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Abstract Autophagy and the ubiquitin proteasome system
(UPS), as two major protein degradation pathways, coordinate
with each other in regulating programmed cell death.
Autophagy can compensate for the UPS impairment-induced
cell dysfunction and apoptosis. However, it is not clear how
cells maintain the delicate balance between UPS-related apopto-
sis and autophagy. Here, we showed that proteasome inhibition-
mediated UPS impairment can activate the phosphorylated
p38α (p-p38α)-dependent apoptotic pathway and autophagy
pathway in both neuroblastoma cell line N2a and primary cor-
tical neuronal cells. Multiple indices were utilized for the au-
tophagy detection including LC3II transition, acidic vesicle for-
mation, lysosomal accumulation, and p62 reduction. Blockade
of autophagy flux with autophagy inhibitor 3-methyladenine or

bafilomycin A1 resulted in further phosphorylation of p38α,
polyubiquitinated protein aggregation, and greater apoptotic cell
death. On the contrary, enhancement of autophagy by
rapamycin attenuated the cell loss by lowering p-p38α level
and degrading protein aggregates, indicating a protective role
of autophagy in cell stress and apoptosis. Moreover, de-
activation of p38α with pharmaceutical p38α inhibitor
BIRB796 greatly increased autophagy activation, reduced pro-
tein aggregates, and attenuated cell loss, suggesting a bidirec-
tional regulation between p-p38α and autophagy. In addition,
manipulation of p-p38α by BIRB796 or p38α knockdown de-
creased the phosphorylation of key components of the mamma-
lian target of rapamycin (mTOR)-dependent pathway, indicating
that the mTOR pathway mediates the p-p38α regulation on
autophagy. Overall, our data emphasize p-p38α as a key medi-
ator in the antagonistic interaction between apoptosis and au-
tophagy in response to UPS impairment. Centering p-p38α as a
potential regulatory target may provide a dual advantage of
proteostasis maintenance and cell survival for simultaneous in-
hibition of apoptosis and activation of autophagy.
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PARP Poly ADP-ribose polymerase
C-CASP3 Cleaved caspase 3
mTOR Mammalian target of rapamycin
AD Alzheimer’s disease
PD Parkinson’s disease
HD Huntington’s disease
ALS Amyotrophic lateral sclerosis

Introduction

The ubiquitin proteasome system (UPS) is responsible for a
highly selective degradation of short-lived proteins to maintain
the proteostasis under basal metabolic conditions [1, 2]. This
system recruits proteasome to selectively recognize, unfold,
and degrade ubiquitinated proteins. When UPS is impaired,
accumulation of misfolded proteins causes severe cell damage
leading to activation of multiple apoptotic signaling pathways
and eventual cell death. Neuronal cells are extremely vulnerable
to toxic protein aggregations [3–5]. Impairment of the UPS and
the subsequent accumulation of misfolded protein and inclusion
body formation have been strongly implicated in the pathology
of neurodegenerative diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
and amyotrophic lateral sclerosis (ALS) [5–7].

Autophagy is another major protein degradation pathway
for mammalian cells to keep intracellular proteostasis.
Different fromUPS, autophagy is attributed to the degradation
of long-lived proteins and injured organelles through the
autophagosome-lysosome pathway (ALP) [8]. Autophagy is
regulated by diverse autophagy-related genes [9–11]. The ma-
ture process of autophagy is characterized as an Bautophagy
flux^ including autophagosome formation, fusion of
autophagosome and lysosome, and eventual protein degrada-
tion in autolysosome [12]. Several studies have reported that
autophagy plays important roles in the process of neuronal cell
survival, proliferation, and differentiation and in the pathogen-
esis of many neurodegenerative disorders [13, 14].

Accumulating evidence has shown broad and diverse interac-
tionsbetweenUPSandautophagy[15–18].UPSdysfunctioncan
lead to activationof autophagy in cell cultures in vitro and animal
models in vivo [17, 19–21].ALPcan compensate hampered pro-
teasome degradation, contributing to toxic signal clearance and
subsequent cell survival [16, 22]. Several mediators such as p53
andHDAC6 have been predicted to link UPS andALP [23, 24].
However, key mediators insighting disease mechanisms and
targeting drug discovery still remain largely unknown.

In this study, we identified phosphorylatedmitogen-activated
protein kinase (MAPK) p38α as a critical mediator linking UPS
and ALP pathways. p38α is involved in numerous biological
processes, including cell differentiation, proliferation, and apo-
ptosis [25–29]. Activation of p38α induced by stress stimuli,
including oxidative stress, inflammation, and cytokines, leads to

activation of downstream caspase cascade and subsequent cell
death [26, 30–32]. It hasbeen reported that proteasome inhibition
in PD-related animal models can increase the level of phosphor-
ylated p38α (p-p38α) [33]. And in such case, activation of p38α
can lead tomultipledownstreamsignalings [33–36].Recentstud-
ies have demonstrated that p38α is also involved in basal autoph-
agy and starvation-induced autophagy [25, 37–42]. However,
little is known about the diverse faces of p-p38α and its circum-
stantial contribution to the cellular behavior under specific path-
ologicalconditions.Wereportherethatp-p38αhasdualfunctions
as an apoptotic initiator forUPS impairment and as an autophagy
antagonist, making it a perfect target for modulation of neuronal
cell fate.

Results

UPS Impairment Induces Neuronal Cell Death
and Activates p-p38α and Autophagy

To study the neuronal cell response to UPS impairment, we
employed the 20S proteasome specific inhibitor MG132 to gen-
erate UPS impairment neuronal cell models inmouse neuroblas-
toma cell line N2a and primary neuronal cells derived from em-
bryonic cortical neural precursor cells (NPCs) (Fig. S1a). In both
models, treatment of 10 μM MG132 resulted in an increased
aggregation of polyubiquitinated proteins in a time-dependent
manner (Fig. S1b). More than half of the N2a cells and primary
neuronal cells underwent apoptotic cell deathwithin12hof treat-
ment with MG132, as shown by an increased transferase-
mediated deoxyuridine triphosphate-biotin nick end-labeling
(TUNEL) staining (Fig. 1a–c) and the activation of the apoptotic
effectors cleaved poly-ADP-ribose polymerase (PARP) and
active-caspase 3 (Fig. 1d, e). These cells after MG132 treatment
illustrated typical blebbing and cell shrinkagemorphology of ap-
optosis in bright field imaging (Fig. S2a). Strikingly, we found
that p38α phosphorylation was significantly increased after
MG132 treatment (Fig. 1d, e). Then, we applied a p38α-
specific inhibitor BIRB796 to block p38α phosphorylation
(Fig. 1f). We found that BIRB796 can greatly attenuate the acti-
vationofapoptoticmoleculescleavedPARPandactive-caspase3
(Fig. 1f, g) and rescue the MG132-induced apoptotic cell death
(Figs. 1h–j and S2b). These results suggest that p-p38α is a pos-
itivemediator of proteasome inhibition-induced apoptosis.

Further, we observed that MG132 treatment also induced a
time-dependent increase of lapidated autophagosome-
associated protein LC3-II in both N2a cells and primary neu-
rons (Fig. 2a, b). Consistently, confocal microscopic imaging
showed a dramatic increase of LC3 puncta in the cytosols of
MG132-treated cells (Fig. 2c, d). The formation of acidic ve-
sicular organelles accompanied with lysosome accumulation,
two characteristics of autophagy, were seen through acridine
orange (AO) staining [43] and LysoTracker Red staining [44],
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respectively, in both cells (Fig. 2e, f). Moreover, SQSTM1/p62,
an autophagy-selective substrate, was markedly decreased in
western blotting analysis (Fig. 2a, b). To exclude the possibility
that the LC3-II accumulation was due to a defect in
autophagosome turnover, we pre-treated bafilomycin A1
(BAF) 1 h prior to MG132 addition in both cells. Since BAF
could inhibit the fusion of autophagosome and lysosome, au-
tophagy flux was supposed to be further blocked, resulting in
attenuated protein breakdown. Indeed, dramatic inductions of
LC3-II and SQSTM1 were observed (Fig. 2g, h), indicating a
bona fide enhancement of autophagic flux in response to UPS

impairment. All these results verified the involvement of two
different pathways in response to UPS impairment in two neu-
ronal cell models.

Blockade of Autophagy Further Activates p38α
and Aggravates Apoptotic Cell Death

To investigate the role of autophagy in proteasome inhibition, au-
tophagy inhibitor 3-methyadenine (3MA)orBAFwas recruited to
block autophagic flux in different stages of the autophagy process.
3MA is an inhibitor of phosphatidylinositol 3-kinases (PI3K)

Fig. 1 MG132 induced cell death
and p38α activation in N2a cells
and primary neurons, and de-
activation of p38α alleviated the
apoptosis. The N2a and primary
neurons derived from cortical
NPCs were treated with
MG132 at a concentration of
10 μM for various times. All the
following experiments were done
at the same concentration if not
specifically mentioned. TUNEL
staining showing time-dependent
reduction of cell number (a, b)
and induction of TUNEL-positive
apoptotic cells when treated with
MG132 (a, c). Representative
western blot images (d) and rela-
tive quantitation (e) of the
apoptosis-related proteins cleaved
PARP (C-PARP), cleaved caspase
3 (C-CASP3), phosphorylated-
p38α (p-p38α), and p38α along
with different periods of MG132
treatment. Actin was used as the
reference. N2a cells and primary
neurons were pre-treated with
20 μM BIRB796 1 h before
MG132 treatment. P38α-specific
inhibitor BIRB796 reduced phos-
phorylated p38α in both cells and
apoptotic signaling (f, g) induced
by MG132. Representative im-
ages (h) and quantification of two
cell models showing that
TUNEL-positive apoptotic cell
number was greatly reduced in
BIRB796-treated cells, and the
total cell number was rescued (i,
j). *P < 0.05; **P < 0.01;
***P < 0.001; Student t test.
Scale bar, 100 μm
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which plays important roles in many biological processes, includ-
ing controlling the activation of mammalian target of rapamycin
(mTOR), a key regulator of autophagy. Pre-treatment of 3MA di-
minished the lipidation of LC3 and thus resulted in less LC3-II
detection, while BAF blocked the LC3-II turnover and caused its
aggregation (Figs. 3a, b and 2g). Nonetheless, both treatments can
lead to higher SQSTM1 protein level (Fig. 3a, b), demonstrating
that they are able to reduce the autophagyactivity.Most notably, p-
p38α was dramatically induced in the presence of 3MA or BAF
(Fig. 3a, b), suggesting that autophagy is a negative regulator of
p38α phosphorylation.As a result, western blot showed that poly-
ubiquitinated protein level was further increased by autophagy in-
hibitor 3MAorBAF (Fig. 3c, d), indicating that autophagywas an
aggregated protein clearance mechanism in the first place.

Blockade of autophagy eventually activated cell apoptotic signal-
ing (Fig.3e, f) andsignificantlyworsened the resultantcellviability
(Figs. 3g–i and S2c).

Enhancement of Autophagy Antagonizes p38α Activation
and Facilitates Cell Survival Against UPS Impairment

We further hypothesized that reinforcement of autophagy
could reverse UPS impairment-induced cell death. Pre-treat-
ment of autophagy activator rapamycin resulted in more LC3
puncta observed in cell cytosol (Fig. 4a, b) of both N2a cells
and primary neurons. Confocal imaging of increased lysosomal
activity and accumulation byAO and LysoTracker Red staining
(Fig. 4c, d), together with higher LC3-II protein level and lower

Fig. 2 MG132 induced
autophagy. An increased protein
level of LC3-II and a decreased
level of SQSTM1 were observed
in N2a cells and primary neuronal
cells treated with MG132 (a).
Quantification of the protein ex-
pression was shown in b. LC3
puncta number in every cell
(standing for autophagosomes) of
both N2a and primary neurons
was increased by MG132 treat-
ment (c, d). Acridine orange was
used to monitor the acidic vesicle
formation as it emits bright red
fluorescence in acidic vesicles but
dim green in the cytoplasm and
nucleus. A transition of green
fluorescence toward red was
clearly observed in both N2a and
primary neurons along with
MG132 treatment (e). Similarly,
lysosome formation was evaluat-
ed with LysoTracker Red stain-
ing. Accumulation of lysosomes
was seen in both cells (f). The pre-
treatment of bafilomycin A1
(BAF) led to the accumulation of
LC3-II and SQSTM1 aggregation
(g), suggesting a blockade of au-
tophagy flux. Quantification of
the protein levels from N2a cells
and primary neurons was shown
in (h). Data are expressed as
mean ± SEM. *P < 0.05;
**P < 0.01; ***P < 0.001;
Student’s t test. Scale bar, 10 μm
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SQSTM1 protein level in immunoblotting (Fig. 4e, f), further
confirmed the activation of autophagy in the presence of
rapamycin. As expected, rapamycin subsequently reduced the
MG-132-induced poly-ubiquitinated protein level (Fig. 4g, h)
and dramatically decreased p-p38α level (Fig. 4i, j). As a result,
cleaved PARP and activated caspase 3 were lower (Fig.4i, j)
and the cell viability was increased with the reduction of
TUNEL+ cells after rapamycin treatment (Fig. 4k–m).
Consistently, fewer cells with apoptotic morphology were ob-
served in rapamycin-treated cultures (Fig. S2d). Taken together,
our data strongly suggest a reciprocal correlation between au-
tophagy and p38α activation and between autophagy and apo-
ptosis in UPS impairment cell model.

Inhibition of p38α Phosphorylation Enhances Autophagy
and Rescues Cell Loss

As previously shown in Fig. 1h–j, pre-treatment of p38α in-
hibitor BIRB796 caused a reduction of p38α phosphorylation
and increased cell viability by inhibiting apoptosis. This sur-
vival outcome might result from clearance of cellular stress by
autophagy. We noticed that BIRB796 markedly increased the
cytosol puncta of LC3 (Fig. 5a, b), formation of acidic vesicles
(Fig. 5c), accumulation of lysosomes (Fig. 5d), and the immu-
noblots of LC3-II (Fig. 5e, f). In addition, we found that the
protein level of SQSTM1was reduced (Fig. 5e, f), demonstrat-
ing that de-activation of p38α enhances autophagy activity

Fig. 3 Inhibition of autophagy
aggravated protein aggregation
and apoptotic cell death under
UPS-impaired condition. N2a
cells and primary neurons were
pre-treated with autophagy inhib-
itor 5 mM 3MA or 50 nM BAF
1 h before MG132 treatment.
Representative western blot im-
ages and relative quantification of
LC3, SQSTM1, p-p38α, and
p38α were shown in a, b, re-
spectively. Actin was used as the
reference. Representative image
and quantification of
polyubiquitinated protein aggre-
gations with and without autoph-
agy inhibitor pre-treatment were
shown in c, d. Autophagy inhibi-
tion activated the apoptotic sig-
naling by increasing the
apoptosis-related proteins C-
PARP and C-CASP3 (e, f).
Autophagy inhibition further in-
creased the proportion of
TUNEL-positive cells (g, i) and
resulted in greater cell loss (g, h).
Data are expressed as
mean ± SEM. *P < 0.05;
**P < 0.01; ***P < 0.001;
****P < 0.0001; Student’s t test.
Scale bar, 100 μm
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under proteasome inhibition. Meanwhile, the level of poly-
ubiquitinated proteins was decreased (Fig. 5g, h), supporting
the protective role of autophagy in this case.

P-p38α Negatively Regulates Autophagy
Through the mTOR-Dependent Pathway

Rapamycin is an autophagy activator through the
mTOR-dependent pathway. We found that treatment of
rapamycin decreased the phosphorylation levels of sev-
eral key components of the mTOR pathway including

AKT, mTOR, and RPS6KB in both N2a and primary
neuronal cells (Fig. 6a, b). As inhibition of p-p38α
displayed the same effects as rapamycin in autophagy
activation and cell protection, we asked whether p-
p38α also regulates autophagy through the mTOR-
dependent pathway. We measured the phosphorylation
levels of AKT, MTOR, and RPS6KB by western blot-
ting in MG132-treated N2a and primary neuronal cells
with or without BIRB796 pre-treatment. We found that
all of the measured phosphorylation levels were down-
regulated by p38α inhibitor BIRB796 (Fig. 6c, d),

Fig. 4 Activation of autophagy
decreased protein aggregation and
apoptotic cell death under UPS-
impaired condition. N2a cells and
primary neurons derived from
cortical NPCs were pre-treated
with autophagy agonist 100 nM
rapamycin (Rapa) 1 h before
MG132 treatment. LC3 puncta
formation was more obvious with
Rapa treatment, presented by
representative immunostaining
images and LC3 puncta per cell
counting (a, b). Representative
images of AO and LysoTracker
Red staining of both cells with or
without Rapa pre-treatment were
shown (c, d) to confirm the de-
tection of autophagy. Western
blotting showed an increased lev-
el of LC3II and a decreased level
of SQSTM1 in Rapa-treated cells
(e, f). Poly-ubiquitinated protein
aggregation was also reduced by
Rapa treatment (g, h). A de-
creased level of p-p38α was in-
duced by Rapa, with decreased
levels of apoptosis markers C-
PARP and C-CASP3 (i, j). The
eventual outcomes of Rapa treat-
ment were the increased cell via-
bility and rescued cell number
as shown in k–m. Data are
expressed as mean ± SEM.
*P < 0.05; **P < 0.01;
***P < 0.001; Student’s t test
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indicating that the mTOR-dependent pathway may me-
diate the p-p38α regulation of autophagy. To exclude
the possibility that BIRB796 regulates autophagy
through inhibition of mTOR without involvement of
p-p38α, we employed a shRNA-mediated lentivirus to
specifically knock down p38α in N2a cells. Similar to
BIRB796, shp38α resulted in a reduced phosphoryla-
tion of p38α and an inhibition of mTOR signaling
(Fig. 6e, f). Moreover, BIRB796 failed to affect au-
tophagy and the mTOR pathway in the absence of
MG132 (Fig. 6g, h), demonstrating that BIRB796 itself
was not able to regulate autophagy without involvement
of p-p38α. Taken together, we conclude that de-
activation of p38α by BIRB796 regulates autophagy
through the mTOR-dependent pathway. On the basis
of our data, we propose a model that illustrates a role
for p-p38α in the regulation of autophagy and apopto-
sis when there is dysfunction in the UPS (Fig. 7).

Discussion

Increasing evidence has converged to indicate that failure of
the UPS to degrade misfolded proteins plays a critical role in
the pathogenesis of neurodegenerative diseases. These dis-
eases are generally accompanied with enhanced autophagy
and apoptotic cell death in affected regions of the central ner-
vous system [20, 45, 46]. However, the mechanisms underly-
ing the relationship and the key mediator among UPS, autoph-
agy, and apoptosis still remain largely unknown. In this study,
we showed that UPS impairment can activate both apoptosis
and the autophagy pathway in neuronal cells. Furthermore, we
identified p-p38α as a key mediator involved in both process-
es and cells utilized it to seesaw the cell death and survival in
response to disturbed proteostasis. In addition, we demonstrat-
ed that the direct de-activation of p38α resulted in both anti-
apoptotic and pro-autophagic functions, thus minimizing the
UPS impairment-induced neuronal cell stress.

Fig. 5 De-activation of p38α
enhanced autophagy and
alleviated apoptotic cell death
under UPS-impaired condition.
Pre-treatment of a p38α-specific
inhibitor BIRB796 1 h before
MG132 increased the number of
LC3 puncta in every single cell
cytosol, presented by representa-
tive confocal imaging and puncta
counting (a, b). AO and
LysoTracker Red staining was
performed to support the detec-
tion of autophagy as a result of
BIRB796 (c, d). BIRB796 effica-
cy to reduce p-p38α was con-
firmed in e, f. Immunoblotting
level of LC3-II was increased ac-
companied by a decrease in the
level of SQSTM1 by BIRB796
treatment (e, f). BIRB796 treat-
ment also reduced the
polyubiquitinated protein aggre-
gation (g, h). Data are expressed
as mean ± SEM. *P < 0.05;
**P < 0.01; ***P < 0.001;
Student’s t test
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Our focus on the neuronal cell response to this pathological
insult is extremely important for the understanding of the patho-
genesis of a wide variety of neurodegenerative diseases.
Progressive decline of UPS activity and the resultant accumula-
tionofmisfoldedproteinsare thecommonpathologiesassociated
with aging that is themost significant risk factor for thesediseases
[17,47,48].Howto restore theproteostasis, alleviate thecytotox-
icity, and rescue the neuronal cell loss remains largely unclear.
MG132-treated N2a and primary cortical neuron cell cultures
serveaspreferable invitroUPSimpairmentcellmodels thatmim-
ic such pathological conditions as the imbalanced proteostasis,
increased cytotoxicity, and loss of neuronal cells in vivo. Under

MG132-induced cellular stress of polyubiquitinated protein ac-
cumulation, p38α is activated to execute apoptotic cell death
probably due to upstream endoplasmic reticulum (ER) stress or
mitochondrial dysfunction as previously suggested [32, 36, 49,
50]. Meanwhile, cells also recruited autophagy as an alternative
cell defensemechanismtodegradeproteinaggregates and relieve
cellular stress. However, the autophagic protein clearancemech-
anisms surrendered to the overwhelming increase of protein ag-
gregates due to continuous blockade of UPS, leading to the pro-
gressive cell loss.

The p38 MAPK in mammals has four subtypes, p38α,
p38β, p38γ, and p38δ. P38α and P38β are widely expressed

Fig. 6 MTOR-dependent
pathway mediated the interaction
of p-p38α and autophagy.
Representative western blot im-
ages and quantification of the
phosphorylated forms of mTOR-
related proteins AKT1, mTOR,
and RPS6KB with and without
Rapa pre-treatment were shown
in a, b. Representative western
blot images and quantification of
the phosphorylated forms of
mTOR-related proteins with and
without pre-treatment of a p38α-
specific inhibitor BIRB796 were
shown in c, d. To further verify a
direct relationship between p-
p38α and the mTOR-dependent
pathway, levels of p38α and p-
p38α were knocked down by
shRNA-mediated lentivirus in
N2a cells, and it showed a similar
pattern of mTOR as BIRB796 (e,
f). mTOR-related proteins were
also evaluated in N2a cells with
and without BIRB796 in the ab-
sence of MG132 (g, h). Data are
expressed as
mean ± SEM. *P < 0.05;
**P < 0.01; ***P < 0.001;
Student’s t test

7604 Mol Neurobiol (2017) 54:7597–7609



in various cell types, while p38γ is mainly expressed in skel-
etal muscle and p38δ mainly in the pancreas, kidney, and
endocrine glands [51]. Each subtype of p38 MAPK has its
own activators and substrates. Compared with other subtypes,
phosphorylation of p38α is suggested as the main p38 signal-
ing participating in multiple biological functions and physio-
logical responses of neuronal cells in the brain [52].Moreover,
p-p38α is also implicated in the pathological brains. In line
with our results of the beneficial effects of de-activating p38α
in UPS-impaired neuronal cells, a recent finding has shown
that deficiency of neuronal p38α-MAPK attenuated amyloid
pathology in Alzheimer’s mouse and cell models through fa-
cilitating lysosomal degradation of BACE1 [53].

Enhancement of autophagy is a rational option to regain the
proteostasis and increase thecell survival. Interestingly,we found
that this strategy could be reached by de-activation of p38α. We
demonstrated that p-p38α is a negative regulator of autophagy
and suppression of p-p38α can result in a pro-survival effect of
autophagy. Autophagy can be a pro-apoptosis or pro-survival
process depending on cell types and conditions [54, 55]. P-
P38α has been reported to be involved in both processes, while
its function and relationship with autophagy are controversial. It
has been reported that pharmacological p38α blockade in colo-
rectal cancer cells promoted autophagic cell death and further
triggered the cancer cell type-specific apoptosis [25]. However,
treatment of a natural product Piperlongumine was shown to in-
duce autophagic cell death through activation of the p38pathway
in human osteosarcoma cells [56]. In senescent T cells, it was
suggested that themitochondrial dysfunctionwas due to autoph-
agy inhibition resulted from higher level of p-p38 [57]. These
seemingly conflicting results suggest that the interaction of p-
p38α and autophagy is also highly cell type- and condition-spe-
cific. Nevertheless, in our in vitro UPS impairment cell models,
inhibition of p-p38α served as an appropriate way to enhance
autophagy for the cell proteostasis.

Reversely, we also demonstrated that activation of autoph-
agy by rapamycin further down-regulated p38α activation,
suggesting p-p38α as a downstream target of autophagy in
autophagic cell survival mechanism. Consistent with our re-
sults, autophagy has been reported to suppress p38 activation
and enhance human skin cell survival under UVB radiation
[23, 39], whereas Atg7 knockdown dramatically increases
p38 phosphorylation [58].

The interactions between p-p38α and autophagy appear to
be reciprocal in this study. We showed evidence of p-p38α
regulation on autophagy through the mTOR pathway, whereas
the autophagy regulation on p-p38α might depend on overall
cellular conditions. Mechanistically, a direct outcome of au-
tophagy in our study is the elimination of polyubiquitinated
proteins, the accumulation of which was known to further
result in ER stress and mitochondrial dysfunction [59, 60].
Chronic ER stress and mitochondrial dysfunction lead to
heavy cellular stress and greatly impair the intracellular envi-
ronment of neuronal cells. ER stress and mitochondrial dys-
function have been shown to be main inducers for p38α acti-
vation and its downstream apoptotic cascades [61].
Furthermore, phosphorylation of p38α has been shown to be
positively regulated by autophagy receptor p62 and work to-
gether with p62 in response to inflammation stimuli [60]. P62
protein has been shown to directly bind to p38α and affect its
phosphorylation [62]. In our study, the elimination of p62 in
neuronal cells was a hallmark of autophagy and concurred
with the reduced phosphorylation of p38α. Thus, it is likely
that the observed negative regulation of p-p38α could be an
overall outcome of the pro-survival effect of autophagy
through multiple cellular biological functions, including the
elimination of polyubiquitinated proteins, reduced ER stress,
repaired mitochondrial dysfunction, and reduced p62. Key
molecules that mediate the autophagy regulation on p-p38α
need to be further explored in future studies.

De-activation of p38α showed similar effects to rapamycin
treatment in promoting autophagy and subsequent outcomes.
Further molecular signaling study demonstrated that they both
work through the inhibition of the mTOR-dependent pathway.
In the neurodegenerative diseases, inhibition of mTOR with
activation of autophagy has been reported as neuroprotective
[19]. In AD mouse models, autophagic clearance of cortical
β-amyloid provided protection against memory impairment
through mTOR signaling inhibition [55]. In PD models, in-
duction of autophagy and inhibition of mTOR eliminated α-
synuclein toxicity and protected dopaminergic neurons [19].
Defects in autophagic pathways resulted in neurodegeneration
in patients with Lewy body disease and in models of α-
synucleinopathy [63]. Inhibition of the mTOR pathway was
shown to prevent the cell death of nigral neurons overexpress-
ing α-synuclein by reducing α-synuclein and promoting the
generation of autophagic vacuoles [64, 65]. The growth factor
erythropoietin has also been shown to protect against

Fig. 7 Hypothetical model for regulation of autophagy and apoptosis
through p-p38α. When UPS is impaired, both autophagy and apoptosis
are activated. In this process, the key modulator is p-p38α that positively
regulates apoptosis through caspase cascades and negatively regulates
autophagy through the mTOR pathway. Pharmacological inhibition of
p-p38α will have dual effects on neuronal cell survival
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dopaminergic neurotoxicity through autophagy induction and
mTOR inhibition [66]. As for HD, mTOR protein could inter-
act with Htt protein, whose mutation is the direct cause of HD
pathogenesis [67]. Induction of autophagy could help the
clearance of mutant Htt [68]. All these results including ours
suggest that manipulation of p38α activity might offer a po-
tential therapeutical strategy to treat neurodegenerative dis-
eases through regulation of mTOR-dependent autophagy.

Our previous study has found that p53 mediated the pro-
teasome inhibition-induced autophagy activation in human
dopaminergic neuroblastoma cell SH-SY5Y and UPS-
impaired mouse model of PD [23]. And the enhancement of
autophagy in turn could partially block p53 and its down-
streammitochondria-dependent apoptotic pathway. The major
concern with utilizing p53 as a potential regulatory target
arises from the worry that activation of p53 will also activate
the apoptotic pathway and counteract the anti-apoptotic effect
from autophagy. The strategy of utilizing de-activation of
p38α to enhance autophagy will exclude the apoptosis risk
as in p53, but rather include additional cell survival benefits
because de-activation of p38α will also reduce the apoptosis
cascade signaling.

Neuroblastoma N2a cells and post-mitotic primary neurons
share large similarity in embryonic origin, environmental re-
sponses, intracellular machinery, and neuronal vulnerability.
Our study shows that regardless of their differential mitosis
status, a conventional molecular pathway exists in both cancer
and normal cells for the determination of survival and death.
Hence, it further raises the question about how to differentially
utilize our knowledge of p-p38α in service of leading the
death of cancer cells and guarding the survival of neurons. It
also remains unknown whether the p-p38α-mediated balance
between autophagy and apoptosis is neuron-specific or more
universal. Further studies targeting these questions will en-
hance the potential practicability of strategy of p-p38α de-
activation. We believe that an optimal manipulation of p-
p38α offers great promise and exciting avenues for future
pre-clinical and pharmaceutical applications in neurodegener-
ative disorders.

Materials and Methods

Reagents, Chemicals, and Cells

The following antibodies and chemicals were used in this
study: mouse anti monoclonal β-actin (Santa Cruz,
SC47778), rabbit polyclonal anti-p38α (Cell Signaling
Technology, 9218), rabbit polyclonal anti-p-p38α (Merck
Millipore, 09-272), rabbit monoclonal anti-LC3B (Sigma,
7543), rabbit monoclonal anti-SQSTM1/p62 (Abcam,
109012), rabbit polyclonal anti-active caspase 3 (Abcam,
2302), mouse anti-cleaved PARP (Cell Signaling

Technology, 9544), MG132 (Sigma, M8699), 3MA (Sigma,
M9281), bafilomycin A1 (Cayman, 11038), rapamycin
(Sigma, V900930), and BIRB796 (Selleck, S1574).

The mouse neuroblastoma cell line N2a was maintained in
DMEM (Gibco, 11995-065) medium containing 10% fetal
bovine serum (Millipore, AYK172765) and 0.1% penicillin/
streptomycin (Invitrogen, 15070-063) at 37 °C in a humidified
atmosphere incubator with 5% CO2.

Primary NPCs were isolated and cultured from embryonic
day 12 mouse cortices (ICR) as previously described [69].
NPCs were expanded by adding basic fibroblast growth factor
(bFGF, 20 ng/ml; R&D Systems) and epithelial growth factor
(EGF, 20 ng/ml; R&D Systems) in serum-free RHB-A medi-
um (Cellartis, Y40001). NPCs were then passaged once
followed by further cell proliferation. Differentiation of
NPCs into neurons was conducted through withdrawal of
bFGF and EGF. Four days after differentiation, neuronal cells
were applied for various assays.

Immunocytochemistry and Confocal Microscopy Imaging

For immunocytochemical analysis, cultured cells were fixed
with cold methanol at −20 °C for 30 min. After washing with
PBS, the fixed cells were incubated with blocking buffer
(0.2% saponin (PBS) + 2% BSA) for 30 min at room temper-
ature, followed by an overnight incubation at 4 °C with the
following primary antibody: LC3 (Cell Signaling Technology,
2775). After being washed with 0.2% saponin for three times,
cells were incubated with secondary antibody conjugated with
Alexa Fluor 594 (Invitrogen, A11037) at room temperature
for 1 h then washed with PBS, and the nuclei were stained
with DAPI (Beyotime, C1002) for 10 min. Cells were ob-
served under a fluorescence microscope (Zeiss, AX10) or
confocal microscope (Zeiss, LSM 710).

TUNEL Staining

TUNEL assays were performed with the one-step TUNEL kit
(Beyotime, C1089) according to the manufacturer’s instruc-
tions. In detail, cells were fixed with 4% paraformaldehyde for
30 min at room temperature, followed by permeabilization
with 0.1% Triton X-100 for 2 min on ice. The cells were
applied with the TUNEL reaction mixture and incubated for
1 h at 37 °C in the dark. Cells were imaged under a fluorescent
microscope (Zeiss, AX10).

AO and LysoTracker Red Staining

For AO staining, 1 μg/mL AO (Sigma, A8097) was added
into cells within the culture for 5 min. After a brief wash with
PBS, cells were fixed with paraformaldehyde for 30 min and
applied for Hoechst staining. For LysoTracker Red staining, a
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similar protocol as AO staining was performed with
LysoTracker Red probe (Beyotime, C1046).

Cell Counting and Statistical Analysis

DAPI-stained cells were counted in at least 20 randomly cho-
sen areas of each coverslip. Data are expressed as
mean ± SEM. Statistical comparisons were made by
Student’s t test.

Immunoblotting

Cells were harvested at desired time points and lysed
for 30 min in freshly prepared western lysis buffer
(Beyond, P0013) with PMSF (Beyond, ST506-2).
Lysates were centrifuged at 12,000 rpm, 30 min, and
4 °C; protein concentration was measured with Pierce
BCA Assay Kit (Pierce, 23225); and 5 μg of protein
was separated by SDS-polyacrylamide gel electrophore-
sis and transferred to polyvinylidene fluoride mem-
branes. The membrane was blocked with 5% (w/v) skim
milk (Cell Signaling Technology, 9999S) for 1 h at
room temperature. The membrane was incubated with
primary antibodies against LC3B (Sigma, 7543) and
SQSTM1 (Abcam, 109012) overnight at 4 °C. The
membranes were washed three times with Tris-buffered
saline and Tween-20 followed by incubation with the
peroxidase-conjugated anti-mouse (Millipore, AP124P)
or anti-rabbit (Millipore, AP132P) for 1 h at room
temperature.
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