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In the recent past, many of the deubiquitinases (DUB) were found to modulate
mitochondrial clearance or mitophagy and thus they are currently projected as
therapeutic targets against neurodegeneration. Among these DUBs, USP14 stands
at a distinctive juncture, since it can influence both proteasome complex activity and
autophagy process. USP14 interference can enhance mitochondrial clearance and thus
can protect Parkinsonian phenotypes in Drosophila model. However, in higher animal
models of neurodegenerative disorders, evaluation of the protective role of USP14 is yet
to be done. In this perspective, we pointed out a few of the major considerations that
should be classified before designing experiments to evaluate the therapeutic potential
of this DUB in rodent models of neurodegeneration. These are mainly: level of USP14
in the concerned brain region and how the level alters in the model system. Because
USP14 mediated mitophagy is Prohibitin2 dependent, the anticipated impact of this
protein in this aspect is also discussed. To illustrate our view, we show that USP14
levels increases in adult rat brain substantia nigra (SN) and cerebellum compared to the
young ones. We also depict that rotenone treatment can immediately lead to increased
SN specific USP14 levels. Our perception thus portrays USP14 as a therapeutic target,
especially for addressing SN specific neurodegeneration in adult rat brain, but may vary
with the disease model.

Keywords: USP14, Prohibitin2, mitophagy, neurodegeneration, Parkinson’s disease, substantia nigra, rotenone,
3-nitropropionic acid

INTRODUCTION

Dysfunctional mitochondria can lead to Cytochrome c release in cytosol and thus multiple levels
of adjustments are required to maintain a healthy mitochondrial population in a normal cell.
While doing so, the damaged ones are degraded by a process called mitochondrial autophagy or
mitophagy. Other than autophagic machineries, the process also depends on ubiquitin proteasome
system (UPS) to some extent (Tanaka et al., 2010; Chan et al., 2011; Yoshii et al., 2011). The current
understanding of this dependency suggests that UPS degrades outer mitochondrial membrane
(OMM) proteins and thus exposes inner mitochondrial membrane (IMM) LC3 receptor –
Prohibitin2 (PHB2) (Wei et al., 2017). This facilitates the process of engulfment by autophagic
isolation membranes. During mitophagy, UPS degrades the OMM proteins which are targeted by
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a few E3 ubiquitin ligases; among them, Parkin is the most studied
one. Activation of Parkin and recruitment onto depolarised
mitochondria is facilitated by PINK1 (a kinase) and this pathway
has been studied with great details (Narendra et al., 2008,
2010; Ziviani et al., 2010; Chakraborty et al., 2017). Mutations
in PINK1 and Parkin have been directly linked to familial
form of Parkinson’s disease (PD) (Kitada et al., 1998; Silvestri
et al., 2005). Though most of the cases are sporadic, anomaly
in the maintenance of a healthy mitochondrial population is
equivocally accepted in both genetic and sporadic forms of
the disorder (Parker et al., 1989; Mizuno et al., 1998). In
this disorder, dopaminergic neurons at substantia nigra (SN)
region of the brain progressively degenerate. The manifestation
at the periphery includes tremor, akinesia and rigidity. Cure
of the ailment involves dopamine supplementation but comes
with severe side effects and the current therapies do not halt
or slow down neurodegeneration. However, huge efforts are
made to delineate the cause for the region specificity in PD
and strategies are designed to make the hit points “druggable.”
Among these, recent discoveries indicate that deubiquitinase
enzymes (DUBs) might have a higher impact on the development
and progression of neurodegeneration. Here, we discuss how
DUBs are important for PD and a few key aspects that should be
considered before evaluating USP14 as a mediator of mitophagy
in PD animal models.

DEUBIQUITINASES IN PARKINSON’S
DISEASE: A BRIEF DESCRIPTION

As the name suggests, these enzymes cleave ubiquitin chains from
the substrate. There are more than one hundred DUBs, involved
in numerous pathways and they have some sort of substrate
specificity, which makes them targets for drug development
(Komander et al., 2009). As far as PD is concerned, a few
DUBs have been implicated in the progression of the disease,
both in cellular and animal models. The idea in principle
suggests that where efficient Parkin mediated ubiquitination is
compromised, inhibiting DUBs might linger the remaining signal
which originates from the other routes of mitophagy (SIAH,
Mul1, Gp78, etc.). In general, these DUBs influence the disease
scenario by antagonizing Parkin activity or by modulating UPS
and autophagy. In this regard, USP15 and USP30 were found
to antagonize Parkin activity by competing for the common
substrates on OMM (Bingol et al., 2014; Cornelissen et al., 2014).
Downregulation of both of these DUBs delivered protective
effects against PD progression in Drosophila model. USP8 on
the other hand regulates Parkin activation and downregulation
of which is also known to be protective in Drosophila model of
PD (Durcan et al., 2014; Von Stockum et al., 2019). Another
DUB- Ataxin 3 has huge potential to be a drug target as it can
directly interact with Parkin, but the impact on PD is yet to
be documented (Durcan et al., 2012). Mutation of UCH L-1 in
this respect is the only DUB directly linked with familial PD
(Kabuta et al., 2008). It can inhibit autophagy by interacting with
LAMP-2A. USP24 is another modulator of autophagy which may
also influence PD progression as it can regulate dopaminergic

neurite outgrowth, but the potential as a disease modulator is not
evaluated yet (Li et al., 2006; Haugarvoll et al., 2009).

Among the DUBs, USP14 is unique as it can influence
autophagy (Xu et al., 2016) and UPS activity (Lee et al., 2010; Kim
and Goldberg, 2017) independently, both are the prerequisites for
mitophagy. Recently, it was demonstrated that USP14 inhibition
enhances mitophagy and protects against the disease progression
in Drosophila model (Chakraborty et al., 2018). So the current
understanding depicts that higher levels of USP14 may influence
UPS activity, autophagy, and in turn mitophagy levels. All of
these processes are affected during many of the age-related
neurodegenerative disorders, including PD. Verification of the
protective ability of USP14 inhibition in higher animal models
of neurodegeneration is yet to be done. The lone report which
supports this potential of USP14 inhibition is done in cerebral
ischemia/reperfusion-induced neuronal damage model (Min
et al., 2017). None the less, this study indicates that the inhibitor
of USP14 – IU1 might be blood brain barrier permeable. In this
perspective, we highlighted a few of the aspects that should be
considered for better interpretation of data, as far as USP14 vs.
neurodegeneration is concerned.

USP14 VS. NEURODEGENERATION:
CONSIDERATIONS FOR
EXTRAPOLATION

Inhibitors of USP14 are available. A popularly used inhibitor –
IU1 increases UPS activity, enhances Tau degradation in primary
cultured neurons and increases mitochondrial elimination in
neuronal cell lines (Lee et al., 2010; Boselli et al., 2017;
Chakraborty et al., 2018). For evaluating the potential of USP14
inhibitor in rodent models of PD, here we discuss some of the key
factors that might influence the outcome of the experiments.

First of all, level of USP14 in a brain region or subset
of neurons may vary during aging. If this hypothesis is true,
the amount of USP14 inhibition required for neuroprotection
might change with the age of the model. In other words,
if a neurodegenerative disease model can be generated using
animals from different age groups, level of USP14 should be
monitored in that particular age group to adjust the dose
of the inhibitor. To elaborate our opinions, first we selected
rats from two age groups (Sprague-Dawley, young −1 month
and adult- 6 to7 months old) and compared USP14 levels at
different brain regions. We found that USP14 is increased in
adult rat brain SN and cerebellum (Figures 1E,G), while there
were no significant alterations in cortex, striatum, VTA and
hippocampus (Figures 1A–D,F). Accessibility and distribution
of USP14 inhibitors among these brain regions are yet to
be characterized. Obviously the level of the protein and the
accessibility of the inhibitor in that region should equally
complement each other. Most commonly, while developing PD
models with rotenone, adult rat is preferred as the young ones
often show mild behavioral or neuroanatomical changes in
response to acute neurotoxic insults (Cannon et al., 2009). Our
results are indicative that changes in USP14 levels might make
a brain region more vulnerable than the others (Figure 1E).
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FIGURE 1 | USP14 increases with age in substantia nigra and cerebellum. (A) Different brain regions showing the area that were taken for the study (marked as
gray). (B–G) Immunoblot analysis of USP14, PHB2 and Actin from the mentioned area of brain from young (1 month) and adult (6–7 months) animals. (H,I)
Immunoblot analysis of USP14 from the mentioned areas of young (1 month), adult (6–7 months) and mid-aged (10–12 months) rats. Bar graphs represent
mean ± SEM. N = 8 for (B–G) and 3 for (H,I). We employed student’s t test for (B,G) and one way ANOVA followed by Newman Keul’s multiple comparison test for
statistical significance for (H,I). *p ≤ 0.05, ***p ≤ 0.001.

However, further independent investigations are required to
press upon this point and decipher whether or not other UPS
related DUBs compensate this effect. We further wanted to
quantify if this increase in USP14 is maintained in older rats

or it reverses back. So we included another age group (10–
12 months) to further investigate. We found that the increase
in USP14 was maintained in mid-aged rat brain SN and
cerebellum (Figures 1H,I).
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Secondly, if evaluation of USP14 as a therapeutic agent is
connected with mitophagy, it should be kept in mind that
mitophagy, in general, may depend to a certain extent on PHB2
(Wei et al., 2017) and USP14 mediated mitophagy is PHB2
dependent (Chakraborty et al., 2018). However, PHB2 levels
should not be considered directly as an indicator of neuron’s
ability to thrust for mitophagy. PHB2 mediated mitophagy
is mostly UPS dependent and there are different pathways
that can still drive mitophagy in response to diverse cellular
stimuli. Though many of the functions of PHB1 and 2 are
well documented (Merkwirth et al., 2008), their brain region-
specific distribution is not fully classified yet. Also, the correlation
between USP14 and PHB2 level is yet to be deciphered. However,
it can be envisioned that if a group of neurons express a very low
amount of PHB2, USP14 inhibition might not be able to enhance
mitophagy significantly and may lead to unpredictable changes at
the cellular level. We found that PHB2 levels do not alter due to
age in the mentioned areas of rat brain (Figure 1).

The third major point that should be considered is the process
of the model generation. Some models of neurodegenerative
disorders show protein aggregate formation at some point in
time and those aggregates may block UPS functionality (Bence
et al., 2001). Unless there is formation of unoccupied proteasome
complex, USP14 blockade might not be able to execute the
desired effect. So, the time point from when the inhibitor is
administered is something vital to consider, preferably before the
formation of the protein aggregates. Many of the animal models
of neurodegeneration are generated by the use of mitochondrial
electron transport chain (ETC) complex inhibitors, like rotenone
(Sherer et al., 2003; Cannon et al., 2009), 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (Burns et al., 1984; Heikkila et al.,
1984) and 3-nitropropionic acid (3-NP) (Beal et al., 1993;
Chakraborty et al., 2014a). How USP14 is modulated by these
toxins should also be taken under consideration. To elaborate the
hypothesis that different mitochondrial toxins may alter USP14
differently, even before the initiation of neurodegeneration, we
selected two of the commonly used mitochondrial toxins, namely
rotenone (Sherer et al., 2003; Cannon et al., 2009) and 3-NP
(Beal et al., 1993; Pandey et al., 2008; Chakraborty et al., 2014a).
One of the reasons to choose these two toxins was their ability
to block mitochondrial ETC complex I (by rotenone) and II
(by 3NP) ubiquitously. Rotenone is widely used to generate
neurodegeneration in dopaminergic cells of SN (Sherer et al.,
2003; Cannon et al., 2009) and 3-NP is used mostly for striatal
lesions (Beal et al., 1993; Benchoua et al., 2008; Chakraborty et al.,
2014a). Though 3-NP is also known to induce mild neuronal
loss at SN (Fernagut et al., 2002), these toxins have different
mechanisms to generate area-specific neurodegeneration. Along
with SN, two major brain regions were selected: striatum and
cerebellum. We also selected ventral tegmental area (VTA)
because of its proximity and similarity with SN in terms of
dopaminergic neuronal population.

Previously it was found that 20 mg/kg dose of 3-NP
starts showing neuronal lesions from 4th day of treatment,
however, the initial behavioral symptom starts appearing from
3rd day onwards (Pandey et al., 2008; Chakraborty et al.,
2014a,b). To monitor the effect of complex II inhibition on
USP14 at the very early stage, before majority of the neurons

are lost, we treated 3-NP for 2 days and the animals were
sacrificed on the 3rd day. We did not find any change
in USP14 levels after 3-NP administration in any of the
mentioned brain regions (Figures 2A–D).

We wanted to monitor the immediate effect of rotenone
treatment (1 mg/kg) on USP14 levels, as well. We found that
rotenone treatment (1 mg/kg) did not show reduced dopamine
levels upto 6th day of treatment, but starts showing weight
loss, increased catalepsy and reduced rearing from 4th day
(data not shown). So, we sacrificed the animals on 3rd day
after two doses of rotenone. We found a significant increase
in USP14 in SN after rotenone treatment, while no alteration
in the other regions was observed (Figures 2A–D). As the
effect of rotenone or 3-NP treatment on PHB1-PHB2 complex
is not characterized yet, we also measured PHB1 along with
PHB2 in these brain regions after these toxin treatments. Only
striatum showed increased levels of PHB2, along with PHB1 after
rotenone administration (Figure 2B).

From these two examples of mitochondrial ETC complex
inhibitors, it is clear that different neurotoxins might offer
differential alterations of USP14 (and PHB2) in different brain
regions. It is always advisable to determine the level of USP14
in the respective brain regions of the animal model, before
evaluating the prospects of USP14 inhibition. From these
experiments it is not clear though whether the increase in USP14
is neuron-specific or not. Semi-quantitative immunofluorescence
based co-localisation study is advised to delineate this point a
step further. From these experiments, it is also not clear whether
or not the increase in USP14 is accompanied by increased
proteasome complex, along with other associated DUBs (USP14,
UCH37, and RPN11) which are important for maintaining free
ubiquitin pool. Proteasome mediated degradation of protein
depends on the functioning of these three DUBs. While USP14
and UCH37 antagonize degradation, RPN11 seems to promote
substrate degradation (Lee et al., 2010; De Poot et al., 2017).
If a substrate related to mitophagy is shared between these
DUBs, how they interplay and decide the fate of the protein
requires further independent study. However, if USP14 mediated
enhanced proteasome activity and subsequently mitophagy is
to be investigated, a simpler way can be followed. The effect
of the inhibitor on proteasome activity in specific areas can
be monitored by using synthetic flourogenic substrates. In
this regard, it should also be kept in mind that many of
these substrates enter the core of proteasome complex quite
freely and thus may minimize the quantitative differences
between the groups.

To simplify our point of view, we refer to Figure 2E. Here, we
presented a few of the considerations that should be determined
beforehand. We also represented a few anticipated outcomes
concerning mitophagy after USP14 inhibition, based on two
situations: (+) means high and (−) mean low, prior to inhibitor
administration. The current understanding suggests that if age
and area associated USP14 levels is already at a low level,
USP14 inhibition might not be able to enhance mitophagy
further. The same can be expected if PHB2 level is low. So an
unaltered or higher level of USP14 and PHB2 is expected for
inhibitor mediated enhanced mitophagy. If a particular model of
neurodegenerative disorder downregulates USP14 or negatively

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 July 2020 | Volume 8 | Article 727

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00727 July 29, 2020 Time: 17:45 # 5

Banerjee et al. Brain USP14: During Aging and Stress

FIGURE 2 | Blockade of mitochondrial electron transport chain complex I increase USP14 levels in substantia nigra. (A–D) 6–7 month old animals were treated with
rotenone (1 mg / Kg, 2 days) or 3-NP (20 mg /Kg, 2 days) were sacrificed and brain regions were isolated. Immunoblot analysis was done for the mentioned areas
and proteins. Bar graphs represent mean ± SEM from 3 to 4 animal brain. Student’s t test, *p ≤ 0.05. (E) Different possibilities to consider for USP14 inhibition
mediated mitophagy. (+) and (–) depict increased or decreased levels of the event, respectively, before USP14 inhibitor administration and that might decide the
outcome after. The list includes some of the possibilities and might not be exhaustive.
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impacts the accessibility of the inhibitor to the area, that should
also negatively impact the outcome after the administration
of the inhibitor.

DISCUSSION

Aging and autophagy are quite inversely related. This
phenomenon contributes to many of the age-associated
neuronal complicacies (Simonsen et al., 2008; Pyo et al., 2013;
Carnio et al., 2014; Hansen et al., 2018). However, goal of the
current perspective is not to highlight age-related autophagy or
proteasome functioning. Instead, we wanted to point out a few
of the important aspects for evaluating USP14 as a therapeutic
target, which might act as an upstream effector of mitophagy in
rat brain. This perspective highlights mostly one aspect: there
could be age and disorder specific alterations in USP14 protein
levels which might impact the outcome. As in this case, an
increase in USP14 is found mostly in SN, it can be advocated that
it might be a key target for therapy development, as far as PD
related anomaly in mitophagy is concerned.

Though USP14 is more pronounced for its therapeutic
potential in cancer (Shinji et al., 2006; Liao et al., 2018; Han
et al., 2019), its role in neurodegenerative disorders is also known
(Boselli et al., 2017; Min et al., 2017; Chakraborty et al., 2018). It is
well accepted that the influence of USP14 on proteasome complex
activity is inversely correlated (Lee et al., 2010; Kim and Goldberg,
2017). Because in many of the neurodegenerative disorders
proteasome complex is known to be inhibited and one of the
causative factors for protein aggregate formation (Keller et al.,
2000; Mcnaught et al., 2001, 2002; Diaz-Hernandez et al., 2006;
Thibaudeau et al., 2018) inhibitors of USP14 has been proposed
as curative agents (Lee et al., 2010; Boselli et al., 2017). Whether
or not the available inhibitor – IU1 or its derivative is toxic for
neuronal cells, is a matter of debate as reports indicate both the
ways for cultured neurons (Boselli et al., 2017; Kiprowska et al.,
2017). Boselli et al. (2017) did not find any toxicity with IU1-47 (a
more potent inhibitor of USP14 than IU1) and demonstrated that
it can enhance Tau degradation. Kiprowska et al. (2017), however,
showed that IU1 decreases neuronal survivability and inhibits
ETC complex I in isolated mitochondrial fraction. It should be
noted that culture conditions for cortical neurons are important
in this regard as it can influence the neuronal toxicity of IU1 or
its derivatives.

How USP14 can influence autophagy is yet to be fully
characterized. Though the study by Xu et al. (2016) suggests
that USP14 inhibition leads to stabilization of K63 ubiquitination
of Beclin1 and thus enhances autophagy (Xu et al., 2016)
whether long term inhibition will also lead to the same or not,
might be a matter of discussion. Long term enhancement of
proteasome functioning might induce degradation of some of
the protein members of autophagy machinery and thus might
have a negative feedback loop. This feedback loop between
autophagy and UPS is unavoidable and the duration of USP14
inhibition may decide the outcome. Precautions should be
taken to utilize this window period and avoid such paradoxes.
In our opinion determining and utilization of the therapeutic

window period is vital for exploring the protective effects
of USP14 inhibition. Here, we would like to highlight that
USP14 is required for maintaining the free ubiquitin pool
and it is vital for normal neuronal functioning and plasticity
(Anderson et al., 2005; Vaden et al., 2015b). USP14 deficient
mice exhibit post-natal lethality, motor incoordination and
defects in neuromuscular junction, which can be rescued by
overexpression of the protein (Crimmins et al., 2006; Chen et al.,
2009; Vaden et al., 2015b). USP14 inhibition in amygdala also
results in impairment of long term potentiation against fear
conditioning (Jarome et al., 2013). So, chronic USP14 inhibition
might lead to unavoidable damage to peripheral and central
nervous system in rodents. If USP14 mediated mitophagy is to
be targeted in rodent models of neurodegenerative disorders,
we propose intermittent USP14 inhibition for exploring the
therapeutic aspects. In our view, this will enhance the chances
of mitochondrial rejuvenation with minimal toxic effects on
neurophysiology. The dose and duration of the inhibition
have to be standardized in a disease-specific manner. It has
to be mentioned here, Vaden et al. (2015a) demonstrated
that acute, intermittent administration of IU1 does not affect
structure and arborization of neuronal endplates as such, but
reduce miniature endplate current frequency and enhance
AChR-γ expression in gastrocnemius muscle. The study further
demonstrated that USP14 deficiency mediated complicacies in
neuromuscular junction is executed via c-Jun N- terminal kinase
(JNK) signaling. JNK inhibition rescued motor dysfunction and
abnormalities in synaptic structures caused by USP14 deficiency.
So incorporating JNK inhibitors in the treatment paradigm
might minimize the anticipated impairments caused by USP14
inhibition and extend therapeutic window period in rodent
models of neurodegeneration.

How USP14 increases immediately in response to ETC
complex I blockade is not clear. Dopamine itself might not be a
factor for this enhancement, as VTA did not show any alterations
after rotenone treatment. Whether or not this effect persists in
long term treatment is a matter of further study. However, the
implications of such site-specific increase could be vast. First
of all, this might lead to a decrease in proteasome activity and
in turn can lead to early accumulation of protein oligomers,
which are known to act as the “seeds” for further protein
aggregation (Gregori et al., 1995; Lindersson et al., 2004; Diaz-
Hernandez et al., 2006). Secondly, this increase in USP14 might
also lead to reduced levels of mitophagy. The most important
point here we state is the increase in USP14 level is SN specific.
Investigations are warranted to determine whether or not this
is the initiation point for decreased UPS activity and reduced
mitophagy in PD.

MATERIALS AND METHODS

Materials
All the chemicals are analytical grade and purchased from
Sigma Aldrich Chemicals Pvt Ltd. or Sisco Research Laboratories
Pvt. Ltd. (SRL, India) unless otherwise specified. Reagents were
prepared and stored according to the manufacturer’s guidelines.
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Animal Treatment
Animal experimentations were carried out as per national
guidelines on the “Care and Use of Animals in Scientific
Research,” formed by Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA), Animal
Welfare Division, Ministry of Environment and Forests, Govt.
of India. The protocol was accepted by animal ethics committee
of CSIR-Indian Institute of Chemical Biology, Kolkata, India.
Sprague Dawley male rats (1 month, 6–7 and 10–12 months old)
were kept in the animal house (22± 2◦C, 60± 5% humidity, with
12 h light-dark cycle). Food and water were provided ad libitum.
3-NP was made freshly before each injection in saline (0.85%
NaCl) and the pH was adjusted to 7.4 by 5.0 N NaOH. Rats were
treated with 20 mg/kg (i.p.) once daily, for 2 days. Rotenone was
dissolved in 30:70 DMSO and mineral oil and 1 mg/kg (i.p.) dose
was administered for 2 days.

Immunoblotting
In brief, isolated brain regions were homogenized in ice cold
radio immunoprecipitation buffer (RIPA, 50 mM Tris HCl
containing 1 mM EDTA, 150 mM NaCl, 1% Nonidet p-40,
0.25% sodium deoxycholate; pH 7.5) supplemented with protease
inhibitors (Invitrogen). The lysate was kept on ice for 30 min
and centrifuged at 10,000 × g for 10 min at 4◦C and the
supernatant was collected. 25–40 µg protein was separated
by 10% polyacrylamide SDS gels and transferred to PVDF
membrane. Blocking and antibody dilution was done in 5% or
2.5% skimmed milk, respectively. The following antibodies were
used: anti-Actin (1:2,000; Santa Cruz Biotechnology), anti-PHB2
(1:3,000; Sigma), anti-PHB1 (1:1000; Abcam) and Anti USP14
(1: 3000, Abcam). Appropriate HRP tagged secondary antibodies
(rabbit or mouse, 1:2000) were procured from Bangalore Genei
Private Limited (India).

Protein bands were detected using chemiluminescence
substrate (Sigma) and images were captured in a chemidoc
instrument (Biorad). Band intensities were measured by ImageJ
and were normalized by respective Actin band intensity.

Statistics
We used two tailed student’s t-test and one way ANOVA followed
by Newman Keul’s multiple comparison test for statistical
significance. In all cases, results are provided as mean ± S.E.M.,
and p ≤ 0.05 was considered as significant.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the animal
ethics committee and experimentations were carried out in
accordance with national guidelines on the “Care and Use of
Animals in Scientific Research,” formed by Committee for the
Purpose of Control and Supervision of Experiments on Animals
(CPCSEA), Animal Welfare Division, Ministry of Environment
and Forests, Govt. of India. The protocol was accepted by
animal ethics Committee of CSIR-Indian Institute of Chemical
Biology, Kolkata, India.

AUTHOR CONTRIBUTIONS

JC, CB, and MR performed the experiments with young, adult,
and mid-aged rats, as well as with the rotenone treatment. RM
performed the experiments with 3-NP treatment. JC designed
the experiments and analyzed the data. CB, MR, and JC wrote
the perspective.

FUNDING

This study was partly supported by the Department of Science
and Technology-Science and Engineering Research Board (DST-
SERB) Early Career Research Grant. A portion of the study was
funded by the International Society of Neurochemistry (ISN) –
Committee for Aid and Education in Neurochemistry (CAEN) –
Research supplies for use in the applicant’s home laboratory.

ACKNOWLEDGMENTS

CB is a recipient of Junior Research Fellowship from University
Grants Commission (UGC), India. MR and RM are Ph.D.
students and Junior Research Fellows of the Council of Scientific
and Industrial Research (CSIR), India.

REFERENCES
Anderson, C., Crimmins, S., Wilson, J. A., Korbel, G. A., Ploegh, H. L., and Wilson,

S. M. (2005). Loss of Usp14 results in reduced levels of ubiquitin in ataxia mice.
J. Neurochem. 95, 724–731. doi: 10.1111/j.1471-4159.2005.03409.x

Beal, M. F., Brouillet, E., Jenkins, B. G., Ferrante, R. J., Kowall, N. W., Miller,
J. M., et al. (1993). Neurochemical and histologic characterization of striatal
excitotoxic lesions produced by the mitochondrial toxin 3-nitropropionic acid.
J. Neurosci. 13, 4181–4192. doi: 10.1523/jneurosci.13-10-04181.1993

Bence, N. F., Sampat, R. M., and Kopito, R. R. (2001). Impairment of the ubiquitin-
proteasome system by protein aggregation. Science 292, 1552–1555. doi: 10.
1126/science.292.5521.1552

Benchoua, A., Trioulier, Y., Diguet, E., Malgorn, C., Gaillard, M. C., Dufour,
N., et al. (2008). Dopamine determines the vulnerability of striatal neurons

to the N-terminal fragment of mutant huntingtin through the regulation of
mitochondrial complex II. Hum.Mol. Genet. 17, 1446–1456. doi: 10.1093/hmg/
ddn033

Bingol, B., Tea, J. S., Phu, L., Reichelt, M., Bakalarski, C. E., Song,
Q., et al. (2014). The mitochondrial deubiquitinase USP30 opposes
parkin-mediated mitophagy. Nature 510, 370–375. doi: 10.1038/nature
13418

Boselli, M., Lee, B. H., Robert, J., Prado, M. A., Min, S. W., Cheng, C., et al. (2017).
An inhibitor of the proteasomal deubiquitinating enzyme USP14 induces tau
elimination in cultured neurons. J. Biol. Chem. 292, 19209–19225. doi: 10.1074/
jbc.m117.815126

Burns, R. S., Markey, S. P., Phillips, J. M., and Chiueh, C. C. (1984). The
neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in the monkey
and man. Can. J. Neurol. Sci. 11, 166–168. doi: 10.1017/s0317167100046345

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 July 2020 | Volume 8 | Article 727

https://doi.org/10.1111/j.1471-4159.2005.03409.x
https://doi.org/10.1523/jneurosci.13-10-04181.1993
https://doi.org/10.1126/science.292.5521.1552
https://doi.org/10.1126/science.292.5521.1552
https://doi.org/10.1093/hmg/ddn033
https://doi.org/10.1093/hmg/ddn033
https://doi.org/10.1038/nature13418
https://doi.org/10.1038/nature13418
https://doi.org/10.1074/jbc.m117.815126
https://doi.org/10.1074/jbc.m117.815126
https://doi.org/10.1017/s0317167100046345
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00727 July 29, 2020 Time: 17:45 # 8

Banerjee et al. Brain USP14: During Aging and Stress

Cannon, J. R., Tapias, V., Na, H. M., Honick, A. S., Drolet, R. E., and Greenamyre,
J. T. (2009). A highly reproducible rotenone model of Parkinson’s disease.
Neurobiol. Dis. 34, 279–290. doi: 10.1016/j.nbd.2009.01.016

Carnio, S., Loverso, F., Baraibar, M. A., Longa, E., Khan, M. M., Maffei, M.,
et al. (2014). Autophagy impairment in muscle induces neuromuscular junction
degeneration and precocious aging. Cell. Rep. 8, 1509–1521. doi: 10.1016/j.
celrep.2014.07.061

Chakraborty, J., Basso, V., and Ziviani, E. (2017). Post translational modification of
Parkin. Biol. Direct. 12:6.

Chakraborty, J., Nthenge-Ngumbau, D. N., Rajamma, U., and Mohanakumar, K. P.
(2014a). Melatonin protects against behavioural dysfunctions and dendritic
spine damage in 3-nitropropionic acid-induced rat model of Huntington’s
disease. Behav. Brain Res. 264, 91–104. doi: 10.1016/j.bbr.2014.01.048

Chakraborty, J., Singh, R., Dutta, D., Naskar, A., Rajamma, U., and Mohanakumar,
K. P. (2014b). Quercetin improves behavioral deficiencies, restores astrocytes
and microglia, and reduces serotonin metabolism in 3-nitropropionic acid-
induced rat model of Huntington’s Disease. CNS Neurosci. Ther. 20, 10–19.
doi: 10.1111/cns.12189

Chakraborty, J., Von Stockum, S., Marchesan, E., Caicci, F., Ferrari, V., Rakovic, A.,
et al. (2018). USP14 inhibition corrects an in vivo model of impaired mitophagy.
EMBOMol. Med. 10:e9014.

Chan, N. C., Salazar, A. M., Pham, A. H., Sweredoski, M. J., Kolawa, N. J., Graham,
R. L., et al. (2011). Broad activation of the ubiquitin-proteasome system by
Parkin is critical for mitophagy. Hum. Mol. Genet. 20, 1726–1737. doi: 10.1093/
hmg/ddr048

Chen, P. C., Qin, L. N., Li, X. M., Walters, B. J., Wilson, J. A., Mei, L., et al.
(2009). The proteasome-associated deubiquitinating enzyme Usp14 is essential
for the maintenance of synaptic ubiquitin levels and the development of
neuromuscular junctions. J. Neurosci. 29, 10909–10919. doi: 10.1523/jneurosci.
2635-09.2009

Cornelissen, T., Haddad, D., Wauters, F., Van Humbeeck, C., Mandemakers, W.,
Koentjoro, B., et al. (2014). The deubiquitinase USP15 antagonizes Parkin-
mediated mitochondrial ubiquitination and mitophagy. Hum. Mol. Genet. 23,
5227–5242. doi: 10.1093/hmg/ddu244

Crimmins, S., Jin, Y., Wheeler, C., Huffman, A. K., Chapman, C., Dobrunz, L. E.,
et al. (2006). Transgenic rescue of ataxia mice with neuronal-specific expression
of ubiquitin-specific protease 14. J. Neurosci. 26, 11423–11431. doi: 10.1523/
jneurosci.3600-06.2006

De Poot, S. A. H., Tian, G., and Finley, D. (2017). Meddling with fate: the
proteasomal deubiquitinating enzymes. J. Mol. Biol. 429, 3525–3545. doi: 10.
1016/j.jmb.2017.09.015

Diaz-Hernandez, M., Valera, A. G., Moran, M. A., Gomez-Ramos, P., Alvarez-
Castelao, B., Castano, J. G., et al. (2006). Inhibition of 26S proteasome activity by
huntingtin filaments but not inclusion bodies isolated from mouse and human
brain. J. Neurochem. 98, 1585–1596. doi: 10.1111/j.1471-4159.2006.03968.x

Durcan, T. M., Kontogiannea, M., Bedard, N., Wing, S. S., and Fon, E. A. (2012).
Ataxin-3 deubiquitination is coupled to Parkin ubiquitination via E2 ubiquitin-
conjugating enzyme. J. Biol. Chem. 287, 531–541. doi: 10.1074/jbc.m111.
288449

Durcan, T. M., Tang, M. Y., Perusse, J. R., Dashti, E. A., Aguileta, M. A.,
Mclelland, G. L., et al. (2014). USP8 regulates mitophagy by removing K6-linked
ubiquitin conjugates from parkin. EMBO J. 33, 2473–2491. doi: 10.15252/embj.
201489729

Fernagut, P. O., Diguet, E., Stefanova, N., Biran, M., Wenning, G. K., Canioni,
P., et al. (2002). Subacute systemic 3-nitropropionic acid intoxication
induces a distinct motor disorder in adult C57Bl/6 mice: behavioural and
histopathological characterisation. Neuroscience 114, 1005–1017. doi: 10.1016/
s0306-4522(02)00205-1

Gregori, L., Fuchs, C., Figueiredo-Pereira, M. E., Van Nostrand, W. E., and
Goldgaber, D. (1995). Amyloid beta-protein inhibits ubiquitin-dependent
protein degradation in vitro. J. Biol. Chem. 270, 19702–19708. doi: 10.1074/
jbc.270.34.19702

Han, K. H., Kwak, M., Lee, T. H., Park, M. S., Jeong, I. H., Kim, M. J., et al. (2019).
USP14 inhibition regulates tumorigenesis by inducing autophagy in lung cancer
in vitro. Int. J. Mol. Sci. 20:5300. doi: 10.3390/ijms20215300

Hansen, M., Rubinsztein, D. C., and Walker, D. W. (2018). Autophagy as a
promoter of longevity: insights from model organisms. Nat. Rev. Mol. Cell Biol.
19, 579–593. doi: 10.1038/s41580-018-0033-y

Haugarvoll, K., Toft, M., Skipper, L., Heckman, M. G., Crook, J. E., Soto, A., et al.
(2009). Fine-mapping and candidate gene investigation within the PARK10
locus. Eur. J. Hum. Genet. 17, 336–343. doi: 10.1038/ejhg.2008.187

Heikkila, R. E., Cabbat, F. S., Manzino, L., and Duvoisin, R. C. (1984). Effects of 1-
methyl-4-phenyl-1,2,5,6-tetrahydropyridine on neostriatal dopamine in mice.
Neuropharmacology 23, 711–713. doi: 10.1016/0028-3908(84)90170-9

Jarome, T. J., Kwapis, J. L., Hallengren, J. J., Wilson, S. M., and Helmstetter, F. J.
(2013). The ubiquitin-specific protease 14 (USP14) is a critical regulator of
long-term memory formation. Learn. Mem. 21, 9–13.

Kabuta, T., Furuta, A., Aoki, S., Furuta, K., and Wada, K. (2008). Aberrant
interaction between Parkinson disease-associated mutant UCH-L1 and the
lysosomal receptor for chaperone-mediated autophagy. J. Biol. Chem. 283,
23731–23738. doi: 10.1074/jbc.m801918200

Keller, J. N., Hanni, K. B., and Markesbery, W. R. (2000). Impaired proteasome
function in Alzheimer’s disease. J. Neurochem. 75, 436–439. doi: 10.1046/j.
1471-4159.2000.0750436.x

Kim, H. T., and Goldberg, A. L. (2017). The deubiquitinating enzyme
Usp14 allosterically inhibits multiple proteasomal activities and ubiquitin-
independent proteolysis. J. Biol. Chem. 292, 9830–9839. doi: 10.1074/jbc.m116.
763128

Kiprowska, M. J., Stepanova, A., Todaro, D. R., Galkin, A., Haas, A., Wilson,
S. M., et al. (2017). Neurotoxic mechanisms by which the USP14 inhibitor
IU1 depletes ubiquitinated proteins and Tau in rat cerebral cortical neurons:
relevance to Alzheimer’s disease. Biochim. Biophys. Acta Mol. Basis Dis. 1863,
1157–1170. doi: 10.1016/j.bbadis.2017.03.017

Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima, S.,
et al. (1998). Mutations in the parkin gene cause autosomal recessive juvenile
parkinsonism. Nature 392, 605–608. doi: 10.1038/33416

Komander, D., Clague, M. J., and Urbe, S. (2009). Breaking the chains: structure
and function of the deubiquitinases. Nat. Rev. Mol. Cell Biol. 10, 550–563.
doi: 10.1038/nrm2731

Lee, B. H., Lee, M. J., Park, S., Oh, D. C., Elsasser, S., Chen, P. C., et al. (2010).
Enhancement of proteasome activity by a small-molecule inhibitor of USP14.
Nature 467, 179–184. doi: 10.1038/nature09299

Li, Y., Schrodi, S., Rowland, C., Tacey, K., Catanese, J., and Grupe, A. (2006).
Genetic evidence for ubiquitin-specific proteases USP24 and USP40 as
candidate genes for late-onset Parkinson disease. Hum. Mutat. 27, 1017–1023.
doi: 10.1002/humu.20382

Liao, Y., Xia, X., Liu, N., Cai, J., Guo, Z., Li, Y., et al. (2018). Growth arrest and
apoptosis induction in androgen receptor-positive human breast cancer cells by
inhibition of USP14-mediated androgen receptor deubiquitination. Oncogene
37, 1896–1910. doi: 10.1038/s41388-017-0069-z

Lindersson, E., Beedholm, R., Hojrup, P., Moos, T., Gai, W., Hendil, K. B., et al.
(2004). Proteasomal inhibition by alpha-synuclein filaments and oligomers.
J. Biol. Chem. 279, 12924–12934. doi: 10.1074/jbc.m306390200

Mcnaught, K. S., Belizaire, R., Jenner, P., Olanow, C. W., and Isacson, O. (2002).
Selective loss of 20S proteasome alpha-subunits in the substantia nigra pars
compacta in Parkinson’s disease. Neurosci. Lett. 326, 155–158. doi: 10.1016/
s0304-3940(02)00296-3

Mcnaught, K. S., Olanow, C. W., Halliwell, B., Isacson, O., and Jenner, P. (2001).
Failure of the ubiquitin-proteasome system in Parkinson’s disease. Nat. Rev.
Neurosci. 2, 589–594.

Merkwirth, C., Dargazanli, S., Tatsuta, T., Geimer, S., Lower, B., Wunderlich, F. T.,
et al. (2008). Prohibitins control cell proliferation and apoptosis by regulating
OPA1-dependent cristae morphogenesis in mitochondria. Genes Dev. 22, 476–
488. doi: 10.1101/gad.460708

Min, J. W., Lu, L., Freeling, J. L., Martin, D. S., and Wang, H. (2017). USP14
inhibitor attenuates cerebral ischemia/reperfusion-induced neuronal injury in
mice. J. Neurochem. 140, 826–833. doi: 10.1111/jnc.13941

Mizuno, Y., Yoshino, H., Ikebe, S., Hattori, N., Kobayashi, T., Shimoda-
Matsubayashi, S., et al. (1998). Mitochondrial dysfunction in Parkinson’s
disease. Ann. Neurol. 44, S99–S109.

Narendra, D., Tanaka, A., Suen, D. F., and Youle, R. J. (2008). Parkin is recruited
selectively to impaired mitochondria and promotes their autophagy. J. Cell Biol.
183, 795–803. doi: 10.1083/jcb.200809125

Narendra, D. P., Jin, S. M., Tanaka, A., Suen, D. F., Gautier, C. A., Shen, J., et al.
(2010). PINK1 is selectively stabilized on impaired mitochondria to activate
Parkin. PLoS Biol. 8:e1000298. doi: 10.1371/journal.pbio.1000298

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 July 2020 | Volume 8 | Article 727

https://doi.org/10.1016/j.nbd.2009.01.016
https://doi.org/10.1016/j.celrep.2014.07.061
https://doi.org/10.1016/j.celrep.2014.07.061
https://doi.org/10.1016/j.bbr.2014.01.048
https://doi.org/10.1111/cns.12189
https://doi.org/10.1093/hmg/ddr048
https://doi.org/10.1093/hmg/ddr048
https://doi.org/10.1523/jneurosci.2635-09.2009
https://doi.org/10.1523/jneurosci.2635-09.2009
https://doi.org/10.1093/hmg/ddu244
https://doi.org/10.1523/jneurosci.3600-06.2006
https://doi.org/10.1523/jneurosci.3600-06.2006
https://doi.org/10.1016/j.jmb.2017.09.015
https://doi.org/10.1016/j.jmb.2017.09.015
https://doi.org/10.1111/j.1471-4159.2006.03968.x
https://doi.org/10.1074/jbc.m111.288449
https://doi.org/10.1074/jbc.m111.288449
https://doi.org/10.15252/embj.201489729
https://doi.org/10.15252/embj.201489729
https://doi.org/10.1016/s0306-4522(02)00205-1
https://doi.org/10.1016/s0306-4522(02)00205-1
https://doi.org/10.1074/jbc.270.34.19702
https://doi.org/10.1074/jbc.270.34.19702
https://doi.org/10.3390/ijms20215300
https://doi.org/10.1038/s41580-018-0033-y
https://doi.org/10.1038/ejhg.2008.187
https://doi.org/10.1016/0028-3908(84)90170-9
https://doi.org/10.1074/jbc.m801918200
https://doi.org/10.1046/j.1471-4159.2000.0750436.x
https://doi.org/10.1046/j.1471-4159.2000.0750436.x
https://doi.org/10.1074/jbc.m116.763128
https://doi.org/10.1074/jbc.m116.763128
https://doi.org/10.1016/j.bbadis.2017.03.017
https://doi.org/10.1038/33416
https://doi.org/10.1038/nrm2731
https://doi.org/10.1038/nature09299
https://doi.org/10.1002/humu.20382
https://doi.org/10.1038/s41388-017-0069-z
https://doi.org/10.1074/jbc.m306390200
https://doi.org/10.1016/s0304-3940(02)00296-3
https://doi.org/10.1016/s0304-3940(02)00296-3
https://doi.org/10.1101/gad.460708
https://doi.org/10.1111/jnc.13941
https://doi.org/10.1083/jcb.200809125
https://doi.org/10.1371/journal.pbio.1000298
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00727 July 29, 2020 Time: 17:45 # 9

Banerjee et al. Brain USP14: During Aging and Stress

Pandey, M., Varghese, M., Sindhu, K. M., Sreetama, S., Navneet, A. K.,
Mohanakumar, K. P., et al. (2008). Mitochondrial NAD+-linked State 3
respiration and complex-I activity are compromised in the cerebral cortex of 3-
nitropropionic acid-induced rat model of Huntington’s disease. J. Neurochem.
104, 420–434.

Parker, W. D., Boyson, S. J., and Parks, J. K. (1989). Abnormalities of the electron
transport chain in idiopathic Parkinson’s disease. Ann. Neurol. 26, 719–723.
doi: 10.1002/ana.410260606

Pyo, J. O., Yoo, S. M., Ahn, H. H., Nah, J., Hong, S. H., Kam, T. I., et al. (2013).
Overexpression of Atg5 in mice activates autophagy and extends lifespan. Nat.
Commun. 4:2300.

Sherer, T. B., Betarbet, R., Testa, C. M., Seo, B. B., Richardson, J. R., Kim, J. H.,
et al. (2003). Mechanism of toxicity in rotenone models of Parkinson’s disease.
J. Neurosci. 23, 10756–10764. doi: 10.1523/jneurosci.23-34-10756.2003

Shinji, S., Naito, Z., Ishiwata, S., Ishiwata, T., Tanaka, N., Furukawa, K., et al. (2006).
Ubiquitin-specific protease 14 expression in colorectal cancer is associated with
liver and lymph node metastases. Oncol. Rep. 15, 539–543.

Silvestri, L., Caputo, V., Bellacchio, E., Atorino, L., Valente, E. M., and Casari,
G. (2005). Mitochondrial import and enzymatic activity of PINK1 mutants
associated to recessive parkinsonism. Hum. Mol. Genet. 14, 3477–3492. doi:
10.1093/hmg/ddi377

Simonsen, A., Cumming, R. C., Brech, A., Isakson, P., Schubert, D. R., and Finley,
K. D. (2008). Promoting basal levels of autophagy in the nervous system
enhances longevity and oxidant resistance in adult Drosophila. Autophagy 4,
176–184. doi: 10.4161/auto.5269

Tanaka, A., Cleland, M. M., Xu, S., Narendra, D. P., Suen, D. F., Karbowski, M., et al.
(2010). Proteasome and p97 mediate mitophagy and degradation of mitofusins
induced by Parkin. J. Cell Biol. 191, 1367–1380. doi: 10.1083/jcb.20100
7013

Thibaudeau, T. A., Anderson, R. T., and Smith, D. M. (2018). A
common mechanism of proteasome impairment by neurodegenerative
disease-associated oligomers. Nat. Commun. 9:1097.

Vaden, J. H., Bhattacharyya, B. J., Chen, P. C., Watson, J. A., Marshall, A. G.,
Phillips, S. E., et al. (2015a). Ubiquitin-specific protease 14 regulates c-Jun

N-terminal kinase signaling at the neuromuscular junction. Mol. Neurodegener.
10:3. doi: 10.1186/1750-1326-10-3

Vaden, J. H., Watson, J. A., Howard, A. D., Chen, P. C., Wilson, J. A., and Wilson,
S. M. (2015b). Distinct effects of ubiquitin overexpression on NMJ structure and
motor performance in mice expressing catalytically inactive USP14. Front. Mol.
Neurosci. 8:11. doi: 10.3389/fnmol.2015.00011

Von Stockum, S., Sanchez-Martinez, A., Corra, S., Chakraborty, J., Marchesan,
E., Locatello, L., et al. (2019). Inhibition of the deubiquitinase USP8 corrects
a Drosophila PINK1 model of mitochondria dysfunction. Life Sci. Alliance
2:e201900392. doi: 10.26508/lsa.201900392

Wei, Y., Chiang, W. C., Sumpter, R. Jr., Mishra, P., and Levine, B. (2017).
Prohibitin 2 is an inner mitochondrial membrane mitophagy receptor. Cell 168,
224.e10–238.e10.

Xu, D., Shan, B., Sun, H., Xiao, J., Zhu, K., Xie, X., et al. (2016). USP14 regulates
autophagy by suppressing K63 ubiquitination of Beclin 1. Genes Dev. 30,
1718–1730. doi: 10.1101/gad.285122.116

Yoshii, S. R., Kishi, C., Ishihara, N., and Mizushima, N. (2011). Parkin
mediates proteasome-dependent protein degradation and rupture of the outer
mitochondrial membrane. J. Biol. Chem. 286, 19630–19640. doi: 10.1074/jbc.
m110.209338

Ziviani, E., Tao, R. N., and Whitworth, A. J. (2010). Drosophila parkin requires
PINK1 for mitochondrial translocation and ubiquitinates mitofusin. Proc. Natl.
Acad. Sci. U.S.A. 107, 5018–5023. doi: 10.1073/pnas.0913485107

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Banerjee, Roy, Mondal and Chakraborty. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 July 2020 | Volume 8 | Article 727

https://doi.org/10.1002/ana.410260606
https://doi.org/10.1523/jneurosci.23-34-10756.2003
https://doi.org/10.1093/hmg/ddi377
https://doi.org/10.1093/hmg/ddi377
https://doi.org/10.4161/auto.5269
https://doi.org/10.1083/jcb.201007013
https://doi.org/10.1083/jcb.201007013
https://doi.org/10.1186/1750-1326-10-3
https://doi.org/10.3389/fnmol.2015.00011
https://doi.org/10.26508/lsa.201900392
https://doi.org/10.1101/gad.285122.116
https://doi.org/10.1074/jbc.m110.209338
https://doi.org/10.1074/jbc.m110.209338
https://doi.org/10.1073/pnas.0913485107
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	USP14 as a Therapeutic Target Against Neurodegeneration: A Rat Brain Perspective
	Introduction
	Deubiquitinases in Parkinson's Disease: a Brief Description
	Usp14 Vs. Neurodegeneration: Considerations for Extrapolation
	Discussion
	Materials and Methods
	Materials
	Animal Treatment
	Immunoblotting
	Statistics

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


