Am J Cardiovasc Dis 2017;7(6):134-150
wwWw.AJCD.us /ISSN:2160-200X/AJCD0069556

Original Article

Systemic inhibition of neddylation by 3-day MLN4924
treatment regime does not impair autophagic

flux in mouse hearts and brains

Casey A Reihe?, Nickolas Pekas?, Penglong Wu'2, Xuejun Wang?

1Division of Basic Biomedical Science, Sanford School of Medicine of The University of South Dakota, SD 57069,
USA; 2Department of Pathophysiology, Guangzhou Medical University College of Basic Sciences, Guangzhou,
Guangdong, China

Received November 21, 2017; Accepted December 15, 2017; Epub December 20, 2017; Published December 30,
2017

Abstract: Beyond helping the cell survive from energy starvation via self-eating a portion of cytoplasm, macroau-
tophagy is also capable of targeted removal of defective organelles or cytoplasmic aberrant protein aggregates,
thereby playing an important role in quality control in the cell. Impaired or suppressed macroautophagy activity is
associated with the progression from a large subset of heart diseases to heart failure and with the development of
the vast majority of, if not all, neurodegenerative diseases, the leading causes of death and disability in humans.
Hence, a better understanding of the impact of existing and upcoming pharmacotherapies on macroautophagy in
the heart and brain will undoubtedly benefit the search for safer and more effective treatment to improve human
health. Neddylation is a recently recognized posttranslational modification process that modifies a subset of cellular
proteins and is, by virtue of regulating Cullin-RING ligases, essential to ~20% ubiquitin-proteasome system (UPS)-
mediated protein degradation. MLN4924 (Pevonedistat), a specific inhibitor of neddylation that promises to become
a new anti-malignancy agent, is capable of inhibiting UPS-mediated progression of the cell cycle and activating mac-
roautophagy in cancer cells. However, no reported study has tested the impact of systemic inhibition of neddylation
on autophagic activity in a post-mitotic organ such as the heart and brain. This study was conducted to fill this
gap. Sixteen GFP-LC3 transgenic mice of mixed sexes were divided equally into either MLN4924-treated or vehicle-
treated groups and were treated respectively with MLN4924 (30 mg/kg, s.c., twice a day x 3 days) or equal volume
of solvent. The resultant changes in myocardial levels of neddylated cullin 1 as well as autophagic flux in cardiac and
brain tissues were assessed. The effectiveness of the MLN4924 regime was verified by myocardial accumulation
of neddylated cullin 1. Myocardial LC3-Il flux and free GFP levels were comparable between the MLN4924 and the
vehicle groups whereas the protein level of p62, a bona fide substrate of macroautophagy, in the brain was signifi-
cantly decreased by the MLN4924 treatment. Our data suggest that systemic inhibition of neddylation by a 3-day
MLN4924 treatment regime does not suppress macroautophagy activities in the heart and brain.
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Introduction minus of a small protein ubiquitin (Ub) to the
e-amino group of the side chain of a lysine (K)
residue on the target protein molecule through

an isopeptidyl bond. For poly-ubiquitination,

Posttranslational modifications and targeted
protein degradation represent two major molec-

ular mechanisms that regulate the function and
fate of cellular proteins and thereby cell func-
tion and survival, touching virtually every corner
of the cell. This is arguably best exemplified by
the ubiquitin-proteasome system (UPS) which
encompasses ubiquitination and proteasome-
mediated protein degradation [1]. Ubiquitina-
tion is covalent attachment of the carboxyl ter-

subsequent rounds of this reaction similarly
attach additional Ub to the preceding Ub to
form a poly-Ub chain [1]. Both mono-ubiquitina-
tion and poly-ubiquitination can serve as post-
translational modifications to alter the non-
proteolytic fate of the ubiquitinated protein;
however, poly-ubiquitinated proteins, especially
K48-linked, are often targeted for degradation
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by the proteasome [2]. UPS-mediated proteoly-
sis is responsible for targeted degradation of
the vast majority of cellular proteins. The UPS-
mediated degradation of normal proteins that
are no longer needed is regarded as regulatory
degradation, pivotal to regulation of virtually all
cellular processes, such as cell cycle control
[3], DNA damage responses and DNA repair [4],
cell signal transduction [5], and cell death pa-
thways [6]. Meanwhile, targeted degradation of
abnormal/misfolded proteins, representing the
last resort of protein quality control, relies pri-
marily on the UPS; thus, the UPS plays an indis-
pensable role in protein quality control as well
[2]. The latter functions to minimize the level
and toxicity of misfolded proteins in the cell
and is accomplished by intricate collaboration
between molecular chaperones and targeted
protein degradation pathways [7].

When misfolded proteins have failed to be re-
paired by chaperones and escaped from UPS-
mediated degradation, they tend to form ag-
gregates via hydrophobic interaction [7]. The
removal of these aberrant protein aggregates
appears to rely on macroautophagy [7]. Ma-
croautophagy is the most studied form of au-
tophagy, involving segregation of a portion of
cytoplasm (e.g., defective organelles, protein
aggregates, and lipid droplets) via formation
of a double-membraned vacuole known as an
autophagosome which delivers its cargo to ly-
sosomes by fusion with the lysosomes where
the autophagic cargoes are degraded by lyso-
somal enzymes and resultant small biomole-
cules (e.g., amino acids, fatty acids, etc.) are
recycled [8]. Hence, macroautophagy (referred
to as autophagy hereafter) plays an important
role in the quality control of both organelles and
cytoplasmic proteins, in addition to provision of
fuel during starvation by self-digestion of a
portion of the cytoplasm [8]. The interplay be-
tween the UPS and the autophagic-lysosomal
pathway has attracted increasing attention
from the protein quality control research com-
munity [9]. Proteasome inhibition has been
shown to activate autophagy while defective
autophagy may hinder UPS performance [10,
11].

Heart failure is the final common pathway for
most, if not all, cardiovascular diseases [12,
13]; it remains the leading cause of death and
disability for humans despite recent advances
in pharmacological and surgical interventions
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[14, 15]. Meanwhile, neural degenerative dis-
eases such as Alzheimer’s disease, Parkin-
son’s disease, multiple sclerosis, amyotrophic
lateral sclerosis, and Huntington’s disease rep-
resent another category of debilitating diseas-
es constituting another leading cause of hum-
an mortality and morbidity. Increasing eviden-
ce suggests that proteotoxic stress (character-
ized by elevated levels and toxicity of misfold-
ed proteins and aberrant protein aggregation)
and inadequate protein quality control are as-
sociated with the progression from a large sub-
set of cardiovascular diseases to heart failure
[16, 17], as well as with neurodegeneration
[18]. Hence, a better understanding of the
impact of existing and upcoming therapies on
the ability of cells to handle misfolded prote-
ins would benefit the prevention and/or better
treatment of human diseases.

Ubiquitination occurs through enzymatic reac-
tions sequentially catalyzed by Ub activating
enzyme (E1), Ub conjugating enzymes (E2), and
Ub ligases (E3). Once the target is poly-ubiqui-
tinated, selective degradation occurs [1, 19-
21]. Since Ub E3s determine substrate speci-
ficity of ubiquitination, they are some of the
most intensively studied targets in the UPS
[19]. The largest family of Ub E3 ligases is
cullin-RING ligases (CRLs) which were shown to
be responsible for 20% of Ub-dependent pro-
tein degradation in cells [22, 23]. There is evi-
dence that CRLs regulate autophagy and that
CRL abnormalities are linked to a variety of
developmental, neurological, and cardiac dis-
eases [20].

The activity of CRLs is closely regulated by ned-
dylation, a posttranslational modification simi-
lar to ubiquitination that attaches an Ub-like
protein, NEDDS, to target proteins. The process
of NEDDS8 attachment involves an NEDD8 ac-
tivating enzyme (NAE) (E1), NEDDS8 conjugating
enzyme (E2), and NEDDS ligases (E3) [20, 24,
25]. NEDDS8 and Ub share high sequence simi-
larity (76%) [26], and high identity (58%) [25],
suggesting cooperativity between ubiquitina-
tion and neddylation. This certainly is the case
as various Ub E3 ligases have been shown to
facilitate NEDD8 attachment [27, 28] and as
NEDD8 is frequently incorporated into Ub
chains [25]. It is well-proven that neddylation
of cullins is required for CRLs to efficiently ubi-
quitinate their targets [23, 25, 29, 30]. Me-
anwhile, NEDD8 removal via a process known
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as deneddylation is also essential to the pro-
per functioning of CRLs [23, 25]. Cullin den-
eddylation is primarily performed by the CO-
P9 signalosome (CSN), a zinc metalloprotease
containing 8 subunits: COPS1 through COPS8
[25].

MLN4924 (Pevonedistat) is an adenosine sul-
famate derivative and inhibitor of neddylation.
It acts by irreversibly forming a NEDD8-ML-
N4924 adduct at the ATP-binding site of NE-
DDS8, disrupting NEDD8-NAE conjugation [31].
Since many cell cycle regulators are degraded
by CRLs-mediated ubiquitination [32], MLN-
4924 has shown great potential in cancer che-
motherapy [33-35], with multiple Phase I/II
clinical trials ongoing to test its effects on va-
rious malignancies [36, 37]. MLN4924 treat-
ment has been shown to activate autophagy in
cancer cells and tumor tissues. However, can-
cer cells are generally in a proliferating state,
in sharp contrast to terminally differentiated
cells such as cardiomyocytes and neurons. Th-
us, neddylation inhibition may impact on the-
se cells differently. For this reason, it becomes
important to study the effects of MLN4924-
mediated neddylation inhibition on terminally
differentiated cells. Cops8 deficiency, which
disrupts CSN formation and thereby disables
deneddylation of cullins, impairs autophagic
flux in mouse hearts [38, 39]. As stated, both
neddylation and CSN-mediated deneddylation
are required for proper CRLs functioning; hen-
ce both CSN deficiency and neddylation inhibi-
tion impairs CRLs. However, no previous stud-
ies yet examined the effect of neddylation in-
hibition on autophagic flux in cardiac muscle.
Thus, the present study was conducted to test
the hypothesis that like Cops8 deficiency, ned-
dylation inhibition impairs cardiac autophagic
flux and may similarly affect the brain.

By examining the effect of systemic adminis-
tration of MLN4924 on myocardial LC3-Il flux
and brain tissue p62 protein levels in mice in
the present study, we have unveiled for the first
time that neddylation inhibition by MLN4924
for three consecutive days does not decrease
autophagic flux in the heart and brain, two vital
post-mitotic organs in the body.

Material and methods
Animals and MLN4924 treatment

Transgenic (tg) mice with ubiquitous expression
of a green fluorescence protein fused microtu-
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bule associated protein light chain 3 (GFP-
LC3), which were originally created and de-
scribed by Dr. Noboru Mizushima and colleague
and has been extensively employed as a au-
tophagosome reporter model [40], were used
in the present study. The tg line was maintained
in the FVB/N inbred background. DNA from toe
clips was used for Polymerase Chain Reaction
(PCR) to determine mouse genotypes. Mice
heterozygous for tg GFP-LC3 were obtained
and used for the experiment. The protocol for
the care and use of animals in the present
study had been approved by The Institutional
Animal Care and Use Committee of the Uni-
versity of South Dakota.

Sixteen adult GFP-LC3 tg mice of mixed sexes
were randomly divided into two groups (n = 8
each): an MLN4924 group and a vehicle con-
trol group. The MLN4924 group was treated
with MLN4924 (obtained from ActiveBiochem.
com) (30 mg/kg, s.c.) dissolved in 10% 2-
hydroxypropyl-B-cyclodextrin (HPBCD) twice a
day (with an interval of 12 hours) for 3 conse-
cutive days, totaling 6 injections for each
mouse. This dosage and regime was based on
a recent hepatic cancer study which showed
that MLN4924 caused apoptosis and increas-
ed autophagy in proliferating hepatic cells [41].
The vehicle control group received an equiva-
lent volume of 10% HPBCD (vehicle) in the
same manner and at the same time as the
MLN4924 group.

Autophagic flux assay

At 10 hours after last injection of MLN4924
or HPBCD, each group was randomly split into
two subgroups: a BFA-treated subgroup and a
DMSO-treated subgroup. The subgroups recei-
ved two intraperitoneal injections of bafilomy-
cin A1 (BFA, 3 umol/kg) or DMSO (vehicle con-
trol), respectively, at the 10" and 11™" hour
after the final injection of MLN4924 or HPBCD.
BFA was used as a vacuole proton-ATPase
inhibitor to inhibit lysosomes and block the
fusion between the autophagosome and the
lysosome [42]. The use of BFA here was to
block lysosomal degradation of autophago-
somes, allowing the rate of autophagosome
removal by the lysosome to be assessed when
compared with the DMSO subgroup.

On the 12™ hour after the last injection of
MLN4924 or HPBCD (i.e. 1 hour after the sec-
ond BFA injection), each mouse was weighed
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Table 1. Gravimetric characterization of mice used in this study

. HW/BW VW/BW Luw/BW KW/BW Liw/BW
Groups n(sexratio)  BW@®  ee mee  (mge  (mge)  (mg/e)
HPBCD+DMSO 4 (1 m/3f) 21.6+3.3 4.98+0.20 4.20+0.15 7.0+0.30 15.3+1.0 43.0+1.2
HPBCD+BFA 4(2m/2f) 20.1+2.1 4.97+0.17 4.12+0.18 6.8+0.45 14.7+0.4 44.6+0.7
MLN4924+DMSO 4 (2m/2f) 19.3+1.9 5.07+0.27 4.33+0.24 6.7+0.45 14.9+0.4 45.3+1.0
MLN4924+BFA 4(2m/2f) 23.2+43.4 5.32+0.15 4.12+0.12 6.5+0.45 15.7+0.7 46.2+1.3

Shown are mean + SEM; difference in each parameter among the 4 groups is not statistically significant as tested with one
way ANOVA. m, male; f, female; BW, body weight; HW, heart weight; VW, ventricular weight; LuW, lung weight; KW, kidney

weight; LiW, liver weight.

and sacrificed by CO, inhalation. The heart,
ventricular, lung, kidney, and liver weights were
measured after organ collection, and are sum-
marized in Table 1. After the organs were
weighed and collected, they were snap-frozen
in liquid nitrogen before transferred to and
stored in a -80°C freezer until they were used
for subsequent western blot analyses for the
protein levels of LC3, p62, free GFP, GAPDH,
and a-actinin.

The level of LC3-Il in a tissue or cells reflects
the abundance of autophagosomes. The dif-
ference of LC3-Il protein levels in each group
between BFA-treated and non-BFA-treated sub-
groups is referred to as LC3-II flux and widely
used as an indicator of autophagic flux (Refs).
The LC3-Il flux presented here refers to the
net amount of LC3-Il accumulated by the BFA-
mediated lysosomal inhibition. Mathematically,
it is calculated by subtracting the o-actinin
normalized LC3-Il level of a BFA-treated sam-
ple with the mean value of the a-actinin nor-
malized LC3-ll levels of the DMSO treated
samples of the same group.

The protein levels of p62, which is a substrate
of autophagy [43], are used by many studies
as an inverse indicator of autophagic activity. In
GFP-LC3 expressing cells, GFP-LC3-Il is incor-
porated into the autophagosome membrane
as the autophagosomes are formed, thereby
marking them. When fused with lysosomes,
autophagosomes undergo degradation, during
which a fraction of GFP-LC3 is first cleaved by
lysosomal enzymes to form free GFP; hence,
the level of free GFP proteins (shorter than
GFP-LC3) is also regarded as an indicator of
autophagic flux [44].

Western blot analysis

Snap-frozen tissues were individually and sepa-
rately crushed to a powder form by smashing
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them in their frozen state, covered in tin foil,
with a sterilized wrench. The powder was then
aliquoted: one such aliquot of each tissue sam-
ple was placed into a tube containing 200 pL 1
x loading buffer; the remaining aliquots were
stored at -80°C for future analysis. This pro-
cess was replicated for each tissue. Samples
were then sonicated 4 times for 2 seconds
each, and cooled on ice (repeated twice).
Following this process, the protein concentra-
tion of each sample was analyzed using bicin-
choninic acid (BCA) assays, in which graded
bovine serum albumin (BSA) concentrations
were used as a control. Samples were then
diluted as necessary to achieve uniform con-
centrations per sample set. Total protein
extracts from the collected tissue samples
were then fractionated via SDS-polyacrylimide
gel electrophoresis (PAGE), transferred to PVDF
membrane, and probed with antibodies against
specific proteins: LC3, p62, and free GFP. Either
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) or a-Actinin was probed as a loading
control. Also, to test the efficacy of MLN4924,
western blot analysis of Cullin-1 (Cull) and
neddylated Cull was performed. Cull is a
well-known target of neddylation [20, 43], thus
we expected a decrease in neddylated Cullin-1
following MLN4924 treatment.

Statistical methods

All continuous variables are presented as me-
an + SEM unless indicated otherwise. Dif-
ferences between two groups were evaluated
for statistical significance with a 2-tailed un-
paired t-test. When appropriate, Welch’s cor-
rection was employed for small sample size.
When the difference among >3 groups was
evaluated, 1-way ANOVA or, when appropriate,
2-way ANOVA followed by the Tukey test for
pairwise comparisons was performed. A p value
<0.05 is considered statistically significant.

Am J Cardiovasc Dis 2017;7(6):134-150



NAE inhibition does not impair macroautophagy

A &
e &
S
Vehicle control MLN4924 N
kDa z . < Neddylated Cul1
BO - W———————— . |\ 2tive Cul1
(shorter exposure)
B0 - w——— ——— — = —Native Cul1
100 - w— — — — — — —— Loading control
B C =
1.5, 2 15
p=0.2512 = p=0.0025
= 1 &)
=)
10| —= 210 —=
- @©
e} =
o =
Q =]
>
£ 0.57 © 0.5
=4 2
]
>
3
0 T @ 00 T
Vehicle Control MLN4924 z Vehicle Control MLN4924

Figure 1. Western blot analysis for myocardial native and neddylated forms
of cullin1 (Cull) in mice treated with MLN4924 or vehicle control. Total pro-
tein extracts from mouse myocardium were fractionated via SDS-PAGE and
transferred to a PVDF membrane before immuno-probing for Cull. A non-
specific band at the molecular weight of approximately 100 kDa is includ-
ed as a loading control. A myocardial sample from a Cops8 hypomorphic
mouse, which is known to have increased neddylated Cull [52], was in-
cluded as a positive control (the far right lane of A) to identify neddylated
Cull. Each lane represents a mouse. A shorter exposure (middle image
of A) was used for the densitometry of the native Cull to avoid saturation
that might have occurred in the longer exposure required to detect the ned-
dylated Cull. (A) Representative western blot images. (B) A summary of
native Cull densitometry data. (C) A summary of the pooled data of the
neddylated Cull to native Cull ratios. AU, arbitrary unit, with the mean of
the ratios from the vehicle control group set as 1. Mean + SEM are shown,
n = 4 mice/group; the p values shown are derived from unpaired t-test with
Welch’s correction.

ed parameters including HW/
BW, VW/BW, LuW/BW, LuW/
BW, KW/BW, and LiW/BW ra-
tios, are summarized in Table
1. Statistical analyses reveal-
ed no significant difference in
any of the parameters among
any of the groups, suggesting
that the treatment did not in-
duce cardiac hypertrophy or at-
rophy and that the treatment
did not cause significant func-
tional impairment to the left or
right heart, as functional insuf-
ficiency of the left heart would
lead to an increase in the LUW/
BW ratio and right heart failure
would increase both the KW/
BW and LiW/BW ratios.

Effect of MLN4924 treatment
on myocardial Cull ned-
dylation

To test whether the MLN4924
treatment regime was effecti-
ve or not in terms of inhibit-
ing neddylation, we performed
western blot analyses for de-
tection of the level of neddylat-
ed form of Cull in myocardial
tissues collected at end of the
treatment. As expected, our
results show that the myocar-
dial native Cull protein levels
were not discernibly different
between the MLN4924 and

GraphPad Prism Version 6.04 (GraphPad Sof-
tware, Inc., La Jolla, CA) was used for the analy-
ses and making the graphs.

Results

Effect of MLN4924 treatment on mouse gravi-
metric characteristics

To test whether or not MLN4924 and BFA tre-
atment had an effect on body weight (BW) and
on the weight of major organs, we collected
BW, heart weight (HW), cardiac ventricular
weight (VW), lung weight (LUW), kidney weight
(KW), and liver weight (LiW) of each mouse at
the time of mouse sacrifice 12 hours after the
last MLN4924 or vehicle control injections (i.e.
1 hour after second BFA or control injections).
These gravimetric measurements and deriv-
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the vehicle control groups (p = 0.2512, Figure
1A, 1B) whereas neddylated Cull relative to
native Cull were significantly lower in the
MLN4924 treated group compared to the ve-
hicle control group (p = 0.0025, Figure 1A, 1C).
These results indicate that MLN4924 treat-
ment regime had effectively inhibited neddy-
lation in the heart. Although these results are
specific to the heart, our MLN4924 treatment
likely had yielded similar effects on other tis-
sues and can be assumed to have led to sys-
temic inhibition of neddylation. This assump-
tion is supported by the fact that in order for
the subcutaneously injected MLN4924 to have
reached the heart muscle, the drug first need-
ed to travel through the cardiovascular system
which connects to all organs including the
brain; MLN4924 would not have been hindered
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by the blood brain barrier [45]. Thus, although
these results are specific to myocardium, they
can be assumed to have effected in a similar
manner as described in the aforementioned
hepatic cancer model [41].

Effect of MLN4924 treatment on myocardial
autophagic flux

Microtubule associated protein 1 light chain 3

(LC3) is a mammalian homolog of yeast Atg8
and plays an important role in autophagosome
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MLN4924

tionated via SDS-PAGE and transferred to a PVDF
membrane before immuno-probing for LC3, free GFP,
and a-actinin. a-Actinin was probed as a loading con-
trol. (A) Representative images of western blot analy-
ses for the indicated proteins. (B and C) A summary
of LC3-Il densitometry data (B) and the LC3-Il flux
(C) derived from the data presented in panel B. The
LC3-ll flux is the net amount of LC3-Il accumulated by
BFA treatment and calculated as described in Meth-
ods. (D) A summary of free GFP densitometry data.
*p<0.05 vs. the respective DMSO treated subgroup,
two way ANOVA followed by Tukey’s multiple compari-
son test. n = 4 mice for each subgroup.

formation. With the help of ATG4, native LC3 is
processed to LC3-1 which is diffusely distribut-
ed in the cytosol. Through an ubiquitination-like
process, LC3-1 is conjugated with phosphatidyl-
ethanolamine. The resultant lipidated form of
LC3-l is referred to as LC3-Il. The lipidation
allows LC3-ll to incorporate into the phago-
phore during the elongation phase of autopha-
gosome formation so that LC3-Il stays in the
autophagosome membrane throughout the life-
time of an autophagosome. The LC3-Il in the
inner membrane of autophagosomes is degrad-
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Figure 3. Changes in brain p62 in mice treated with MLN4924. Total pro-
tein extracts from mouse brain tissues were fractionated via SDS-PAGE
and transferred to a PVDF membrane before immunoprobing for p62 and
GAPDH. GAPDH was probed as a loading control. (A) Western blot images
for the indicated proteins. (B) Pooled densitometry data of the western
blot images shown in (A). The p values shown were derived from multiple
t-tests corrected for multiple comparisons using the Holm-Sidak method.
(C and D) Pooled densitometry data of the western blot images shown in
(A) specifically comparing the DMSO treated MLN4924 subgroup with the
DMSO treated vehicle control subgroup (C) and comparing the combined
MLN4924 subgroups with the combined vehicle control subgroups (D). The
p values shown in (C and D) were derived from unpaired t-test with Welch’s

correction.

ed along with the membrane and cargos [46].
Therefore, the protein level of LC3-1l in a cell
reflects generally the abundance of autophago-
somes in the cell and the rate of LC3-Il degra-
dation by lysosomes (i.e., LC3-Il flux) serves as
an excellent indicator of the rate of autophago-
some degradation by lysosomes (i.e., autopha-
gic flux) [47]. In reduced denatured polyacryl-
amide gel electrophoresis (SDS-PAGE), LC3-II
runs faster than LC3-I, making it easy to differ-

entiate LC3-Il from LC3-I.

To test whether or not MLN4924 treatment
alters autophagic flux in mouse hearts, we per-
formed western blot analyses for detection of
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myocardial levels of LC3-Il and
free GFP protein in mice sub-
ject to the BFA-mediated lyso-
somal inhibition or DMSO con-
trol treatment during the final
two hours before sample col-
lection (Figure 2). The densi-
tometry data of LC3-Il and free
GFP were adjusted for poten-
tial loading variation by divid-
ing LC3-1l and GFP band den-
sities by that of the in-lane
loading control (a-actinin). The
mean value of the vehicle con-
trol without lysosomal inhibi-
tion subgroup (i.e., Vehicle Co-
ntrol+DMSO) is designated as
1 arbitrary unit (AU). As sh-
own in Figure 2A and 2B, sig-
nificant increases in LC3-Il in
both BFA subgroups compar-
ed to their respective DMSO
subgroups were observed (p
<0.05), indicating that BFA did
inhibit autophagosome remov-
al as expected. However, the
LC3-Il differential (i.e., LC3-II
flux) between the MLN4924
and vehicle control groups was
not statistically significant (p =
0.7812, Figure 2C), suggesting
that the MLN4924 treatment
produced no significant change
in autophagic flux in mouse
myocardium.

In GFP-LC3 expressing cells,
the free GFP protein levels are
used by some to reflect auto-
phagic flux [44]; hence, we also

examined myocardial steady state free GFP
protein levels in the animals subject to mani-
pulation of lysosomal function. The free GFP
levels were comparable between the MLN-
4924+DMSO and the Vehicle Control+DMSO
subgroups (Figure 2D, p>0.05), consistent with
the finding from the LC3-Il flux assay (Figure
2C) that myocardial autophagic flux is not
altered by MLN4924-mediated neddylation in-
hibition. A significant increase in free GFP in

both BFA subgroups relative to their respec-
tive DMSO subgroups also indicates that BFA

did inhibit lysosomal degradation, as expected.
However, the GFP differential between the
MLN4924 and vehicle control groups was in-
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significant (Figure 2D), which also indicates
that MLN4924 produced no significant change
in autophagic flux in mouse myocardium. Thus
results from detection of baseline free GFP pro-
tein levels and from the GFP flux assay corrobo-
rate very well those from myocardial LC3-II
measurements.

Effect of MLN4924 treatment on p62 protein
levels in mouse brains

To test whether or not MLN4924 treatment
alters autophagic activity in mouse brains, we
performed western blot analyses for p62, a
known substrate of autophagy. We found that
brain p62 protein levels in both MLN4924-
treated and the vehicle control-treated mice
tended to be increased at 2 hours after intra-
peritoneal injections of BFA but the increase
is not statistically significant (p>0.05, Figure
3A, 3B). This could be either because the rate
of p62 degradation by autophagy was too slow
for a short duration of lysosomal inhibition to
discernibly accumulate p62 in the brain or be-
cause the BFA treatment regime was insuffi-
cient to inhibit lysosomes in the brain. Previou-
sly it was observed that autophagic inhibition
could not cause a discernible increase of p62
proteins in cultured cardiomyocytes until 6
hours after initiation of the inhibition [11]. And
it has also been suggested that BFA may have
very limited ability to pass across the blood-
brain barrier [48]. Regardless of the underlying
cause, the p62 protein analyses allowed us to
compare p62 levels between the DMSO sub-
groups (Figure 3C) and between the combined
MLN4924 group and the combined vehicle
control group (Figure 3D). Both means of com-
parison reveal a striking reduction of brain p62
protein levels by MLN4924 treatment (p<
0.001), suggesting that neddylation inhibition
by MLN4924 might have increased autophagy
in mouse brains as p62 is primarily degraded
by autophagy.

Discussion

Since impaired quality control at either the pro-
tein or the organelle level can cause not only
dysfunction of the cell but ultimately cell death
as well, adequate quality control in the cell is
essential to the wellbeing of organs, especially
those (e.g., hearts and brains) composed pri-
marily of post-mitotic cells (e.g., cardiomyo-
cytes and neurons). This is because these
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organs have very limited, if any, regenerative
capacity to deal with the loss of their primary
cells [49]. Autophagic impairment has been
implicated in the genesis or progression of
common heart diseases and most neurode-
generative diseases. MLN4924, the first-in-
class inhibitor of neddylation, has been shown
to induce autophagy in tumor cells [34]; how-
ever, the present study demonstrates for the
first time that there are no suppressive effects
of MLN4924-mediated neddylation inhibition
on the autophagic flux in the heart and brain,
which suggests that a finite term of neddylation
inhibition may not impair autophagy in the
heart and brain, alleviating the concern that
neddylation inhibition therapy would compro-
mise autophagy-mediated intracellular quality
control in these vital organs.

Cullin neddylation is required for the activa-
tion of CRLs, a family of Ub ligases crucial for
propelling cell division through regulatory deg-
radation of key cell cycle regulators, which is
taken advantage of by tumor cells through
increasing their neddylation activity [50, 51];
hence, the use of neddylation inhibition as a
strategy to suppress tumor growth is to target
the vital role of cullin neddylation in cell prolif-
eration. However, recent studies have shown
that CRLs also participate in UPS-mediated
degradation of misfolded proteins whereas
atypical neddylation hinders UPS-degradation
of misfolded proteins in at least cardiomyo-
cytes [52, 53], suggesting that neddylation in-
hibition may yield significant effects on protein
quality control which, as discussed earlier, is
more concerning to the terminally differen-
tiated cells or post-mitotic organs such as the
heart and brain. Hence, from the protein quality
control point of view, neddylation inhibition
might be a double-edged sword: on one hand,
it may impair UPS-mediated degradation of
misfolded proteins via inactivating CRLs; on
the other hand, it might reduce atypical ned-
dylation and thereby allow the UPS to more effi-
ciently degrade misfolded proteins. However,
the latter possibility actually depends on how
neddylation is inhibited. For example, protea-
somal degradation of misfolded proteins was
promoted when atypical neddylation was in-
hibited by reduction of NEDDS8 via overexpres-
sion of NEDDS8 ultimate buster-1 long (NUB1L)
[53]; however, neddylation inhibition by MLN-
4924, which specifically targets the NAE [20],
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may not yield the same effect because the
atypical neddylation does not seem to require
NAE [54]. Therefore, the proper functioning of
autophagy becomes more important to pro-
tein quality control during MLN4924 treat-
ment because the UPS-mediated degradation
of misfolded proteins will likely be suppressed
as the result of the suppression of CRLs by
MLN4924, underscoring the significance of
findings reported here.

MLN4924 administration does not overtly
impair myocardial autophagic flux and cardiac
function

It is well demonstrated that both neddylation
and deneddylation are required for proper func-
tioning of CRLs. Perturbation of cullin dened-
dylation and thereby the inactivation of CRLs
through genetic ablation of Cops8, an essen-
tial subunit of the CSN deneddylating holoen-
zyme impairs cardiac autophagic flux in both
perinatal and adult mice through perturbation
of autophagosome-lysosome fusion [38, 39,
55]. Deficiency of Atrogin-1, a major substrate
receptor protein for CRLs in muscle tissues was
also shown to impair cardiac autophagy in mice
[56]. Hence, there was a good reason to hypo-
thesize that neddylation inhibition via MLN-
4924 impairs cardiac autophagic flux. However,
the findings of the present study seem to reject
the hypothesis. Both the widely used LC3-II
flux assay and the measurement of the free
GFP proteins resulting from autophagic cleav-
age of the transgenic GFP-LC3 demonstrated
that myocardial autophagic flux was not dis-
cernibly altered by the MLN4924 treatment
regime (Figure 2) that was verified to have
effectively inhibited neddylation as reflected
by decreased myocardial levels of neddylated
Cull (Figure 1). Similarly, LC3-Il flux in liver was
not discernibly affected by the MLN4924 treat-
ment, either (data not shown).

Neddylation inhibition by MLN4924 increases
autophagic flux in the brain

MLN4924 has the ability to cross the blood-
brain barrier [45]. Hence, it is important to
assess the impact of the MLN4924 regime on
autophagy in brains. A striking finding of this
study is that brain p62 protein levels of MLN-
4924 treated mice were remarkably lower th-
an that in the vehicle control treated mice
(Figure 3). Although we were not able to assess
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the alteration of p62 protein synthesis in the
brain by MLN4924 treatment, it is unlikely that
the decreased p62 proteins were caused by a
reduction of p62 synthesis. This is because
several lines of evidence support the notion
that the synthesis of p62 should likely be
increased by MLN4924 treatment. First, a re-
cently reported study showed that p62 expres-
sion in vascular smooth muscle cells was up-
regulated by MLN4924 [57]; and second, ned-
dylation inhibition by MLN4924, as discussed
above, is expected to compromise UPS perfor-
mance while increased p62 had been associ-
ated with UPS impairment resulting from pro-
teinopathy [58]. Thus, the decreases in brain
p62 protein levels induced by the MLN4924
treatment are very likely caused by enhanced
degradation, indicating that neddylation inhibi-
tion by MLN4924 increases autophagic activity
in the brain. Indeed, the tissue levels of steady
state p62 proteins have been used frequently
as an inverse indicator of autophagic flux be-
cause p62 is primarily degraded by autophagy
[44].

In summary, our data suggest that systemic
neddylation inhibition by MLN4924 for three
consecutive days does not significantly affect
autophagic flux in mouse hearts and livers but
may increase autophagic activity in the brain in
normal animals. It should be pointed out that
the effect of repeated episodes of the 3-day
MLN4924 treatment regime remains to be test-
ed in the future.

Acknowledgements

We would like to thank Drs. Ammara Abdullah,
Peng Xiao, and Bo Pan, as well as Ms. Andrea
Jahn for their technical assistance. We are also
grateful to Dr. Douglas S. Martin for his insight-
ful comments on this manuscript. This work
was supported in part by an American Heart
Association Undergraduate Student Research
Fellowship grant (16UFEL29640003 to C.A.R.)
and NIH grants (HLO72166, HLO85629, and
HL131667 to X.W.).

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Xuejun Wang, Di-
vision of Basic Biomedical Sciences, Sanford School
of Medicine of The University of South Dakota, Ver-

Am J Cardiovasc Dis 2017;7(6):134-150



NAE inhibition does not impair macroautophagy

million, SD 57069, USA. Tel: 605 658-6345; Fax:
605 677-6381; E-mail: xuejun.wang@usd.edu

References

[1]  Ciechanover A. The ubiquitin-proteasome pro-
teolytic pathway. Cell 1994; 79: 13-21.

[2] Wang X, Pattison JS, Su H. Posttranslational
modification and quality control. Circ Res
2013; 112: 367-381.

[3] Hershko A. The ubiquitin system for protein
degradation and some of its roles in the con-
trol of the cell division cycle. Cell Death Differ
2005; 12: 1191-1197.

[4] Al-Hakim A, Escribano-Diaz C, Landry MC,
O’Donnell L, Panier S, Szilard RK, Durocher D.
The ubiquitous role of ubiquitin in the DNA
damage response. DNA Repair (Amst) 2010; 9:
1229-1240.

[5] Portbury AL, Ronnebaum SM, Zungu M, Patter-
son C, Willis MS. Back to your heart: ubiquitin
proteasome system-regulated signal transduc-
tion. J Mol Cell Cardiol 2012; 52: 526-537.

[6] Kamada S. Inhibitor of apoptosis proteins as
E3 ligases for ubiquitin and NEDDS8. Biomol
Concepts 2013; 4: 161-171.

[71 Wang X, Robbins J. Proteasomal and lysosom-
al protein degradation and heart disease. J
Mol Cell Cardiol 2014; 71: 16-24.

[8] Wang X, Cui T. Autophagy modulation: a poten-
tial therapeutic approach in cardiac hypertro-
phy. Am J Physiol Heart Circ Physiol 2017; 313:
H304-H319.

[91 Wang C, Wang X. The interplay between au-
tophagy and the ubiquitin-proteasome system
in cardiac proteotoxicity. Biochim Biophys Acta
2015; 1852: 188-194.

[10] Zheng Q, Su H, Tian Z, Wang X. Proteasome
malfunction activates macroautophagy in the
heart. Am J Cardiovasc Dis 2011; 1: 214-226.

[11] Tian Z, Wang C, Hu C, Tian Y, Liu J, Wang X.
Autophagic-lysosomal inhibition compromises
ubiquitin-proteasome system performance in a
p62 dependent manner in cardiomyocytes.
PLoS One 2014, 9: e100715.

[12] New statistics show one of every three U.S.
deaths caused by cardiovascular disease.
American Heart Association 2015.

[13] Bagchi AD, Stewart K, McLaughlin C, Higgins P,
Croghan T. Treatment and outcomes for con-
gestive heart failure by race/ethnicity in TRI-
CARE. Med Care 2011; 49: 489-495.

[14] Balch WE, Morimoto RI, Dillin A, Kelly JW.
Adapting proteostasis for disease intervention.
Science 2008; 319: 916-919.

[15] United States. Department of Health and Hu-
man Services, Center for Disease Control, Na-
tional Center for Health Statistics (U.S.) (2016)
Health, United States, 2015: with special fea-

143

(16]

[17]

(18]

(19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

[27]

ture on racial and ethnic health disparities.
Hyattsville, MD: National Center for Health Sta-
tistics. xv, 449 pages p.

Kumarapeli AR, Horak K, Wang X. Protein qual-
ity control in protection against systolic over-
load cardiomyopathy: the long term role of
small heat shock proteins. Am J Transl Res
2010; 2: 390-401.

Redmann M, Darley-Usmar V, Zhang J. The role
of autophagy, Mitophagy and lysosomal func-
tions in modulating bioenergetics and survival
in the context of redox and proteotoxic dam-
age: implications for neurodegenerative dis-
eases. Aging Dis 2016; 7: 150-162.
Ciechanover A, Brundin P. The ubiquitin protea-
some system in neurodegenerative diseases:
sometimes the chicken, sometimes the egg.
Neuron 2003; 40: 427-446.

Cui D, Xiong X, Zhao Y. Cullin-RING ligases in
regulation of autophagy. Cell Div 2016; 11: 8.
Soucy TA, Smith PG, Milhollen MA, Berger AJ,
Gavin JM, Adhikari S, Brownell JE, Burke KE,
Cardin DP, Critchley S, Cullis CA, Doucette A,
Garnsey JJ, Gaulin JL, Gershman RE, Lublinsky
AR, McDonald A, Mizutani H, Narayanan U, Ol-
hava EJ, Peluso S, Rezaei M, Sintchak MD, Tal-
reja T, Thomas MP, Traore T, Vyskocil S, Weath-
erhead GS, Yu J, Zhang J, Dick LR, Claiborne
CF, Rolfe M, Bolen JB, Langston SP. An inhibitor
of NEDDS8-activating enzyme as a new ap-
proach to treat cancer. Nature 2009; 458:
732-736.

Hampton RY, Garza RM. Protein quality control
as a strategy for cellular regulation: lessons
from ubiquitin-mediated regulation of the ste-
rol pathway. Chem Rev 2009; 109: 1561-1574.
Petroski MD, Deshaies RJ. Function and regu-
lation of cullin-RING ubiquitin ligases. Nat Rev
Mol Cell Biol 2005; 6: 9-20.

Kandala S, Kim IM, Su H. Neddylation and
deneddylation in cardiac biology. Am J Cardio-
vasc Dis 2014; 4: 140-158.

Whitby FG, Xia G, Pickart CM, Hill CP. Crystal
structure of the human ubiquitin-like protein
NEDDS8 and interactions with ubiquitin path-
way enzymes. J Biol Chem 1998; 273: 34983-
34991.

Glickman MH, Ciechanover A. The ubiquitin-
proteasome proteolytic pathway: destruction
for the sake of construction. Physiol Rev 2002;
82: 373-428.

Kumar S, Yoshida Y, Noda M. Cloning of a cDNA
which encodes a novel ubiquitin-like protein.
Biochem Biophys Res Commun 1993; 195:
393-399.

Broemer M, Tenev T, Rigbolt KT, Hempel S, Bla-
goev B, Silke J, Ditzel M, Meier P. Systematic in
vivo RNAi analysis identifies IAPs as NEDD8-E3
ligases. Mol Cell 2010; 40: 810-822.

Am J Cardiovasc Dis 2017;7(6):134-150


mailto:xuejun.wang@usd.edu

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

144

NAE inhibition does not impair macroautophagy

Mizushima N. The pleiotropic role of autopha-
gy: from protein metabolism to bactericide.
Cell Death Differ 2005; 12 Suppl 2: 1535-
1541.

Soucy TA, Smith PG, Rolfe M. Targeting NEDD8-
activated cullin-RING ligases for the treatment
of cancer. Clin Cancer Res 2009; 15: 3912-
3916.

Xirodimas DP, Saville MK, Bourdon JC, Hay RT,
Lane DP. Mdm2-mediated NEDDS8 conjugation
of p53 inhibits its transcriptional activity. Cell
2004; 118: 83-97.

Rabut G, Peter M. Function and regulation of
protein neddylation. ‘Protein modifications: be-
yond the usual suspects’ review series. EMBO
Rep 2008; 9: 969-976.

Mizushima N, Yamamoto A, Matsui M, Yoshi-
mori T, Ohsumi Y. In vivo analysis of autophagy
in response to nutrient starvation using trans-
genic mice expressing a fluorescent autopha-
gosome marker. Mol Biol Cell 2004; 15: 1101-
1111.

Lin JJ, Milhollen MA, Smith PG, Narayanan U,
Dutta A. NEDD8-targeting drug MLN4924 elic-
its DNA rereplication by stabilizing Cdtl in S
phase, triggering checkpoint activation, apop-
tosis, and senescence in cancer cells. Cancer
Res 2010; 70: 10310-10320.

Luo Z, Yu G, Lee HW, Li L, Wang L, Yang D, Pan
Y, Ding C, Qian J, Wu L, Chu Y, Yi J, Wang X, Sun
Y, Jeong LS, Liu J, Jia L. The Nedd8-activating
enzyme inhibitor MLN4924 induces autopha-
gy and apoptosis to suppress liver cancer cell
growth. Cancer Res 2012; 72: 3360-3371.
Wang M, Medeiros BC, Erba HP, DeAngelo DJ,
Giles FJ, Swords RT. Targeting protein ned-
dylation: a novel therapeutic strategy for the
treatment of cancer. Expert Opin Ther Targets
2011; 15: 253-264.

Bhatia S, Pavlick AC, Boasberg P, Thompson
JA, Mulligan G, Pickard MD, Faessel H, Dezube
BJ, Hamid O. A phase | study of the investiga-
tional NEDD8-activating enzyme inhibitor pe-
vonedistat (TAK-924/MLN4924) in patients
with metastatic melanoma. Invest New Drugs
2016; 34: 439-449.

Wong KM, Micel LN, Selby HM, Tan AC, Pitts
TM, Bagby SM, Spreafico A, Klauck PJ, Blake-
more SJ, Smith PF, McDonald A, Berger A,
Tentler JJ, Eckhardt SG. Targeting the protein
ubiquitination machinery in melanoma by the
NEDDS8-activating enzyme inhibitor pevone-
distat (MLN4924). Invest New Drugs 2017; 35:
11-25.

Su H, Li F, Ranek MJ, Wei N, Wang X. COP9
signalosome regulates autophagosome matu-
ration. Circulation 2011; 124: 2117-2128.

Su H, Li J, Osinska H, Li F, Robbins J, Liu J, Wei
N, Wang X. The COP9 signalosome is required

[40]

[41]

[42]

[43]

[44]

for autophagy, proteasome-mediated proteoly-
sis, and cardiomyocyte survival in adult mice.
Circ Heart Fail 2013; 6: 1049-1057.
Mizushima N, Yoshimori T, Levine B. Methods
in mammalian autophagy research. Cell 2010;
140: 313-326.

Chen P, Hu T, Liang, JiangY, PanY, Li C, Zhang
P, Wei D, Li P, Jeong LS, Chu Y, Qi H, Yang M,
Hoffman RM, Dong Z, Jia L. Synergistic inhibi-
tion of autophagy and neddylation pathways
as a novel therapeutic approach for targeting
liver cancer. Oncotarget 2015; 6: 9002-9017.
Khatif H. Autophagy and its implication in anti-
viral immunity. SOJ Immunol 2014; 2: 1-8.
Bornstein G, Ganoth D, Hershko A. Regulation
of neddylation and deneddylation of cullinl in
SCFSkp2 ubiquitin ligase by F-box protein and
substrate. Proc Natl Acad Sci U S A 2006; 103:
11515-11520.

Klionsky DJ, Abdelmohsen K, Abe A, Abedin
MJ, Abeliovich H, Acevedo Arozena A, Adachi H,
Adams CM, Adams PD, Adeli K, Adhihetty PJ,
Adler SG, Agam G, Agarwal R, Aghi MK, Agnello
M, Agostinis P, Aguilar PV, Aguirre-Ghiso J, Air-
oldi EM, Ait-Si-Ali S, Akematsu T, Akporiaye ET,
Al-Rubeai M, Albaiceta GM, Albanese C, Albani
D, Albert ML, Aldudo J, Algul H, Alirezaei M, Al-
loza |, Almasan A, Almonte-Beceril M, Alnemri
ES, Alonso C, Altan-Bonnet N, Altieri DC, Alva-
rez S, Alvarez-Erviti L, Alves S, Amadoro G,
Amano A, Amantini C, Ambrosio S, Amelio |,
Amer AO, Amessou M, Amon A, An Z, Anania
FA, Andersen SU, Andley UP, Andreadi CK, An-
drieu-Abadie N, Anel A, Ann DK, Anoopkumar-
Dukie S, Antonioli M, Aoki H, Apostolova N, Ag-
uila S, Aquilano K, Araki K, Arama E, Aranda A,
Araya J, Arcaro A, Arias E, Arimoto H, Ariosa AR,
Armstrong JL, Arnould T, Arsov |, Asanuma K,
Askanas V, Asselin E, Atarashi R, Atherton SS,
Atkin JD, Attardi LD, Auberger P, Auburger G,
Aurelian L, Autelli R, Avagliano L, Avantaggiati
ML, Avrahami L, Awale S, Azad N, Bachetti T,
Backer JM, Bae DH, Bae JS, Bae ON, Bae SH,
Baehrecke EH, Baek SH, Baghdiguian S, Bag-
niewska-Zadworna A, Bai H, Bai J, Bai XY, Bailly
Y, Balaji KN, Balduini W, Ballabio A, Balzan R,
Banerjee R, Banhegyi G, Bao H, Barbeau B,
Barrachina MD, Barreiro E, Bartel B, Bartolo-
mé A, Bassham DC, Bassi MT, Bast RC Jr, Basu
A, Batista MT, Batoko H, Battino M, Bauckman
K, Baumgarner BL, Bayer KU, Beale R, Beau-
lieu JF, Beck GR Jr, Becker C, Beckham JD,
Bédard PA, Bednarski PJ, Begley TJ, Behl C,
Behrends C, Behrens GM, Behrns KE, Bejara-
no E, Belaid A, Belleudi F, BEnard G, Berchem
G, Bergamaschi D, Bergami M, Berkhout B,
Berliocchi L, Bernard A, Bernard M, Bernassola
F, Bertolotti A, Bess AS, Besteiro S, Bettuzzi S,
Bhalla S, Bhattacharyya S, Bhutia SK, Bi-

Am J Cardiovasc Dis 2017;7(6):134-150



145

NAE inhibition does not impair macroautophagy

agosch C, Bianchi MW, Biard-Piechaczyk M,
Billes V, Bincoletto C, Bingol B, Bird SW, Bitoun
M, Bjedov |, Blackstone C, Blanc L, Blanco GA,
Blomhoff HK, Boada-Romero E, Bockler S,
Boes M, Boesze-Battaglia K, Boise LH, Bolino
A, Boman A, Bonaldo P, Bordi M, Bosch J, Bota-
na LM, Botti J, Bou G, Bouché M, Bouchecar-
eilh M, Boucher MJ, Boulton ME, Bouret SG,
Boya P, Boyer-Guittaut M, Bozhkov PV, Brady N,
Braga VM, Brancolini C, Braus GH, Bravo-San
Pedro JM, Brennan LA, Bresnick EH, Brest P,
Bridges D, Bringer MA, Brini M, Brito GC, Bro-
din B, Brookes PS, Brown EJ, Brown K, Brox-
meyer HE, Bruhat A, Brum PC, Brumell JH,
Brunetti-Pierri N, Bryson-Richardson RJ, Buch
S, Buchan AM, Budak H, Bulavin DV, Bultman
SJ, Bultynck G, Bumbasirevic V, Burelle Y,
Burke RE, Burmeister M, Butikofer P, Caberlot-
to L, Cadwell K, Cahova M, Cai D, Cai J, Cai Q,
Calatayud S, Camougrand N, Campanella M,
Campbell GR, Campbell M, Campello S,
Candau R, Caniggia |, Cantoni L, Cao L, Caplan
AB, Caraglia M, Cardinali C, Cardoso SM,
Carew JS, Carleton LA, Carlin CR, Carloni S,
Carlsson SR, Carmona-Gutierrez D, Carneiro
LA, Carnevali O, Carra S, Carrier A, Carroll B,
Casas C, Casas J, Cassinelli G, Castets P, Cas-
tro-Obregon S, Cavallini G, Ceccherini |, Cecco-
ni F, Cederbaum Al, Cena V, Cenci S, Cerella C,
Cervia D, Cetrullo S, Chaachouay H, Chae HJ,
Chagin AS, Chai CY, Chakrabarti G, Chamilos
G, Chan EY, Chan MT, Chandra D, Chandra P,
Chang CP, Chang RC, Chang TY, Chatham JC,
Chatterjee S, Chauhan S, Che Y, Cheetham
ME, Cheluvappa R, Chen CJ, Chen G, Chen GC,
Chen G, Chen H, Chen JW, Chen JK, Chen M,
Chen M, Chen P, Chen Q, Chen Q, Chen SD,
Chen S, Chen SS, Chen W, Chen WJ, Chen WQ,
Chen W, Chen X, Chen YH, Chen YG, Chen Y,
Chen Y, Chen Y, Chen YJ, Chen YQ, Chen Y,
Chen Z, Chen Z, Cheng A, Cheng CH, Cheng H,
Cheong H, Cherry S, Chesney J, Cheung CH,
Chevet E, Chi HC, Chi SG, Chiacchiera F, Chi-
ang HL, Chiarelli R, Chiariello M, Chieppa M,
Chin LS, Chiong M, Chiu GN, Cho DH, Cho SG,
Cho WC, Cho YY, Cho YS, Choi AM, Choi EJ, Choi
EK, Choi J, Choi ME, Choi SI, Chou TF, Chouaib
S, Choubey D, Choubey V, Chow KC, Chowd-
hury K, Chu CT, Chuang TH, Chun T, Chung H,
Chung T, Chung YL, Chwae YJ, Cianfanelli V,
Ciarcia R, Ciechomska IA, Ciriolo MR, Cirone M,
Claerhout S, Clague MJ, Claria J, Clarke PG,
Clarke R, Clementi E, Cleyrat C, Cnop M, Coccia
EM, Cocco T, Codogno P, Coers J, Cohen EE,
Colecchia D, Coletto L, Coll NS, Colucci-Guyon
E, Comincini S, Condello M, Cook KL, Coombs
GH, Cooper CD, Cooper JM, Coppens I, Co-
rasaniti MT, Corazzari M, Corbalan R, Corcelle-
Termeau E, Cordero MD, Corral-Ramos C, Corti

O, Cossarizza A, Costelli P, Costes S, Cotman
SL, Coto-Montes A, Cottet S, Couve E, Covey
LR, Cowart LA, Cox JS, Coxon FP, Coyne CB,
Cragg MS, Craven RJ, Crepaldi T, Crespo JL,
Criollo A, Crippa V, Cruz MT, Cuervo AM, Cuezva
JM, Cui T, Cutillas PR, Czaja MJ, Czyzyk-Krz-
eska MF, Dagda RK, Dahmen U, Dai C, Dai W,
Dai Y, Dalby KN, Dalla Valle L, Dalmasso G,
D’Amelio M, Damme M, Darfeuille-Michaud A,
Dargemont C, Darley-Usmar VM, Dasarathy S,
Dasgupta B, Dash S, Dass CR, Davey HM, Da-
vids LM, Davila D, Davis RJ, Dawson TM, Daw-
son VL, Daza P, de Belleroche J, de Figueiredo
P, de Figueiredo RC, de la Fuente J, De Martino
L, De Matteis A, De Meyer GR, De Milito A, De
Santi M, de Souza W, De Tata V, De Zio D, Deb-
nath J, Dechant R, Decuypere JP, Deegan S,
Dehay B, Del Bello B, Del Re DP, Delage-Mour-
roux R, Delbridge LM, Deldicque L, Delorme-
Axford E, Deng Y, Dengjel J, Denizot M, Dent P,
Der CJ, Deretic V, Derrien B, Deutsch E, Deva-
renne TP, Devenish RJ, Di Bartolomeo S, Di
Daniele N, Di Domenico F, Di Nardo A, Di Paola
S, Di Pietro A, Di Renzo L, DiAntonio A, Diaz-
Araya G, Diaz-Laviada |, Diaz-Meco MT, Diaz-
Nido J, Dickey CA, Dickson RC, Diederich M,
Digard P, Dikic |, Dinesh-Kumar SP, Ding C,
Ding WX, Ding Z, Dini L, Distler JH, Diwan A,
Djavaheri-Mergny M, Dmytruk K, Dobson RC,
Doetsch V, Dokladny K, Dokudovskaya S, Don-
adelli M, Dong XC, Dong X, Dong Z, Donohue
TM Jr, Doran KS, D’Orazi G, Dorn GW 2nd,
Dosenko V, Dridi S, Drucker L, Du J, Du LL, Du
L, du Toit A, Dua P, Duan L, Duann P, Dubey VK,
Duchen MR, Duchosal MA, Duez H, Dugail I,
Dumit VI, Duncan MC, Dunlop EA, Dunn WA Jr,
Dupont N, Dupuis L, Duran RV, Durcan TM,
Duvezin-Caubet S, Duvvuri U, Eapen V, Ebrahi-
mi-Fakhari D, Echard A, Eckhart L, Edelstein
CL, Edinger AL, Eichinger L, Eisenberg T, Eisen-
berg-Lerner A, Eissa NT, El-Deiry WS, EI-Khoury
V, Elazar Z, Eldar-Finkelman H, Elliott CJ, Eman-
uele E, Emmenegger U, Engedal N, Engel-
brecht AM, Engelender S, Enserink JM, Erdma-
nn R, Erenpreisa J, Eri R, Eriksen JL, Erman A,
Escalante R, Eskelinen EL, Espert L, Esteban-
Martinez L, Evans TJ, Fabri M, Fabrias G, Fab-
rizi C, Facchiano A, Feergeman NJ, Faggioni A,
Fairlie WD, Fan C, Fan D, Fan J, Fang S, Fanto
M, Fanzani A, Farkas T, Faure M, Favier FB,
Fearnhead H, Federici M, Fei E, Felizardo TC,
Feng H, Feng Y, Feng Y, Ferguson TA, Fernan-
dez AF, Fernandez-Barrena MG, Fernandez-
Checa JC, Fernandez-Lépez A, Fernandez-Zapi-
co ME, Feron O, Ferraro E, Ferreira-Halder CV,
Fesus L, Feuer R, Fiesel FC, Filippi-Chiela EC,
Filomeni G, Fimia GM, Fingert JH, Finkbeiner S,
Finkel T, Fiorito F, Fisher PB, Flajolet M, Flami-
gni F, Florey O, Florio S, Floto RA, Folini M, Follo

Am J Cardiovasc Dis 2017;7(6):134-150



146

NAE inhibition does not impair macroautophagy

C, Fon EA, Fornai F, Fortunato F, Fraldi A, Fran-
co R, Francois A, Francois A, Frankel LB, Fraser
ID, Frey N, Freyssenet DG, Frezza C, Friedman
SL, Frigo DE, Fu D, Fuentes JM, Fueyo J, Fujitani
Y, Fujiwara Y, Fujiya M, Fukuda M, Fulda S, Fus-
co C, Gabryel B, Gaestel M, Gailly P, Gajewska
M, Galadari S, Galili G, Galindo |, Galindo MF,
Galliciotti G, Galluzzi L, Galluzzi L, Galy V, Gam-
moh N, Gandy S, Ganesan AK, Ganesan S,
Ganley IG, Gannagé M, Gao FB, Gao F, Gao JX,
Garcia Nannig L, Garcia Véscovi E, Garcia-
Macia M, Garcia-Ruiz C, Garg AD, Garg PK, Gar-
gini R, Gassen NC, Gatica D, Gatti E, Gavard J,
Gavathiotis E, Ge L, Ge P, Ge S, Gean PW, Gel-
metti V, Genazzani AA, Geng J, Genschik P,
Gerner L, Gestwicki JE, Gewirtz DA, Ghavami S,
Ghigo E, Ghosh D, Giammarioli AM, Giampieri
F, Giampietri C, Giatromanolaki A, Gibbings DJ,
Gibellini L, Gibson SB, Ginet V, Giordano A,
Giorgini F, Giovannetti E, Girardin SE, Gispert
S, Giuliano S, Gladson CL, Glavic A, Gleave M,
Godefroy N, Gogal RM Jr, Gokulan K, Goldman
GH, Goletti D, Goligorsky MS, Gomes AV,
Gomes LC, Gomez H, Gomez-Manzano C, G6-
mez-Sanchez R, Goncalves DA, Goncu E, Gong
Q, Gongora C, Gonzalez CB, Gonzalez-Alegre P,
Gonzalez-Cabo P, Gonzéalez-Polo RA, Goping IS,
Gorbea C, Gorbunov NV, Goring DR, Gorman
AM, Gorski SM, Goruppi S, Goto-Yamada S, Go-
tor C, Gottlieb RA, Gozes |, Gozuacik D, Graba
Y, Graef M, Granato GE, Grant GD, Grant S,
Gravina GL, Green DR, Greenhough A, Green-
wood MT, Grimaldi B, Gros F, Grose C, Groulx
JF, Gruber F, Grumati P, Grune T, Guan JL, Guan
KL, Guerra B, Guillen C, Gulshan K, Gunst J,
Guo C, Guo L, Guo M, Guo W, Guo XG, Gust AA,
Gustafsson AB, Gutierrez E, Gutierrez MG,
Gwak HS, Haas A, Haber JE, Hadano S, Hage-
dorn M, Hahn DR, Halayko AJ, Hamacher-Brady
A, Hamada K, Hamai A, Hamann A, Hamasaki
M, Hamer |, Hamid Q, Hammond EM, Han F,
Han W, Handa JT, Hanover JA, Hansen M, Ha-
rada M, Harhaji-Trajkovic L, Harper JW, Harrath
AH, Harris AL, Harris J, Hasler U, Hasselblatt P,
Hasui K, Hawley RG, Hawley TS, He C, He CY,
He F, He G, He RR, He XH, He YW, He YY, Heath
JK, Hébert MJ, Heinzen RA, Helgason GV,
Hensel M, Henske EP, Her C, Herman PK,
Hernandez A, Hernandez C, Hernandez-Tiedra
S, Hetz C, Hiesinger PR, Higaki K, Hilfiker S, Hill
BG, Hill JA, Hill WD, Hino K, Hofius D, Hofman
P, Hoglinger GU, HOhfeld J, Holz MK, Hong Y,
Hood DA, Hoozemans JJ, Hoppe T, Hsu C, Hsu
CY, Hsu LC, Hu D, Hu G, Hu HM, Hu H, Hu MC,
Hu YC, Hu ZW, Hua F, Hua Y, Huang C, Huang
HL, Huang KH, Huang KY, Huang S, Huang S,
Huang WP, Huang YR, Huang Y, Huang Y, Huber
TB, Huebbe P, Huh WK, Hulmi JJ, Hur GM, Hur-
ley JH, Husak Z, Hussain SN, Hussain S, Hwang

JJ, Hwang S, Hwang Tl, Ichihara A, Imai Y, Im-
briano C, Inomata M, Into T, lovane V, lovanna
JL, lozzo RV, Ip NY, Irazoqui JE, Iribarren P, Isa-
ka'Y, Isakovic AJ, Ischiropoulos H, Isenberg JS,
Ishaq M, Ishida H, Ishii I, Ishmael JE, Isidoro C,
Isobe K, Isono E, Issazadeh-Navikas S, Itahana
K, Itakura E, Ivanov Al, lyer AK, Izquierdo JM,
lzumiY, Izzo V, Jaattela M, Jaber N, Jackson DJ,
Jackson WT, Jacob TG, Jacques TS, Jagannath
C, Jain A, Jana NR, Jang BK, Jani A, Janji B, Jan-
nig PR, Jansson PJ, Jean S, Jendrach M, Jeon
JH, Jessen N, Jeung EB, lJia K, Jia L, Jiang H,
Jiang H, Jiang L, Jiang T, Jiang X, Jiang X, Jiang
X, Jiang, Jiang Y, Jiménez A, Jin C, Jin H, Jin L,
Jin M, Jin S, Jinwal UK, Jo EK, Johansen T, John-
son DE, Johnson GV, Johnson JD, Jonasch E,
Jones C, Joosten LA, Jordan J, Joseph AM, Jo-
seph B, Joubert AM, Ju D, Ju J, Juan HF, Juen-
emann K, Juhasz G, Jung HS, Jung JU, Jung YK,
Jungbluth H, Justice MJ, Jutten B, Kaakoush
NO, Kaarniranta K, Kaasik A, Kabuta T, Kaeffer
B, Kagedal K, Kahana A, Kajimura S, Kakhlon
0, Kalia M, Kalvakolanu DV, Kamada Y, Kam-
bas K, Kaminskyy VO, Kampinga HH, Kandouz
M, Kang C, Kang R, Kang TC, Kanki T, Kan-
neganti TD, Kanno H, Kanthasamy AG, Kanto-
row M, Kaparakis-Liaskos M, Kapuy O, Karant-
za V, Karim MR, Karmakar P, Kaser A, Kaushik
S, Kawula T, Kaynar AM, Ke PY, Ke ZJ, Kehrl JH,
Keller KE, Kemper JK, Kenworthy AK, Kepp O,
Kern A, Kesari S, Kessel D, Ketteler R, Kettel-
hut Ido C, Khambu B, Khan MM, Khandelwal
VK, Khare S, Kiang JG, Kiger AA, Kihara A, Kim
AL, Kim CH, Kim DR, Kim DH, Kim EK, Kim HY,
Kim HR, Kim JS, Kim JH, Kim JC, Kim JH, Kim
KW, Kim MD, Kim MM, Kim PK, Kim SW, Kim
SY, Kim YS, Kim Y, Kimchi A, Kimmelman AC,
Kimura T, King JS, Kirkegaard K, Kirkin V, Kir-
shenbaum LA, Kishi S, Kitajima Y, Kitamoto K,
Kitaoka Y, Kitazato K, Kley RA, Klimecki WT,
Klinkenberg M, Klucken J, Knaevelsrud H,
Knecht E, Knuppertz L, Ko JL, Kobayashi S,
Koch JC, Koechlin-Ramonatxo C, Koenig U,
Koh YH, Kohler K, Kohlwein SD, Koike M, Kom-
atsu M, Kominami E, Kong D, Kong HJ, Kon-
stantakou EG, Kopp BT, Korcsmaros T, Korho-
nen L, Korolchuk VI, Koshkina NV, Kou Y,
Koukourakis MI, Koumenis C, Kovacs AL,
Kovacs T, Kovacs WJ, Koya D, Kraft C, Krainc
D, Kramer H, Kravic-Stevovic T, Krek W, Kretz-
Remy C, Krick R, Krishnamurthy M, Kriston-Vizi
J, Kroemer G, Kruer MC, Kruger R, Ktistakis
NT, Kuchitsu K, Kuhn C, Kumar AP, Kumar A,
Kumar A, Kumar D, Kumar D, Kumar R, Kumar
S, Kundu M, Kung HJ, Kuno A, Kuo SH, Kuret J,
Kurz T, Kwok T, Kwon TK, Kwon YT, Kyrmizi |, La
Spada AR, Lafont F, Lahm T, Lakkaraju A, Lam
T, Lamark T, Lancel S, Landowski TH, Lane DJ,
Lane JD, Lanzi C, Lapaquette P, Lapierre LR,

Am J Cardiovasc Dis 2017;7(6):134-150



147

NAE inhibition does not impair macroautophagy

Laporte J, Laukkarinen J, Laurie GW, Lavande-
ro S, Lavie L, LaVoie MJ, Law BY, Law HK, Law
KB, Layfield R, Lazo PA, Le Cam L, Le Roch KG,
Le Stunff H, Leardkamolkarn V, Lecuit M, Lee
BH, Lee CH, Lee EF, Lee GM, Lee HJ, Lee H, Lee
JK, Lee J, Lee JH, Lee JH, Lee M, Lee MS, Lee
PJ, Lee SW, Lee SJ, Lee SJ, Lee SY, Lee SH, Lee
SS, Lee SJ, Lee S, Lee YR, Lee YJ, Lee YH,
Leeuwenburgh C, Lefort S, Legouis R, Lei J, Lei
QY, Leib DA, Leibowitz G, Lekli I, Lemaire SD,
Lemasters JJ, Lemberg MK, Lemoine A, Leng
S, Lenz G, Lenzi P, Lerman LO, Lettieri Barbato
D, Leu JI, Leung HY, Levine B, Lewis PA,
Lezoualc’h F, LiC, LiF, Li FJ, Li J, Li K, Li L, Li M,
LiM,LiQ,LiR,Li S, Liw, LiWw, Li X, LiY, Lian J,
Liang C, Liang Q, Liao Y, Liberal J, Liberski PP,
Lie P, Lieberman AP, Lim HJ, Lim KL, Lim K,
Lima RT, Lin CS, Lin CF, Lin F, Lin F, Lin FC, Lin
K, Lin KH, Lin PH, Lin T, Lin WW, Lin YS, Lin Y,
Linden R, Lindholm D, Lindqvist LM, Lingor P,
Linkermann A, Liotta LA, Lipinski MM, Lira VA,
Lisanti MP, Liton PB, Liu B, Liu C, Liu CF, Liu F,
Liu HJ, Liu J, Liu JJ, Liu JL, Liu K, Liu L, Liu L, Liu
Q, Liu RY, Liu S, Liu S, Liu W, Liu XD, Liu X, Liu
XH, Liu X, Liu X, Liu X, Liu Y, Liu Y, Liu Z, Liu Z,
Liuzzi JP, Lizard G, Ljujic M, Lodhi 1J, Logue SE,
Lokeshwar BL, Long YC, Lonial S, Loos B,
Lopez-Otin C, Lopez-Vicario C, Lorente M, Lo-
renzi PL, Lorincz P, Los M, Lotze MT, Lovat PE,
LuB,LuB, LuJ,LuQ, LuSM, LuS, LuY, Lucia-
no F, Luckhart S, Lucocq JM, Ludovico P, Lugea
A, Lukacs NW, Lum JJ, Lund AH, Luo H, Luo J,
Luo S, Luparello C, Lyons T, Ma J, Ma Y, Ma Y,
Ma Z, Machado J, Machado-Santelli GM, Ma-
cian F, Macintosh GC, MacKeigan JP, Macleod
KF, MacMicking JD, MacMillan-Crow LA, Mad-
eo F, Madesh M, Madrigal-Matute J, Maeda A,
Maeda T, Maegawa G, Maellaro E, Maes H,
Magarinos M, Maiese K, Maiti TK, Maiuri L,
Maiuri MC, Maki CG, Malli R, Malorni W, Maloy-
an A, Mami-Chouaib F, Man N, Mancias JD,
Mandelkow EM, Mandell MA, Manfredi AA,
Manié SN, Manzoni C, Mao K, Mao Z, Mao ZW,
Marambaud P, Marconi AM, Marelja Z, Marfe
G, Margeta M, Margittai E, Mari M, Mariani FV,
Marin C, Marinelli S, Marino G, Markovic |, Mar-
quez R, Martelli AM, Martens S, Martin KR,
Martin SJ, Martin S, Martin-Acebes MA, Mar-
tin-Sanz P, Martinand-Mari C, Martinet W, Mar-
tinez J, Martinez-Lopez N, Martinez-Outschoo-
rn U, Martinez-Velazquez M, Martinez-Vicente
M, Martins WK, Mashima H, Mastrianni JA,
Matarese G, Matarrese P, Mateo R, Matoba S,
Matsumoto N, Matsushita T, Matsuura A, Mat-
suzawa T, Mattson MP, Matus S, Maugeri N,
Mauvezin C, Mayer A, Maysinger D, Mazzolini
GD, McBrayer MK, McCall K, McCormick C, Mc-
Inerney GM, Mclver SC, McKenna S, McMahon
JJ, McNeish IA, Mechta-Grigoriou F, Medema

JP, Medina DL, Megyeri K, Mehrpour M, Mehta
JL, Mei Y, Meier UC, Meijer AJ, Meléndez A,
Melino G, Melino S, de Melo EJ, Mena MA,
Meneghini MD, Menendez JA, Menezes R,
Meng L, Meng LH, Meng S, Menghini R, Menko
AS, Menna-Barreto RF, Menon MB, Meraz-Rios
MA, Merla G, Merlini L, Merlot AM, Meryk A,
Meschini S, Meyer JN, Mi MT, Miao CY, Micale
L, Michaeli S, Michiels C, Migliaccio AR, Miha-
ilidou AS, Mijaljica D, Mikoshiba K, Milan E,
Miller-Fleming L, Mills GB, Mills IG, Minakaki G,
Minassian BA, Ming XF, Minibayeva F, Minina
EA, Mintern JD, Minucci S, Miranda-Vizuete A,
Mitchell CH, Miyamoto S, Miyazawa K, Mizushi-
ma N, Mnich K, Mograbi B, Mohseni S, Moita
LF, Molinari M, Molinari M, Mgller AB,
Mollereau B, Mollinedo F, Mongillo M, Monick
MM, Montagnaro S, Montell C, Moore DJ,
Moore MN, Mora-Rodriguez R, Moreira PIl, Mo-
rel E, Morelli MB, Moreno S, Morgan MJ, Moris
A, Moriyasu Y, Morrison JL, Morrison LA, Mor-
selli E, Moscat J, Moseley PL, Mostowy S, Mo-
tori E, Mottet D, Mottram JC, Moussa CE,
Mpakou VE, Mukhtar H, Mulcahy Levy JM,
Muller S, Munoz-Moreno R, Munoz-Pinedo C,
Minz C, Murphy ME, Murray JT, Murthy A, My-
sorekar U, Nabi IR, Nabissi M, Nader GA,
Nagahara Y, Nagai Y, Nagata K, Nagelkerke A,
Nagy P, Naidu SR, Nair S, Nakano H, Nakatoga-
wa H, Nanjundan M, Napolitano G, Naqvi NI,
Nardacci R, Narendra DP, Narita M, Nascim-
beni AC, Natarajan R, Navegantes LC, Naw-
rocki ST, Nazarko TY, Nazarko VY, Neill T, Neri
LM, Netea MG, Netea-Maier RT, Neves BM,
Ney PA, Nezis IP, Nguyen HT, Nguyen HP, Nicot
AS, Nilsen H, Nilsson P, Nishimura M, Nishino I,
Niso-Santano M, Niu H, Nixon RA, Njar VC,
Noda T, Noegel AA, Nolte EM, Norberg E, Norga
KK, Noureini SK, Notomi S, Notterpek L,
Nowikovsky K, Nukina N, Nudrnberger T,
O’Donnell VB, O’'Donovan T, O'Dwyer PJ, Oehme
I, Oeste CL, Ogawa M, Ogretmen B, Ogura Y, Oh
YJ, Ohmuraya M, Ohshima T, Ojha R, Okamoto
K, Okazaki T, Oliver FJ, Ollinger K, Olsson S, Or-
ban DP, Ordonez P, Orhon |, Orosz L, O’Rourke
EJ, Orozco H, Ortega AL, Ortona E, Osellame
LD, Oshima J, Oshima S, Osiewacz HD, Otomo
T, Otsu K, Ou JH, Outeiro TF, Ouyang DY, Ouy-
ang H, Overholtzer M, Ozbun MA, Ozdinler PH,
Ozpolat B, Pacelli C, Paganetti P, Page G, Pag-
es G, Pagnini U, Pajak B, Pak SC, Pakos-Ze-
brucka K, Pakpour N, Palkova Z, Palladino F,
Pallauf K, Pallet N, Palmieri M, Paludan SR,
Palumbo C, Palumbo S, Pampliega O, Pan H,
Pan W, Panaretakis T, Pandey A, Pantazopou-
lou A, Papackova Z, Papademetrio DL, Papas-
sideri |, Papini A, Parajuli N, Pardo J, Parekh VV,
Parenti G, Park JI, Park J, Park OK, Parker R,
Parlato R, Parys JB, Parzych KR, Pasquet JM,

Am J Cardiovasc Dis 2017;7(6):134-150



148

NAE inhibition does not impair macroautophagy

Pasquier B, Pasumarthi KB, Patschan D, Pat-
terson C, Pattingre S, Pattison S, Pause A,
Pavenstadt H, Pavone F, Pedrozo Z, Pena FJ,
Penalva MA, Pende M, Peng J, Penna F, Pen-
ninger JM, Pensalfini A, Pepe S, Pereira GJ,
Pereira PC, Pérez-de la Cruz V, Pérez-Pérez ME,
Pérez-Rodriguez D, Pérez-Sala D, Perier C, Perl
A, Perlmutter DH, Perrotta |, Pervaiz S, Pe-
sonen M, Pessin JE, Peters GJ, Petersen M,
Petrache |, Petrof BJ, Petrovski G, Phang JM,
Piacentini M, Pierdominici M, Pierre P, Pierre-
fite-Carle V, Pietrocola F, Pimentel-Muinos FX,
Pinar M, Pineda B, Pinkas-Kramarski R, Pinti
M, Pinton P, Piperdi B, Piret JM, Platanias LC,
Platta HW, Plowey ED, Poggeler S, Poirot M,
Polcic P, Poletti A, Poon AH, Popelka H, Popova
B, Poprawa I, Poulose SM, Poulton J, Powers
SK, Powers T, Pozuelo-Rubio M, Prak K, Prange
R, Prescott M, Priault M, Prince S, Proia RL,
Proikas-Cezanne T, Prokisch H, Promponas VJ,
Przyklenk K, Puertollano R, Pugazhenthi S,
Puglielli L, Pujol A, Puyal J, Pyeon D, Qi X, Qian
WB, Qin ZH, Qiu Y, Qu Z, Quadrilatero J, Quinn
F, Raben N, Rabinowich H, Radogna F, Ragusa
MJ, Rahmani M, Raina K, Ramanadham S, Ra-
mesh R, Rami A, Randall-Demllo S, Randow F,
Rao H, Rao VA, Rasmussen BB, Rasse TM, Ra-
tovitski EA, Rautou PE, Ray SK, Razani B, Reed
BH, Reggiori F, Rehm M, Reichert AS, Rein T,
Reiner DJ, Reits E, Ren J, Ren X, Renna M, Re-
usch JE, Revuelta JL, Reyes L, Rezaie AR, Rich-
ards RI, Richardson DR, Richetta C, Riehle MA,
Rihn BH, Rikihisa Y, Riley BE, Rimbach G, Rip-
po MR, Ritis K, Rizzi F, Rizzo E, Roach PJ, Rob-
bins J, Roberge M, Roca G, Roccheri MC, Ro-
cha S, Rodrigues CM, Rodriguez Cl, de Cordoba
SR, Rodriguez-Muela N, Roelofs J, Rogov VV,
Rohn TT, Rohrer B, Romanelli D, Romani L, Ro-
mano PS, Roncero MI, Rosa JL, Rosello A,
Rosen KV, Rosenstiel P, Rost-Roszkowska M,
Roth KA, Roué G, Rouis M, Rouschop KM,
Ruan DT, Ruano D, Rubinsztein DC, Rucker EB
3rd, Rudich A, Rudolf E, Rudolf R, Ruegg MA,
Ruiz-Roldan C, Ruparelia AA, Rusmini P, Russ
DW, Russo GL, Russo G, Russo R, Rusten TE,
Ryabovol V, Ryan KM, Ryter SW, Sabatini DM,
Sacher M, Sachse C, Sack MN, Sadoshima J,
Saftig P, Sagi-Eisenberg R, Sahni S, Saikumar
P, Saito T, Saitoh T, Sakakura K, Sakoh-Naka-
togawa M, Sakuraba Y, Salazar-Roa M, Salo-
moni P, Saluja AK, Salvaterra PM, Salvioli R,
Samali A, Sanchez AM, Sanchez-Alcazar JA,
Sanchez-Prieto R, Sandri M, Sanjuan MA, San-
taguida S, Santambrogio L, Santoni G, Dos
Santos CN, Saran S, Sardiello M, Sargent G,
Sarkar P, Sarkar S, Sarrias MR, Sarwal MM, Sa-
sakawa C, Sasaki M, Sass M, Sato K, Sato M,
Satriano J, Savaraj N, Saveljeva S, Schaefer L,
Schaible UE, Scharl M, Schatzl HM, Schekman

R, Scheper W, Schiavi A, Schipper HM, Sch-
meisser H, Schmidt J, Schmitz |, Schneider BE,
Schneider EM, Schneider JL, Schon EA,
Schonenberger MJ, Schonthal AH, Schorderet
DF, Schréder B, Schuck S, Schulze RJ, Schwart-
en M, Schwarz TL, Sciarretta S, Scotto K, Sco-
vassi Al, Screaton RA, Screen M, Seca H, Sedej
S, Segatori L, Segev N, Seglen PO, Segui-Si-
marro JM, Segura-Aguilar J, Seki E, Sell C,
Seiliez I, Semenkovich CF, Semenza GL, Sen U,
Serra AL, Serrano-Puebla A, Sesaki H, Setogu-
chi T, Settembre C, Shacka JJ, Shajahan-Haq
AN, Shapiro IM, Sharma S, She H, Shen CK,
Shen CC, Shen HM, Shen S, Shen W, Sheng R,
Sheng X, Sheng ZH, Shepherd TG, Shi J, Shi Q,
Shi Q, Shi Y, Shibutani S, Shibuya K, Shidoji Y,
Shieh JJ, Shih CM, Shimada Y, Shimizu S, Shin
DW, Shinohara ML, Shintani M, Shintani T,
Shioi T, Shirabe K, Shiri-Sverdlov R, Shirihai O,
Shore GC, Shu CW, Shukla D, Sibirny AA, Sica
V, Sigurdson CJ, Sigurdsson EM, Sijwali PS,
Sikorska B, Silveira WA, Silvente-Poirot S, Sil-
verman GA, Simak J, Simmet T, Simon AK, Si-
mon HU, Simone C, Simons M, Simonsen A,
Singh R, Singh SV, Singh SK, Sinha D, Sinha S,
Sinicrope FA, Sirko A, Sirohi K, Sishi BJ, Sittler
A, Siu PM, Sivridis E, Skwarska A, Slack R,
Slaninova |, Slavov N, Smaili SS, Smalley KS,
Smith DR, Soenen SJ, Soleimanpour SA, Sol-
haug A, Somasundaram K, Son JH, Sonawane
A, Song C, Song F, Song HK, Song JX, Song W,
Soo KY, Sood AK, Soong TW, Soontornniyomkij
V, Sorice M, Sotgia F, Soto-Pantoja DR, Sotthi-
bundhu A, Sousa MJ, Spaink HP, Span PN,
Spang A, Sparks JD, Speck PG, Spector SA,
Spies CD, Springer W, Clair DS, Stacchiotti A,
Staels B, Stang MT, Starczynowski DT, Staroka-
domskyy P, Steegborn C, Steele JW, Stefanis L,
Steffan J, Stellrecht CM, Stenmark H, Step-
kowski TM, Stern ST, Stevens C, Stockwell BR,
Stoka V, Storchova Z, Stork B, Stratoulias V,
Stravopodis DJ, Strnad P, Strohecker AM,
Strom AL, Stromhaug P, Stulik J, Su YX, Su Z,
Subauste CS, Subramaniam S, Sue CM, Suh
SW, Sui X, Sukseree S, Sulzer D, Sun FL, Sun J,
Sun J, Sun SY, Sun Y, Sun Y, Sun Y, Sundar-
amoorthy V, Sung J, Suzuki H, Suzuki K, Suzuki
N, Suzuki T, Suzuki YJ, Swanson MS, Swanton
C, Sward K, Swarup G, Sweeney ST, Sylvester
PW, Szatmari Z, Szegezdi E, Szlosarek PW, Tae-
gtmeyer H, Tafani M, Taillebourg E, Tait SW,
Takacs-Vellai K, Takahashi Y, Takats S, Take-
mura G, Takigawa N, Talbot NJ, Tamagno E,
Tamburini J, Tan CP, Tan L, Tan ML, Tan M, Tan
YJ, Tanaka K, Tanaka M, Tang D, Tang D, Tang
G, Tanida I, Tanji K, Tannous BA, Tapia JA, Tas-
set-Cuevas |, Tatar M, Tavassoly |, Tavernarakis
N, Taylor A, Taylor GS, Taylor GA, Taylor JP, Tay-
lor MJ, Tchetina EV, Tee AR, Teixeira-Clerc F,

Am J Cardiovasc Dis 2017;7(6):134-150



149

NAE inhibition does not impair macroautophagy

Telang S, Tencomnao T, Teng BB, Teng RJ, Terro
F, Tettamanti G, Theiss AL, Theron AE, Thomas
KJ, Thomé MP, Thomes PG, Thorburn A, Thorn-
erJ, Thum T, Thumm M, Thurston TL, Tian L, Till
A, Ting JP, Titorenko VI, Toker L, Toldo S, Tooze
SA, Topisirovic |, Torgersen ML, Torosantucci L,
Torriglia A, Torrisi MR, Tournier C, Towns R, Tra-
jkovic V, Travassos LH, Triola G, Tripathi DN,
Trisciuoglio D, Troncoso R, Trougakos IP, Trutt-
mann AC, Tsai KJ, Tschan MP, Tseng YH, Tsu-
kuba T, Tsung A, Tsvetkov AS, Tu S, Tuan HY,
Tucci M, Tumbarello DA, Turk B, Turk V, Turner
RF, Tveita AA, Tyagi SC, Ubukata M, Uchiyama
Y, Udelnow A, Ueno T, Umekawa M, Umemiya-
Shirafuji R, Underwood BR, Ungermann C, Ure-
shino RP, Ushioda R, Uversky VN, Uzcategui
NL, Vaccari T, Vaccaro MI, Vachova L, Vaki-
fahmetoglu-Norberg H, Valdor R, Valente EM,
Vallette F, Valverde AM, Van den Berghe G, Van
Den Bosch L, van den Brink GR, van der Goot
FG, van der Klei |J, van der Laan LJ, van Doorn
WG, van Egmond M, van Golen KL, Van Kaer L,
van Lookeren Campagne M, Vandenabeele P,
Vandenberghe W, Vanhorebeek |, Varela-Nieto
I, Vasconcelos MH, Vasko R, Vavvas DG, Vega-
Naredo |, Velasco G, Velentzas AD, Velentzas
PD, Vellai T, Vellenga E, Vendelbo MH, Ven-
katachalam K, Ventura N, Ventura S, Veras PS,
Verdier M, Vertessy BG, Viale A, Vidal M, Vieira
HL, Vierstra RD, Vigneswaran N, Vij N, Vila M,
Villar M, Villar VH, Villarroya J, Vindis C, Viola G,
Viscomi MT, Vitale G, Vogl DT, Voitsekhovskaja
0V, von Haefen C, von Schwarzenberg K, Voth
DE, Vouret-Craviari V, Vuori K, Vyas JM, Waeber
C, Walker CL, Walker MJ, Walter J, Wan L, Wan
X, Wang B, Wang C, Wang CY, Wang C, Wang C,
Wang C, Wang D, Wang F, Wang F, Wang G,
Wang HJ, Wang H, Wang HG, Wang H, Wang
HD, Wang J, Wang J, Wang M, Wang MQ, Wang
PY, Wang P, Wang RC, Wang S, Wang TF, Wang
X, Wang XJ, Wang XW, Wang X, Wang X, Wang
Y, Wang Y, Wang Y, Wang YJ, Wang Y, Wang Y,
Wang YT, Wang Y, Wang ZN, Wappner P, Ward
C, Ward DM, Warnes G, Watada H, Watanabe
Y, Watase K, Weaver TE, Weekes CD, Wei J,
Weide T, Weihl CC, Weind| G, Weis SN, Wen L,
Wen X, Wen Y, Westermann B, Weyand CM,
White AR, White E, Whitton JL, Whitworth AJ,
Wiels J, Wild F, Wildenberg ME, Wileman T,
Wilkinson DS, Wilkinson S, Willbold D, Williams
C, Williams K, Williamson PR, Winklhofer KF,
Witkin SS, Wohlgemuth SE, Wollert T, Wol-
vetang EJ, Wong E, Wong GW, Wong RW, Wong
VK, Woodcock EA, Wright KL, Wu C, Wu D, Wu
GS, Wu J, Wu J, Wu M, Wu M, Wu S, Wu WK, Wu
Y, Wu Z, Xavier CP, Xavier RJ, Xia GX, Xia T, Xia
W, Xia Y, Xiao H, Xiao J, Xiao S, Xiao W, Xie CM,
Xie Z, Xie Z, Xilouri M, Xiong Y, Xu C, Xu C, Xu F,
Xu H, Xu H, Xu J, Xu J, Xu J, Xu L, Xu X, Xu'Y, Xu

[45]
[46]

[47]

(48]

[49]

(50]

(51]

(52]

Y, Xu ZX, Xu Z, Xue Y, Yamada T, Yamamoto A,
Yamanaka K, Yamashina S, Yamashiro S, Yan
B, Yan B, Yan X, Yan Z, Yanagi Y, Yang DS, Yang
JM, Yang L, Yang M, Yang PM, Yang P, Yang Q,
Yang W, Yang WY, Yang X, Yang Y, Yang Y, Yang
Z, Yang Z, Yao MC, Yao PJ, Yao X, Yao Z, Yao Z,
Yasui LS, Ye M, Yedvobnick B, Yeganeh B, Yeh
ES, Yeyati PL, Yi F, Yi L, Yin XM, Yip CK, Yoo YM,
Yoo YH, Yoon SY, Yoshida K, Yoshimori T, Young
KH, Yu H, Yu JJ, Yu JT, Yu J, Yu L, Yu WH, Yu XF,
Yu Z, Yuan J, Yuan ZM, Yue BY, Yue J, Yue Z,
Zacks DN, Zacksenhaus E, Zaffaroni N, Zaglia
T, Zakeri Z, Zecchini V, Zeng J, Zeng M, Zeng Q,
Zervos AS, Zhang DD, Zhang F, Zhang G, Zhang
GC, Zhang H, Zhang H, Zhang H, Zhang H,
Zhang J, Zhang J, Zhang J, Zhang J, Zhang JP,
Zhang L, Zhang L, Zhang L, Zhang L, Zhang MY,
Zhang X, Zhang XD, Zhang Y, Zhang Y, Zhang Y,
Zhang Y, Zhang Y, Zhao M, Zhao WL, Zhao X,
Zhao YG, Zhao Y, Zhao Y, Zhao YX, Zhao Z,
Zhao ZJ, Zheng D, Zheng XL, Zheng X, Zhivoto-
vsky B, Zhong Q, Zhou GZ, Zhou G, Zhou H,
Zhou SF, Zhou XJ, Zhu H, Zhu H, Zhu WG, Zhu
W, Zhu XF, Zhu Y, Zhuang SM, Zhuang X, Ziparo
E, Zois CE, Zoladek T, Zong WX, Zorzano A,
Zughaier SM. Guidelines for the use and inter-
pretation of assays for monitoring autophagy
(3rd edition). Autophagy 2016; 12: 1-222.
Mansouri S, Zadeh G. Neddylation in glioblas-
tomas. Neuro Oncol 2015; 17: 1305-1306.
Wild P, McEwan DG, Dikic I. The LC3 interac-
tome at a glance. J Cell Sci 2014; 127: 3-9.
Gottlieb RA, Andres AM, Sin J, Taylor DP. Untan-
gling autophagy measurements: all fluxed up.
Circ Res 2015; 116: 504-514.

Niewoehner J, Bohrmann B, Collin L, Urich E,
Sade H, Maier P, Rueger P, Stracke JO, Lau W,
Tissot AC, Loetscher H, Ghosh A, Freskgard PO.
Increased brain penetration and potency of a
therapeutic antibody using a monovalent mo-
lecular shuttle. Neuron 2014; 81: 49-60.
Wang X, Li J, Zheng H, Su H, Powell SR. Protea-
some functional insufficiency in cardiac patho-
genesis. Am J Physiol Heart Circ Physiol 2011;
301: H2207-2219.

Hua W, Li C, Yang Z, Li L, Jiang Y, Yu G, Zhu W,
Liu Z, Duan S, ChuY, Yang M, Zhang Y, Mao Y,
Jia L. Suppression of glioblastoma by targeting
the overactivated protein neddylation pathway.
Neuro Oncol 2015; 17: 1333-1343.

Li L, Wang M, Yu G, Chen P, Li H, Wei D, Zhu J,
Xie L, Jia H, Shi J, Li C, Yao W, Wang Y, Gao Q,
Jeong LS, Lee HW, Yu J, Hu F, Mei J, Wang P,
Chu Y, Qi H, Yang M, Dong Z, Sun Y, Hoffman
RM, lJia L. Overactivated neddylation pathway
as a therapeutic target in lung cancer. J Natl
Cancer Inst 2014; 106: dju083.

SuH, LiJ, Zhang H, Ma W, Wei N, Liu J, Wang X.
COP9 signalosome controls the degradation of

Am J Cardiovasc Dis 2017;7(6):134-150



(53]

[54]

[55]

150

NAE inhibition does not impair macroautophagy

cytosolic misfolded proteins and protects
against cardiac proteotoxicity. Circ Res 2015;
117: 956-966.

LiJ, Ma W, LiH, Hou N, Wang X, Kim IM, Li F, Su
H. NEDDS8 ultimate buster 1 long (NUB1L) pro-
tein suppresses atypical neddylation and pro-
motes the proteasomal degradation of misfold-
ed proteins. J Biol Chem 2015; 290:
23850-23862.

Leidecker O, Matic |, Mahata B, Pion E, Xirodi-
mas DP. The ubiquitin E1 enzyme Ubel medi-
ates NEDDS8 activation under diverse stress
conditions. Cell Cycle 2012; 11: 1142-1150.
Abdullah A, Eyster KM, Bjordahl T, Xiao P, Zeng
E, Wang X. Murine myocardial transcriptome
analysis reveals a critical role of COPSS8 in the
gene expression of Cullin-RING ligase sub-
strate receptors and redox and vesicle traffick-
ing pathways. Front Physiol 2017; 8: 594.

(56]

[57]

(58]

Zaglia T, Milan G, Ruhs A, Franzoso M, Bertag-
gia E, Pianca N, Carpi A, Carullo P, Pesce P,
Sacerdoti D, Sarais C, Catalucci D, Kruger M,
Mongillo M, Sandri M. Atrogin-1 deficiency pro-
motes cardiomyopathy and premature death
via impaired autophagy. J Clin Invest 2014;
124: 2410-2424.

Ai TJ, Sun JY, Du LJ, Shi C, Li C, Sun XN, Liu Y, Li
L, Xia Z, Jia L, Liu J, Duan SZ. Inhibition of ned-
dylation by MLN4924 improves neointimal hy-
perplasia and promotes apoptosis of vascular
smooth muscle cells through p53 and p62.
Cell Death Differ 2017.

Zheng Q, Su H, Ranek MJ, Wang X. Autophagy
and p62 in cardiac proteinopathy. Circ Res
2011; 109: 296-308.

Am J Cardiovasc Dis 2017;7(6):134-150



