sequences
GGTTTCTTACTCTACGAAT-3"; 5'-CTTCTA
AGACTCACAGATGAA-3"5'-CAGCCAGAGA
AATGCTACATT-3'; histed i order as presented
inFig 14 ), Mydss (3'-GCGACTGATTCCTATT
AAATA-3"),andGFP{5'-TGCCCGACAACCAC
TACCTGA-3") were obtained from the
Washington University RNAL Core. BelXl
(Vohra et al,, 2010}, Cre (Dasgupta and Mil-
brandt, 2007), and mitoDSRed (Misko et al,,
2012) constructs have been previously described.
Allother mammalian expression constructs were
derived from the FCIV lentiviral vector ( Sasaki et
al., 2009b ), which contains a ubigquitin promoter
and Venus marker driven by an internal ribo-
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Figure 1. SARM is required for injury-induced axon degeneration. 4, shRMNAs targeting GFF (contral) or Myd&8 do not suppress
axotomy-induced acon degensration while SARM knodidawn with threz independent shRMA vectars proteds axors; protection & corre-
lated with knodid own effideng measured by qRT-PCR (percantage remaining tanseript shown helow bar graph). **p <= 0.01; compar-
isors made toshRIA sequence targeting GFP at eachtime peint.Images of axons treated with Myd88 or SARMshRMA at 24 h postaxotomy
areshown. 8, Axatomy-induced axon degeneration is blocked by SARM shRNA but not control {LacZ) shRMA. Expression of human SARM
DA does not cause direct axon degeneration (see2 h postaxctomy) but restores normal injury-induced axon degeneration. € Axors of
wild-type DRGneurons undergo degenaration by 24 h postaxatomy while SARM ™ neurons do not. Expression of human SARM cDHA
restares normal injury- indu ced degeneration. D, Teluidine blusstained sdatic nerve cross sedtions distal to nevetrarsection show cm-
plete axon degeneration {loss of normal myelin prefiles) by 7d pestinjury inweild-typeanimals while SARM ™ axons show no degener-
ation at 7 d and only partial degeneration by 14 d postinjury. £, Treatment with vincristin e (40 nu) for 24 h @uses axon fragmentation in
wild-type DRGneurons but not SARM —' ™ neurors. Representative phase-contrast images areshown, *p <2 0.05 % p <2001, % p =
0.001; error bars show standard error of the mean (SEM), sale bars, 50 gem.
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somal entry sequence (IRES ). Human SARMI and MYDSS cDNA (Open
Biosystems) were PCR amplified and subcloned mto FCIV using the
homologous recombination-based InFusion system { Clontech ). A Flag
epitope was added to the C terminus of SARM { SARM-Flag ) to facilitate
affinity purification. Venus-tagged SARM fusion proteins were created
by restriction enzyme-based removal of the IRES sequence of FCIV and
insertion of SARM ¢DNA in frame with Venus, leaving a thre due
Ala-Thr-Thr peptide linker between the SARM C terminus and Venus.
SARM deletion mutants lacking residues 2-27 (AN27), 2-408 {SAM-
TIR), 2-560 (TIR), 409560 (ASAM ], 409-724 (ASAMATIR], 2—-408/
561=-724 (SAM), and 561-724 {ATIR} were similarly subcloned into
FCIV using the InFusion system. SARM mutant constructs bearing
clght-residue alanine replacements (83CAla) at residues 410-417, 445
452, 481488, 517-524, 625-632, 661-0668, 697-704, and 715-721 were
generated by the megaprime PCR method (Kammann et al, 1989 ). Suc-
cesstul insertion of all clones was verified by sequencing. Double-tloxed
inwverse orf (DIO) constructs { DIO-SAM-TIR-Venus and DIO-SAM-
TIR[697-704A]-Venus) were derived by subcloning the loxP/lox2722
tlanked insert from pAAV-Efla-DIO enhanced yellow fluorescent protein
{Sohaletal., 2009 acquired from AddGene) into our FCIV vector and then
subcloning SAM-TIR-Venus in an inverted orientation between the Nhel
and BstXI sites.

Lentiviral particles were produced by cotranstection of lentiviral ex-
pression vectors ( pLEKO.1 and FCIV) with lentiviral pml\m-mv plasmids
into HEK293T cells as described previously (Sasakiet al, 2009b). Lenti-
viral particles were concentrated 10-fold from packaging cell media using,
LentiX Concentrator (Clontech), resuspended in PBS, and stored at
—80°C. Concentrated lentiviral stocks were added to neuronal culture
media at 50-200-fold final dilution. For axotomy experiments using
shRNA vectors (Fig, 14, B), BelXl expression lentivirus was added to
cultures to avold apoptosis of DRG newrons that 1s induced by some
shRNA vectors ( Gerdts et al, 2011).

Lentiviral transduction efficiency and expression level of Venus-
tagged SARM constructs were monitored by high-content microscopy
and automated image analysis. DRG neurons expressing each construct
> fixxed and stained with DAPL Images of Venus and DAPT fluores-
cence were acquired from four wells per virus using an Operetta high-
content imaging system (PerkinElmer). Following image background
subtraction, average Venus pixel intensity per cell was quantified within
regions drawn around =100 DAPL-stained nuclel. Box plots showing the
medians, upper and lower quartiles, and upper and lower 95% bound-
aries of these intensity distributions are shown in Figure 4C. For all
viruses tested, viral transduction efficiency was =95%. To verify that all
constructs were adequately expressed for functional analysis shown in
Figure 4, median fluorescence intensity of each construct was measured
Jl]d tound to be above thatof a low-titer positive control ( SARM-V low )
that effectively restored axon degeneration competence in SARM ™'
Neurons.

Invitro axon injury and quantification of fragment 1. DRG neurons
scultured in 9e-well microtiter plates with cell bodies sequestered to
allow maging of axons by awtomated microscopy (Gerdts et al, 2011,
Axotomy was performed by manually severing DRG axons near the soma
using a3 mm wide flat blade. Sixbright-field images perwell of live axons
were acquired at indicated time points post-insult using an Operetta
high-content imaging system ( PerkinElmer ) with a 20 abjective. Axon
degeneration was quantified based on axon morphology and was re-
ported as the “degeneration index™ (*DI™ j using an In‘m' ] -based script
we have previously described (Sasaki et al., Thl\ metric ranges
trom 0 {perfectly intact) to 1 { pertectly fragime :
correspond to extensive axon degeneration. Six m"_agc-_\' per w'cll were
measured as technical replicates, and 4—6 wells per condition were ana-

Wer

we

lyzed and used for statistical comparisons. To deprive DRG neurons of

NGF, wells were rinsed twice with media lacking NGF betore the addition
of media containing anti-NGF antibody (Vohra et al., 2010}, Axonal
fragmentation was quantified as described above at 36 or 72 h postinsult.
Vincristine (Araki etal., 2004 ) was added to DRG culture media at 40 nu.
Immunostaining of DRG neurons was performed as described previ-
owsly (Gerdts et al, 2011} using 1:2000 a-tubulin monoclonal antibody
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(Sigma-Aldrich). Photomontages shown in Figure 2D were created from
cight individual ﬂc-ld.\' using Adobe Photoshop.

Fluorescence microscopy. Cortical and DRG neurons were grown on
poly-p-lysing/laminin-coated coverglass and treated with mitochondria-
targeted DsRed (Misko et al, 2012) and SARM-Venus expression lenti-
viruses at 2.d o virro. After 4 d, coverglass was mounted on glass slides
with DAPI-containing mounting media. Images were acquired using a
Nikon Eclipse 801 microscope with Plan Apo 40X objective using Meta-
Morph image acquisition software. Intensity scaling and multichannel
pseudocoloring were performed with Imagel software (National Insti-
tutes of Health ).

Inmunofluorescence. Wild-type and SARM ™7 DRG newrons were
tsolated asdescribed above and seeded ina 16-well chamber slide. AtDIV
2, cells were infected with lentivirus expressing mitoDSred. At DIV 7,
cells were fixed in 3.7% paratormaldehyde. Fixed cells were blocked and
permeabilized in for 1 hin PBS plus 0.5% Triton X-100 and 5% BSA
(PBS-T).Shdeswere incubated with anti-SARM antisera { 1:300 in-house
rabbit polyclonal) in blocking bufter overnight. Shides were thoroughly
washed in PBS-T and incubated with Alexad88-conjugated anti-rabbit
antibody. After thoroughly washing with PBS-T, slides were mounted
and neurons were vistalized with a Nikon D-Eclipse C1 confocal micro-
scope using a 60 objective. Images are z-projections of confocal stacks.
Wild-type and SARM ™7 neurons were prepared simultaneously and
images collected wsing identical settings. Anti-SARM rabbit polyclonal
antisera were generated by Yenzym antibodies using synthetic peptides
ponding to amine acids 447-465 and 704-724 from human
SARM. Antisera was purified by affinity chromatography using the
peptides used as the immunogen.

Swrgical procedures and bistology. Mice of either sex were anesthetized
by intraperitoneal injection of 2-2-2 tribromoethanol at a dose of 500
mg/keg, The sciatic nerve was exposed at the hip and transected using
small surgical scissors. The distal stump was deflected onto an adjacent

-

Cor

muscle to prevent regeneration. Nerve lesions were produced on the
right side and the contralateral nerve was left intact and served as the
uninjured control. To analyze the nerve structure, the distal segments of
the sciatic nerves (mnjured and control} were fixed with 3% glutaralde-
hyde, rinsed with 0.1 u phosphate butter, pH 7.0, and incubated over-
night at 402 with 1% osmium tetroxide in phosphate buffer. Specimens
were then dehydrated in graded ethanol and embedded in epoxy
(Araldite 502). Nerve cross sections ( 0.4 wm) were stained with 1% tolu-
1dene blue and morphometric analysis was performed using light micro-
scope (Axoskop 5 ss) and morphometry sottware (Leco [TA32, Leco
[nstruments ), as previously d'{-\' ribed (Hunter et al., . Three age-
matched C37BL/6 and SARN mice were analyzed at 3 and 7 d post-
transection while mntmlatc-ml uninjured nerves served as a control.
Three additional SARM ™7 mice were analyzed at 14 d post-transection.
Mitochondrial fi Cortical neurons isolated from E12.5
mouse embryos were infected at DIV | with lentiviral SARM-V. At DIV
7, cells were lysed in mitochondrial isolation buffer (10 mu HEPES,
pH7.4, 1 my EDTA, 250 ma sucrose, | muy PMSFE, protease inhibitor
mixture from Roche ) by dounce homogenmzation. Cell extracts were cen-
trifuged at 500 X ¢ for 5 min to remove cell debris. Nuclel were pelleted
at 15300 X g for 3 min. The postnuclear fraction was spun at 10,000 X g for
10 min. The supernatant was saved (cytosolic fraction) and the crude
mitochondrial fraction was washed once with mitochondrial isolation
bufter and saved for analysis by SDS-PAGE and Western immunoblot-
ting. For proteinase K treatment, rat cortical neurons isolated from E17
embryos were treated as described above (inlysis butter lacking protease
inhibitor). Cytosolic and mitochondrial fractions were incubated with
0.5 mg/ml proteinase K at 25°C for 30 mim. The reaction was stopped
with 10 mu PMSE. Anti-GFP was from Invitrogen, anti-Tom40 (D-2)
was from Santa Cruz Biotechnology, anti-Opal was from BD Blosci-
ences, and anti- prk;n (C45G5) was from Cell Signaling Technology.
Coimmunoprecipitation. HEK293  cells  were uﬁ[dl]\tx\txd with
SARM-Flag and wild-type SARM-V (or the indicated mutant). Twenty-
four hours post-transtection, cells were harvested in coimmunoprecipi-
tation buffer (1 % PBS, 10 mu HEPES, pH 7.4, 0.1% Triton X, 1 mu
EDTA, | mu PMSF, 1 protease inhibitor mixture from Rochel, soni-
cated, and precleared of cell debris at 3000 rpm tor 3 min. Precleared cell
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extracts were incubated with rabbit polyclonal A MW vild-type
anti-GFP antisera (Invitrogen) and protein-G [1SARM-/-
beads (Roche). Beads were thoroughly washed Lo

=
o

m colmmunoprecipitation  buffer  and bl
SARM-V complexes resuspended 1n sample 2os
buffer, then analyzed by SDS-PAGE and West- 5 04
ern |n_"_n‘_L1nnblnFt|n-L;w'lth anti-Flag t Anti-Flag "E i
M2, Sigma-Aldrich ). ] i
Quanditative RT-PCR. Knockdown  effi- o 0.2
clency of shRNA constructs was tested using s 01
DRG neuronal cultures grown i 24-well plates
at a seeding density of 10 cells per well. Cells NGF:

were infected after 2.d i virro, RNA was har-
vested atter 7 d inviro and purified by phenol-
chloroform extraction using Ribozol reagent
tAmresco). Transcript levels relative to
GAPDH were determined by qPCR (standard
curve method) wsing an ABI Prism 7900HT
sequence detection instrument (Appled Bio-
systems ) with two technical replicates per sam-
ple per primer set.

Cetlviabilicy measuremnent. To quantify neu-
ronal cell death, cells were stamed by direct
addition of 20 pw ethidium homodimer
(Botium) o the cell media and three 10X tlu-
orescent and bright-field fields per well were
acquired using the Operetta imaging system.
Ethidiwm  homodimer-positive (dead) and
cthidium homodimer-negative (Lhve) newrons D
were manually counted i each field (30—100
newrons per field), and the fraction of dead
cells per well was used 1 statistical compari-
sons, To quantify viability of HEK cells trans-
fected with SARM constructs, 107" HEK293
cells were seeded in each well of a 96-well mi-
crotiter plate and grown i DMEM supple-
mented with 10% fetal bovine serum. Cells in
each well were transfected with 50 ng of each
plasmid DNA (6 wells per group) by addition
of plasmid diluted in 10 wl of Opti-MEM
(Invitrogen) and mixed with
K-TremeGene Y transfection reagent ( Roche).
Thirty-six hours post-transfection, cell media
was replaced with warmed (37%) phenol-free
DMEM containing 0.01 mg/ml resazurin so-
dium salt ( Sigma-Aldrichi. After | h incuba-
tion, fluorescence in each well was read on
a POLARstar Optima plate reader (BMG
Labtech ) with 344 excitation and 590 emission
settings. Fluorescence values were normalized
by subtracting background flucrescence (the
mean fluorescence measured in wells without
cells but containmg incubated DMEM/ resazu-
rin) and then dividing by the mean fluores-
cence of the vector control group.

Staiistics. Results presented from all in
ifro experiments are representative of =3
independent experiments. All statistical comparisons were calculated using
Matlab software { Mathworks). Unless aotherwise noted, statistical compari-
sons shown in figures indicate unpaired ¢ tests with Bonferroni multiple-
comparison adjustment.

i
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Results

SARM is required for injury-induced axon degeneration
Toidentity genes required tor degeneration of injured axons, we
developed a quantitative, image-based screening paradigm using
primary mouse DRG neurons grown in 96-well microtiter plates
and injured by axotomy (Gerdts et al., 201 1). Axon fragmenta-
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restored by expression of SARM. Representate phase-contrastimagesare shown at the right. 8, 4 RM ablation does not affect apoptesis
of DRG neurons measuredafter 24 h of NGF deprivation using ethidium homodimer (EH) exdusion assay. Top, Quantification of EH-positive
cells shows no difference in cell death between genatypes. Bottom, Representative images of EH positivity (red stain). ¢, Following 72 h
trophicfactor withdrawal, SARM ~ '~
typeaxons. Axon degenemtionand Casp3 are blocked bys evering the axons, treatingwith caspase inhibitor ZVAD-FMK (10 weafml), or the
trarsriptional inhibite ractinomycin D (Act.D; 1 ea/ml). Axon degeneration quantification is shawn in the bar graph (riaht]. D, luores-
cence (o-tubulin stain) montages showing acotomy-induced axon protedion in S4RM
indiated by yellow dashed line, **p =< 001, **p =20.007; erorbars = SEM,scalebars, 30 g,

axons echibit fragmentationand deaved @spase-3 (Caspd) immunareactivity comparalle to wild-

~'" DRés deprived of NGFfor 72 h. (utsite

tion s morphologically scored and reported as the DI, which
ranges from O { perfectlyintact) to 1 {perfectly fragmented; Sasaki
et al, 2009a). Using this system, we screened a lentiviral shRNA
library developed by The RNAI Consortium (Moffatetal., 2006)
that targets most genes in the mouse genome (J. Gerdts, [. Mil-
brandt, unpublished observations). From this screen, we found
that multiple independent shRNAs directed against the Toll and
interleukin receptor adaptor molecule Sarml (SARM) suppress
axotomy-induced axon degeneration, SARM is a member of a
tamily ot five intracellular Toll and interleukin receptor (TLR)
adaptor molecules that includes MyD88, Ticaml/TRIF, Ticam2/
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TRAM, and Tollip/ MAL {O'Neill and Bowie, 2007). We tested
three independent shRNA vectors targeting SARM that suppress
axon degeneration at 12 and 24 h postaxotomy with knockdown
efficiency that correlates with axon protection (Fig. 1A). Mydsg
knockdown does not suppress axon degeneration (Fig. 1A}, nor
does shRNA targeting other TLR adaptor molecules (data not
shown). To confirmthe specificity ofthe SARM shRNA etfects on
axon degeneration, we coinfected DRG neurons with lentiviruses
expressing SARM shRNA and a human SARM c¢DNA that is not
targeted by the murine shRNA. Human SARM reconstitutes the
ability of these injured axons to degenerate (Fig. 1B), while
Myd88 expression does not, confirming that SARM shRNAs pro-
tect axons via SARM knockdown. Notably, overexpression of
SARM does not cause axon degeneration in the absence of injury,
as indicated by a lack of axon degeneration in all treatment
groups near the time of injury. These results indicate that SARM
plays a critical role in the axon degeneration cascade and that,
evenwhen overexpressed, SARM requires aninjurysignalto pro-
mote axon degeneration.

To determine whether SARM mediates axon degeneration in
vive, we obtained SARM mutant mice (SARM ™7} that lack
SARM expression in all tissues (Szretter et al., 2009). These
SARM-deficient mice are developmentally normal with no overt
abnormalities, although they do exhibit immune deficiencies
when challenged with viral infection (Szretter et al., 2009). First,
we tested whether cultured DRG neurons from these mutant
animals manifested defects in axonal degeneration. DRG neu-
rons from SARM ™7 mice exhibit a dramatic delay in axotomy-
induced axon degeneration that is restored by expression of
SARM via lentivirus (Fig. 1C). To assess whether SARM is re-
quired for injury-induced axon degeneration i vive, we severed
the sciatic nerves of wild-type and SARM-deficient mice and ex-
amined the distal nerve segments by toluidine blue staining at 3,
7, and 14 d after transection. While cross sections of wild-type
nerves reveal partial loss of intact axon profiles 3 d postaxotomy
and near complete loss by 7 d, nerves from SARM mutant ani-
malsare fully preserved at 3and 7 d, and exhibit only minor losses
at 14 d (Fig. 12). This robust axonal survival suggests that SARM
is necessary for axonal degeneration in both sensory and motor
fibers.

Axon degeneration is triggered by diverse stimuli, including
mechanical trauma, chemotherapeutic agents, trophic factor
withdrawal, and disease. [tis widely believed that multiple signal-
ing pathways are involved in axonal destruction and that ditfer-
ent types of axonal damage activate specific pathways (Wang et
al.,,2012). To determine whether SARM is required for degener-
ation of axons damaged by insults other than axotomy, we first
treated wild-type and SARM ~'~ DRG neurons with the micro-
tubule destabilizing agent vincristine, a chemotherapeutic agent
that causes neuropathic side effects in humans (Wang et al.,
2004). Vincristine treatment of wild-type DRG neurons leads
to axon fragmentation, whereas this effect is abrogated in
SARM 7' axons (Fig. 1E).

SARM promotes axon degencration in parallel with a sema-

devived caspase-dependent pathway following trophic withd rawal
To further investigate the involvement of SARM in disparate
axon degeneration paradigms, we subjected wild-type and
SARM ~'7 DRG neurons to NGF deprivation, an insult known to
be mechanistically distinct from axotomy (Nikolaev et al, 2009;
Vohra et al, 2010; Simon ¢t al,, 2012). DRG neurons were
cultured for 6 DIV, and then deprived of NGF. Within 36 h,
wild-type neurons exhibit axon fragmentation and ethidium

LN eurosci, August 14, 2013 « 33(33):13569 -13580 « 13573

homodimer-positive staining of the soma indicative of apoptotic
death (Fig. 2A, B). SARM 7'~ neurons deprived of NGF show no
change in soma death but marked suppression ofaxon fragmen-
tation at 36 h. This inhibition of axon fragmentation by SARM
deficiency is reversed by coexpression of human SARM (Fig.2A).
Despite this protection, we noted that loss of SARM affords axon
protection atter NGF withdrawal that is of shorter duration than
that observed after axon severing. For instance, axons from
SARM-deficient neurons remain intact 72 h after axotomy,
whereas SARM ~' 7 axons are mostly fragmented after 72 h NGF
deprivation, suggesting the existence of SARM-independent sig-
nals that mediate axon degeneration after trophic withdrawal.
Because this late axon degeneration is preceded by apoptotic cell
death of the soma, we considered the possibility that a soma-
derived death signal might promote axon degeneration in a
SARM-independent manner. To uncouple these somal and ax-
onal signals, we severed SARM ~'~ axons immediately before
depriving the neurons of NGF. After 72 h of NGF deprivation,
nonsevered SARM ~'7 axons and axons proximal to the site of
severing exhibit substantial fragmentation, whereas axons sev-
ered before NGF deprivation remain intact (Fig. 2C,D). Further-
more, consistent with a recent report {Chen et al, 2012},
transcriptional inhibition with actinomvcin [ also blocks axon
degeneration induced by trophic withdrawal in wild-type and
SARM ™7 neurons (Fig. 2C). These results confirm the existence
ofa soma-derived axon degeneration signal that requires de vove
transcription  and is SARM-independent. To determine
whether this soma-derived, transcription-dependent signal is
caspase-dependent, we performed immunostaining of wild-type
and SARM '~ axons following 72 h NGF deprivation and found
that degenerating SARM '~ axons exhibit cleaved caspase-3 im-
munoreactivity that is blocked by axon severing or transcrip-
tional inhibition. Furthermore, caspase inhibition with
inhibitor Z-VAD-FMK (Z-Val-Ala-Asp-fluoromethyl ketone;
10 pwg/mly fully blocks axon degeneration in SARM ~' axons
deprived of NGF, while Z-VAD-FMK only partially suppresses
degeneration of wild-type axons (Fig. 2C). Together, these results
demonstrate a role for SARM in NGF-deprivation-induced axon
degeneration as well as the existence of a second soma-derived
and SARM-independent caspase-mediated pathway that drives a
late phase of axonal degeneration atter NGF deprivation.

While the above experiments and the work ofothers {(Osterloh
etal, 2012 ) demonstrate a critical role for SARM in axon degen-
eration, the molecular function of SARM protein is not well un-
derstood. Human SARMI is a 724 aa protein with two clearly
defined conserved domains identitied by the Pfam sequence anal-
vsis tool (Finnetal., 2010}z a pair of tandem SAM domains, which
commonly mediate intramolecular and intermolecular interac-
tions (Kim and Bowie, 2003; Qiao and Bowie, 2005); and, a TIR
domain, which in other TIR-containing proteins can ho-
modimerize and interact with TIR domains from other mole-
cules (O'Neill and Bowie, 2007). The N terminus of SARM
contains HEAT/ Armadillo repeat domains (Mink et al., 2001 ),
which commonly mediate protein binding, as well as an
N-terminal mitochondrial targeting sequence (residues 1-27;
Panneerselvam et al, 2012); however, neuronal studies concern-
ing SARM localization to mitochondria are not in agreement
(Kimetal,, 2007; Chen et al, 2011; Osterloh etal., 2012},

SARM peripherally associates with newronal mitochondria

To assess SARM localization in neurons, we tagged human
SARM with Venus fluorescent protein at the carboxy terminus
(SARM-V) and expressed this SARM fusion protein in cortical
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and sensory neuron cultures. Importantly, SARM-V reconsti-
tutes axon degeneration signaling in SARM neurons (see Fig.
4C,D), veritving that the fluorescent tag does not interfere with
protein function. Fluorescence microscopy demonstrates that
SARM-V is strongly colocalizes with the mitochondria-targeted
DsRed marker (Misko etal., 2012) in both cortical neurons and
axons of DRG neurons (Fig. 3A, B). In contrast, SARM lacking
the mitochondria-targeting (SARMAN27)
ported by Panneerselvam et al. (2012) is diffusely localized in
axons (Fig. 3C), confirming the importance of this region for
mitochondrial targeting of SARM in neurons. To assess the local-
ization of endogenous murine SARM, we generated a SARM-
specific antibody for immunofluorescence and contirmed its
specificity using SARM neurons (Fig. 3D). Inagreement with
our localization studies with tagged human SARM, immuno-
staining of endogenous murine SARM reveals colocalization with
mitoDSRed in axonal mitochondria (Fig. 3D). In addition, we
performed subcellular fractionation studies that showed that

I I
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V) exprassed in cortical neurons o

=d pratein (mito
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SARM-V is enriched in the mitochondrial fraction of cortical
neurons, although we consistently observe a pool of SARM-V in
the cytosolic fraction as well (Fig. 3E). In contrast, SARMAN27
resides predominantly in the cytosolic fraction (Fig. 3F ). To de-
termine whether SARM-V resides within the mitochondria or is
associated with mitochondria, we treated these mitochondrial
fractions with proteinase K protease to digest proteins outside the
mitochondrial outer membrane (Komiva and Mihara, 1996).
Proteinase K treatment of mitochondrial fractions of cortical
neurons expressing SARM-V leads to proteolysis of mitochon-
drial SARM-V (Fig. 3E), indicating that most SARM-V is periph-
erally associated with mitochondria, perhaps associated with the
outer mitochondrial membrane.

v aralysis -:?.f-\‘?._']l RM-: -'.-'(’;.‘I_-' ated

We next assessed which domains of SARM are critical for its role
in promoting axon degeneration. Because lentiviral delivery of
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SARM-V  effectively
induced axon degeneration in SARM ™
neurons and allows visualization of
expression level and localization, we con-
structed variants of this clone containing
deletions of SAM, TIR, and N-terminal
domains as well as multiple eight-resi-
due alanine replacements (8> Ala)
within in the SAM and TIR domains (Fig.
4A). During our lentivirus production of
these SARM mutants, we observed that
lentiviral packaging of the SAM-TIR
construct, which lacks N-terminal resi-
dues 1-408, could not be achieved due to
its toxicity in the HEK293 packaging cells.
This mutant was thus analyzed separately
(see below).

restores  Injury-

SAM donzains of SARM are required for
axon degeneration and SARM
neultimerization

To test the activity of these mutants, each
was delivered via lentivirus to cultured
SARM 77 DRG neuronsand axondegen-
eration was assessed 36 h following axo-
tomy, Because SARM 77 axons do not
exhibit axon degeneration after injury,
functional SARM mutants can be identi-
fied by their ability to restore a wild-type
phenotype (i.e., axon degeneration in re-
sponse to severing) in these cells (Fig. 4B).
All SARM mutants that restore injury-
induced axon degeneration to DI > 0.4
when expressed in SARM-deficient neu-
rons were considered functional as they
reconstitute the SARM-dependent axon
destructive pathway, while Lhm‘(- that tail
to restore axon degeneration after axotomy
(DI remained << 0.2} were considered com-
promised in their prodegenerative function.
The results of these functional studies for all
SARM mutants tested are summarized in
Tables 1 and 2. To ensure efficient transduc-
tion efficiency and adequate expression of
each SARM mutant, we quantified Venus
fluorescence in =100 DAPI-labeled DRG
neurons at the experimental endpoint (Fi
4C, box plot). Lentiviral transduction of Jll
constructs shown in Figure 4C was highly
efficient, and all the SARM mutants exhib-
ited a median fluorescent signal greater than
that of a positive control that functionally
restored axon degeneration (Fig. 4C, dotted
linej. Intriguingly, SARM lacking the
mitochondrial-targeting domain fully
restores injurv-induced degeneration in
SARM-deficient neurons, indicating that
mitochondrial localization of SARM is not
essential for its role in axon degeneration
(Fig. 4C. D). In contrast, multiple SARM
mutants were found to be nonfunctional.
First, we observed that disruption of the

SAM domains leads to loss of function:
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Table 1. Summary of findings for SARM domain deletion mutants

SARM T Dominant SARM
Mutant Residues rescue negative Toxiaty Lolization  binding
SARM-V 1-724 + - - Mitochondria +
AN27 28704 + - - (Cytosal HE
ASAM 1-409; 561-724 — - - Mitochondria —
SAM 409 =580 - + - (ytosal +
ATIR 1560 - + - Mitochondria +
TIR S61-724 - - - (ytosal -
ASAMATIR 1408 - - - Mitachondria MNE
SAMTIR 409 -724 ME” ME* + (ytosal ME*
SAMTIR 409 -724 NE ME - (ytosal HE

[697-704A]

ME Not evaluated.

“Not evaluated due to te

Table 2. Summary of functional analyses of 83 Ala replacement mutations

Replaced residues SARM ™' rescue

H10-4174 (SAMT] —
H45-4524 (SAMT] -
481-4884 (SAMZ) —

517-5244 (SAM2) +
625-6324 (TIR] -
661-668A (TIR] -
607-7044 (TIR] -
7157214 (post-TIR) +

SAM deletion {ASAM) and three of the four Ala replacement mu-
tantsin the SAM domains disrupt SARM function (Fig. 4 D). SAM
domains inother proteins mediate homo-oligomerization (Kimand
Bowie, 2003; Qiao and Bowie, 2005 ) therefore, we investigated their
potential role in mediating SARM multimerization. Coimmunopre-
cipitation experiments were performed to detect interaction be-
tween Flag-tagged full-length SARM and Venus-tagged SARM
mutants lacking various domains. We detected strong SARM-
SARM interactions indicating that SARM exists as a dimer or mul-
timer (Fig. 3A). SARM mutants lacking SAM domains {ASAM,
ASAMATIR, TIR) fail to interact with full-length SARM, whereas
mutants lacking other domains (ATIR, SAM) retain the ability to
coprecipitate full-length SARM (Fig. 54}, indicating that the SAM
domains play an essential role in SARM multimerization. Together
with our observations that SAM domains are required for axon de-
generationand that overexpressed SAM is a potent dominant nega-
tive (see below), these data suggest that SARM multimerization is
required for its ability to promote axon degeneration.

SARM complexes requive multiple TIR dowains to mediate

axon degeneration

The TIR domain is a signaling domain that is present in many com-
ponents of the Toll-like receptor signaling pathways, where TIR
dimerization often constitutes a critical step in signal transduction
(O'Neill and Bowie, 2007). Deletion of the TIR domain as well as
three mutations within the TIR domain each abolish SARM func-
tion (Fig. 4C,0). When the TIR domain alone is expressed in neu-
rons, it fails to restore axon degeneration; thus, the TIR domain of
SARM is necessary but not sufficient to mediate injurv-induced
axon degeneration. Our coexpression experiments demonstrate
that, unlike the SAM domains, the TIR domain has no role in
SARM-SARM binding; we found that TIR alone is notsutticient for
SARM interaction and that SARM molecules lacking a TIR domain
are still capable of interacting with full-length SARM (Fig. 3A) de-
spite their lack of any degeneration-promoting function. Since TIR
dimerization constitutes a critical signal transduction step in several
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other TIR-domain-containing proteins (O'Neill and Bowie, 2007)
and because the TIR domain of SARM lies immediatelvadjacent the
SARM-SARM interaction domain, we hypothesized that SARM
complex assembly might mediate SARM signaling by allowing TIR-
TIR association. In this model (Fig. 61, the formation of complexes
containing only a single TIR domain would be nonfunctional. We
found that overexpression of full-leng th SARM-V does notatfect the
rate of axon degeneration after axotomy, whereas two SARM mu-
tants containing SAM domains but no TIR domain (ATIR and
SAMj] strongly inhibit axon degeneration (Fig. 5B, C). These results
indicate that SARM lacking a TIR domain acts as a dominant nega-
tive by forming inactive complexes with endogenous SARM, thus
inhibiting injury-induced axon degeneration when expressed in
wild-type neurons, Therefore, while the SARM TIR domain is dis-
pensable for formation of SARM multimers, it is required to pro-
mote degeneration of injured axons. Furthermore, we infer that
SARM protein complexes require multiple TIR domains to function
in the axon degeneration pathway.

SAM-TIR fragment elicits axon degeneration and wonapoptotic
newronal death

As noted above, our efforts to produce lentiviral particles carry-
ing the SAM-TIR fragment (SARM lacking amino acids 1-408)
were hampered by apparent toxicity in the HEK viral packaging
cells. SAM-TIR expression causes bleb formation (Fig. 64) and
decreased viability (Fig. 6B) in HEK293 cells. This toxicity is abol-
ished by aneight-residue Ala replacement in the TIR domain that
also abolishes SARM function in axon degeneration, indicating
the toxicity is TIR-dependent and unlikely to be a consequence of
protein misfolding. To study SAM-TIR expression in neurons,
we created a conditional viral expression system using the
double-floxed inverted ORF (DIO) strategy (Sohal et al., 2009;
Fig. 6C). In this system, SAM-TIR is expressed only in cells that
also express Cre recombinase, which is delivered via another len-
tivirus. Neither DIO-SAM-TIR nor Cre lentiviruses are foxic to
neurons, but when combined these viruses promote robust axon
degeneration (Fig. oD, E). A TIR domain mutation that blocks
SARM-mediated axon degeneration (697-704A) also blocks the
ability of SAM-TIR to promote axon degeneration using this condi-
tional expression strategy, indicating that SAM-TIR-induced axon
degeneration is TIR-dependent. Axon degeneration elicited by
SAM-TIR is not disrupted by apoptotic inhibitors, including
Bel-XL overexpression or caspase inhibitor Z-VAD-FMK (10
pg/mly. Calpain inhibitor ALLN (N-acetyl-Leu-Leu-Norleuci-
nal 25 pa) also does not inhibit SAM-TIR-induced axon degen-
eration; however, extracellular Ca*" chelation with 2.5 mu
EGTA provides significant, vet incomplete, axon preservation
(Fig. 6 D,E). SAM-TIR expression also causes axon fragmenta-
tionwhen expressed in SARM ~'~ neurons, indicating that SAM-
TIR alone is sutficient to induce axon degeneration signaling in
the absence of full-length SARM protein (Fig. 6F ). These data
demonstrate that while full-length SARM is required for injury-
induced axon degeneration, an activated form of SARM is suffi-
cient to elicit axon degeneration in the absence of injury.

While the above data and the work of Osterloh et al. {2012}
define a clear role for SARM in axon degeneration, recent reports
have also indicated a role for SARM in cell death. Two groups
reported that SARM mediates oxygen/glucose-deprivation-
induced neuronal death (Kimetal., 2007; Mukherjee etal.,2013).
While SARM was shown to mediate T-cell death via an apoptotic
pathway (Panneerselvam et al., 201 3), the Cacwohabditis elegans
homolog of SARM, Tir-1, was found to be required for nonapo-
ptotic programmed death of the linker cell during development
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Neuronal death is not induced by mutant
SAM-TIR (Fig. 6H), or by full-length
SARM, SAM, TIR, or any other SARM
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mutant analvzed (data not shown). These
findings demonstrate that an activated
form of SARM is sufficient to promote
nonapoptotic neuronal death.

Discussion

While programmed cell death is a well ap-
preciated mechanism for clearance of com-
promised and superfluous cells (Fuchs and
Steller, 2011}, there is now accumulating ev-
idence for the existence ot a signaling path-
way regulating axon degeneration. This was
first brought to light via studies of the Wid*
mutantmice, inwhich axon degeneration is
delaved after nerve transection, and in mod-
els of neurodegenerative disease (Coleman
and Freeman, 2010}, SARM deficiency also
produces dramatic axon protection, dem-
onstrating that SARM is essential for the
mechanism by which injury leads to axon
self-destruction. The identification of
SARM inthis studvand in the report by Os-
terloh etal. (2012) strongly supports the ex-
istence of a signaling pathway that mediates
the elimination of compromised axons and
thus represents a therapeutic target for
pathologic axon loss.

SARM is classified as one of five ¢yvto-
solic "TIR adaptor” proteins that contain
a TIR domain. The TIR adaptor proteins
have been well studied as dynamic scat-
fold molecules promoting the down-
stream signaling of Toll-like receptorsand
have important roles in innate immunity
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interaction is ohserved for mutants lack
pestaxatomy. Degeneration is unaffect
that lack a TIR domain but containintact SAM domains (ATIR, SA
sxperimentshown inB. D, Time course measurement ofaxon dege

p =2 0.001; error bars = SEM, scale bar, 50 wm

(Blum et al., 2012). Consistent with a role for SARM in promo-
tion of cell death, we also observed that SAM-TIR expression
elicits neuronal death, DRG neurons expressing SAM-TIR ex-
hibit large translucent swellings (Fig. 6G, arrowheads) before loss
of membrane integrity that is evident by ethidium homodimer
positivity (Fig. &H ). Similar to axon degeneration, SAM-TIR-
induced neuronal death is independent of the apoptotic pathway;
ethidium homodimer staining of SAM-TIR-transduced neurons
reveals death of nearly 100% of treated neurons that is not
blocked by Bel-XL, Z-VAD-FMK, ALLN, or EGTA (Fig. 6H ).

10 20 30 40 50
hours post-axotomy

&5 that require multiple TIR demains to promote axon degeneration. 4, Coim-
ARM and deletion mutants. Full-length
SARM-V and mutants containing SA M domains (ATIR, SAM) interact strongly with full-length SARM (top, Flag blot) , whereas little
S ains (ASAM, TIR). B, Axore of wild-type DRG neurons d
, ASAM,, ASAMATIR, or TIR, but is blo
AMI. € Representative images of a-tubulin-stained axors from
Vhile SARM-V expression does not
affect the rate of acon degenemtion, expression of SARM lacking a TIR domain [ATIR) completely blocks axon degensration for =2 d.

v W

neration following axot omy. W

(O'Neill and Bowie, SARM is
unique among these proteins in thatit has
been reported to act asa negative regula-
tor of innate immunity signaling {Carty et
al., 2006; Akhouayri et al., 2011). Unlike
the other TIR adaptors, SARM is prefer-
entially expressed in the nervous system
(Kimet al, 2007) and is linked to neural
cell fate specification (Chuang and Barg-
mann, dendritic arborization
(Chenetal, 2011), and microglial activa-
tion {Szretter et al, 2009). Thus, SARM
has unique functions in the nervous sys-
tem that have not been ascribed to other
TIR-containing molecules. The discovery
that SARM is required for injurv-induced
axon degeneration offersa fascinating link
between innate immunity and neuronal damage sensing.

N AT
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generatewithin 24h
ed by SARM mutants

Structural requirvements for SARM-iediated axon destruction

SARM has been reported to associate with mitochondria (Kim et
al., 2007; Panneerselvam et al., 2012, 2013); accordingly, we
found that GFP-tagged human SAR! \1 and endogenous murine
SARM associate with neuronal mitochondria. Proteinase K treat-
ment of neuronal mitochondrial fractions reveals that SARM
mostly resides on the cytosolic surface of the mitochondria.
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While the genetic disruption of a previously
reported SARM mitochondrial targeting se-
quence disrupts SARM mitochondrial lo-
calization in DRG axons, it does not affect
the ability of SARM to promote axon degen-
eration. These findings suggest that the ax-
onal degradation functions of SARM likely
take place within the ¢vtosol and thatits as-
sociationwith mitochondria is not essential
tor this activity.

We have shown that the SAM and TIR
domains of SARM are essential for its role
in promoting elimination of injured ax-
ons, SARM mutants with disrupting mu-
tations in either of these domains fail to
restore injury-induced axon degeneration
in SARM-deficient neurons. Interest-
ingly, we found that the SAM domains,
but not the TIR domain, are required to
mediate SARM-SARM binding, indicat-
ing that self-association is required for
SARM function, SARM lacking a TIR do-
main is capable of interacting with wild-
tvpe SARM but the resulting complexes
are nonfunctional indeed, this mutant
acts as a potent dominant negative and
prevents axonal degeneration in response
to injury. These findings are consistent
with a model inwhich SARM forms SAM-
mediated multimers to create a complex
that requires =2 TIR domains for active
signaling (Fig. oI). The requirement for
multiple TIR domains to form a functional
SARM complex suggests that SARM, like
other TIR domain-containing proteins,
may undergo TIR dimerization to facilitate
interactions with other proteins. We note
that it SAM-SAM and TIR interactions are
independently required for SARM signal-
ing, then pharmacologic agents that disrupt
these protein interaction events could serve
as potent inhibitors of axon degeneration
and novel therapeutics for diseases involv-
ing axonopathy.

)

Representative a-tubulin-stained axons from experiment shown
inD. F, SAN-TIR exprassion induces axon degensration in both
wild-type and SARM ™' axons measured 3 d postinfection;
*p =2 0001 unpaired restswith Bonferroni correction. &, SAM-
TIR expression induces lrge trarslucent neuronal swellings evi-
dentat d pestinfection. H, SAM-TIR expression induces neuronal
death measured by ethidium homodimerstainingat 3 d postinfec-
tion. Cell death & not blodced by the apoptosi-inhibiting protein
BekAL, par-@spase inhibitor ZVAD-FMK (ZVFMK; 10 wa/ml),
aalpaininhibitor ALLN (25 wen) or chelation of extracellular Gaions
with EGTA (2.5 mu). 01 unpaired rtests with Bonfer-
roni correction. {, Propesed modd, SARM forms SAM-mediated
complexes that promateaxen degeneration via intracomplex TIR
interactiors. Top, Inuninjured cells, the M terminus of SARMsup-
presses the degeneration-promating C terminus. Injury leads to
release of this inhibition. Battom, Incorporation of TIR-less mole-
cules into SARM complexes rendes them nonfunctional. Scale
bars, 50 gem, ervor bars = SEM.
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Surprisingly, we found that expression of SAM-TIR (SARM
lacking amino acids 1-408), but not other SARM mutant mole-
cules, is strongly toxic when expressed in HEK293 cells and neu-
rons. Neuronal SAM-TIR expression elicits axon degeneration
and neuronal death that are unattected by apoptosis inhibition.
[nboth HEK cells and neurons, the observed toxicity is abolished
by an eight-residue alanine replacement within the TIR domain
that also disrupts SARM-mediated axon degeneration, suggest-
ing that SAM-TIR elicits toxicity by a mechanism shared with
that of SARM-mediated axon degeneration. Moreover, unlike
any other SARM constructs we analyzed, the SAM-TIR fragment
elicits degeneration of wild-type and SARM ~'~ axons indepen-
dentof injury, providing the first evidence that SARM maybe not
only necessary but sufticient to drive axon degeneration.

Together, our findings indicate that SARM is likely to be reg-
ulated at the post-translational level. First, SARM is expressed in
uninjured neurons at levels that permit axon degeneration in
response to injury without de wove transcription (this is true
because severed axons are incapable of nuclear transcription).
Therefore SARM-mediated axon degeneration cannotinvolve de
nove transcription of SARM. This leaves two possible general
models for SARM-mediated axon degeneration: (1) SARM ex-
pression is required before injury to maintain axon degeneration
competence via regulation ofother (axonal) factors, or (2) SARM
is post-translationally activated within the severed axon and
elicits a local self-destruction pathway. [nsupport of the latter
model, we have identified a “constitutive” degeneration-
promoting form of SARM that is sufficient to cause axon degen-
eration and neuronal death in the absence of injury (SAM-TIR).
SARM thus possesses an intrinsic TIR-dependent degeneration-
inducing capability; however, this activity is suppressed in full-
length SARM, indicating full-length SARM exists in an inactive
state. Finally, the ability of SARM to trigger a death pathway
argues in favor of direct involvement of SARM as an axonal self-
destruction switch. We speculate that SARM exists in axons inan
awtoinhibited state and becomes post-translationally activated
upon injury via an unknown mechanism. This autoinhibition
involves suppression by the N terminus of TIR domain interac-
tions that comprise a death signal. Understanding the suppressive
function of the N terminus and the degeneration-promoting sig-
nal mediated by TIR domain interactions will be an important
goal of future research.

The role of SARM in trophic-withd rawal-induced

axow degeneration

We found that SARM ablation delays axon degeneration but not
apoptotic death of DRG neurons deprived of NGF. This delay in
degeneration demonstrates that SARM is involved in an early
phase of axonal degeneration following NGF withdrawal; how-
ever, our finding that these axons ultimately degenerate is largely
in agreement with the recent report that SARM ablation does not
afford protection against this insult {(Osterloh et al., 2012). In the
previous study, DRG explant cultures deprived of NGF under-
went very rapid degeneration (—12 h) that was unatfected by
SARM ablation. In dissociated cultures, we find that NGF depri-
vation induces degeneration of wild-type neurons after 24 -36 h
thatisblocked in SARM ™'~ neurons and rescued by reintroduc-
tion of SARM ¢DNA. We observe that NGF-deprived SARM '~
neurons do eventually degenerate within 72 h of NGF deprivation,
consistentwith the existence of a second SARM-independent signal.
Degeneration of SARM '~ neurons isblocked by severing the axons
or by transcriptional inhibition, indicating that the SARM-
independent degeneration signal derives from the nucleus and is
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anterogradely transported to the axonal compartment. Pharmaco-
logic and immunostaining experiments reveal that this SARM-
independent signal is caspase-mediated, consistent with multiple
reports that caspases mediate axon degeneration in NGF depri-
vation (Nikolaev et al,, 2009; Schoenmann et al., 2010; Vohra et
al., 2010; Simon et al,, 2012). Our findings support a model in
which NGF deprivation elicits separate SARM-dependent and
Caspase-dependent axon-destruction pathways, consistent with
a proposal by Schoenmann et al. (2010) that parallel pathways
promote NGF-withdrawal-induced axon degeneration. Because
blockade of the apoptotic pathway affords complete protection
against NGF withdrawal-induced degeneration inwild-tvpe neu-
rons, it is possible a SARM-dependent pathway becomes acti-
vated secondary to these signals.

SARM-wiediated wewronal death

Recently, multiple groups have reported initial evidence that
SARM is involved in cell death. Loss of Tir-1, the SARM homaolog
in C. elegaws, conferred protection against anoxic death (Havy-
akawa etal.,, 2011} and programmed nonapoptotic death of the
linker cell during development (Blum et al., 2012}, In mice,
SARM ablation suppressed neuronal death inbrain slices (Kim et
to contribute to apoptotic neuronal death elicited by bunvavirus
infection (Mukherjee etal, 2013) and apoptotic death of T cells
following their expansion (Panneerselvam et al, 2013). In our
studies, we found that expression of an activated SARM mutant
lacking amino acids 1-408, but not full-length SARM, induces
neuronal death, indicating SARM activation is sutficient to trig-
ger a death program. SAM-TIR-induced neuronal death is not
inhibited by Bel-XL overexpression or caspase inhibition and is
thus nonapoptotic. The involvement of SARM in nonapoptotic
neuronal death in the contexts of development, injury, and dis-
ease Is thus a promising new area of study.

[n summary, SARM is an integral component of the pathway
that elicits the dismantling of damaged axons. Exploiting this
pathway for treatment of neurological disorders is an important
goal and will require additional studies to identify other mole-
cules that work with SARM to activate and execute the destruc-
tive pathway leading to axonal elimination and neuronal death.
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