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A B S T R A C T   

Nicotinamide adenine dinucleotide (NAD)+-biosynthetic and consuming enzymes are involved in various 
intracellular events through the regulation of NAD+ metabolism. Recently, it has become clear that alterations in 
the expression of NAD+-biosynthetic and consuming enzymes contribute to the axonal stability of neurons. We 
explored soluble bioactive factor(s) that alter the expression of NAD+-metabolizing enzymes and found that 
cytokine interferon (IFN)-γ increased the expression of nicotinamide nucleotide adenylyltransferase 2 
(NMNAT2), an NAD+-biosynthetic enzyme. IFN-γ activated signal transducers and activators of transcription 1 
and 3 (STAT1/3) followed by c-Jun N-terminal kinase (JNK) suppression. As a result, STAT1/3 increased the 
expression of NMNAT2 at both mRNA and protein levels in a dose- and time-dependent manner and, at the same 
time, suppressed activation of sterile alpha and Toll/interleukin receptor motif-containing 1 (SARM1), an NAD+- 
consuming enzyme, and increased intracellular NAD+ levels. We examined the protective effect of STAT1/3 
signaling against vincristine-mediated cell injury as a model of chemotherapy-induced peripheral neuropathy 
(CIPN), in which axonal degeneration is involved in disease progression. We found that IFN-γ-mediated STAT1/3 
activation inhibited vincristine-induced downregulation of NMNAT2 and upregulation of SARM1 phosphoryla-
tion, resulting in modest suppression of subsequent neurite degradation and cell death. These results indicate 
that STAT1/3 signaling induces NMNAT2 expression while simultaneously suppressing SARM1 phosphorylation, 
and that both these actions contribute to suppression of axonal degeneration and cell death.   

1. Introduction 

Nicotinamide adenine dinucleotide (NAD+), a classical coenzyme, is 
present in all living cells and plays a central role in redox reactions. 
Recently, it has become clear that a severe reduction of NAD+ levels that 
is rigidly regulated by the balance of expressions and activities of en-
zymes that function in the cellular synthesis and consumption of NAD+

plays a major role in axon degeneration [1–3]. Axon degeneration is an 
etiological event in neurological disorders, and whose progression dis-
rupts neural networks, resulting in several neurodegenerative disease 
conditions, including Alzheimer’s disease, Amyotrophic lateral scle-
rosis, Parkinson’s disease, and neuropathies [1,4,5], and therefore a 
deep understanding of the molecular mechanisms of axonal 

degeneration is an important step for elucidating the causes of neuro-
logical disorders and developing innovative therapeutic methods that 
can be used in common against multiple such disorders. Mammals use 
nicotinamide as a main ingredient of NAD+ and utilize the salvage 
pathway that synthesizes NAD+ through a two-step enzymatic reaction. 
In the first step, nicotinamide phosphoribosyltransferase (NAMPT) 
converts nicotinamide (NAM) to nicotinamide mononucleotide (NMN). 
The produced NMN is then metabolized by NMNATs with the help of 
ATP, which finally gives NAD+. Three NMNAT isoforms have been 
identified in mammals, all three isoforms are expressed in the neuronal 
cells in the nervous system. The three isoforms cooperatively function in 
neuroprotection through their distinct subcellular localizations by 
maintaining sufficient amounts of NAD+ in each cellular compartment 
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[6]. NMNAT1 is localized to the nucleus, NMNAT2 is present in the 
Golgi, cytoplasm, and axon, and NMNAT3 is present in mitochondria 
[6–9]. Among the three isoforms, NMNAT2 plays the greatest role in the 
axonal degeneration of neurons [2]. NMNAT2 is a labile protein that is 
rapidly degraded by various stress stimuli [10,11]. Therefore, an effec-
tive method to prevent NMNAT2 collapse at the protein level is 
considered a potential strategy to protect the neuronal cells from the 
threat of axonal degeneration by preserving an ample amount of NAD+. 
Post-translational modifications of NMNAT2, such as palmitoylation or 
ubiquitination, have been reported to alter the stability of the protein 
[8,12–15]. On the other hand, transcriptional regulation of NMNAT2 is 
also an important consideration when contemplating a method for 
supplying NMNAT2 to cells. However, in contrast to the relatively large 
number of studies on NMNAT2 at the protein level, the regulatory 
mechanism(s) of NMNAT2 at the transcriptional level have not been 
studied in detail. 

In addition to the aforementioned NAD+-synthesizing enzymes, 
regulation(s) of NAD+-consuming enzymes plays a pivotal role in 
maintaining intracellular NAD+ balance. Poly (ADP-ribose) polymerase 
(PARP), Sirtuin, and CD38 are known as NAD+-consuming enzymes, and 
they take part in several cellular processes, such as DNA repair, tran-
scription control by deacetylation, and Ca2+ signal regulation [16–18]. 
In addition to these proteins, much attention has recently turned to 
SARM1 as a novel molecule that consumes NAD+ in neurons and induces 
axonal degeneration [19,20]. Although SARM1 remains in an inactive 
state in cells under physiologically normal conditions, the active form 
functions to fiercely degrade NAD+ when the intracellular NAD+ con-
centration balance is disturbed under several stress conditions, resulting 
in a severe reduction of NAD+ [21–23]. As one of the mechanisms 
leading to the active form of SARM1, we previously reported that the 
phosphorylation modification of SARM1 at Ser548 by JNK, which reg-
ulates the NAD+-cleavage activity of SARM1 and inhibits mitochondrial 
respiration at the same time [24]. Thus, inhibition of SARM1 activation 
is also one of the main options for suppressing the harmful decrease in 
NAD+ levels and protecting axons in several neural etiological and 
pathological processes. 

Axon degeneration is also one of the toxic side effects of cancer 
therapies. Chemotherapy-induced peripheral neuropathy (CIPN) 
frequently occurs as a side effect of chemotherapy. If the symptoms 
progress, the anticancer drug dose must be reduced or the drug treat-
ment must be ended, which has a significant negative impact on the 
patient’s quality of life and survival. To date there are no preventive 
treatments for CIPN [25]. Duloxetine, an antidepressant medicine 
known as a serotonin-noradrenaline reuptake inhibitor, is administered 
to improve symptoms, but its efficacy is limited and thus there is urgent 
need for development of an effective new medicine. Some anticancer 
drugs targeting microtubules exert strong antitumor effects by inhibiting 
cancer cell division, but such drugs can also act on the microtubules in 
neuronal cells as well as cancer cells, resulting in high levels of axonal 
degeneration and neuronal cell death, and causing CIPN. Therefore, 
elucidation of the molecular-level mechanism by which anticancer 
drugs induce cell death via axonal degeneration would be useful for the 
development of effective CIPN medicines that could be used as a cocktail 
with anticancer drugs. Previous studies have shown that a decrease in 
expression of NMNAT2 gene reduced cell viability in response to anti-
cancer drugs [26]. It has also been reported that NAD+-consuming 
SARM1-knockout mice show resistance to various anticancer drug- 
induced CIPNs [27–29]. These facts suggest that NMNAT2, SARM1, 
and their relevant molecular pathways are tightly involved in CIPN- 
induced axonal degeneration. Considering that the suppression of 
either CIPN-induced NMNAT2 downregulation or SARM1 activation 
preserves intracellular NAD+ levels, it seems reasonable to expect that 
strategies for targeting either of these molecules would be equally 
effective in preventing CIPN. 

Soluble bioactive factors such as growth factors and cytokines 
regulate intracellular signaling pathways of cell death and survival, 

which in turn control dozens of transcriptional regulations of genes 
relevant to the fates of neuronal cells and other cell types. In this study, 
we explored candidate soluble factor(s) that positively regulate NAD+

synthesis by regulating of NMNAT2 and SARM1. We identified a single 
cytokine, IFN-γ, that increases the expression of NMNAT2. IFN-γ acti-
vated signal transducers and activators of transcription 1 and 3 (STAT1/ 
3) pathway followed by c-Jun N-terminal kinase (JNK) suppression. We 
found that STAT1/3 activation increased the expression of NMNAT2 at 
both mRNA and protein levels and, at the same time, suppressed the 
activation of SARM1. Vincristine, an anticancer drug that inhibits 
microtubule formation and is known to cause CIPN, was found to induce 
the degradation of NMNAT2 and phosphorylation of SARM1. In 
contrast, IFN-γ-mediated STAT1/3 activation inhibited these events and 
modestly suppressed neurite degradation and apoptosis. Thus, this study 
is the first to describe new neuronal role of STAT1/3. Namely, STAT1/3 
signaling regulates NAD+ metabolism by promoting two inverse events 
upregulation of NAD+ synthesis and downregulation of NAD+ con-
sumption through regulation of the expression of NMNAT2 and SARM1. 
In this way, STAT1/3 plays a critical role in protecting neurons from the 
threat of axonal degeneration under stress conditions, including CIPN. 

2. Materials and methods 

2.1. Chemicals and antibodies 

IFN-γ, EGF, GDF-3 and IL-22 were purchased from R&D systems. 
IFN-α was purchased from Cell Signaling Technologies (CST). IFN-β and 
FGF2 were purchased from Pepro Tech. BDNF and GDNF were pur-
chased from Cell Guidance Systems. IL-6 was purchased from Pro-
teintech. Niclosamide and Stattic were purchased from Med Chem 
Express. Vincristine sulfate was purchased from Fujifilm Wako Chem-
icals. The following antibodies were used: mouse anti-NMNAT2 (Santa 
Cruz Biotechnology, Santa Cruz, CA, cat# sc-515,206, dilution 1:100 in 
Can Get Signal Solution 1 [Toyobo, Osaka, Japan]), rabbit anti-SARM1 
(CST, cat# 13022, dilution 1:500 in Can Get Signal Solution 1), rabbit 
anti-STAT1 (CST, cat# 14994, dilution 1:1000 in Can Get Signal Solu-
tion 1), rabbit anti-phospho-STAT1 (CST, cat# 7649, dilution 1:1000 in 
Can Get Signal Solution 1), mouse anti-STAT3 (CST, cat# 9139, dilution 
1:500 in Can Get Signal Solution 1), rabbit anti-phospho-STAT3 (CST, 
cat# 9145, dilution 1:500 in Can Get Signal Solution 1), rabbit anti-JNK 
(CST, cat#9252, dilution 1:500 in Can Get Signal Solution 1), mouse 
anti-phospho-JNK (CST, cat#9255, dilution 1:500 in Can Get Signal 
Solution 1), rabbit anti-c-Jun (CST, cat# 9165, dilution 1:500 in Can Get 
Signal Solution 1), rabbit anti-phospho-c-Jun (CST, cat# 3270, dilution 
1:500 in Can Get Signal Solution 1), rabbit anti-NMNAT1 (CST, cat# 
98354, dilution 1:500 in Can Get Signal Solution 1), mouse anti- 
Neurofilament-M ([NF-M] CST, cat# 2838, dilution 1:1000 in 10% 
skim milk), rabbit anti-cleaved caspase-3 ([Cl. Caspase3] CST, cat# 
9664, dilution 1: 330 in Can Get Signal Solution 1), mouse anti- 
Neurofilament-L ([NF-L] Santa Cruz Biotechnology, cat# sc-20,012, 
dilution 1:1000 in 10% skim milk), mouse anti-NAMPT (Santa Cruz 
Biotechnology, cat# sc-393,444, dilution 1:1000 in Can Get Signal So-
lution 1), and mouse anti-β-Actin (Sigma-Aldrich, Cat #A2228, dilution 
1:20000 in 10% skim milk). 

A mouse monoclonal antibody (mAb) against phospho-Ser548 
SARM1 (dilution 1:500 in 3% bovine serum albumin/Tris-buffered sa-
line, 0.1% Tween 20) was generated by ITM Co. (Matsumoto, Japan). 
The mAb was produced by immunizing animals with a synthetic 
phospho-peptide corresponding to residues surrounding Ser548 of 
human SARM1 (AAREMLHpSPLPCTGG). 

2.2. Cell culture 

SH-SY5Y cells were cultured in DMEM/F12 medium (Thermo Fisher 
Scientific) supplemented with 10% fetal bovine serum (FBS). To obtain 
human matured neuronal cells in a culture system, 201B7 induced 
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pluripotent stem cells (iPSCs) derived from a healthy donor (a 36-year- 
old female; RIKEN BRC [Tsukuba, Japan]) were used and were differ-
entiated according to the established protocol as described previously. 
Induction of neural stem cells (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, P0 NSCs 
were expanded in neural expansion medium on a coated dish with 
Geltrex LDEV-Free hESC-qualified reduced growth factor basement 
membrane matrix (Thermo Fisher Scientific). To make the Geltrex- 
coated dish, a dish was incubated with Geltrex matrix solution (1:100 
with Neurobasal medium) for 1 h. For differentiation into neurons, NSCs 
were cultured at a density of 1 × 105 cells/cm2 on a 0.002% poly-L-lysine 
(Sigma-Aldrich) and 10 μg/ml laminin (Thermo Fisher Scientific)- 
coated dish in Neurobasal plus medium (Thermo Fisher Scientific) 
supplemented with 2% B-27 plus supplement (Thermo Fisher Scientific), 
2 mM GlutaMAX supplement (Thermo Fisher Scientific), CultureOne 
supplement (Thermo Fisher Scientific) and 200 μM ascorbic acid 
(Sigma-Aldrich). Spent medium was changed every 3 days and the cells 
were used each experiment from day 6. 

The pSAKA-1B vector (1B) was used to obtain stable transformants of 
NSCs [30]. To establish the gene-engineered NSCs that overexpress 
NMNAT2, NSCs were transfected with a set of plasmids, including the 
1B-NMNAT2, the 1B-transposase, and the 1B-puromycin resistance gene 
plasmids, using Lipofectamine Stem Transfection Reagent (Thermo 
Fisher Scientific). The 1B-empty-gene plasmid was used to obtain con-
trol NSCs instead of the 1B-NMNAT2 plasmid. To establish the other 
gene-engineered NSCs that own a gene signature with a low level of 
NMNAT2 and a high level of SARM1 in expressions, NSCs were trans-
fected with the TrueGuide synthetic guide RNA targeting NMNAT2 
(Thermo Fisher Scientific, cat#A35533) and the Cas 9 Protein V2 
(Thermo Fisher Scientific), with an additional set of plasmids containing 
the 1B-SARM1, the 1B-transposase, and the 1B-puromycin resistance 
gene plasmids, using Lipofectamine Stem Transfection Reagent. To 
obtain control NSCs, the 1B-empty-gene plasmid was used for the 1B- 
SARM1 plasmid without transfection of guide RNA. After 48 h, the 
transfected NSCs were treated with 0.5 mg/ml puromycin, and the 
survived puromycin-resistant NSCs were collected. Then, they were 
differentiated into neurons by the same procedures described above. 

2.3. Microfluidic cultures 

Microfluidic chambers, specifically Standard Neuron Devise 
(SND450, [Xona Microfluidics]), were placed onto 0.5 mg/ml poly-L- 
lysine (Fujifilm Wako Chemicals)- and 10 μg/ml laminin-coated glasses. 
Cell suspension (1 × 105 cells) was pipetted into the top well of the 
device, and the spent medium was changed every four days. On day 12, 
IFN-γ was added to both compartments (cell bodies side and axonal side) 
to be the final concentration of it at 0 or 100 ng/ml for 24 h. Vincristine 
was added only to the axonal compartment to 0 or 50 nM in culture and 
incubated for another 24 h in the presence of IFN-γ. Bright-field images 
of cells growing in microfluidic chambers were obtained using a Key-
ence BZ-X700 microscope. To quantify the axon degeneration rate, the 
individual axons formed in this experimental context were all scanned, 
and their conditions in the images were then analyzed using ImageJ 
software. 

2.4. Real-time qPCR 

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 (Thermo Fisher Scientific). Synthesized cDNA was used for the 
PCR analysis with a TaqMan Gene Expression Assay (Thermo Fisher 
Scientific) targeting NMNAT2 (Hs00322752_m1), SARM1 
(Hs00248344_m1) and glyceraldehyde 3-phosphate dehydrogenase 
([GAPDH] Hs02758991_g1). Relative expression levels were calculated 

using the ΔCt method, normalized against GAPDH as an internal control 
and analyzed using StepOnePlus software (Thermo Fisher Scientific). 

2.5. Western blot analysis 

Western blot analysis was performed under conventional conditions 
after lysing cells using an SDS sample buffer with PhosphoSTOP 
(Roche). Each five μg of protein extract was separated by SDS- 
polyacrylamide gel electrophoresis and electro-transferred onto an 
Immobilon membrane (Millipore). To detect immunoreactive proteins, 
we used HRP-conjugated anti-mouse or anti-rabbit secondary antibodies 
(CST) and Pierce Western Blotting Substrate Plus (Thermo Fisher Sci-
entific). To quantify the protein level of NMNAT2, NF-M, and NF-L, the 
individual band images of proteins were scanned and analyzed using 
ImageJ software. Then, their intensities were normalized against β-Actin 
as an internal control. 

2.6. NAD+ assay 

A Cell Count Normalization Kit (Dojindo) was used to normalize cell 
numbers before the NAD+ assay. The fluorescence intensity of cells 
stained with Hoechst 33342 was detected by FlexStation 3 (Molecular 
Devices; Ex: 350 nm; Em: 461 nm). An NAD/NADH-Glo assay (Promega 
Biosciences) was used to analyze NAD+ levels. Cells were incubated with 
NAD/NADH-Glo reagent for 30 min according to the manufacturer’s 
instructions. The luminescence intensity of cells incubated with NAD/ 
NADH-Glo reagent was detected by Fluoroskan Ascent FL (Thermo 
Fisher Scientific). NAD+ levels were normalized by the fluorescence of 
Hoechst 33342. 

2.7. Cell viability assay 

A CellTiter-Glo assay (Promega Biosciences) was used to analyze cell 
viability. Cells were incubated with CellTiter-Glo detection reagent for 
10 min according to the manufacturer’s instructions. Luminescence was 
observed using a Fluoroskan Ascent FL (Thermo Fisher Scientific). Cell 
viability was calculated with the control group at 100%. 

2.8. Statistical analysis 

Prior to statistical analysis, each experiment was repeated three 
times. The results are expressed as means +/− S.D. All statistical ana-
lyses were performed with EZR (Saitama Medical Center, Jichi Medical 
University, Saitama, Japan), which is a graphical user interface for R 
(The R Foundation for Statistical Computing, Vienna, Austria) [31]. One 
way and two-way ANOVA were used for comparison. If the ANOVA 
showed a significant difference, Tukey’s test was used as a post hoc test. 
p values of <0.05 were considered statistically significant. 

3. Results 

3.1. Screening for soluble factor(s) that induce NMNAT2 expression 

In order to search for a soluble bioactive factor(s) that has the po-
tential to upregulate the expression of NMNAT2, a NAD+ synthesizing 
enzyme, in neuronal cells, a total of seven factors that are expected to act 
on neuronal survival, were individually added to a culture of human 
induced pluripotent stem cell (iPSC)-derived neurons, and the treated 
cells were then analyzed by qPCR and WB for their expressions of 
NMNAT2. This screening showed that IFN-γ was the only one of the 
seven factors that increased NMNAT2 at both the mRNA and protein 
levels (Fig. 1(a and c)). IFN-γ induced an approximately 1.5-fold in-
crease in-NMNAT2 mRNA expression, and an approximately 8-fold in-
crease in the protein expression (Fig. 1(a and d)). On the other hand, the 
expression level of SARM1, a NAD+-consuming enzyme, showed no any 
appreciable change by treatment with the same series of soluble factors 
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(Fig. 1(b and c)). Considering that IFN-γ regulates the JAK-STAT 
pathway after binding with the IFN receptor [32], we speculate that 
NMNAT2 would be induced by the pathway upon IFN-γ stimulation. We 
confirmed that IFN-γ treatment significantly increased the levels of the 
total and phosphorylated forms of STAT1 and STAT3 in iPSC-derived 
neurons (Fig. 1(c)). Based on these findings, we decided to further 
analyze the IFN-γ-mediated STAT signal in the regulation of NMNAT2 
expression. 

3.2. IFN-γ increases the expression of NMNAT2 in a dose- and time- 
dependent manner 

There are several types of IFN, which control the expression of 
different genes via different receptors [33]. To specify IFN(s) that 
upregulate NMNAT2 expression in neurons, major types of IFN, IFN-α, 
IFN-β, and IFN-γ were studied. Among the IFNs used, IFN-γ induced the 
highest expression of NMNAT2 in iPSC-derived neurons, while IFN-β 
caused a slight increase in the expression of NMNAT2 and IFN-a had no 
effect on NMNAT2 expression (Fig. 2(a and c)). This pattern of increase 
in the expression of NMNAT2 was correlated with the activation states of 
both STAT1 and STAT3, in which only IFN-γ treatment increased the 
level of the total and phosphorylation form of STAT1 and STAT3. 
Although the increases in total STAT1 were similar at among the three 
IFNs, differences in phosphorylation were observed-i.e., a phosphory-
lation state was not observed with IFN-a, but phosphorylation was 
slightly elevated with IFN-β, and highly increased with IFN-γ (Fig. 2(c)). 

On the other hand, when different IFN treatments were used, none of 
these treatments had any effect on the SARM1 expression (Fig. 2(b and 
c)). To consolidate these findings, the WB result observed in the iPS- 
derived neuronal cells was also confirmed in another neuronal cell 
line, SH-SY5Y. As shown in Supplementary Fig. 1(a), NMNAT2 was 
induced by treatment with either IFN-β or IFN-γ in SH-SY5Y cells 
following a similar induction pattern as in the iPS-derived neuronal 
cells. Next, we investigated the effect of the treatment dose and duration 
of IFN-γ on the induction of NMNAT2 expression. IFN-γ induced an in-
crease in NMNAT2 expression in a dose- (Fig. 2(d and f), Supplementary 
Fig. 1(b)) and time-dependent manner after treatment with IFN-γ (Fig. 2 
(g)). We then confirmed that the changes in the dose and treatment 
duration of IFN-γ did not affect the SARM1 mRNA level (Fig. 2(e and h)). 
The effect of treatment duration was also examined by protein analysis. 
The expression level of NMNAT2 was increased around 24 h and the 
level was even sustained for another 24 h when the cells were treated 
with 100 ng/ml of IFN-γ. (Fig. 2(i)). In agreement with the increased 
pattern of NMNAT2, the expression of the STAT1 and STAT3 proteins 
were both highly elevated after 24 h treatment, and then both expres-
sions experienced an additional slight increase over the subsequent 24 h. 
At this time, we confirmed that the other enzymes involved in NAD+

synthesis and consumption (NMNAT1, NAMPT, and SARM1) resulted in 
almost no change in expression through the treatment duration with 
IFN-γ in the iPSC-derived neurons (Fig. 2(i)). An increase in NAMPT 
expression was observed in SH-SY5Y cells by IFN-γ treatment (Supple-
mentary Fig. 1(a and b)). In light of the important role of STAT signaling 

Fig. 1. Exploration of soluble factors that 
alter the expression of NAD+-biosynthetic 
and NAD+-consuming enzymes. Human 
NSCs were differentiated into neurons for 6 
days. Then, the neurons were treated with 
the indicated soluble factors for 24 h. a, b. 
Relative mRNA expressions of NMNAT2 and 
SARM1. Total RNAs prepared from the 
treated cells were used to analyze the gene 
expression by real-time qPCR. GAPDH RNA 
was used as a control for the analysis. c. 
Upregulation of NMNAT2 protein expression 
by IFN-γ. The neurons treated with the 
indicated cytokines were subjected to West-
ern blot analysis using the indicated anti-
body. d. Quantitative analysis of NMNAT2 
protein expression. **Significantly different 
from the control cells at p < 0.01; 
***Significantly different from the control 
cells at p < 0.001; ns, not significant.   
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on NMNAT2 induction in the neuronal cells, we expect that several 
soluble factors that activate the STAT pathway are also involved in 
NMNAT2 induction. Like INFs, interleukin-6 (IL-6) activates STAT 
signaling, and we therefore speculated that IL-6 also upregulates 
NMNAT2 expression. However, IL-6 treatment did not contribute to 
NMNAT2 expression in the iPSC-derived neurons (Supplementary Fig. 1 

(c)). Because there was no obvious enhancement of the phosphorylation 
of STATs in response to IL-6, we considered that the level of expression 
of IL-6 receptors in the iPSC-derived neurons was extremely low. 
Collectively, these results suggest that NMNAT2 expression is positively 
regulated by activation of the STAT pathway, which is triggered by IFN- 
γ in neuronal cells. 

Fig. 2. IFN-γ induced NMNAT2 expression. a, b. Real-time qPCR analysis of NMNAT2 and SARM1 mRNA expression. Human iPSC-derived neurons were treated with 
100 ng/ml of IFN-α, β or γ for 24 h. Total RNAs prepared from the treated cells were used to analyze the gene expression by real-time qPCR. c. IFN-γ induces NMNAT2 
protein expression with activation of STAT signaling. The cell lysate of neurons treated with 100 ng/ml IFNs for 24 h were subjected to Western blot analysis using 
the indicated antibody. d-f. Dose dependence of NMNAT2 expression induced by IFN-γ. Human iPSC-derived neurons were treated with 0–100 ng/ml IFN-γ for 24 h. 
Total RNAs prepared from the cells were used to analyze for the mRNA expression of NMNAT2 (d) and SARM1 (e) by real-time qPCR. Cell lysates prepared from the 
neurons were subjected to Western blot analysis using the indicated antibody (f). g-i. Time course of NMNAT2 expression induced by IFN-γ treatment. Human iPSC- 
derived neurons were treated with 100 ng/ml IFN-γ from 0 to 48 h. The mRNA expressions of NMNAT2 (g) and SARM1 (h) were analyzed by real-time qPCR. The 
indicated protein expression was analyzed by Western blotting (i). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
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3.3. IFN-γ upregulates NMNAT2 expression through STAT1/3 signaling 

As shown in Fig. 2(c), IFN-γ, which elicited the greatest increase in 
NMNAT2 expression, induced higher-level activation of not only STAT1 
but also STAT3 compared to other IFNs. Therefore, we examined the 
changes in IFN-γ-induced NMNAT2 expression in the cultured cells in 
the presence of the STAT3 inhibitors niclosamide and stattic. Treatment 
with niclosamide caused a dose-dependent decrease in NMNAT2 at both 
the mRNA and protein levels in the absence of IFN-γ, and both decreases 
also occurred in the presence of IFN-γ; that is, the NMNAT2 expression 
was effectively impeded by copresence with niclosamide (Fig. 3(a and 
b)). The expression levels of three other NAD+-metabolizing enzymes, 
NMNAT1, NAMPT, and SARM1, were not affected by the inhibitor even 
at the high dose of 10 μM. For the IFN-γ-mediated STAT activation, we 
found that niclosamide at the highest concentration of 10 μM suppressed 
not only IFN-γ-induced STAT3 activation but also STAT1 activation 
(Fig. 3(b)). In SH-SY5Y cells, 1 μM niclosamide was sufficient to suppress 
STAT activation and NMNAT2 upregulation (Supplementary Fig. 1(d)). 
Under this inhibitory condition, it followed that similar patterns in 
expression dynamics for the proteins of our interest as seen in the iPS- 

derived neuronal cells (Fig. 3(b)) were observed, except in the case of 
NAMPT, the expression of which was decreased by the treatment with 
niclosamide in SH-SY5Y cells (Supplementary Fig. 1(d)). The use of 
another potent inhibitor, stattic, also gave similar results to those dis-
played in Fig. 3(a and b), where a dose-dependent decrease in NMNAT2 
at the mRNA and protein levels was detected (Fig. 3(c and d)). These 
results indicate that STAT1/3 signaling upregulates NMNAT2 expres-
sion in neuronal cells. 

3.4. STAT1/3 signaling increases NAD+ levels in neurons 

Next, we investigated whether STAT1/3 signaling would increase 
NAD+ levels. IFN-γ had dose-dependently increased NAD+ levels in 
iPSC-derived neurons (Fig. 4(a)) and in SH-SY5Y cells (Supplementary 
Fig. 2(a)). We then investigated whether NAD+ levels were changed by 
treatment with the STAT3 inhibitor niclosamide. Treatment with 
niclosamide caused a decrease in NAD+ levels in the absence of IFN-γ, 
and the decline also occurred in the presence of IFN-γ (Fig. 4(b)). We 
next used NMNAT2-overexpressing neurons to investigate whether only 
up-regulation of NMNAT2 is sufficient to increase NAD+ levels (Fig. 4 

Fig. 3. Induction of NMNAT2 expression via 
STAT1/3 signaling. a, b. Niclosamide, a 
STAT3 inhibitor, suppressed NMNAT2 
expression. Human iPSC-derived neurons 
were treated with 0–100 ng/ml IFN-γ and 
0–10 μM niclosamide for 24 h. The mRNA 
expression of NMNAT2 was analyzed by 
real-time qPCR (a). The indicated protein 
expression was analyzed by Western blot-
ting. (b). c, d. Stattic, a STAT3 inhibitor, 
suppressed NMNAT2 expression. Human 
iPSC-derived neurons were treated with 
0–100 ng/ml IFN-γ and 0–10 μM stattic for 
24 h. The mRNA expression of NMNAT2 was 
analyzed by real-time qPCR (c). The indi-
cated protein expression was analyzed by 
Western blotting (d). **p < 0.01; ***p <
0.001.   
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(c)). Although the increase of NAD+ levels was not observed in 
NMNAT2-overexpressing neurons in the absence of IFN-γ, the increase 
occurred in the presence of IFN-γ, as same as in control neurons (Fig. 4 
(d)). These results suggest that the elevation of NAD+ is not dependent 
on NMNAT2 expression, and STAT1/3 signaling is involved in the 
upregulation of NAD+ synthesis in neurons. 

3.5. STAT1/3 signaling modestly suppresses vincristine-induced neurite 
degradation and cell death through induction of NMNAT2 expression and 
inactivation of SARM1 

The anticancer drug vincristine is for the clinical treatment of a variety 
of cancers. Vincristine exerts its antitumor effects by inhibiting microtu-
bule polymerization, and thereby disrupting the microtubule-mediated 
spindle formation required for cancer cell division. On the other hand, 
vincristine also acts on the microtubules of nerve cells to induce axonal 
degeneration and cell death, causing CIPN. Vincristine is known to reduce 
the amount of NAD+ in axons and induce CIPN by causing axonal degen-
eration [34]. To address these unwanted effects of an otherwise effective 
anticancer agent, we considered that IFN-γ-mediated STAT1/3 activation 
might be useful to ameliorate CIPN. To investigate this possibility, we first 
added vincristine to a culture of human iPSC-derived neurons and inves-
tigated the proteins of our interest for their expression and activation dy-
namics. As shown in Fig. 5(a), a marked reduction of NMNAT2 was 
observed 12 h after the treatment with vincristine, and thereafter the band 
disappeared. NMNAT1, a family member of NMNAT, decreased 24 h after 
the stimulus. On the other hand, no obvious change in the protein level of 

SARM1 was observed by vincristine exposure, but SARM1 phosphoryla-
tion was detected and peaked at 24 h after vincristine addition. This 
finding was well consistent with our previous observation that SARM1 was 
phosphorylated by JNK in response to several stress conditions, and the 
phosphorylation in turn enhanced the enzymatic activity of SARM1 to 
cleave NAD+ [24]. In fact, activation of JNK was confirmed based on the 
observation of phosphorylation of JNK and c-Jun, a representative JNK 
substrate, in this experimental setting (Fig. 5 (a)). In parallel with the time- 
dependent decrease in NMNAT2 and increase of phosphorylation of JNK, 
c-Jun and SARM1, the bands of neurofilaments (NF-L and NF-M), which 
are axonal main components, showed a time-dependent reduction. At 24 h 
and 48 h after the stimulation, the bands were absent and cleaved caspase 
3, a central marker of apoptosis, was detected. These results indicate that 
axonal degeneration and subsequent apoptotic cell death are induced in 
neuronal cells by treatment with vincristine. 

Next, we investigated whether IFN-γ-mediated STAT1/3 activation 
could suppress vincristine-induced cell death and axonal degeneration. 
The cell-based assay revealed that IFN-γ has an ability to partially sup-
press the vincristine-induced neuronal cell death in a dose-dependent 
manner (Fig. 5(b)). A similar inhibitory effect was also observed in 
SH-SY5Y cells (Supplementary Fig. 2(b)). The machinery by which IFN-γ 
inhibits vincristine-induced cell death and axonal degeneration was then 
investigated by WB analysis (Fig. 5(c)). Notably, IFN-γ treatment 
restored NMNAT2 to the physiological level from the severely reduced 
level caused by vincristine treatment. In addition, the significant 
vincristine-mediated phosphorylation of SARM1 was also reduced by 
the presence of IFN-γ in culture. This was probably due to the ability of 

Fig. 4. STAT1/3 signaling upregulated NAD+ production. a. 
Dose-dependent upregulation of NAD+ production by IFN-γ. 
Human iPSC-derived neurons were treated with 0–100 ng/ml 
IFN-γ for 24 h, and then the intracellular NAD+ levels were 
analyzed. b. Niclosamide, a STAT3 inhibitor, suppressed the 
NAD+ production with or without IFN-γ. Human iPSC-derived 
neurons were treated with 0 or 100 ng/ml IFN-γ and 0 or 10 
μM niclosamide for 24 h, and then the intracellular NAD+

levels were analyzed. c. Confirmation of NMNAT2 over-
expression in neurons. The indicated protein expression was 
analyzed by Western blotting. D. Confirmation of NAD+ levels 
in NMNAT2-overexpressing neurons. Control neurons and 
NMNAT2-overexpressing neurons were treated with 0 or 100 
ng/ml IFN-γ for 24 h, and then the intracellular NAD+ levels 
were analyzed. ns, not significant; *p < 0.05; **p < 0.01; ***p 
< 0.001.   
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IFN-γ-STAT signaling to inhibit JNK activation since we confirmed that 
IFN-γ treatment decreased the phosphorylation of JNK and c-Jun (Fig. 5 
(c)), while niclosamide treatment increased the phosphorylation of c- 
Jun (Supplementary Fig. 1(e)). It has also been reported that IFN-γ 
suppresses JNK activity via endogenous nitric oxide production [35]. 
Consistent with these results and report, we observed that the 
vincristine-induced reduction of neurofilaments (NF-L and NF-M) and 
vincristine-induced increases in cleaved caspase 3 were modestly sup-
pressed by the treatment with IFN-γ (Fig. 5(c) and Supplementary Fig. 3 

(a and b)). To observe the protective effects of STAT1/3 signaling 
against the vincristine-mediated axon degeneration more directly, we 
cultured iPSC-derived neurons in compartmentalized microfluidic 
chambers that allow independent manipulation of cell bodies and axons 
(Supplementary Fig. 3(c)). Geisler et al. used these chambers to show 
that vincristine stimulates an axon-autonomous degenerative process 
[29]. Using this chamber, we observed that axon fragmentation 
occurred by treating the axonal side with vincristine, and IFN-γ-medi-
ated STAT1/3 activation partially suppressed this event (Supplementary 

Fig. 5. STAT1/3 signaling modestly suppressed vincristine-induced cell death by upregulation of NMNAT2 expression and inactivation of SARM1. a. Time course of 
protein expression after treatment with vincristine. Human iPSC-derived neurons were treated with 50 nM vincristine from 0 to 48 h. The cell lysates were subjected 
to Western blot analysis using the indicated antibody. b. IFN-γ dose-dependently suppressed vincristine-induced cell death. Human iPSC-derived neurons were 
treated with 0–100 ng/ml IFN-γ for 24 h and further treated with 0 or 50 nM vincristine for another 24 h in the presence of IFN-γ, and then the cell viability was 
analyzed. c. IFN-γ-mediated STAT1/3 activation partially suppressed vincristine-induced neurite degradation and cell death. Human iPSC-derived neurons were 
treated with 0–100 ng/ml IFN-γ for 24 h and further treated with 0 or 50 nM vincristine for another 24 h in the presence of IFN-γ. The cell lysates were subjected to 
Western blot analysis using the indicated antibody. d. Niclosamide, a STAT3 inhibitor, canceled the cell death-inhibiting effects of IFN-γ. Human iPSC-derived 
neurons were treated with IFN-γ (0 or 100 ng/ml) for 24 h and further treated with vincristine (0 or 50 nM) and niclosamide (0 or 10 mM) for another 24 h in 
the presence of IFN-γ, and then the cell viability was analyzed. e. A working model for suppression of axon degeneration and cell death by STAT1/3 signaling. ns, not 
significant; **p < 0.01; ***p < 0.001. 
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Fig. 3(d and e)). The cell-protective effect of IFN-γ against the 
vincristine-mediated cell injury was canceled by using the STAT3 in-
hibitor niclosamide (Fig. 5(d) and Supplementary Fig. 2(c)). Next, we 
established neurons that downregulated NMNAT2 and overexpressed 
SARM1 to investigate whether NMNAT2 and SARM1 are involved in the 
vincristine-induced cell death (Supplementary Fig. 4(a)). The cell- 
protective effect of IFN-γ-mediated STAT1/3 activation was mostly 
canceled by the downregulation of NMNAT2 and the upregulation of 
SARM1 (Supplementary Fig. 4(b)). These results indicate that activation 
of the STAT1/3 signaling contributes to suppression of the vincristine- 
induced axonal degeneration and cell death through induction of 
NMNAT2 expression and inhibition of SARM1 phosphorylation in 
neuronal cells (Fig. 5(e)). 

4. Discussion 

In this study, we revealed an important new role of STAT1/3 
signaling in neuronal protection. We showed that IFN-γ-mediated 
STAT1/3 activation upregulated the expression of the NAD+ synthase 
NMNAT2 and inversely suppressed the activation of the NAD+- 
consuming enzyme SARM1. These events are exerted by activation of 
the STAT1/3 pathway and inactivation of the JNK pathway. These 
findings should be helpful in any renewed attempts to develop a treat-
ment for CIPN since STAT1/3 activation suppressed vincristine-induced 
axonal degradation and cell death, although not completely. In addition 
to CIPN, reduced NAD+ levels play an important role in many other 
types of neurodegenerative diseases, and thus an NAD+-regulatory 
strategy based on our findings might also prevent the progression of 
these other neurodegenerative conditions. 

The coenzyme NAD+ is an essential factor in life. The use of NAD+ is 
pleiotropic; that is, NAD+ is required for oxidation/reduction reactions, 
mediating glycolysis and oxidative phosphorylation in mitochondria, 
and energy metabolism [36]. In addition to these coenzymatic roles, 
NAD+ also functions as a cofactor that is required for the activation of 
several proteins, such as PARP, a DNA repair protein, and the deacety-
lase Sirtuin, an anti-aging protein. It has been reported that the NAD+- 
bound active Sirtuin suppresses not only the appearance of aging phe-
notypes of organisms but also the progression of various diseases, 
eventually leading to increased healthy longevity [37]. Thus, NAD+

plays a crucial role in various physiological life phenomena as well as 
disease phenomena via coenzymatic and cofactor roles. As a result, 
when severe, sustainable reduction of NAD+ occurs, life is threatened 
because of mal functions in life events that will progress to senescence- 
relevant diseases. NAD+ levels are known to decrease in various tissues 
with aging [38]. Thus, our discovery of an STAT1/3-triggered NAD+- 
maintenance machinery in cells, consisting of STAT-mediated upregu-
lation of NMNAT2 expression and STAT-mediated suppression of 
SARM1 activation, should contribute to an improved understanding of 
the senescence-relevant harmful changes in the aging body at the 
cellular and molecular levels. 

In this study, we found that IFN-γ-mediated STAT1/3 activation 
increased NMNAT2 expression at both transcriptional (Fig. 1(a)) and 
protein levels (Fig. 1(c and d)). Walker et al. reported that MAPK 
signaling promotes NMNAT2 turnover and that the knockdown of 
MKK4/7 upstream of JNK increased NMNAT2 at the protein level [39]. 
Since IFN-γ treatment decreased the phosphorylation of JNK, c-Jun, and 
SARM1 (Fig. 5(c)), it is conceivable that IFN-γ-STAT1/3 signaling sup-
presses the JNK pathway in human iPSC-derived neurons. We also found 
that the treatment with the STAT3 inhibitor niclosamide increased the 
phosphorylation of c-Jun (Supplementary Fig. 1(e)). Thus, JNK sup-
pression is one of the mechanisms of NMNAT2 induction at protein 
levels in the IFN-γ treatment setting in neuronal cells. Taken together, 
our results suggest the pathway schematic shown in Fig. 5(e), in which 
STAT1/3-JNK signaling contributes to the regulation of NMNAT2 
expression at both transcriptional and protein levels. 

Next, we will consider the difference in the intracellular reaction in 

response to IFN-γ between human iPSC-derived neuronal cells and 
human neuroblastoma SH-SY5Y cells. NAMPT expression was somehow 
increased in SHSY-5Y cells but not in human iPSC-derived neuronal cells 
after the addition of IFN-γ (Supplementary Fig. 1(a and b)). One reason 
for this result may have been the different expression levels of STAT3 
between these cell types since STAT3 is highly upregulated in a variety 
of cancer cells compared to normal cells. Like NMNAT2, STAT3 may be 
involved in NAMPT induction since the IFN-γ-mediated upregulation of 
NAMPT was suppressed by the STAT3 inhibitor niclosamide in SH-SY5Y 
cells (Supplementary Fig. 1(d)). It may be that the increased expression 
of STAT3 in SH-SY5Y cells compared to STAT3 expression in iPSC- 
derived normal neuronal cells acts to increase both NAMPT and 
NMNAT2 in response to IFN-γ, which may mirror the higher level of 
increase in NAD+ and greater ability to resist vincristine-induced cell 
death in SH-SY5Y cells than normal cells after stimulation with IFN-γ 
(Supplementary Fig. 2). Although IFN-γ treatment increased NMNAT2 
expression as well as NAD+ levels in iPSC-derived neurons (Fig. 4(a)), 
the single overexpression procedure of NMNAT2 was not associated 
with the sufficient increase in NAD+ levels (Fig. 4(d)). In this setting, 
however, treatment with niclosamide decreased the NAD+ levels (Fig. 4 
(b)). Since NMNATs are not the rate limiting enzymes in the NAD+

salvage pathway, the IFN-γ-STAT1/3 axis may affect NAMPT activation 
to increase NAD+ levels, otherwise via still unidentified path(s), in iPSC- 
derived neurons. 

Although we have shown that IFN-γ-STAT1/3 signaling suppresses 
vincristine-induced axonal degeneration and cell death in neuronal cells 
in vitro, it remains uncertain whether these results directly mirror the 
situation in vivo, since the neural milieu is much more complex than a 
simple in vitro culture system. For example, the in vivo environment 
would contain many cell types other than neuronal cells, and these cells 
would inevitably be affected by IFN-γ and undergo mutual cross-talk. In 
addition, IFN-γ can induce inflammation in vivo, primarily when tar-
geted to immune cells, and such inflammation may compromise 
neuronal cells. Therefore, neuronal cells may have evolved the IFN- 
γ-STAT1/3-mediated cell survival system revealed herein in order to 
protect against inflammatory threats in the living body. The findings of 
several previous reports support this idea. For instance, Victorio et al. 
reported that the rate of neurodegeneration caused by sciatic nerve 
transection is highly increased by IFN-γ deficiency [40]. Bareyre et al. 
showed that STAT3 is involved in axonal regeneration after axotomy 
[41]. In addition, Selvaraj et al. reported that STAT3 activation rescued 
axonal degeneration in a progressive motor neuropathy model [42]. 
Thus, it is clear that the IFN-γ-STAT1/3 pathway functions to protect 
axons and neuronal cells even in the complex in vivo milieu. It is 
conceivable that methods to manipulate STAT1/3 activity to suppress 
NAD+ reduction may become a valuable strategy to prevent or alleviate 
CIPN and possibly other neurodegenerative diseases. 

5. Conclusion 

STAT1/3 signaling induces NMNAT2 expression while simulta-
neously suppressing SARM1 phosphorylation via JNK inactivation, and 
both these actions contribute to suppression of axonal degeneration and 
cell death. 
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