|BC ARTICLE

L))

Check for
Updates

c-Jun N-terminal kinase (JNK)-mediated phosphorylation of
SARM1 regulates NAD ™" cleavage activity to inhibit

mitochondrial respiration
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Mitochondrial dysfunction is a key pathological feature of
many different types of neurodegenerative disease. Sterile alpha
and Toll/interleukin receptor motif-containing protein 1
(SARM1) has been attracting much attention as an important
molecule for inducing axonal degeneration and neuronal cell
death by causing loss of NAD (NADH). However, it has
remained unclear what exactly regulates the SARM1 activity.
Here, we report that NAD™ cleavage activity of SARM1 is regu-
lated by its own phosphorylation at serine 548. The phosphory-
lation of SARM1 was mediated by c-jun N-terminal kinase (JNK)
under oxidative stress conditions, resulting in inhibition of
mitochondrial respiration concomitant with enhanced activity
of NAD™ cleavage. Nonphosphorylatable mutation of Ser-548
or treatment with a JNK inhibitor decreased SARM1 activity.
Furthermore, neuronal cells derived from a familial Parkinson’s
disease (PD) patient showed a congenitally increased level of
SARM1 phosphorylation compared with that in neuronal cells
from a healthy person and were highly sensitive to oxidative
stress. These results indicate that JNK-mediated phosphoryla-
tion of SARMI1 at Ser-548 is a regulator of SARM1 leading to
inhibition of mitochondrial respiration. These findings suggest
that an abnormal regulation of SARM1 phosphorylation is
involved in the pathogenesis of Parkinson’s disease and possibly
other neurodegenerative diseases.

Parkinson’s disease (PD)? is a neurodegenerative disease that
mainly causes degeneration of dopaminergic neurons, which
project from the substantia nigra to the striatum. The preva-
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lence is about 100 to 150 per 100,000 people. PD is sporadic in
most cases, and its cause of onset is unknown but familial PD
accounts for about 10% of PD. Because phenotypes of familial
PD are similar to those of sporadic PD, functional analysis of
familial PD causative genes is expected to lead to the establish-
ment of effective therapy.

At least 23 loci and 19 disease-causing genes, named PARKI
to PARK23, have been reported to date (1). We have analyzed
mainly PARK2 and PARK6, which are involved in juvenile PD of
an autosomal recessive form. PARK?2 encodes the E3 ubiquitin
ligase Parkin, and PARK6 encodes the mitochondrial kinase
PTEN-induced putative kinase 1 (PINK1). We reported that
PINKI1 contributes to the suppression of neuronal cell death
through activation of Akt and Bcl-xL, which are involved in cell
survival (2, 3). Recently, it has also become clear that Parkin and
PINKI1 are involved in mitophagy, homeostatic machinery for
removal of damaged mitochondria in cells. PINK1 accumulates
on the outer mitochondrial membrane when the mitochondrial
membrane potential is reduced by either damage or stress to
mitochondria (4). The accumulated PINK1 induces phosphor-
ylation of Parkin and ubiquitin (5-7), the activated Parkin ubiq-
uitinates mitochondrial proteins such as mitofusin-1 (MFN1)
and voltage-dependent anion-selective channel 1 (VDACI) (8,
9), and eventually the ubiquitinated mitochondria are removed
from cells by the process of autophagy. Hence genetic muta-
tions in PINK1 and Parkin leading to recessive function of them
result in a high risk for the appearance of neurodegeneration
in PD because defective mitochondria are not properly
removed from cells. Accumulating evidence indicates that
defective mitochondria readily induce neuronal cell death by
causing abundant production of reactive oxygen species
(ROS) and significant reduction of ATP synthesis. Besides
PINK1 and Parkin, we recently identified another molecule,
SARM]I, in the PINKI1-mediated mitophagy process. We
found that SARMI induces PINK1 accumulation on dam-
aged mitochondria (10).

Osterloh et al. provided the first evidence that SARM1 acts as
an inducer of nerve axonal degeneration (11). Axon degenera-
tion is commonly observed in various neurodegenerative dis-
eases such as amyotrophic lateral sclerosis (ALS), multiple scle-
rosis, Alzheimer’s disease, and Parkinson’s disease (12-16). It
has been reported that axonal degeneration was dramatically
reduced in neurons from SARM1-knockout mice (17-19) and
that the rate of ischemic neuronal cell death was also signifi-
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Figure 1. Inhibition of mitochondrial respiration by SARM1 overexpression. A, schematic representation of human SARM1. MTS, mitochondrial targeting
signal; ARM, armadillo/HEAT motifs; SAM, sterile alpha motif; TIR, Toll/interleukin-1 receptor. HEK293T cells were transfected with FLAG-tagged full-length
SARM1 or various domain-deletion mutants for 24 h. B, SARM1 overexpression induces reduction of NAD™ in HEK293T cells. NAD ™" level was analyzed by the
NAD/NADH-Glo assay. C, SARM1 overexpression induces reduction of ATP in HEK293T cells. ATP level was analyzed by the CellTiter-Glo assay. D, measurements
of OCR. At 8 h post transfection, the cells were re-seeded in XF96 plates and further incubated for 16 h. OCR measurements were performed using an XF96
extracellular flux analyzer. E, SARM1 overexpression induces ROS production. ROS level was analyzed by ROS-Glo H,0, assay. F and G, supplementation of NR
prevents SARM1-induced NAD* and ATP reduction. H and /, treatment with the NAMPT inhibitor FK866 enhances SARM1-induced NAD* and ATP reduction.
Data represent the mean = S.D. of three independent experiments. *, p < 0.05; **, p < 0.01; ns, not significant.

cantly decreased in the same engineered mice (20). Interest-
ingly, it has also been reported that axon degeneration and neu-
ronal cell death induced by mitochondrial dysfunction are
SARM1-dependent (21). Following those reports, various stud-
ies using specific animal models showed one after another that
SARM1 deletion improves the pathology of neuronal diseases
such as ALS and severe axonopathy (22—25). Human SARM1 is
a protein consisting of 724 amino acids and possesses a mito-
chondrial targeting signal (MTS) (26), armadillo/HEAT motifs
(ARM), two sterile alpha motifs (SAM), and Toll/interleukin-1
receptor (TIR) domain (Fig. 1A). Analysis of the biological roles
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of these domains in SARM1 showed that the ARM domain
functions to suppress the activity of SARM1, the SAM domain
forms a dimer, and the TIR domain functions as an executioner
for axonal degeneration and cell death (17, 18, 27). Surprisingly,
Essuman et al. reported that SARM1 has an enzymatic activity
for cleavage of NAD ™ by utilizing the TIR domain (28). Because
NAD™ depletion inhibits ATP production in cells, SARM1-
TIR-mediated NAD " deficiency is thought to be involved in
axonal degeneration and cell death. However, little is known
about the regulation mechanism(s) of SARM1 activation at
molecular levels that leads to NAD™ loss and neuronal cell
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death. We here report that SARM1 activity is regulated through
phosphorylation at Ser-548 by JNK.

Results
Overexpression of SARM1 inhibits mitochondrial respiration

To confirm the function of SARMI1, we overexpressed
FLAG-tagged WT SARMI1 and various deletion mutants of
SARM1 in HEK293T cells. SARM1 has been reported to reduce
intracellular NAD™ level (28). WT SARM1 reduced NAD™"
level, and this effect was alleviated with M TS deletion (AMTYS),
completely disappeared with TIR deletion (ATIR), and almost
the same level with that of ARM deletion (AARM) (Fig. 1B). The
morphology of the cells was changed by overexpression of WT
SARM1 and AARM (Fig. S14). Corresponding to the NAD™
level, ATP level was also changed by overexpression of SARM1
constructs (Fig. 1C). It was reported that AARM is the consti-
tutively active type (27, 29) and the toxic effect of AARM is
higher than that of WT SARM1. However, the expression level
of AARM in HEK293T cells was lower than that of other con-
structs (Fig. S1B). Therefore, the effect of AARM seemed to be
almost the same as WT SARMI in our experimental settings.
We next examined mitochondrial respiratory capacity because
SARM1 possesses an MTS and the SARM1 (WT)-mediated
deleterious effects are very small when the MTS is deleted
(AMTS). WT SARM1 and AARM reduced basal and spare res-
piratory capacity (SRC), but AMTS and ATIR had no effect on
those respiration states (Fig. 1D and Fig. S1C). Spare respiratory
capacity is the extra mitochondrial capacity available in a cell to
produce energy under conditions of increased work or stress
and is therefore thought to be important for long-term cellular
survival (30). WT SARM1 and AARM also increased the cellu-
lar level of ROS (Fig. 1E and Fig. S1D).

We next investigated the mechanism(s) by which SARM1
alters a mitochondrial function in relation to NAD ™ reduction.
Di Lisa et al. reported that opening of the mitochondrial per-
meability transition pore (PTP) causes depletion of mitochon-
drial and cytosolic NAD™ (31). We tested whether PTP inhibi-
tion prevents the SARM1-related NAD™ loss. Cyclosporin A
(CsA), a PTP inhibitor, did not affect the SARMI-induced
NAD™ and ATP reduction (Fig. S1, E and F), suggesting that
PTP is not contributed to the SARM1 activity. We next tested
whether increased NAD™ synthesis could counteract the
SARM1-induced NAD " and ATP reduction. Supplementation
of NAD™ precursor nicotinamide riboside (NR) suppressed
both the SARM1-induced NAD* and ATP reductions in a
dose-dependent manner (Fig. 1, F and G). Nicotinamide phos-
phoribosyltransferase NAMPT) is the rate-limiting enzyme in
the NAD™ salvage pathway that converts nicotinamide to nic-
otinamide mononucleotide in mammals, eventually leading to
NAD™ biosynthesis. Treatment with the NAMPT inhibitor
FK866 enhanced SARM1-induced NAD™ reduction in a dose-
dependent manner (Fig. 1H). On the other hand, although
FK866 was no effect on the control cells at 1 nm, it markedly
induced ATP reduction in the SARM1 overexpressed cells, and
the event was further enhanced by the treatment with higher
concentration of 10 nm (Fig. 1/). These data indicate that
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SARM1 plays a suppressive role in mitochondrial function
through induction of NAD™ loss.

Previously, we found that SARM1 induces PINK1 accumula-
tion on depolarized mitochondria in a process of mitophagy
(10). Overexpression of SARM1 enhanced PINK1 accumula-
tion induced by mitochondrial uncoupler, carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), and valinomycin (Fig.
S1G). Because SARM1 has mitochondria inhibitory functions
such as inhibition of mitochondrial respiration, reduction of
ATP synthesis, and production of ROS, PINK1 appears to func-
tion to protect cells from SARMI. In addition, being consistent
with previous reports (17, 27), we showed that the TIR domain
is essential for SARM1-mediated NAD™" and ATP reduction.

SARMT1 is phosphorylated at Ser-548

Next, we examined how SARM1 activity is regulated in the
process of inhibition of ATP production. We found that the full
length of SARM1 is phosphorylated under the condition in
which ATP synthesis is inhibited by forced expression of
SARMI-FLAG (Fig. 2A). Therefore, we decided to identify the
phosphorylation site of SARM1. SARM1 was separated into
three regions: 1-404 amino acids (AA) containing the MTS
and ARM domain, 405-550 AA containing the SAM domain,
and 551-724 AA containing the TIR domain. Although each
FLAG-tagged domain was expressed at almost the same level,
phosphorylation was only detected in 405-550 AA containing
the SAM domain by an anti-phosphoserine/threonine antibody
(Fig. 2B). This region (405-550 AA) contains 12 serines and 9
threonines. Each serine and threonine was substituted for non-
phosphorylatable alanine to determine the phosphorylation
site. As shown in Fig. 2C, we found that the phosphorylation
band disappeared only at the replacement site, serine 548.
These results indicate that SARMI1 is phosphorylated at
Ser-548.

JNK phosphorylates SARM1 at Ser-548

We next investigated which kinase phosphorylates SARM1.
The region of 405—-550 AA containing Ser-548 was expressed in
cells and the cells were treated with some kinase inhibitors.
Reliability in selective kinase inhibition of the chemicals used
was validated by checking the phosphorylation states of the
downstream molecules, which are phosphorylated by the
kinases corresponding to a row of the indicated inhibitors (Fig.
S2A). In this candidate screening, a JNK inhibitor strongly
blocked SARM1 phosphorylation at Ser-548 and a MEK inhib-
itor and an Akt inhibitor weakly blocked it (Fig. 3A4). The chem-
ical-induced inhibitory pattern of the SARM1 phosphorylation
was similar to that of the cJun phosphorylation, a representative
JNK downstream molecule (Fig. S24), suggesting that JNK is a
potential candidate to recognize SARM1 as a phosphorylation
substrate. To confirm whether the phosphorylation of SARM1
is a direct reaction for JNK, the purified GST-tagged 405-550
AA region was incubated with some kinases (p38ca, JNKI,
JNK2, and JNK3) in vitro. These kinases are all in an active form
because they effectively phosphorylated their common sub-
strate ATF2 (Fig. S2B). By this approach, we found that JNK
family proteins, but not p38a, phosphorylate the recombinant
SARM1 substrate (Fig. 3B). The highest activity was observed
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Figure 2. Phosphorylation of SARM1 at Ser-548. A, a control or FLAG-tagged full-length SARM1 vector was transfected in HEK293T cells for 24 h. Phosphor-
ylation of SARM1 was determined by immunoprecipitation (/P) with anti-FLAG agarose, followed by Western blot analysis with anti-phosphorylated serine/
threonine antibody. B, the region of 405-550 AA contains a phosphorylation site. FLAG-tagged 1-404 AA, 405-550 AA, or 551-724 AA region was transfected.
The experiment was performed under conditions similar to those in (A). C, mutation at Ser-548 abolishes phosphorylation of SARM1. The serine or threonine
contained in the region of 405-550 AA was mutated to alanine. Those mutants were transfected in HEK293T cells. The experiment was performed under
conditions similar to those in (A). The phosphorylation band disappeared only with the mutation at Ser-548.

when mixed with JNKI1. In addition, the JNKI-mediated
SARM1 phosphorylation was suppressed in the co-presence of
a JNK inhibitor in a dose-dependent manner in vitro (Fig. 3C)
and in cells (Fig. 3D). That novel identification spurred us to
develop a phospho-SARM1 (Ser-548) antibody to determine
the biological significance of SARM1 phosphorylation at Ser-
548. The newly developed antibody specifically detected phos-
phorylation of full-length WT SARMI at Ser-548 because the
antibody was not able to detect phosphorylation of the SARM1
mutant protein with S548A (Fig. 3, E and H). By using the anti-
body, we confirmed that the phosphorylation of SARM1 is
actually enhanced by the forced expression of JNKs (Fig. 3, F
and H) and conversely inhibited by a JNK inhibitor or the
down-regulation of JNKs (Fig. 3G and Fig. S2C). The antibody
also showed that the INK-mediated SARM1 phosphorylation at
Ser-548 is not enhanced by other JNK-relevant MAP kinases
(Fig. S2D). Collectively, the results indicate that JNK directly
and specifically phosphorylates SARM1 at Ser-548.

JNK-mediated phosphorylation of SARM1 enhances
SARM1-NADase activity and SARM1-induced ATP reduction

Essuman et al. reported that SARMI1 possesses intrinsic
NAD™ cleavage activity (28). We therefore investigated the
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possibility that phosphorylation of SARM1 at Ser-548 enhances
NAD™ cleavage activity. To perform the experiment, aber-
rantly expressed SARM1-FLAG in cells under various condi-
tions was immunopurified by anti-FLAG agarose and incu-
bated with NAD™ and then analyzed for cleavage activities.
Cells transfected with an empty vector were used as control
cells, and immunoprecipitates from the control cells did not
show any reduction of NAD™ level. For comparison, SARM1
wild and S548A mutant types were also immunopurified. The
amounts of immunopurified foreign SARM1s were almost the
same, but phosphorylation specifically occurred only in WT
SARM1 (Fig. 4A, right panel). When we used these preparations
for an NAD™ consumption assay, we found that the NAD™"
cleavage activity of S548A mutant type was lower than that of
the WT (Fig. 4A, left panel). Treatment of the same preparation
for WT SARM1 with a JNK inhibitor also reduced both SARM1
phosphorylation and SARM1-NADase activity (Fig. 4C). In
contrast, co-overexpression of JNK family proteins with
SARM1 WT enhanced SARM1 phosphorylation and SARM1-
NADase activity (Fig. 4E). Intracellular ATP and NAD™ levels
were changed in correlation with NADase activity of SARM1
(Fig. 4, B, D, and F and Fig. S3, A—C). These results indicate that
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Figure 3. JNK phosphorylates SARM1 at Ser-548. A, screening of SARM1-kinase using kinase inhibitors. The FLAG-tagged 405-550 AA region was trans-
fected in HEK293T cells. At 8 h post transfection, the indicated kinase inhibitors (10 um EGFR-1, 50 um MEK-I, 5 um p38-1, 10 um JNK-I, and 5 um Akt-1) were added
and further incubated for 16 h. Phosphorylation was determined by immunoprecipitation with anti-FLAG agarose, followed by Western blot analysis with
anti-phosphorylated serine/threonine antibody. A JNK inhibitor strongly blocked phosphorylation of FLAG-tagged 405-550 AA. B, JNKs rather than p38
directly phosphorylate Ser-548 of SARM1. The purified GST-tagged 405-550 AA region was incubated with the indicated kinases in kinase reaction buffer. JNK1
strongly phosphorylated GST-tagged 405-550 AA. C, phosphorylation of SARM1-Ser-548 by JNK1 is inhibited by a JNK inhibitor in vitro. The purified GST-
tagged 405-550 AA region was incubated with JNK1 and various concentrations of a JNK inhibitor in kinase reaction buffer. D, inhibition of intracellular
phosphorylation of FLAG-tagged 405-550 AA by the JNK inhibitor. Various concentrations of the JNK inhibitor were added to HEK293T cells. The experiment
was performed under conditions similar to those in (A). E, detection of SARM1-Ser-548 phosphorylation by anti-phospho-SARM1 (Ser-548) antibody. The
antibody specifically detects Ser-548 phosphorylation of WT SARM1 but not that of S548A mutant. F, overexpression of JNK family proteins enhances SARM1
phosphorylation. FLAG-tagged SARM1 was co-transfected with HA-tagged JNK1-3 into HEK293T cells. SARM1-Ser-548 phosphorylation was detected by
anti-phospho-SARM1 (Ser-548) antibody. G, a JNK inhibitor blocks Ser-548 phosphorylation of full-length SARM1. H, detection of Ser-548 phosphorylation of
SARM1 by immunostaining. Mitochondria were stained by MitoTracker Orange. Phosphorylated 405-550 AA or SARM1 was quantified by densitometry
(phosphorylated protein/total protein).

stresses. Oxidative stress treatments such as treatments with
6-hydroxydopamine, paraquat, and rotenone promoted endog-
enous SARM1 phosphorylation (Fig. S4A). These stresses
increased H,O,, one of the ROS, which may be involved in
activation of JNK and subsequent SARMI1 phosphorylation

JNK-mediated phosphorylation of SARM1 at Ser-548 is a reg-
ulator of SARM1-NADase activity, which results in reduction
of NAD™ and ATP.

SARMT1 is phosphorylated and activated under oxidative stress

conditions

To confirm endogenous SARM1 phosphorylation and acti-
vation, neuroblastoma SH-SY5Y cells were treated with various

SASBMB

(Fig. S4B). Inversely, NAD " and ATP levels were reduced with
these stresses (Fig. S4, C and D). We further evaluated paraquat
treatment for SARM1 experiments. As expected, the JNK
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Figure 4. JNK-mediated phosphorylation of SARM1 regulates NAD " cleavage activity. A, NAD" cleavage activity of the SARM1-S548A mutant is lower
than that of WT. HEK293T cells were transfected with the indicated constructs. FLAG-tagged SARM1 WT or S548A was immunoprecipitated by anti-FLAG
agarose. After washing, collected SARM1s were reacted with 1 um NAD ™ for 30 min. NAD * level was analyzed by the NAD/NADH-Glo assay. B, ATP levels were
determined from HEK293T cells expressing the indicated constructs. C and D, a JNK inhibitor blocks SARM1-mediated reduction of NAD* and ATP. HEK293T
cells were transfected with control or SARM1 pDNA. At 8 h post transfection, 10 um of the JNK inhibitor was added and further incubated for 16 h. E and F,
overexpression of JNK1-3 enhances SARM1-mediated reduction of NAD™ and ATP. FLAG-tagged SARM1 was co-transfected with HA-tagged JNK1-3 into
HEK293T cells. The experiment was performed under conditions similar to those in (A) and (B). Phosphorylated SARM1 was quantified by densitometry
(phosphorylated protein/total protein). Data represent the mean = S.D. of three independent experiments. *, p < 0.05; **, p < 0.01.

inhibitor blocked paraquat-induced SARM1 phosphorylation
(Fig. 54) and NAD™ and ATP reduction (Fig. 5, B and C) in a
dose-dependent manner. At this time, we confirmed proper
working of the JNK inhibitor because it blocked cJun phosphor-
ylation but not others, JNK, other MAP kinases, and substrates
(Fig. S4E). The INK inhibitor (JNK inhibitor VIII) was reported
to block cJun phosphorylation but not JNK phosphorylation
(32). For additional evaluation, SARM1 was down-regulated by
siRNAs to determine the significance of SARM1 for paraquat-
induced NAD™ and ATP reduction. SARM1 protein level was
reduced by siRNA targeting SARM1 (Fig. 5D). The interference
procedure did not affect the paraquat-induced phosphoryla-
tion of MAP kinases and substrates (Fig. S4F). Notably, down-
regulation of SARM1 mitigated the paraquat-induced NAD™
reduction as well as ATP reduction (Fig. 5, E and F). Although
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the apoptosis rate after paraquat treatment was not so high, it
was blocked by treatment with JNK-Ior SARM1 siRNA (Fig. S4,
G and H). These results suggest that the INK-SARM1 axis lead-
ing to the reduction of NAD ™ and ATP is triggered by oxidative
stresses.

To confirm the clinical importance of SARM1 in PD, we used
human induced pluripotent stem cells (iPSCs) from a healthy
person (control) and from a familial PD patient with a deletion
in the parkin gene (33). The iPSCs were differentiated to
mature neurons through neural stem cells (NSC) (Fig. S5A).
Although the cellular condition of PD neurons was worse than
that of control neurons, the differentiation states of the cells
were almost the same. That is, these neurons commonly
expressed MAP2 (a neuron marker) and tyrosine hydroxylase (a
dopaminergic neuron marker) at similar levels, whereas glial
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Figure 5. SARM1 is phosphorylated and activated under oxidative stress conditions. A, phosphorylation of endogenous SARM1 is induced by paraquat
treatment and is blocked by a JNKinhibitor. SH-SY5Y cells were treated with 1 mm paraquat and the indicated concentrations of the JNK inhibitor for 24 h. Band
C,NAD" levels and ATP levels were determined from SH-SY5Y cells treated with paraquat and the JNK inhibitor. D, SARM1 expression was down-regulated by
siRNA against SARM1. Control siRNA or SARM1 siRNA was transfected in SH-SY5Y cells. At 48 h post transfection, the cells were treated with 0 or T mm paraquat
and further incubated for 24 h. E and F, down-regulation of SARM1 inhibits oxidative stress-induced reduction of NAD" and ATP. NAD* levels and ATP levels
were determined from SH-SY5Y cells treated under conditions similar to those in (D). G, phosphorylation of SARM1 increases in PD patient-derived neurons
under oxidative stress conditions. Control iPS cells and PD-derived iPS cells were differentiated into neurons through neural stem cell differentiation. After
differentiation induction, the cells were treated with 0,0.25 or 0.5 mm paraquat for 24 h. Hand I, NAD* levels and ATP levels of control neurons and PD-derived
neurons. The treatment of cells was performed under conditions similar to those in (G). Phosphorylated SARM1 was quantified by densitometry (phosphory-

lated SARM1/total SARM1). %, p < 0.05; **, p < 0.01.

fibrillary acidic protein, an astrocyte marker, was not expressed
in any of the cells (Fig. S5B). Control and PD neurons were
then treated with paraquat for 24 h, and endogenous SARM1
activation was examined. We found that phosphorylation of
SARMI1 was increased in control neurons after stimulation
with paraquat (Fig. 5G). Surprisingly, phosphorylation levels
of SARM1 in PD neurons were already at high levels under
the regular culture condition, being comparable with the
levels in paraquat-stimulated control neurons. In addition,
the basal phosphorylation level in PD neurons was further
increased by paraquat treatment (Fig. 5G). Phosphorylation
levels of JNK and cJun were correlated with that of SARM1
(Fig. S5C). On the other hand, phosphorylation levels of
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other JNK-relevant MAP kinases showed different patterns
from SARM], JNK, and cJun phosphorylation except for the
ERK phosphorylation between control neurons and PD neu-
rons (Fig. S5C). Rates of reduction in NAD* and ATP and
rates of increase in ROS after paraquat treatment were also
markedly higher in PD neurons than in control neurons (Fig.
5, H and [ and Fig. S5D). These results indicate that the
JNK-SARM1 axis leading to ATP reduction is workable in
not only neuronal cell lines but also actual neuronal cells and
that the identified pathway is affected by oxidative stress
conditions. Considering the sensitivity of SARMI to activa-
tion in PD neurons, SARM1 activation may be involved in
the pathogenesis and subsequent progression of PD.
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Discussion

In this study, we showed that Ser-548 of SARM1 is phosphor-
ylated by a stress-responsive kinase, JNK, and that the phos-
phorylation enhances NAD™ cleavage activity of SARM1 and
inhibition of mitochondrial respiration. The function of each
domain of SARM1 has been uncovered in recent studies. It has
been shown that the SAM domain promotes dimer formation
of SARM1 and that the TIR domain dimerized via the SAM
domain evokes NAD ™ loss, eventually leading to axonal degen-
eration and neuronal cell death (17, 18). It has also been sug-
gested that the ARM domain binds to the TIR domain and
inhibits its activity (27, 34). The phosphorylation site, Ser-548,
we found is located between the SAM domain and TIR domain.
Because mutation or inhibition of Ser-548 phosphorylation
reduced the NAD™ cleavage activity of SARM1 (Fig. 4), the
phosphorylation may stimulate the structural motion of
SARMI to turn into an active form that probably requires
dimerization of the TIR domain.

Yang et al. reported that the MAPK cascade induces axonal
degeneration in coordination with SARM1 (35). In their report,
they argued that the MAPK cascade is positioned downstream
of SARM1 because there is no appreciable difference in the
degree of recovery from axonal degeneration in the cases of
down-regulation procedures by targeting either or both of
MKK4/7 and SARM1 for regular time intervals. On the other
hand, Walker et al. suggested the presence of MAPK signaling
over the SARMI1 position (36). Being consistent with this, we
also found that JNK directly phosphorylates SARM1 and
regulates its activity, i.e. JNK is located upstream of SARM1.
The controversial point may be explained by the unexpected
presence of a positive feedback loop between SARM1 and
the MAPK cascade. Further studies will be needed to dem-
onstrate it.

Although phosphorylation of SARM1 at Ser-548 is involved
in SARM1-mediated NAD* consumption and ATP reduction,
the phospho-modification at Ser-548 is not covered by the
entire activity of SARMI. This result suggests the existence of
another positive regulatory mechanism such as posttransla-
tional modifications or gene expression that may have an addi-
tional role in SARM1 activation coupled with the identified
Ser-548 phosphorylation. For SARM I transcription, it has been
reported that activation of the innate immune system by stim-
ulation with lipopolysaccharide, Toll-like receptor (TLR7/9)
ligand, or La Crosse virus increases the expression level of
SARMI1 mRNA and accelerates neuronal cell death (37-39).
Thus, the renowned TLR downstream pathways may play arole
in positive regulation of SARM I transcription. Because SARM1
is known as one of the TLR adaptor proteins because of its own
TIR domain, the SARMI1-TIR domain may have a dual role,
NAD™ consumption and TLR adaptor, which may indepen-
dently or coordinately function in neuronal cells in physiologi-
cal and pathological settings.

We showed that basal activity of SARM1 is highly increased
in PD by using an in vitro model. Endogenous SARM1 phos-
phorylation was further elevated under oxidative stress condi-
tions, suggesting an unusual role of SARM1 in the pathogenesis
of PD. Because SARM1 inhibits mitochondrial respiration,
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defective mitochondria may accumulate in cells if PINK1 or
Parkin do not function by PD genetic mutation. Additional ver-
ification that SARM1 contributes to the pathogenesis of PD by
using an iz vivo model is needed.

In summary, our findings revealed that SARM1 is an inhibi-
tor of mitochondrial respiration through cellular NAD™ and
ATP reduction when phosphorylated at Ser-548 by JNK.
Because of the congenital up-regulation of the phosphorylation
in PD-derived neuronal cells, SARM1 may play a crucial role in
the pathogenesis of PD and probably other neurodegeneration-
related diseases. Interestingly, several studies have shown that
experimental deletion of SARM1 resulted in significant recov-
ery of serious symptoms caused by neurological diseases in ani-
mal models (19, 22-25, 40). Therefore, targeting SARM1 phos-
phorylation may become an effective option among SARM1
targeting strategies for neurodegenerative diseases.

Experimental procedures
Cell culture

HEK293T and SH-SY5Y cells were cultured in DMEM/F12
(Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS). SNL76/7 cells were cultured in KnockOut DMEM
supplemented with 10% FBS and 2 mm L-glutamine and used as
feeder cells after treatment with 12 ug/ml mitomycin C (Sigma-
Aldrich) for 2.5 h. To obtain human matured neuronal cells in a
culture system, 201B7 iPSCs were purchased from RIKEN BRC
(Tsukuba, Japan) as control cells. Familial Parkinson’s disease
PARK2 patient-derived iPSCs were kindly provided by Dr.
Okano (33). Control iPSCs and PD iPSCs were maintained on
feeder cells in DMEM/F12 supplemented with 20% KnockOut
Serum Replacement (Thermo Fisher Scientific), 1% nonessen-
tial amino acid (Sigma-Aldrich), 2 mMm L-glutamine, 80 um
B-mercaptoethanol, and 5 ng/ml bFGF (Wako Chemicals). All
of the experimental procedures for iPSCs were approved by the
Okayama University Ethics Committee (Approval Number:
1609 —031). Induction of NSCs from iPSCs was done using PSC
neural induction medium (Thermo Fisher Scientific) according
to the manufacturer’s instructions. After neural induction for 7
days, PO NSCs were expanded on a Geltrex-coated (Thermo
Fisher Scientific) dish with neural expansion medium. For dif-
ferentiation into neurons, NSCs were cultured on a poly-L-ly-
sine and laminin-coated dish in Neurobasal Plus Medium
(Thermo Fisher Scientific) supplemented with 2% B-27 Plus
Supplement (Thermo Fisher Scientific), 2 mm GlutaMAX Sup-
plement (Thermo Fisher Scientific), CultureOne Supplement
(Thermo Fisher Scientific), 200 um ascorbic acid (Sigma-Al-
drich), 10 ng/ml glial cell-derived neurotrophic factor (Cell
Guidance Systems), and 10 ng/ml brain-derived neurotrophic
factor (Cell Guidance Systems) for 7 days. Characterization of
cells was confirmed with specific cell markers by RT-PCR.

Chemicals and antibodies

Paraquat was purchased from Wako Chemicals. 6-Hydroxy-
dopamine hydrobromide, rotenone, CCCP, valinomycin,
cyclosporin A, and an EGEFR inhibitor (AG-1478) were pur-
chased from Sigma-Aldrich. A MEK inhibitor (PD98059) and a
p38 inhibitor (SB202190) were purchased from Cell Signaling
Technologies. A JNK inhibitor (JNK inhibitor VIII), an Akt
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inhibitor (Akt inhibitor X), FK-866, and NR were purchased
from Cayman Chemical. NAD was purchased from SERVA
Electrophoresis GmbH. Recombinant p38«, JNK1, JNK2, and
JNK3 proteins were purchased from Thermo Fisher Scientific.
The antibodies used were as follows: an antibody against
SARMI (13022), PINK1 (6946), Akt (4691), phosoho-Akt
(4060), ATF2 (9226), phospho-ATF2 (5112), cJun (9165), phos-
pho-cJun (3270), ERK (4695), phospho-ERK (4370), GSK3
(9315), phospho-GSK3B (9322), HSP27 (2402), phospho-
HSP27 (2401), JNK (9252), phospho-JNK (9255), p38 (8690),
phospho-p38 (4511), HRP-conjugated anti-mouse, and anti-
rabbit secondary antibodies (Cell Signaling Technologies), an
antibody against FLAG (DDDDK-tag, PM020), an HRP-conju-
gated anti-goat secondary antibody (MBL), an antibody against
phospho-serine/threonine (612549; BD Transduction Labora-
tories), an antibody against GST (27457701; GE Healthcare Life
Sciences), an antibody against Parkin (mouse monoclonal,
sc-32282; Santa Cruz Biotechnology), an antibody against
tubulin (mouse monoclonal, T5168; Sigma-Aldrich), and an
antibody against B-actin (mouse monoclonal, A2228; Sigma-
Aldrich). A mouse mAb against phospho-SARM1 (Ser-548)
was generated by ITM Co. (Matsumoto, Japan). The antibody
was produced by immunizing animals with a synthetic phos-
pho-peptide corresponding to residues surrounding Ser-548 of
human SARM1 (AAREMLHpSPLPCTGG).

Plasmid constructs

Conventional molecular biological techniques were used to
generate the following expression constructs: C-terminal
FLAG-tagged human WT SARMI1, SARMI1 mutants with
domain deletions (AMTS, deletion of 1-27 amino acids (AA);
AARM, deletion of 28 —-404 AA; ATIR, deletion of 551-724
AA), and SARM1 domain (1-404 AA containing MTS and
ARM domain, 405-550 AA containing SAM domain, and 551—
724 AA containing TIR domain), and N-terminal HA-tagged
JNK1, JNK2, and JNK3. A point mutation of SARM1 or SAM
domain was generated by the inverse PCR method using a
KOD-Plus-Mutagenesis Kit (Toyobo). These constructs were
ligated with the C-TSC vector (41). All expression constructs
were sequenced to ensure that the fusion was in the correct
reading frame and there were no additional mutations.

Cell transfection

For plasmid transfection, cells were transfected with the
indicated plasmids using FUGENE-HD (Promega Biosciences)
according to the manufacturer’s instructions. Transfection was
carried out at 40% cell density. For 12-well plates in transfection
experiments, 2 ug of pDNA and 4 ul of FUGENE-HD were
used. For double transfection of genes such as SARM1 and
JNK1, each 1.5 pug of pDNA and 6 ul of FuGENE-HD were used.

For RNAi, StealthRNAi siRNA targeting SARMI
(HSS177170 and HSS177172; Thermo Fisher Scientific),
siGENOME SMARTpool siRNA targeting JNK1 (5599; Dhar-
macon), JNK2 (5601; Dharmacon), or JNK3 (5602; Dharmacon)
were transfected into cells at 20 nm using Lipofectamine
RNAiIMAX (Invitrogen). Stealth RNAi siRNA negative control
(Med GC; Thermo Fisher Scientific) or iGENOME Non-Tar-
geting siRNA pool (Dharmacon) was used as a negative control.
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The transfection was also performed at 40% cell density. For
12-well plates in transfection experiments, 2 ul of siRNA (final
concentration of 20 nm) and 4 ul of Lipofectamine RNAIMAX
were used.

Purification of recombinant protein

The DNA region of 405-550 amino acids of SARM1 was
inserted into the pGEX-6P1 vector (GE Healthcare). Recombi-
nant protein was produced in Escherichia coli BL21(DE3)-RP
(Agilent). Transformed E. coli cells were cultured in Luria-Ber-
tani medium containing 100 wg/ml of ampicillin at 37 °C.
When the optical density of the medium at 600 nm had reached
~0.8, 1 mm isopropyl 1-thio-B-p-galactopyranoside was added
and the cells were cultured for another 16 h at 25 °C. Harvested
E. coli cells were then lysed by performing a freeze/thaw/soni-
cation cycle twice. Resulting lysates were centrifuged to remove
insoluble debris, and recombinant proteins were purified from
supernatants by a GSH Sepharose 4B column (GE Healthcare).
Briefly, the cell lysate was applied to the column, nonspecifi-
cally bound proteins were washed out with PBS containing 0.1%
Tween 20, and then specifically bound GST-fused proteins
were eluted with 50 mm Tris-HCI (pH 8.0) containing 10 mm of
the reduced form of GSH. Recovered GST-fused protein was
dialyzed against PBS to remove GSH.

In vitro kinase assay

Purified GST-fused 405-550 amino acids containing the
SAM domain or recombinant ATF2 (Abnova) were used as a
substrate. Two ug of protein was incubated with 0.1 ug of
kinase (p38«, JNK1, JNK2, or JNK3; Thermo Fisher Scientific)
in a kinase buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 10
mMm MgCl,, 10 mm MnCl,, 1.8 mm ATP 1X PhosphoSTOP
(Roche Applied Science), and 1 mm DTT) for 1 h. The reaction
was stopped by adding 3X SDS sample buffer. For experiments
on inhibition of phosphorylation, a JNK inhibitor (JNK inhibi-
tor VIII) was added to the reaction buffer.

Immunoprecipitation and Western blot analysis

For immunoprecipitation, cells (1,000,000 cells/well in 6-
well plates) were lysed in an ice-cold lysis buffer (40 mm Tris-
HCI, pH 7.5, 150 mMm NaCl, and 1% Triton X-100) with Phos-
phoSTOP. Supernatants were incubated with 20 ul of a 50%
slurry of monoclonal anti-FLAG-M2 agarose (Sigma-Aldrich)
for 90 min. Immunoprecipitates were washed three times with
the lysis buffer, eluted with 0.1 m Gly-HCI (pH 2.5) solution, and
immediately neutralized with 1 m Tris-HCI, pH 9.0. Western
blot analysis was performed under conventional conditions
after lysing cells using SDS sample buffer with PhosphoSTOP.
Ten pug of protein extracts was separated by SDS-PAGE and
electrotransferred onto an Immobilon membrane (Millipore).
To detect immunoreactive proteins, we used HRP-conjugated
anti-mouse, anti-rabbit or anti-goat secondary antibodies and
Pierce Western Blotting Substrate Plus (Thermo Fisher
Scientific).

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde and permeabi-
lized with 1% Triton X-100 in PBS for 30 min at room temper-
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ature. After incubation with the respective first antibodies, the
samples were incubated with Alexa Fluor 488 goat anti-mouse
IgG antibody (Invitrogen). Mitochondria were stained with
MitoTracker Orange CMTMRos (Invitrogen). The specimens
were observed using a fluorescence microscope (model BZ-X700;
KEYENCE).

ATP assay, ROS assay, and apoptosis assay

CellTiter-Glo Assay (Promega Biosciences) was used to ana-
lyze ATP levels. According to the manufacturer’s instructions,
cells were incubated with CellTiter-Glo detection reagent for
10 min. Luminescence was observed using Fluoroskan Ascent
FL (Thermo Fisher Scientific).

ROS-Glo H,0, assay (Promega Biosciences) was used for an
ROS assay. The cells were incubated with test compounds and
H,O, substrate solution for 6 h and then ROS-Glo detection
solution was added. Luminescence was observed using Fluoros-
kan Ascent FL. CM-H,DCFDA staining was also used for an
ROS assay. The cells were incubated with 1 um CM-H,DCFDA
for 30 min. After washing, ROS-induced green fluorescence
was observed by a fluorescent microscope. Apoptotic cells were
identified after staining with Hoechst 33342 (Thermo Fisher
Scientific) for 30 min.

NAD assay

To analyze cellular NAD levels, cells were transfected with
the indicated plasmids for 8 h and then the cells were re-seeded
at 30,000/well in 96-well plates and cultured for 16 h. The
NAD/NADH-Glo assay (Promega Biosciences) was used to
analyze NAD levels. According to the manufacturer’s instruc-
tions, cells were incubated with NAD/NADH-Glo reagent for
30 min. Luminescence was observed using Fluoroskan Ascent
FL. To analyze NAD cleavage activity of SARM1, a total of 20 ul
of anti-FLAG-M2 agarose was reacted with the cell lysates (see
the method for immunoprecipitation). After washing, the
beads were incubated with 1 uMm NAD in PBS for 30 min. NAD
level was measured by the NAD/NADH-Glo assay.

Measurement of oxygen consumption rate (OCR)

OCR measurements were performed using the XF96 Extra-
cellular Flux analyzer (Seahorse Bioscience). Transfected cells
with indicated plasmids were seeded at 20,000/well in XF96 cell
culture plates and incubated for 16 h. Prior to performing an
assay, the growth medium in the wells was exchanged with XF
base medium supplemented with 17.5 mm glucose, 0.5 mm
sodium pyruvate, and 2.5 mm GlutaMAX. To analyze OCR, 1.5
uM oligomycin (Sigma-Aldrich), 0.25 pum FCCP (Cayman
Chemical), and 0.5 um rotenone/antimycin A (Sigma-Aldrich)
were used.

Reverse-transcriptional PCR

Total RNA was prepared using an SV Total RNA Isolation
System (Promega Biosciences). First-strand cDNA synthesis
was performed with total RNA using a SuperScript III First-
Strand Synthesis System for RT-PCR (Invitrogen). Synthesized
c¢DNA was used for PCR analysis using Taq polymerase (New
England Biolabs) with primers targeting Oct3/4 (forward,
CTTGCTGCAGAAGTGGGTGGAGGAA; reverse, CTGCA-
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GTGTGGGTTTCGGGCA, 171 bp), MAP2 (forward, CCAC-
CTGAGATTAAGGATCA; reverse, GGCTTACTTTGCTTC-
TCTGA, 482 bp), tyrosine hydroxylase (forward, TCAT-
CACCTGGTCACCAAGTT; reverse, GGTCGCCGTGCCT-
GTACT, 126 bp), glial fibrillary acidic protein (forward, GTA-
CCAGGACCTGCTCAAT; reverse, CAACTATCCTGCTTC-
TGCTC, 321 bp), and GAPDH (forward, ATTCCATGGC-
ACCGTCAAGGCT; reverse, TCAGGTCCACCACTGAC-
ACGTT, 571 bp).

Statistical analysis

Prior to statistical analysis, each experiment was repeated
three times. The results are expressed as mean * S.D. For com-
parison, analysis of variance (ANOVA) was used. If the
ANOVA showed a significant difference, the Bonferroni proce-
dure was used as a post hoc test. p values of less than 0.05 were
considered statistically significant.
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