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Abstract
A pathological hallmark of spinal muscular atrophy (SMA) is severe motor neuron (MN) loss, which results in muscle
weakness and often infantile or childhood mortality. Although it is well established that deficient expression of survival
motor neuron (SMN) protein causes SMA, the molecular pathways that execute MN cell death are poorly defined. The c-Jun
NH2 -terminal kinases (JNKs) are stress-activated kinases with multiple substrates including c-Jun, which can be activated
during neuronal injury and neurodegenerative disease leading to neuronal apoptosis. Recently, increased JNK-c-Jun
signaling was reported in SMA raising the possibility that JNK inhibitors could be a novel treatment for this disease. We
examined JNK-c-Jun activity in SMA mouse and human cultured cells and tissues. Anisomycin treatment of human SMA
fibroblasts and sciatic nerve ligation in SMA mice provoked robust phosphorylated-c-Jun (p-c-Jun) expression indicating
that SMN-deficiency does not prevent activation of the stress-induced JNK-c-Jun signaling pathway. Despite retained
capacity to activate JNK-c-Jun, we observed no basal increase of p-c-Jun levels in SMA compared to control cultured cells,
human or mouse spinal cord tissues, or mouse MNs during the period of MN loss in severe SMA model mice. In both
controls and SMA, ∼50% of α-MN nuclei express p-c-Jun with decreasing expression during the early postnatal period.
Together these studies reveal no evidence of stress-activated JNK-c-Jun signaling in MNs of SMA mice or human tissues, but
do highlight the important role of JNK-c-Jun activity during normal MN development raising caution about JNK antagonism
in this pediatric neuromuscular disease.

Introduction
The autosomal recessively inherited motor neuron (MN) disease spinal muscular atrophy (SMA) causes profound muscle
weakness often within the first few weeks or months of life (1).
Motor unit number (the MN and the myofibers it innervates)
precipitously declines in infants with severe SMA within 1–
2 months of life (2) and pathological studies have documented
reductions in MN number at the time of autopsy (3). Despite the

striking loss of MNs, the molecular mediators of MN cell death
in SMA are poorly characterized.
SMA is caused by recessive mutations of the survival motor
neuron 1 (SMN1) gene and retention of at least one copy of
the highly homologous SMN2 gene (4,5). SMN2 contains a translationally silent C>T substitution in exon 7 resulting in alternative splicing of SMN2-derived pre-mRNAs (6,7). Most mature
SMN2 mRNAs lack exon 7 and encode a truncated, unstable
SMN protein resulting in reduced expression levels of full-length
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Results
p-c-Jun levels are not elevated in SMA cultured cells or
tissues
As c-Jun is a principal target of JNK in the setting of neurodegeneration (27), we assessed phosphorylated forms of c-Jun (p-c-Jun)

compared to total c-Jun levels as an indicator of JNK pathway
activation. p-c-Jun levels were also compared to GAPDH and H3
and similar trends were observed. In order to verify our detection
methods, we treated cells with anisomycin, a protein synthesis
inhibitor known to activate stress-activated protein kinases (28).
SMA patient-derived (3813) and carrier-derived (3814) fibroblasts were treated with anisomycin at a dose of 0.6 mg/ml and
protein lysates were prepared at 0, 5, 10, 30, 45 and 60 min
(Fig. 1A). To preserve phosphorylation modifications of proteins,
protein lysates in all experiments were prepared with Halt protease and phosphatase inhibitor cocktail (Thermo Fisher). Western blot using antibodies for phosphorylated c-Jun at serine
63 (p-Ser63-c-Jun) and serine 73 (p-Ser73-c-Jun) showed timedependent increases in p-c-Jun levels with little change in total
c-Jun levels (Fig. 1A and B). After 30 min of anisomycin treatment, there was a 5-fold induction in p-Ser63-c-Jun/total c-Jun
levels consistent with increases previously reported (29). There
was little difference in the magnitude of induction observed
between SMA and carrier cell lines. We also utilized commercially available enzyme-linked immunosorbent assays (ELISAs)
to measure each p-c-Jun and total c-Jun levels (Pathscan) as
this a sensitive method for detecting JNK activity (30). Different
protein concentrations were tested to establish the linear range
of the assays and verify detectable increases in p-Ser63-c-Jun
levels in anisomycin-treated cells (Fig. 1C). For all subsequent
ELISA detection assays, a protein concentration of 0.25 mg/mL
was used. We next examined p-c-Jun and total c-Jun levels
in three SMA patient-derived and age-matched control-derived
fibroblast cell lines with various SMN1 and SMN2 copy numbers
(Fig. 1D). Differences in the ratio of p-Ser63-c-Jun normalized to
total c-Jun were not observed by western blot (Fig. 1E) or ELISA
(Fig. 1F). A previous study reported increased p-c-Jun expression
detected by immunohistochemistry (IHC) in cultured spinal cord
explant neurons and primary cerebellar granule neurons isolated from SMA mice (12). In order to obtain sufficient numbers of neurons for our biochemical analyses, we isolated primary cortical neurons with ∼95% purity from severe SMA mice
(JAX#005025) (SMA7) and WT littermate mice at embryonic
day 13.5 (E13.5) as we have previously reported (31). Of note,
prior studies indicate that cortical MNs ultimately degenerate in
severe SMA patients and SMA mice (32,33). These cells showed
reduced SMN protein expression (data not shown), but there was
no evidence of increased p-c-Jun to total c-Jun ratios as detected
by western blot at day in vitro 2 (DIV2) or ELISA at DIV2 and DIV5
(Fig. 1G–J).
Increases in the phosphorylation of JNK-c-Jun pathway
constituents were reported in SMA human (12,13) and mouse
(12,13) whole spinal cord tissues measured by western blot
and/or mitogen-activated protein microarrays. We thus assessed
human thoracic spinal cord samples from five severe SMA and
three age-matched control patients collected during autopsies
(Table 1). Western blots (Fig. 2A–D) revealed case to case variability in the p-Ser63-c-Jun (using two different antibodies) and
p-Ser73-c-Jun levels among SMA patient and control samples as
has been previously observed in other human tissue studies (34),
but no demonstrable increase in p-c-Jun/total c-Jun expression
in SMA compared to control tissues. ELISAs also showed no
increase in SMA samples (Fig. 2E). The phosphorylation status of
MKK4 was also unaffected (Supplementary Material, Fig. S1B).
We also assessed spinal cord p-c-Jun levels in spinal cord
tissues at cervical, thoracic and lumbar levels collected from
SMA7and WT mice. We first performed the p-c-Jun western
blots and ELISAs on protein lysates isolated from WT and
control SMA spinal cords at disease end-stage, postnatal day
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SMN protein. It is now well established that induction of SMN
expression in SMA animal models or human patients either
by targeting SMN2 pre-mRNAs with splice-switching antisense
oligonucleotides or small molecules or by replacing SMN1 utilizing adenovirus-associated virus 9 gene therapy can alleviate
SMA (8–10). Experience with these therapeutics in animal models and human patients has also indicated that early postnatal
administration of drug when clinical deficits are less severe can
be associated with markedly increased therapeutic efficacy (11).
These observations imply that once significant MN degeneration has occurred, clinical improvement is limited. Therapeutic
strategies that directly inhibit MN cell death pathways might
enhance the effect of SMN-inducing therapies by extending the
temporal window during which sick, but viable MNs can respond
to such treatments.
Prior studies have suggested that SMA MNs die via apoptosis
(reviewed in 3) and two recent studies reported that this death
is triggered by activation of c-Jun NH2 -terminal kinases (JNKs)
(12,13). JNKs are stress-activated kinases with three principal
isoforms (10 splice variants) encoded by three genes: JNK1, JNK2
and JNK3. JNK1 and 2 are ubiquitously expressed, whereas JNK3
expression is largely restricted to the CNS (14). JNK is activated
by an upstream signaling relay involving MAP3Ks and MAP2Ks,
i.e. MKK4 or MKK7. JNKs have several downstream targets, which
can regulate neuronal development, regeneration or cell death
(14,15). The target for which JNK is named, c-Jun, is phosphorylated by JNKs at serine 63 or 73, which leads to formation
of the AP-1 complex and transcriptional activation of c-Jun
target genes (16). JNK-c-Jun signaling has been associated with
neuronal apoptosis that occurs during naturally occurring programmed cell death (NPCD) (17) as well as pathological neuronal
apoptosis during Alzheimer’s disease, Parkinson’s disease and
amyotrophic lateral sclerosis (ALS) (14). Given its role in neurodegenerative diseases, there has been interest in developing
JNK inhibitors as therapeutics (18–20). Complicating such efforts
are the multiple physiological functions of these enzymes even
in the same cell type (21). One such example is the dichotomous response of MNs to JNK-c-Jun signaling after axotomy.
In neonatal mammals, nuclear phosphorylation of c-Jun by JNK
induces neuronal cell death (22,23). However, in adult mammals,
phosphorylation of c-Jun by JNK can protect against axotomyinduced MN cell death and trigger regenerative responses (24).
Thus, JNK activation can be regenerative or degenerative in
nature depending on the context (25,26).
Given the potentially complex downstream consequences of
JNK signaling, we further characterized JNK-c-Jun activity in SMA
cells and tissues, in wild-type (WT) and SMA MNs after sciatic
nerve ligation, and longitudinally in severe SMA mice during
the period of MN loss. These studies reveal that SMN deficiency
does not impair the ability to activate the JNK-c-Jun pathway.
However, there was no increase in the number of MNs expressing
phosphorylated-c-Jun (p-c-Jun) in SMA mice during early or
late stages of the SMA disease course. Importantly, many MNs
express basal levels of p-c-Jun during the prenatal and neonatal
periods in both SMA and WT mice highlighting the importance
of JNK-c-Jun activity during normal MN development.
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c-Jun levels in age-matched SMA patient and control fibroblast cell lines by western blot (D–E) and ELISA (F) (n = 3, mean ± SEM). (G–J) Relative p-Ser63-c-Jun levels in
primary cortical neurons derived from E13.5 SMA 7 and WT littermates at DIV 2 (H–I) and DIV 5 (J) measured by western blot (H) or ELISA (I–J) (n = 3, mean ± SEM).

16 (P16), as the previously reported elevations occurred late
in disease (12). After no elevations were observed at P16
(Fig. 2F–H), we assessed mouse cervical, thoracic and lumbar
spinal cord tissues at P1, P10 and P14 and brain tissues at
P10 and P14 and again observed no reproducible increase in
p-c-Jun levels (Supplementary Material, Fig. S1C, D and H–K).
The phosphorylation status of JNK2 and the upstream kinases
MKK4 and MKK7 in mouse tissues at P1 were also unaltered
(Supplementary Material, Fig. S1C and E).

Axotomy-induced c-Jun phosphorylation is not altered
by SMN deficiency
Axotomy of various neuron types is well known to activate
JNK with resulting phosphorylation of c-Jun in the nucleus of
neurons (15,35,36). We tested whether sciatic nerve transection
would increase p-c-Jun expression in MNs in WT and SMA mice.
We first performed transection at the distal sciatic nerve in
the left thigh in 3-month-old adult WT mice, collected lumbar
level 4 (L4)–L6 spinal cords 5 days post-ligation and performed
IHC for choline acetyltransferase (ChAT) to label MNs. As anticipated after distal axotomy in adulthood, the number of ChAT
labeled cells (red) in the ventral horn was equivalent on the

transected (left) and non-transected (right) sides. A small number of MNs expressed p-c-Jun on the non-axotomized right side,
but the number of ChAT+ cells expressing nuclear p-Ser63-c-Jun
was significantly elevated on the left indicating robust activation of JNK-c-Jun signaling (Fig. 3A and B). We next performed
left-sided sciatic nerve ligations in neonatal WT mice at P5
and harvested mice 5 days later at P10. We used NeuN and
ChAT IHC to distinguish α-MNs (defined as ChAT+/NeuN+) and
γ -MNs (ChAT+/NeuN-) (Supplementary Material, Fig. S2). At P10,
there was significant α-MN loss on the left, transected side compared to the right and no p-c-Jun signal remained (Fig. 3C and D)
indicating that axotomy was associated with significant MN
death at this age. In order to compare the response of WT
and SMA MNs to axotomy, we transected the sciatic nerve in
both WT and SMA mice at P5 and collected spinal cords at
1 day post-ligation for IHC focusing on the L5 spinal level. On
the right non-axotomized side, some MNs basally expressed pc-Jun, but in both WT and SMA mice, there was robust and
comparable increase in the number of α-MNs expressing p-cJun on the left compared to right (Fig. 3E and F). Given that it
has been suggested that the magnitude of JNK-c-Jun signaling
may dictate downstream consequences (25), we also quantified the intensity of p-c-Jun labeling in WT compared to SMA
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Figure 1. JNK-c-Jun activation levels are similar in WT and SMA cells. (A) Western blot showing relative p-Ser63-c-Jun and p-Ser73-c-Jun levels in protein lysates from
anisomycin-treated control (GM03814) and SMA patient-derived (GM03813) fibroblasts at various time points. (B) Densitometry of western blot. (C) ELISA of p-c-Jun
levels using different concentrations of protein lysates isolated from 3814 fibroblasts treated for 0 (black line) or 60 min (red line) of anisomycin. (D–F) Relative p-Ser63-
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Table 1. Human thoracic spinal cords
Case

Post-mortem interval
(hours)

SMN1 copy #

SMN2 copy #

Cause of death

2.5
4
7
8
72
1.9
10.5
5

7
4
25
2
24
20
8
14

0
0
0
0
0
2
3
3

2
2
2
2
2
1
2
0

SMA type 1
SMA type 1
SMA type 1
SMA type 1
SMA type 2
SIDS
Cerebral palsy
SIDS

SMA 12_01
SMA 09_02
SMA 10_14
SMA 14_05
SMA 10_16
CNTL MBB_18
CNTL MBB_383
CNTL MBB_169
SIDS = sudden infant death syndrome

Figure 2. No pathological increase of p-c-Jun activity is evident in human or mouse SMA spinal cords. (A–E) Western blot and ELISA analysis of p-Ser63-c-Jun and p-Ser73c-Jun in protein lysates from human thoracic spinal cord samples derived from SMA type I and type II and control patients. (B–D) Densitometry quantifications of western
blots (n = 3, mean ± SEM). (E) ELISA quantifications (n = 3, mean ± SEM). (F–H) Western blot and ELISA analysis of p-Ser63-c-Jun and p-Ser73-c-Jun in protein lysates from
mouse cervical, thoracic and lumbar spinal cord samples derived from P16 SMA7 mice. (G) Densitometry quantification of western blots (n = 3, mean ± SEM). (H) ELISA
(n = 3, mean ± SEM).

mouse MNs. The intensity of p-c-Jun expression was ∼3-fold
higher in axotomized MNs (left ventral horn) compared nonaxotomized MNs (right ventral horn), but there was no difference
in the staining intensity between WT and SMA MNs on either
side (Fig. 3G). Together these data indicate robust activation of
p-c-Jun in MNs with sciatic nerve ligation, but the magnitude of
p-c-Jun induction is equivalent in SMA compared to WT mice.

p-c-Jun expression is not increased in SMA MN somata
before or after MN cell loss
Given the demonstrated ability of IHC to detect elevations in
p-c-Jun expression in MN nuclei after sciatic nerve transection,
we next explored whether this approach would detect changes
in p-c-Jun expression in MNs during the disease course in SMA
mice. We focused on the L1 spinal cord level as we have
previously rigorously defined the time course of motor loss at
this spinal level (37,38). Given that our prior studies suggested
MN loss begins soon after birth, we first examined L1 spinal
cord MNs at E17.5. As ChAT is not robustly expressed in MNs
at this time point, we evaluated SMA7 mice expressing

GFP under control of the Hb9 promoter (39). As expected
MNs in the ventral horn robustly expressed GFP and many
of these MNs also expressed p-c-Jun at this time point
(Supplementary Material, Fig. S3A); however, the number of
Hb9+ ventral horn neurons expressing p-c-Jun was equal in
WT and SMA mice (Supplementary Material, Fig. S3B). We then
assessed L1 spinal cords in postnatal WT and SMA mice and
noted continued expression of p-c-Jun in some MNs as well
as expression of p-c-Jun in the white matter particularly at
later postnatal ages (Supplementary Material, Fig. S3C and D).
These puncta co-localized with the oligodendrocyte marker
Olig2, but not with the astrocyte marker Glial fibrillary acidic
protein (GFAP) (Supplementary Material, Fig. S4). In order to
quantify the number of p-c-Jun positive MNs during MN loss in
SMA, we assessed the L1 spinal cord from WT and SMA mice
at P1, P2, P6, P10 and P16. At each age, the total number of
ventral horn MNs, α-MNs and γ -MNs expressing p-c-Jun was
quantified (Fig. 4A and B). Total ChAT+ MN and α-MN number
per section were equivalent in WT and SMA at P1. By P2, there
was a significant reduction in total ChAT+ and in α-MN number,
but not γ -MN number, which persisted through end-stage
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Figure 3. Sciatic nerve transection activates JNK-c-Jun in MNs in WT and SMA mice. (A) Representative images of L4–6 spinal cord ventral horns on the right and
left sides from 3-month-old WT mice 5 days after left sciatic nerve transection (Scale = 100 μm). (B) Quantification of p-Ser63-c-Jun (#9261) and ChAT on the left and
right sides (n = 3, mean ± SEM). (C) Representative images of L4–6 spinal cord ventral horns from P5 WT mice on the left and right side 5 days after left sciatic nerve
transection (Scale = 100 μm). (D) Quantification of α-MNs (ChAT+ and NeuN+) on the left and right sides (n = 3–5, mean + SEM, ∗∗∗∗ = P < 0.0001). (E) Representative
images of L5 spinal cord ventral horns on the left and right sides of P5 WT and SMA7 mice 1 day after left sciatic nerve transection (Scale = 50 μm). (F) Quantification
of L5 p-Ser63-c-Jun α-MN number on the left and right sides in both WT and SMA mice (n = 3, mean ± SEM). (G) Quantification of the average intensity of p-Ser63-c-Jun
signal in α-MNs on the left and right side in WT and SMA7 mice (n = 3, mean ± SEM).
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Discussion
Although MN loss is one of the classical pathological manifestations of the neuromuscular disorder SMA (3), the molecular
mechanisms that execute motor cell death remain incompletely
characterized. The stress-activated JNK cascade has been implicated as a master regulator of neuronal cell death in multiple
neurodegenerative diseases and as such there have been efforts
to develop antagonists directed to this pathway (18,19). In this
study, we further characterized JNK-c-Jun signaling in human
and mouse SMA cells and tissues as a prelude to planned testing of novel JNK inhibitors (http://www.imago-pharma.com). We
used well-established experimental paradigms to activate JNK
signaling with anisomycin in vitro and with sciatic nerve ligation
in vivo. These experiments provided validation of our detection
methods, and demonstrated that even when SMN protein is
deficient, JNK-p-c-Jun is activated in response to known triggers.
In order to further assess whether JNK-c-Jun activation occurs in
MNs during the process of MN cell death in SMA, as has been
reported in two previous studies (12,13), we assessed p-c-Jun
levels in whole spinal cord tissues from SMA patients and SMA
mice and performed detailed spinal cord IHC to assess MNs at
multiple time points in SMA mice. These studies provided no
evidence of increased JNK-p-c-Jun activity in SMA MNs during
the period of cell loss, but did highlight that many late embryonic
and neonatal MNs express p-c-Jun indicating that physiological
JNK-c-Jun signaling is active during normal MN development.
Although originally identified as stress-activated kinases,
JNKs are now known to be activated by various stimuli
including growth factors and have critical roles during neuronal
development and regeneration (14). A recent study showed
that JNK and c-Jun are both constitutively activated in mouse
brain tissue from time points ranging from embryonic to
adult stages, but not in other tissue types (41). Although not
previously evaluated in MNs specifically, it has been reported
that JNK signaling is developmentally regulated in neurons. In
particular, Jnk1 mRNA is highly expressed in the developing rat
brain and declines postnatally (42). JNKs have been specifically
implicated in axon growth and pathfinding and dendritic
arborization (14). Recently, neuronally specific conditional
knockout of the upstream JNK kinase MKK7 was shown to
cause degeneration of MN axons in mice (41). Our experiments
reveal that at least 50% of neonatal MNs express detectable

p-c-Jun with decreasing percentages over the first two postnatal
weeks. These results suggest that JNK-c-Jun signaling is
important during terminal periods of MN maturation including
perhaps in the establishment and refinement of central
and motor axon terminal synapses, which occur during this
interval.
JNK-c-Jun activity is also known to be triggered in MNs during
the NPCD that occurs during embryonic stages of development
when the excessive number of MNs that are born are culled
between E9 and E11.5 (43,44). Neonatal MN death induced by
axotomy is thought to re-engage similar molecular pathways
(45,46). The MN cell death that occurs during ALS has also been
shown to be associated with JNK-c-Jun signaling (34). Given these
observations, it was reasonable to hypothesize that JNK-c-Jun
signaling is central to MN cell death in SMA particularly as this
loss occurs soon after birth. Although we induced high levels
of MN p-c-Jun expression in reaction to axotomy at P5 in both
WT and SMA mice, we could not detect pathological induction
of p-c-Jun in MNs during the period of MN loss in SMA mice.
These results are consistent with those reported by Simon et al.
(40) who demonstrated increased phosphorylated p53 at serine
18 in vulnerable SMA MNs, but no induction of JNK. In contrast, two previously published studies have reported increased
JNK-p-c-Jun expression in SMA tissues and MNs (12,13). How
do we account for the contrasting results of these studies?
We believe several issues need to be considered. It has been
noted that the transient nature of the JNK activation poses a
challenge to the study of the pathway (47). Although we used
the same antibodies employed in other studies, there may have
been differences in protein lysate preparation including use of
phosphatase inhibitors to maximize preservation of phosphorylation events. In addition, the methods used for MN counting
were distinct. We examined the total number of MNs expressing
detectable p-c-Jun by IHC at a specific spinal level where we
have defined the temporal dynamics of MN loss rather than
considering the percentage of MNs at a given time point. Our
data indicate that although the percentage of p-c-Jun MNs may
appear to increase in SMA later in the disease course, this
is driven principally by the prior loss of MNs rather than an
increase in absolute number of MNs expressing p-c-Jun. An
interesting possible interpretation of our data is that those MNs
that express nuclear p-c-Jun are actually more likely to survive
in SMA.
In the two prior studies implicating JNK in SMA MN cell
death pathways, modest benefits were observed in SMA mice
when JNK3 was genetically inactivated (12) or when SMA mice
were treated with a JNK-inhibitor peptide (D-JNKI1), which selectively blocks access of JNK to c-Jun and other JNK targets (13).
When considering these results, it is important to note that
JNK-c-Jun signaling is not restricted to neurons. In addition
to p-c-Jun expression in MNs, we also observed p-c-Jun staining in both WT and SMA oligodendrocytes particularly during
the second postnatal week (Supplementary Material, Fig. S4B).
Interestingly, a previous study demonstrated upregulation of pc-Jun expression in oligodendrocytes after spinal cord injury
and postulated that behavior benefits observed with D-JNKI1
treatment in this context arose at least in part by inhibition
of this signaling and sparing of myelin (48). JNK signaling has
also been demonstrated to occur in activated astrocytes (16,49)
and we have previously shown astrogliosis in SMA mouse and
human spinal cord at late stages of disease (50). D-JNKI1-treated
SMA mice showed reduced spinal cord GFAP staining (13) leaving
open the possibility that these therapeutic effects arise primarily
from targeting JNK-c-Jun signaling in glial cells rather than in
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disease at P16 (Fig. 4C and D). We detected no increase in cleaved
caspase-3 expression during the P1–P2 time interval when
MN loss was most robust (Supplementary Material, Fig. S5) in
agreement with a prior study in which no increase in cleaved
forms of caspase-3, 8 or 9 or TUNEL assay was seen (40). At no
time point was the total number of ventral horn p-c-Jun puncta,
nor the total number of p-c-Jun positive α-MNs increased in
SMA compared to WT mice. If one considers the percentage
of p-c-Jun positive α-MNs (Fig. 4D), there is a suggestion of
an increase in SMA mice at P6 and P10, but this does not
meet statistical significance when accounting for multiple
comparisons and is likely driven principally by the decrease
in MN number. Importantly, there was also no evidence of
increased p-c-Jun staining intensity in SMA MNs compared WT
as was seen in axotomized versus non-axotomized MNs after
sciatic nerve transection (Fig. 3). Interestingly, in both WT and
SMA mice, the number of p-c-Jun + α-MN decreased by over
50% during the first two postnatal weeks in both WT and SMA
mice (Fig. 4C) indicating developmental regulation of JNK-c-Jun
signaling.
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MNs. In contrast to D-JNKI1, the effects of JNK3 knockout are
likely to be more cell-specific as JNK3 is expressed selectively
in neurons, heart and testis. Nonetheless, there are diverse
downstream consequences of JNK3 signaling that depend on
different scaffold molecules that provide specificity between
JNKs and their activators and a variety of possible JNK substrate

proteins that are present in specific cell compartments (14,15).
It is thought that the nucleus is the major compartment where
JNK signaling elicits cell death responses (51) and this was the
focus of our study. In the majority of circumstances in which
JNK signaling is associated with neuronal cell death, c-Jun is
a key substrate (14,15). Nonetheless, it remains possible that
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Figure 4. Increased p-c-Jun expression is not present in SMA MNs. (A) Representative images of L1 spinal cord ventral horns derived from WT and SMA7 at P1, P2, P6,
P10 and P16 mice [ChAT (red), p-Ser63-c-Jun (green) and NeuN (not shown), Scale = 50 μm]. (B) Quantification of total MN number (C) p-Ser63-c-Jun positive MN number
and (D), and percentage of p-Ser63-c-Jun positive α and γ -MNs (n = 3–5, mean ± SEM, ∗ = P < 0.05, ∗∗ = P < 0.01).
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Materials and Methods
Human spinal cord samples
De-identified human tissue samples were collected at autopsy
by a rapid response team following parental or patient informed
consent in strict observance of the legal and institutional ethical
regulations. All samples were collected in accordance with and
approved by the Institutional Review Board at the Johns Hopkins
University School of Medicine. Tissues were immediately frozen
in liquid nitrogen at the time of the autopsy and stored at −80
until protein lysates were prepared.

Mice
Mice were maintained according to protocols approved by the
Institutional Animal Care and Use Committee at Johns Hopkins
University School of Medicine. Mice (JAX#005025) were originally
purchased from The Jackson Laboratory and subsequently
housed in the local animal facility at Johns Hopkins University
School of Medicine in individually ventilated cages at 25◦ C with
a 12 h light/dark cycle, fed ad libitum and monitored daily for
general health. Heterozygous (mSmn+/− /SMN2+/+ /SMN7+/+ )
animals on FvB/N background were interbred to maintain
the colony and we genotyped mice with tail DNA using the
following primers: 5 -GCCTGCGATGTCGGTTTCTGTGAGG-3
and 5 -CCAGCGCGGATCGGTCAGACG-3 amplifying a region
of the galactosidase cassette on the knockout allele, and 5 GTGTCTGGGCTGTAGGCATTGC-3 and 5 -GGCTGTGCCTTTTGGC
TTATCTG-3 for the mSmn allele. SMA mice were null (mSmn−/− )
and control littermates were wildtype (mSmn+/+ ).

Sciatic nerve transections
Adult 3-month-old WT and neonatal P5 WT and SMA mice
were anesthetized with 1.5% isoflurane (Baxter Healthcare

Corporation, Deerfield, IL) for 5 min in induction chamber
and transferred to nose cone for procedure. Eyes were coated
with petroleum ophthalmic ointment (PuraLube) and fur was
removed from left hind leg using calcium hydroxide and sodium
hydroxide cream (Nair). Surgical area was cleaned with iodine
(Betadine) and prepped with sterile gauze. Surgical instruments
were autoclaved and a small 1–1.5 cm incision was made
beginning at the left hip to expose the sciatic nerve. Sciatic
nerve was transected and skin with sutured using vicryl sutures
(Ethicon, Somerville, NJ) with knots every 0.5 mm. Following
the procedure, mice were given a single subcutaneous 2.0 μg/g
Meloxicam (Metacam) injection and returned to their home cage
for the indicated time periods.

Cell lines and transfections
We obtained fibroblast lines derived from a patient with SMA
(3813) or heterozygous control (3814) from Corriell Cell Repository. Fibroblasts were maintained in Dulbecco’s Modified Eagle’s
medium (DMEM) supplemented with 15% (vol/vol) fetal bovine
serum, 50 U/ml penicillin and 50 ug/ml streptomycin. Cells were
kept in a humidified incubator at 37◦ C and 6% CO2 . Fibroblasts were treated with 0.6 mg/mL Anisomycin (Cell Signaling,
Danvers, MA) in radioimmunoprecipitation assay (RIPA) buffer
(MilliporeSigma, Burlington, MA) according to manufacturer’s
instructions.

Primary cortical neurons
We sacrificed pregnant female mice (2–6 months old) with
an overdose of isoflurane (Baxter Healthcare Corporation)
followed by cervical dislocation. E13.5 embryos were isolated
and maintained on ice in Hibernate-E medium (Thermo Fisher,
Waltham, MA) during the dissection procedure. Cortices were
microdissected and separated from olfactory bulbs, cerebellar
regions, basal ganglia and dura, and trypsinized with 0.05%
(wt/vol) trypsin (Sigma-Aldrich, St. Louis, MO) for 15 min at 37◦ C
with gentle agitation every 5 min. We added 10 ug/ml (wt/vol)
DNase to the tissue, layered the cell suspension on top of a
4% (wt/vol) bovine serum albumin gradient and separated the
phases by centrifugation at 75 x g for 20 min at 4◦ C. Viability
and number of cortical neurons in the suspension were counted
using the TC20 cell counter (Bio-Rad, Hercules, CA). For RNA
and protein analyses, we plated 750 000 neurons/3.8 cm2 , and
1.5 x 106 neurons/9 cm2 . All cortical neurons were plated on
polethyleneimine-coated surfaces as previously described (31).

Western blotting
Mice were euthanized with an overdose of isoflurane (Baxter
Healthcare Corporation) followed by cervical dislocation. Neonatal spinal cords were isolated, flash frozen in liquid nitrogen
and stored at −80◦ C. Human spinal cord tissues were isolated,
flash frozen in liquid nitrogen and stored at −80◦ C. All samples
were lysed in RIPA buffer (Sigma-Aldrich) supplemented with
Halt protease and phosphatase inhibitors (Thermo Fisher) for
10 min on ice, sonicated with 30 pulses of 1 s on ice and
cellular debris was cleared by centrifugation at 20 000 x g for
15 min at 4◦ C. Protein concentrations were determined using the
MicroBCA Protein Assay kit (Thermo Fisher) and a SpectraMAX
Plus spectrophotometer (Molecular Devices). Equal amounts
of proteins were diluted in RIPA buffer, supplemented with
sampling buffer containing 250 mM Tris-HCl pH 6.8, 10% (wt/vol)
sodium dodecyl sulphate, 30% (vol/vol) glycerol, 5% (vol/vol)
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JNK elicits neuronal cell death in SMA by activating alternative
substrates other than c-Jun (52), which were not assessed in
this study. For example, during excitotoxic stress, JNK has been
shown to localize to mitochondria where it can activate BCL-2
family members. Another possibility is that there are alterations
of JNK3 signaling specifically in SMA MN processes where it
has distinct substrates (14,15). Local actions of JNKs including
JNK3 on microtubule-associated proteins play important roles
in neuritogenesis after axonal injury (53). During Huntington’s
disease, it has been proposed that mutant huntingtin activates
JNK3 leading to phosphorylation of kinesin-1, which dissociates kinesin-1 from microtubules and impairs axonal transport
(54). Thus, JNK3 inactivation could improve SMA mouse phenotypes by mechanisms that are independent of preventing MN
cell death.
In summary, our data shows physiological JNK-c-Jun activity
is prominent in MNs during perinatal periods of development.
In contrast to previous reports, we do not observe pathological
nuclear JNK-c-Jun signaling during the period of MN death in
SMA mice. Our data do not exclude a role for JNK signaling
in the pathogenesis of SMA, but do highlight that the specific
activities and consequences of this pathway need to be more
clearly defined as JNK antagonism during CNS development
could have significant negative consequences as demonstrated
by the loss of function JNK3 mutations that cause severe neurodevelopmental disorders (55,56). In the long-term, effective
and safe JNK inhibition with likely require targeting very specific
JNK-substrate interactions in a spatially restricted way.
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ELISA
Samples were lysed in RIPA lysis buffer (Sigma-Aldrich) supplemented with Halt protease and phosphatase inhibitors (Thermo
Fisher) for 10 min on ice, sonicated on ice and cellular debris was
cleared by centrifugation at 20 000 x g for 15 min at 4◦ C. Protein
concentrations were determined using the MicroBCA Protein
Assay kit (Thermo Fisher) and a SpectraMAX Plus spectrophotometer (Molecular Devices, San Jose, CA). PathScan Phospho-cJun (Ser63) Sandwich ELISA kit (Cell Signaling) or PathScan Total
c-Jun Sandwich ELISA kit II (Cell Signaling) were used according
to manufacture instructions.

IHC
Mice were anesthetized with isoflurane (Baxter Healthcare
Corporation) and were intracardially perfused with 4% (vol/vol)
paraformaldehyde and lumbar spinal cords were dissected
and post-fixed overnight. Samples were cryopreserved in
20% (wt/vol) D-Sucrose (Thermo Fisher) overnight at 4◦ C and
subsequently in 30% (wt/vol) D-Sucrose for 4 hours at 4◦ C.
Samples were embedded in optimal cutting temperature
compound (Tissue-Tek) and 60 μm transverse sections were
cut into PBS (Thermo Fisher). We washed sections two times
with PBS for 15 min at RT, followed by PBS supplemented 0.2%
(vol/vol) Triton X-100 (Thermo Fisher) for 15 min. We blocked
sections with 10% (vol/vol) normal donkey serum (Sigma) diluted
in PBS supplemented with 0.2% (vol/vol) Triton X-100 (Thermo
Fisher) for 60 min at RT, followed by overnight incubation
at 4◦ C with primary antibodies for p-Ser63-c-Jun (1:100; Cell
Signaling 9261), ChAT (1:100; Sigma AB143), cleaved caspase3 (1:200; Cell Signaling 9661), Olig2 (1:10000; Novitch), GFAP
(1:1000; Millipore AB5541) or NeuN (1:100; Millipore MAB377).
Sections were washed three times 15 min in PBS supplemented
0.2% (vol/vol) Triton X-100 (Thermo Fisher) followed by a
2 hour incubation at RT with Alexa-Fluor conjugated secondary
antibodies (Thermo Fisher) diluted 1:500 in PBS supplemented
with10% (vol/vol) normal donkey serum (Sigma-Aldrich) and
0.2% (vol/vol) Triton X-100. Sections were washed two times
15 min in PBS supplemented 0.2% (vol/vol) Triton X-100 (Thermo
Fisher), followed one time 15 min in PBS. Sections were mounted
on charged slides with ProLong gold antifade (Thermo Fisher).
Images were acquired on an inverted fluorescence AxioVert
200M microscope (Zeiss, Oberkochen, Germany) equipped with a
monochrome AxioCam 5 camera (Zeiss) and an Apotome (Zeiss).
Exposure times never exceeded 1 s. For cell quantification,
six sections of the respective spinal cord level of each animal

were used to quantify MN per section. Alpha MNs were defined
as ChAT and NeuN positive, while gamma MNs were defined
as ChAT positive, NeuN negative. Images used to quantify
fluorescence intensity were stained on the same run and imaged
with the same exposure times. Background corrections was
carried out using Zen software (Zeiss). The average intensity
across a rectangular area encompassing the ventral horn was
measured with a consistent area used across six sections per
animal.

Statistical analyses
Statistical analysis was performed using Graphpad Prism
version 7.0a. The level of significance was set to 0.05 and used
the Student’s t-test (one variable, two groups), one-way ANOVA
(one variable, greater than two groups) or two-way ANOVA
(greater than one variable, greater than 2 groups). Equal variation
between groups was evaluated using the Brown–Forsythe test.
A post ANOVA analysis was done utilizing the Tukey Honestly
Significant Difference test.

Supplementary Material
Supplementary Material is available at HMG online.
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