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Neddylation is a ubiquitination-like pathway that controls cell
survival and proliferation by covalently conjugating NEDD8 to
lysines in specific substrate proteins. However, the physiological
role of neddylation in mammalian metabolism remains elusive,
and no mitochondrial targets have been identified. Here, we
report that mouse models with liver-specific deficiency of NEDD8
or ubiquitin-like modifier activating enzyme 3 (UBA3), the catalytic
subunit of the NEDD8-activating enzyme, exhibit neonatal death
with spontaneous fatty liver as well as hepatic cellular senescence.
In particular, liver-specific UBA3 deficiency leads to systemic
abnormalities similar to glutaric aciduria type Il (GA-ll), a rare
autosomal recessive inherited fatty acid oxidation disorder result-
ing from defects in mitochondrial electron transfer flavoproteins
(ETFs: ETFA and ETFB) or the corresponding ubiquinone oxidore-
ductase. Neddylation inhibition by various strategies results in
decreased protein levels of ETFs in neonatal livers and embryonic
hepatocytes. Hepatic neddylation also enhances ETF expression in
adult mice and prevents fasting-induced steatosis and mortality.
Interestingly, neddylation is active in hepatic mitochondria. ETFs
are neddylation substrates, and neddylation stabilizes ETFs by
inhibiting their ubiquitination and degradation. Moreover, certain
mutations of ETFs found in GA-Il patients hinder the neddylation
of these substrates. Taken together, our results reveal substrates
for neddylation and add insight into GA-II.
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lectron transfer flavoproteins (ETFs: ETFA and ETFB) and

electron transfer flavoprotein-ubiquinone oxidoreductase
(ETF-QO) are components of the electron transport chain in
mitochondria. Together, ETFA and ETFB transfer electrons
from dehydrogenation reactions of multiple flavoprotein dehy-
drogenases involved in fatty acid p-oxidation (FAO) and one-
carbon metabolism to ETF-QO to reduce ubiquinone, which is
essential for oxidative phosphorylation (1). Defects in this system
leave the body unable to metabolize lipids for energy within the
liver and muscles and lead to the accumulation of various
intramitochondrial acyl-CoA esters. Secondarily, free acids and
other conjugation products, including large amounts of the lysine
metabolic intermediate glutaric acid, accumulate in the blood
and urine, leading to a disease called glutaric aciduria type II
(GA-1I, Online Mendelian Inheritance in Man 231680), also
known as multiple acyl-CoA dehydrogenation deficiency (2, 3).
Clinical symptoms of GA-II include varied degrees of hypo-
ketotic hypoglycemia, hyperammonemia, acidosis, fatty changes
in the liver, accumulation of acylcarnitines of various chain
lengths in the blood, and a characteristic urinary organic acid
profile (2, 3). In most cases, Etfa/Etfb/Etf-qo mutations affecting
the stability of the corresponding messenger RNAs (mRNAs) or
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proteins are the molecular basis of GA-II. However, in some
patients, no mutation in the Etfa/Etfb/Etf-qo genes can be found
(3, 4), and the underlying mechanism(s) remain elusive.
Ubiquitin-like protein NEDDS is covalently attached to cer-
tain lysine(s) in a substrate protein, very similarly to ubiquitina-
tion (5, 6), and this process is termed neddylation. Neddylation
is triggered by the successive action of NEDD8-activating en-
zyme E1 (NAE), NEDD8-conjugating enzyme E2 (usually
Ubcl2), and certain NEDDS-E3 ligase(s) (7-10). NAE is the
heterodimer of the regulatory subunit amyloid precursor pro-
tein binding protein-1 (APPBP1) and the catalytic subunit
ubiquitin-like modifier activating enzyme 3 (UBA3) (7, 8). The
best-characterized substrates of neddylation are Cullins, which
are essential components of Cullin-RING E3 ubiquitin-ligase
complexes (CRLs) (5, 6). The neddylation of Cullins aug-
ments the activity of CRLs and thereby contributes to cell-cycle
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progression and cellular survival (7, 8). Therefore, neddylation
inhibition has been proposed to be a potential therapeutic
strategy for various malignancies (8-10).

The discovery of non-Cullin neddylation targets indicates that
neddylation may occur in various cellular organelles and have
diverse biological functions (9-14). For example, neddylation
targets p53 to inhibit its transcriptional activity (11), targets
membrane receptor TGF-BRII to promote its stability and en-
docytosis (12), and targets a subset of ribosomal proteins to
promote their stability and correct localization (13, 14). Neddylation
is also active within synapses and regulates the maturation, sta-
bility, and function of dendritic spines, at least partially by targeting
the scaffolding protein PSD-95 (15). The characterization of
neddylation substrates and cellular organelles involved remains
the focus of this field.

Recently, neddylation has been implicated in metabolism. For
example, NEDDS is induced in preadipocytes undergoing dif-
ferentiation (16), and a selective inhibitor of NAE, MLN4924,
inhibits adipogenesis and lipid droplet formation (16, 17).
MILN4924 also depletes intracellular nucleotide pools in acute
myeloid leukemia cells (18). The role of neddylation in mito-
chondrial function seems to be cell-type dependent. For exam-
ple, MLN4924 triggers oxidative stress and consequently
promotes autophagy in various malignant cells (19-21), whereas
it antagonizes hydrogen-peroxide—induced reactive oxygen spe-
cies production in primary cerebellar granule neurons (22). For
oxidative phosphorylation, MLN4924 induces mitochondrial
fission-to-fusion conversion in breast cancer cells, which inhibits
the tricarboxyilic acid cycle but promotes both basal and maximal
oxidative phosphorylation (23). In contrast, MLN4924 sup-
presses basal but not maximal oxidative phosphorylation in
protumoral hepatocytes (24). Although the role of neddylation
in metabolism has been attributed to certain Cullin-dependent
mechanism(s) in most cases, the neddylation of PPARy has been
demonstrated to be essential for adipogenesis (16). In addition,
the neddylation of LKB1 and Akt has been detected under the
conditions of co-overexpression with NEDDS in hepatocytes
(24). However, the physiological role of neddylation in mam-
malian metabolism remains elusive, and no mitochondrial tar-
gets have been reported.

As the liver is an essential metabolic organ, we aimed to ex-
plore the above issues with the strategy of liver-specific blockade
of neddylation. Our data suggest that hepatic neddylation pre-
vents GA-II-like abnormalities in neonatal mice and delays
fasting-induced mortality in adults, at least partially by targeting
and stabilizing the mitochondrial substrates ETFA and ETFB.

Results

Hepatic Neddylation Facilitates FAO in Neonatal Mice. Crossing mice
carrying the floxed Uba3 allele (25, 26) with mice expressing Cre
recombinase under the control of the albumin promoter and
enhancer (27) allowed us to generate a liver-specific UBA3
knockout mouse model (Alb-Cre:Uba3"'F, hereafter referred to
as Uba3*). Immunoblotting (IB) analysis confirmed liver-specific
UBA3 deficiency in Uba3* mice (Fig. 14). Uba3* mice were
born at Mendelian frequency but died within postnatal days 13 to
18 with hepatic cellular senescence (SI Appendix, Fig. S1),
echoing the reported role of neddylation in cell-cycle progression
(7, 8). A more careful examination revealed that Uba3* mice
began to exhibit enlarged and discolored livers, which weighed
more than those from their littermate controls (Uba3"") on
postnatal day 7 (Fig. 1B), suggesting lipid accumulation. Indeed,
Uba3* livers stained positive with the neutral lipid dye oil red O
(Fig. 1C). Furthermore, ultrastructural analysis revealed an in-
creased number of cgltosolic lipid droplets and a lack of glycogen
deposition in Uba3” livers (SI Appendix, Fig. S2). Histopatho-
logical evaluation using the nonalcoholic fatty liver disease
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activity score (NAS) (28) system suggested borderline or even
definitive nonalcoholic steatohepatitis (Fig. 1C).

To examine whether UBA3 has such effects via neddylation, we
also generated a liver-specific conditional knockout mouse model
for NEDDS (Alb-Cre:NeddS8™™, hereafter named NeddS8™). Im-
munohistochemistry (IHC) analysis confirmed NEDDS deficiency
in liver parenchymal cells (Fig. 1D). Nedd8* mice were born at
Mendelian frequency but died within postnatal days 1 to 7 with
hepatic cellular senescence (ST Appendix, Fig. S3). NeddS* livers
also stained positive with oil red O and showed higher NAS values
(Fig. 1D). Consistent with these data, staining with the neutral
lipid dye Nile red revealed that neddylation inhibition with
MIN4924 induced lipid accumulation in BNL CL.2 murine em-
bryonic hepatocytes (Fig. 1E).

Uba3* mice and their littermates were then subjected to
clinical characterization for possible basic biochemical changes.
Uba3* mice showed higher levels of serum triglycerides and total
cholesterol (Fig. 1F). They also exhibited elevated levels of se-
rum alanine aminotransferase and aspartate transaminase,
markers of hepatocyte damage (Fig. 1F). On the other hand,
Uba3* mice showed normal levels of blood glucose under the fed
condition (Fig. 1F), suggesting that the mortality of Uba3* mice
was not due to weaning. However, hypoglycemia was detected in
Uba3* mice upon fasting for 4 h (Fig. 1F). Fasting hypoglycemia
was associated with reduced levels of the serum ketone body
B-hydroxybutyrate (Fig. 1F), suggesting impaired FAO (29).
Consistently, hyperammonemia and accumulation of lactate
were observed in fasted Uba3* mice (Fig. 1F). Furthermore,
Uba3® mice exhibited mildly reduced levels of plasma bi-
carbonate (HCO;") (Fig. 1F), an indicator of acidosis (30).

In this context, determination of the cellular oxygen con-
sumption rate (OCR) was employed to evaluate FAO in real
time with the use of etomoxir, an inhibitor of the FAO rate-
limiting enzyme carnitine palmitoyltransferase-1 (31). As expected,
neddylation inhibition by MLLN4924 blocked the utilization of
both endogenous and exogenous fatty acids by BNL CL.2 cells,
impairing basal and maximal respiration (Fig. 1G). Consistent
with this result, UBA3-deficient neonatal primary hepatocytes
showed reduced basal and maximal respiration and lost the ability
to utilize exogenous fatty acids (Fig. 1H).

Hepatic Neddylation Promotes FAO by Maintaining ETF Protein Levels
in Neonatal Mice. Our aforementioned data suggest that hepatic
neddylation is essential for FAO in neonatal mice. To identify
the key mitochondrial protein(s) involved, we compared the total
liver proteomes of postnatal-day-7 Uba3* mice and their litter-
mates (SI Appendix, Fig. S4). Among the 25 changed spots
identified, ETFA expression was observed in spot 14, which was
decreased in UBA3-deficient conditions in two independent
experiments (Fig. 24 and SI Appendix, Table S1). IHC and IB
analyses confirmed the reduction in ETFA expression in
Uba3* livers (Fig. 2 B and C). Furthermore, the protein level of
ETFB, but not that of ETF-QO, also decreased in Uba3” livers
(Fig. 2C). Consistent with those findings, tandem mass spec-
trometry analysis revealed higher levels of serum acylcarnitines
of various chain lengths in Uba3* mice than in their littermates
(Fig. 2D and SI Appendix, Fig. SS5). The metabolic aberrance in
Uba3* mice, including the fatty changes in the liver, hypoketotic
hypoglycemia, hyperammonemia, reduced plasma bicarbonate,
and most importantly, the characteristic acylcarnitine profile,
resembled GA-II (2, 3). Thus, the reduction in ETF expression
should be a key factor contributing to metabolic aberrance in
Uba3* mice.

The maintenance of ETFA and ETFB expression by neddylation
was further confirmed in Nedd8” livers (Fig. 2E) and in BNL
CL.2 cells with the following neddylation inhibition strategies:
MIN4924 treatment (Fig. 2F), silencing endogenous NEDDS by
small interfering RNA (siRNA) (Fig. 2G) or short hairpin RNAs
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Fig. 1. Hepatic neddylation facilitates FAO in neonatal mice. (A) IB analysis of UBA3 expression in the indicated tissues of postnatal-day-7 Uba3"f and Uba3*

mice. (B) The liver weights of neonatal Uba3™F and Uba3* mice (n = 8 per group) were monitored from day 1 to day 7 (Bottom). A representative image of
postnatal-day-7 livers is shown (Top). (C and D) Liver sections from postnatal-day-7 Uba3* mice (C) or postnatal-day-5 Nedd8* mice (D) and their littermates
were subjected to IHC analysis (D), oil red O staining (C and D), and hematoxylin-eosin (H&E) staining (C and D), as indicated (Left). N8, NEDD8. The NAS was
assessed (Right, n = 6 per group). (Scale bars, 50 pm.) (E) BNL CL.2 cells treated with or without 0.5 pM MLN4924 for 7 d were subjected to IB analysis with
antibodies against CUL1 and B-actin (Left) or Nile red staining (Right). (Scale bar, 10 pm.) DAPI, 4',6-diamidine-2-phenylindole. (F) The blood parameters of
Uba3* mice and their littermates were measured. TG, triglycerides; T-Chol, total cholesterol; ALT, alanine aminotransferase; AST, aspartate transaminase;
B-HB, B-hydroxybutyrate. n = 15 per group for ALT/AST and n = 9 per group for the other assays. (G and H) BNL CL.2 cells treated with or without 0.5 pM
MLN4924 for 24 h (G) as well as UBA3-sufficient and UBA3-deficient neonatal primary hepatocytes (H) were subjected to the FAO assay. Eto, etomoxir; FCCP,

fluorocarbonyl cyanide phenylhydrazone; Rtn, rotenone; AA, antimycin A; PA, palmitic acid. *P < 0.05; **P < 0.01.

(shRNAs) (Fig. 2H), or overexpression of a dominant-negative
mutant of Ubc12 (Ubc12MS) (32) (Fig. 2I). Intriguingly, both
silencing NEDDS8 and MLLN4924 treatment gradually decreased
the protein levels of ETFA and ETFB in BNL CL.2 cells, but the
decrease occurred much more slowly than that of Cullinl (CUL1)
neddylation (Fig. 2 F and G).

We then analyzed whether reduced ETF expression contributes
to impaired FAO upon neddylation blockade. As expected, Nile
red staining revealed that ETFA knockdown in BNL CL.2 cells
(Fig. 2J) substantially increased the accumulation of lipid droplets,
as did MLLN4924 treatment (Fig. 2K). Furthermore, measurement
of the OCR revealed that ETFA knockdown led to even lower
basal and maximal respiration than MLLN4924 treatment (Fig. 2L).
The deleterious roles of MLLN4924 treatment diminished upon ETFA
knockdown (Fig. 2 K and L), suggesting that hepatic neddylation
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facilitates FAO in neonatal mice, at least partially through the
maintenance of ETF protein levels.

Hepatic Neddylation also Enhances ETF Protein Levels in Adult Mice
and Prevents Fasting-Induced Steatosis and Mortality. Phase I clin-
ical trials have revealed that the safety profile of MLN4924 in
adult patients with various malignancies is generally tolerable
(33-38), suggesting that neddylation in adults is not as essential
as it is in infants. Because hepatic FAO is critical for liver
physiology during starvation, which causes the mobilization of
lipids from peripheral depots into the liver (39, 40), we first
examined the relationship between starvation and the neddyla-
tion/ETF axis in the liver. Adult male mice were used for this
experiment because male mice are more sensitive to starvation
than females (41). IB analysis revealed that a 24- to 48-h fast
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Fig.2. Hepatic neddylation promotes FAO by maintaining ETF protein levels in neonatal mice. (A-C) Postnatal-day-7 Uba3"F and Uba3* livers were subjected
to two-dimensional (2D) electrophoresis mapping. Close-up sections of spot 14 on silver-stained 2D gels are shown (A). The same liver tissues were then
subjected to IHC (B) and IB analyses (C) to examine ETF and ETF-QO expression. (D) The serum acylcarnitine levels in Uba3* mice and their littermates were
measured by tandem mass spectrometry analysis. The blood of three mice was combined, and the experiment was repeated three times. (E) IB analysis of ETF
and ETF-QO expression in liver tissues of postnatal-day-3 Nedd8™F and Nedd8* mice. (F-/) At 0, 4, 24, or 48 h after treatment with 0.5 uM MLN4924 (F), at 0, 36,
or 48 h after transfection with NEDD8 siRNA (G), at 96 h after infection with lentiviral vectors carrying the indicated shRNAs (H), or at 24 h after transfection
with the indicated mammalian expression vectors (/), BNL CL.2 cells were subjected to IB analysis to examine ETF and ETF-QO expression. NC, nontargeting
control. (J-L) At 96 h after infection with the indicated lentiviral vectors, a small portion of BNL CL.2 cells were subjected to IB analysis to confirm ETFA
knockdown (J). Then the other cells were treated with or without 0.5 pM MLN4924 for 7 d (K) or 24 h (L), followed by Nile red staining (K) or the FAO assay (L).

*P < 0.05; **P < 0.01. (Scale bars in K, 10 pm.)

induced NEDDS§, ETFA, and ETFB expression in the liver of 8-
wk-old male mice (Fig. 34). In this scenario, we tried to explore
whether hepatic neddylation also contributes to ETF expression
during adulthood. Indeed, treatment of adult primary hepatocytes
with MLLN4924 led to reduced protein levels of ETFA and ETFB
(Fig. 3B). To confirm this result in vivo, recombinant adeno-
associated virus DJ (AAV-DJ) expressing Cre recombinase
driven by a strong synthetic CAG /Ipromoter was injected into the
tail vein of 8-wk-old male Uba3™™ and littermate Uba3™* mice.
AAV-DJ transduction is highly enriched in the liver, and trans-
gene expression persists for at least 120 d (42—44). Six weeks after
the injection, IB analysis confirmed UBA3 deficiency in the liver,
but not in the heart or kidneys, of Uba3"" mice (Fig. 3C and SI
Appendix, Fig. S6). As expected, the protein levels of ETFA and
ETFB significantly decreased in the absence of UBA3 (Fig. 3 C
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and D). Reduced ETF expression was also observed in AAV-DJ-
Cre-transduced adult NeddS8™™ livers (Fig. 3E). Because AAV-
DJ-Cre—transduced Uba3™" mice looked normal and showed
body and liver weights comparable to those of their littermate
controls during our 6-mo observation period (Fig. 3F), AAV-DJ-
Cre—transduced mice were subjected to a 48-h fast. Surprisingly,
AAV-DJ-Cre-transduced Uba3"" and Nedd8"™ mice exhibited
blood glucose levels comparable to those of their littermate con-
trols before and after 48 h of starvation (Fig. 3 G and H). AAV-
DJ-Cre-transduced Uba3™F mice and their littermate controls
also showed comparable serum triglycerides, total cholesterol,
alanine aminotransferase, and aspartate transaminase levels after
48 h of starvation (Fig. 3I). Nevertheless, AAV-DJ-Cre-trans-
duced Uba3"" and Nedd8"'" mice exhibited reduced levels of
the serum ketone body p-hydroxybutyrate (Fig. 3 I and J) and
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Fig. 3. Hepatic neddylation also enhances ETF protein levels in adult mice
and prevents fasting-induced steatosis and mortality. (A) IB analysis of
NEDDS8 and ETF expression in liver tissues of 8-wk-old male mice fasted for 0,
24, or 48 h. (B) IB analysis of ETF expression in adult primary hepatocytes
treated with or without 2 pM MLN4924 for 24 h. (C-M) Recombinant AAV-D)J
expressing Cre recombinase driven by a strong synthetic CAG promoter was
injected into the tail vein of 8-wk-old male Uba3™" or Nedd8"" mice and
their heterozygous littermates. Six weeks later, the mice were subjected to
the following assays: IB (C and E) and IHC (D) analysis of ETF expression in
liver tissues of the fed mice; liver weights relative to body weights of the fed
mice (F, n = 6 per group); blood parameters before and after a 48-h fast (G-J,
n =6 per group); Nile red staining of liver tissues before and after a 48-h fast
(K and L); and survival curves during a 96-h fast (M, n = 6 per group). **P <
0.01. (Scale bars, 50 um in D; 10 pm in K and L.)

significantly increased lipid storage in the liver after 48 h of star-
vation (Fig. 3 K and L). Thus, hepatic neddylation also contributes
to FAO in adult mice. Consequently, all AAV-DJ-Cre-transduced
Uba3"F mice succumbed to a 96-h fast, whereas most littermate
controls survived under the same conditions (Fig. 3M). Moreover,
AAV-DJ-Cre-transduced Uba3"™™ mice showed undetectable
blood glucose just before their death. Together, our data suggest
that the neddylation/ETF axis in adult murine livers prevents
fasting-induced steatosis and mortality.

Neddylation Is Active in Hepatic Mitochondria. Our aforementioned
data suggest that the maintenance of ETF protein levels by
neddylation in the liver plays pivotal roles in both neonatal and

Zhang et al.

adult mice. Therefore, it was important to investigate the un-
derlying mechanism(s). After verifying the Etfa/Etfb primers
used for quantitative real-time PCR (qRT-PCR) analysis (S/
Appendix, Fig. S7), we first analyzed whether neddylation
maintains the mRNA levels of Etfa and Etfb. As shown in SI
Appendix, Fig. S8 A and B, Uba3* and Nedd8" livers exhibited
comparable mRNA levels of Etfa and Etfb to those of their lit-
termates. Because the transcriptional landscape in Uba3* and
Nedd8* livers might adapt to a knockout condition over time, it
was absolutely necessary to also assess the time course of these
transcripts upon neddylation blockade. For this purpose, BNL
CL.2 cells were transfected with NEDDS siRNA or treated with
MLN4924 for various periods of time. qRT-PCR analysis
revealed no significant reduction in the mRNA levels of Etfa and
Etfb (SI Appendix, Fig. S8 C and D) throughout the entire time
course observed.

In this scenario, we tried to explore whether neddylation is
active in hepatic mitochondria. Purification of mitochondria
from neonatal liver tissues followed by IB analysis demonstrated
that the key components of the neddylation system, APPBP1,
UBA3, and Ubcl2, were present in both mitochondria and the
cytosol (Fig. 44). Similarly, APPBP1, UBA3, and Ubcl2 were
also present in mitochondrial proteins purified from BNL CL.2
cells (Fig. 4B). Because the anti-NEDDS antibody that we used
in IB analysis showed good specificity for recognizing neddylated
proteins as well as free NEDDS (Fig. 2 E and F), we further
employed this antibody to probe possible neddylated proteins in
mitochondria. Indeed, the anti-NEDDS antibody recognized
both cytosolic and mitochondrial proteins of neonatal liver tis-
sues, as multiple bands were observed, and most of the band
intensities decreased in UBA3-deficient conditions (Fig. 4C).
Similarly, the anti-NEDDS antibody recognized both cytosolic and
mitochondrial proteins of BNL CL.2 cells, as multiple bands were
once again observed (Fig. 4D). Intriguingly, the intensities of most
cytosolic bands rapidly decreased within 4 h of MLN4924 treat-
ment, whereas those of many mitochondrial bands became di-
minished only upon prolonged treatment (Fig. 4D). The above
data suggest that mitochondrial proteins also undergo neddylation.

Because purified mitochondria may be contaminated with
other subcellular fractions, we also employed an alternative
strategy. Indirect immunofluorescence (IF) analysis with an anti-
NEDDS antibody and MitoTracker Green demonstrated signif-
icant colocalization of NEDDS8 with mitochondria in BNL CL.2
cells (Fig. 4F). This anti-NEDDS antibody was specific because
the signal diminished upon NEDDS8 knockdown (SI Appendix,
Fig. S9). To further verify the colocalization of neddylation with
mitochondria, a 6 x His-FLAG-NEDDS constitutive knock-in
(KI) mouse model was generated (SI Appendix, Fig. S104).
PCR analysis confirmed the constitutive presence of the KI allele
in genomic DNA (SI Appendix, Fig. S10B). IB and IF analyses
revealed that primary hepatocytes isolated from 8-wk-old het-
erozygous KI mice exhibited similar global neddylation levels but
reduced free NEDDS levels compared to those of littermate
wild-type (WT) controls (SI Appendix, Fig. S10 C and D). His-
tidine pulldown confirmed the presence of His-tagged NEDDS,
and IF analysis with an anti-FLAG antibody confirmed the
presence of FLAG-tagged NEDDS, in primary hepatocytes from
heterozygous KI mice. Thus, 6 x His-FLAG-NEDDS should
behave like endogenous NEDDS. Importantly, IF analysis with
antibodies against FLAG-tag and Tom20 demonstrated good
colocalization of 6 x His-FLAG-NEDDS with hepatic mito-
chondria (Fig. 4F). These data further confirm the notion that
mitochondrial proteins also undergo neddylation.

ETFA and ETFB Are Neddylation Substrates. To explore whether
ETF proteins are novel neddylation substrates, their possible
interaction with Ubcl2 was first confirmed by coimmunopreci-
pitation (Fig. 5 A4 and B). Then, we attempted to analyze the
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Fig. 4. Neddylation is active in hepatic mitochondria. (A-D) IB analysis of the neddylation system in cytosolic and mitochondrial proteins isolated from liver
tissues of postnatal-day-7 mice (A and C) or BNL CL.2 cells treated with 0.5 uM MLN4924 for 0, 4, or 24 h (B and D). VDAC is a mitochondrial marker, whereas
p-actin or GAPDH is a cytosolic marker. (E) After incubation with MitoTracker Green (0.5 pg/mL) for 30 min, BNL CL.2 cells were subjected to indirect IF analysis
with an anti-NEDD8 antibody. A Z-stack analysis is shown. (Scale bars, 10 um.) (F) Primary hepatocytes from 8-wk-old 6 x His-FLAG-NEDD8 heterozygous Kl
mice were subjected to IF analysis with antibodies against FLAG-tag and Tom20. A Z-stack analysis is shown. (Scale bars, 10 pm.)

possible ETF neddylation by blotting an entire molecular-weight
spectrum with protein lysates from neonatal liver tissues and
BNL CL.2 cells. As expected, some high-molecular-weight smear
bands were detected by antibodies against ETFA and ETFB
after a long exposure, and their intensities diminished upon
UBA3 deficiency (Fig. 5C), MLN4924 treatment (Fig. 5D), or
ETF knockdown (Fig. 5E). Intriguingly, the reduction in the
intensities of the smear bands preceded the reduction in free
ETF protein expression despite that the smear bands were much
less intense than the free ETF protein bands (Fig. 5D). Immu-
noprecipitation (IP) under partially denaturing conditions dem-
onstrated that both anti-ETFA and anti-ETFB precipitates were
detectable as smear bands by the anti-NEDDS antibody, and the
smear band intensities decreased upon UBA3 deficiency (Fig. 5F)
or MLLN4924 treatment (Fig. 5G). As shown in Fig. 5 D and G, the
kinetics of the reduction in smear band intensities detected with
the two methods was well correlated with each other. To confirm
the covalent NEDDS8 modification of endogenous ETFs, we
employed adult primary hepatocytes from 6 x His-FLAG-NEDDS
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heterozygous KI mice. As expected, histidine pulldown clearly
demonstrated that ETFA and ETFB were neddylated and
MLN4924 treatment abrogated the covalent modification (Fig.
5H). Thus, ETFA and ETFB are neddylation targets.

As neddylation occurs on specific lysines, we next tried to
identify the potential neddylation sites on ETFA and ETFB by
co-overexpressing Myc-tagged ETFA or ETFB with NEDDS. IP
under partially denaturing conditions demonstrated that anti-
Myc precipitates were detected as strong smear bands by the
anti-NEDDS antibody (Fig. 5I). Artificial conjugation of over-
expressed NEDDS reportedly depends on the ubiquitin E1 en-
zyme but not on NAE (45). Because the smear bands were
eliminated by MLLN4924, the modification of exogenous ETFA
and ETFB was not artificial (Fig. 57). Mass spectrometry analysis
of the smear bands obtained with this strategy (SI Appendix, Fig.
S11) revealed Lys59, Lys62, and Lys69 of ETFA and Lys202 of
ETFB as potential modification sites (Fig. 5J). However, muta-
tion of these lysines to arginines had only partial effects on ETF
neddylation (SI Appendix, Fig. S12). Lysines that are near each

Zhang et al.
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Fig. 5. ETFA and ETFB are neddylation substrates. (A) The interaction between Myc-tagged ETFs and endogenous Ubc12 was analyzed by IB after IP with an

anti-Myc antibody. (B) The interaction between endogenous ETFs and endogenous Ubc12 in postnatal-day-7 liver tissues was analyzed by IB after IP with an
anti-Ubc12 antibody or a control IgG antibody. HC, heavy chain; LC, light chain. (C-E) IB analysis of an entire molecular weight spectrum of ETF expression
with whole-cell lysates harvested from postnatal-day-7 liver tissues (C) or BNL CL.2 cells at 0, 8, 12, or 16 h after treatment with 0.5 M MLN4924 (D) or 96 h
after infection with the indicated lentiviral vectors (E). ShRNA, short hairpin RNA. (F and G) The neddylation of endogenous ETF proteins in postnatal-day-7
liver tissues (F) or BNL CL.2 cells treated with 0.5 pM MLN4924 for 0, 8, 12, or 16 h (G) was examined by IB after IP under partially denaturing conditions. ns,
nonspecific. (H) Primary hepatocytes from 8-wk-old 6 x His-FLAG-NEDD8 heterozygous Kl and littermate WT mice were treated with or without 2 pM
MLN4924 for 24 h, and the neddylation of endogenous ETF proteins was then analyzed by histidine pulldown. Please note that in F-H, the amount of lysate in
each sample was adjusted to ensure comparable protein levels of ETFA and ETFB. (/) Twenty-four hours after transfection with 2 pg FLAG-NEDDS8 and varying
amounts of Myc-ETF expression constructs, cells of hepatic origin in 60-mm dishes were treated with or without 0.5 M MLN4924 for another 24 h. The
neddylation of exogenous ETF proteins was then examined by IB after IP under partially denaturing conditions. (J) The smear bands obtained in S/ Appendix,
Fig. S11, were subjected to mass spectrometry analysis. Possibly modified peptides are shown. (K) Possibly neddylated lysines identified by mass spectrometry
analysis and adjacent evolutionarily conserved lysines were mutated to arginines. The neddylation of Myc-tagged ETFs and the corresponding 4R mutants was
then examined as described in I. (L) Forty-eight hours after BNL CL.2 cells were transfected with 0.5 pg His-NEDD8 and varying amounts of GFP-ETF ex-
pression constructs in 60-mm dishes, the neddylation of exogenous ETF proteins with or without the 4R mutation was then examined by histidine pulldown.
Please note that in /-L the amounts of tagged ETFA or ETFB plasmid in each sample were adjusted to ensure comparable protein levels.

other might play redundant roles as neddylation sites for cer-
tain NEDDS8 substrates (9-11). Indeed, the evolutionarily
conserved Lys75 is adjacent to Lys59, Lys62, and Lys69 of
ETFA, and three evolutionarily conserved lysines, Lys200,
Lys203, and Lys205, are adjacent to Lys202 of ETFB. The
four lysines of ETFA are localized in the surface-exposed ETF
domain, and the four lysines of ETFB are close to the surface-
exposed recognition loop, which is responsible for the in-
teraction with dehydrogenases (46). Mutation of these four
lysines together (named 4R) significantly dampened the mod-
ification of Myc-tagged ETF proteins under the conditions of
co-overexpression with NEDDS, as revealed by IB after IP
under partially denaturing conditions (Fig. 5K). To confirm the
neddylation sites, we coexpressed GFP-tagged ETFA or ETFB
with His-NEDDS at near-endogenous NEDDS levels. Histidine
pulldown clearly demonstrated that GFP-tagged ETF proteins
were neddylated, and the 4R mutation abolished the covalent
modification (Fig. 5L).

Zhang et al.

Neddylation of ETF Proteins Antagonizes Their Ubiquitination and
Degradation. We next investigated whether neddylation could
affect the stability of ETF proteins. For this purpose, we
employed cycloheximide (CHX), which blocks de novo protein
synthesis (47). As shown in Fig. 64, a chase assay with CHX and
MLN4924 shortened the half-lives of endogenous ETF proteins
in BNL CL.2 cells. Consistently, ETF protein mutants defective
in neddylation had a faster turnover than their WT counterparts
(Fig. 6B). Because neddylation usually affects the stability of
substrate proteins through the ubiquitin-proteasome system (13—
15, 24), we tested whether neddylation inhibition promotes the
degradation of ETF proteins in a proteasome-dependent man-
ner. The proteasome inhibitor MG132 prevented the down-
regulation of ETF proteins upon MLN4924 treatment (Fig.
6C). The protein levels of ETFA 4R and ETFB 4R were always
lower than those of their WT counterparts when the same
amount of plasmid was used (Fig. 6 D-F). However, the dif-
ferences disappeared upon MG132 treatment (Fig. 6 D and E)
or MLN4924 treatment (Fig. 6F). Together, these data suggest
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Fig. 6. Neddylation of ETF proteins antagonizes their ubiquitination and degradation. (A) BNL CL.2 cells were treated with 10 pg/mL CHX in the presence or
absence of 0.5 uM MLN4924 for various periods of time, as indicated. Then, the half-lives of endogenous ETF proteins were analyzed by IB. (B-F) Twenty-
four hours after transfection with the same (C—F) or adjusted (B) amounts of the indicated plasmids, cells of hepatic origin were treated with 10 pg/mL CHX for
various periods of time, as indicated (B) or treated with MG132 (20 uM, 6 h) and/or MLN4924 (0.5 uM, 24 h). (C—F). The expression of Myc-tagged (B-D and F)
or GFP-tagged ETF proteins (E) was analyzed by IB. Please note that in A-F quantification is shown as numbers under each image, which were determined
using ImagelJ. (G and H) The ubiquitination of endogenous ETF proteins in postnatal-day-7 liver tissues (G) or BNL CL.2 cells treated with 0.5 pM MLN4924 for
0, 8, 12, or 16 h (H) was examined by IB after IP under partially denaturing conditions. Ub, ubiquitin. BNL CL.2 cells were treated with 20 pM MG132 for 6 h
before harvest. (/ and J) Twenty-four hours after transfection with 2 pg HA-ubiquitin and varying amounts of tagged ETF expression constructs, cells of hepatic
origin in 60-mm dishes were treated with 20 pM MG132 for 6 h. The ubiquitination of exogenous ETF proteins with or without the 4R mutation was then
examined by IB after IP under partially denaturing conditions. (K and L) Twenty-four hours after BNL CL.2 cells were transfected with GFP-tagged ETF ex-
pression constructs with or without the 4R mutation, the possible impact on ER stress (K) and the possible colocalization of these exogenous proteins with
mitochondria (L) were examined by IF analysis with an antibody against GRP78 (K) or Tom20 (L). (Scale bars, 10 pm.)

GFP-ETFA Tom20 DAPI Merge GFP-ETFB Tom20 DAPI Merge

that ETF neddylation prevents their ubiquitin-proteasome—
dependent degradation.

In this scenario, we aimed to explore whether ETFA and
ETFB undergo ubiquitination and how neddylation might af-
fect this modification by performing IP under partially de-
naturing conditions. We found that the ubiquitination of
endogenous ETFA and ETFB in neonatal liver tissues was
augmented in UBA3-deficient conditions (Fig. 6G). Further-
more, MLLN4924 treatment gradually enhanced the ubiquiti-
nation of endogenous ETF proteins in BNL CL.2 cells (Fig.
6H), which was inversely correlated with the reduction in
neddylation (Fig. 5G) and preceded the reduction in free ETF

I and J). The ubiquitination levels of neddylation-defective ETF
protein mutants were higher than those of their WT counterparts
(Fig. 6 I and J). It is possible that the 4R mutants were only
improperly folded and degraded through a quality control
pathway. However, the expression of GFP-ETFA 4R or GFP-
ETFB 4R in BNL CL.2 cells did not result in up-regulation of
GRP78 (Fig. 6K), a key indicator of the unfolded protein re-
sponse (48), under the conditions that GRP78 was significantly
induced by the endoplasmic reticulum (ER) stress-inducer Brefeldin
A (49) (SI Appendix, Fig. S13). Moreover, these mutants dem-
onstrated good colocalization with mitochondria, like their WT

protein expression (Figs. 2F and 5D). Consistent with these
data, ubiquitination of either Myc-tagged or GFP-tagged ETF
proteins occurred upon co-overexpression with ubiquitin (Fig. 6
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counterparts (Fig. 6L). Therefore, these data indicate that the
neddylation of ETFA proteins could antagonize their ubiquitination
and degradation.
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Certain Mutations of ETFA and ETFB Found in GA-ll Patients Hinder
the Neddylation of These Substrates. Several mutations of ETFA
and ETFB, which either affect ETF activity or result in reduced
ETF protein levels, have been found in GA-II patients (3, 4). It is
possible that some mutations affect the neddylation of ETF
proteins, thereby leading to augmented ubiquitin-proteasome—
dependent degradation. To test this idea, we evaluated whether
the reduced expression of ETF proteins with reported muta-
tions could be reversed by MG132. As shown in Fig. 74 and B,
the reduced expression of either Myc-tagged or GFP-tagged
ETFA T266M7 ETFB A73,]25, and ETFB D]ng, reported mu-
tations found in some GA-II patients (3, 4), was fully reversed
upon MG132 treatment. Consistent with these findings, these
mutations dampened the neddylation of Myc-tagged ETF pro-
teins under the conditions of co-overexpression with NEDDS, as
revealed by IB after IP under partially denaturing conditions
(Fig. 7C). To confirm this effect, we coexpressed GFP-tagged
ETFA or ETFB with His-NEDDS at near-endogenous NEDD8
levels. Histidine pulldown clearly demonstrated that these mu-
tations indeed hindered the covalent NEDDS8 modification of
GFP-tagged ETF proteins (Fig. 7D). Furthermore, these mu-
tations augmented the ubiquitination of either Myc-tagged or GFP-
tagged ETF proteins under the conditions of co-overexpression with
ubiquitin, as revealed by IB after IP under partially denaturing
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conditions (Fig. 7 E and F). The expression of GFP-tagged ETF
proteins with these mutations in BNL CL.2 cells did not result in
up-regulation of GRP78 (Fig. 7G). Moreover, these mutants
demonstrated good colocalization with mitochondria, like their
WT counterparts (Fig. 7H). Thus, defective neddylation resulting
from certain mutations in the Eif genes contributes to the
pathogenesis of GA-I1.

Discussion

To date, little is known about the role of neddylation in postnatal
mammalian physiology. In this work, we show that liver-specific
blockade of neddylation leads to neonatal death with defective
hepatic FAO. During the neonatal period, breast milk is the sole
food, which underscores the importance of hepatic FAO. Our
work indicates that neddylation facilitates the utilization of both
endogenous and exogenous fatty acids by hepatocytes. Conse-
quently, both Uba3* and Nedd8* mice showed spontaneous fatty
liver. Moreover, Uba3* mice exhibited systemic abnormalities
similar to GA-II, a rare autosomal recessive inherited metabolic
disorder (2, 3). Thus, the liver is a central target organ for GA-II
during the neonatal period. However, it should be noted that the
blood parameters are not a very good explanation of neonatal
death. Apparently, the impaired hepatic FAO is not the primary
reason for the neonatal death even though it might accelerate its
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Fig. 7. Certain mutations of ETFA and ETFB found in GA-Il patients hinder the neddylation of these substrates. (A and B) IB analysis of the effects of MG132

on the expression of Myc-tagged (A) or GFP-tagged ETF proteins (B) with or without the indicated mutation found in certain GA-Il patients. hETFA, human
ETFA; hETFB, human ETFB; TM, T6sM; QH, Q125H; DN, D12gN; A, As3 155. Quantification is shown as numbers under each image, determined using ImageJ.
(C and D) The neddylation of Myc-tagged (C) or GFP-tagged ETF proteins (D) with or without the indicated mutation was examined as described in Fig. 5/ (C) or
Fig. 5L (D), respectively. (E and F) The ubiquitination of Myc-tagged (E) or GFP-tagged ETF proteins (F) with or without the indicated mutation was examined
as described in Fig. 6/. (G and H) Twenty-four hours after BNL CL.2 cells were transfected with GFP-tagged ETF expression constructs with or without the
indicated mutation, the possible impact on ER stress (G) and the possible colocalization of these exogenous proteins with mitochondria (H) were examined by

IF analysis with an antibody against GRP78 (G) or Tom20 (H). (Scale bars, 10
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occurrence. As embryonic-day-17.5 Nedd8™® and Nedd8* livers
exhibited comparable percentages and numbers of hematopoi-
etic stem cells and cells of different lineages (SI Appendix, Fig.
S14), Nedd8* mice did not likely die from defective hemato-
poiesis (50) either. In contrast, hepatic cellular senescence was
observed in both Uba3* and Nedd8* mice, which might be the
major cause of neonatal death.

GA-1II results from mitochondrial ETF/ETF-QO defects (1-4).
Indeed, the protein levels of ETFA and ETFB were decreased
upon neddylation blockade in neonatal livers and BNL CL.2
cells, while that of ETF-QO remained unchanged. Because the
deleterious effects of MLLN4924 on lipid accumulation and the
OCR in BNL CL.2 cells diminished upon ETFA knockdown,
it is reasonable to propose that hepatic neddylation facilitates
FAO in neonatal mice, at least partially through the mainte-
nance of ETF protein levels. The neddylation/ETF axis is also
active in the adult murine liver. However, our data indicate that
this axis is far less important in adult mice than in neonatal mice.
In line with these observations, the use of MLN4924 in pre-
clinical studies and phase I clinical trials for the treatment of
various malignancies has been reported to be safe (8, 18-20, 33—
38). We also found that adult mice with a liver neddylation
blockade maintained their blood glucose levels even after a 48-h
fast, consistent with a previous report that liver-specific knockout
of carnitine palmitoyltransferase-2 (CPT-2), a key enzyme in-
volved in long-chain FAO, does not affect blood glucose in adult
mice during a 24-h fast (51). It has been speculated that loss of
hepatic FAO during adulthood is compensated by the kidneys,
muscles, and adipose tissues to maintain blood glucose (51).
Nevertheless, reduced serum ketones and steatosis were ob-
served in adult mice with a liver neddylation blockade as well as
in adult mice with liver-specific CPT-2 deficiency (51). More-
over, a 96-h fast was lethal to adult mice with a liver neddylation
blockade, and similarly, a ketogenic diet was shown to be lethal
to adult mice with liver-specific CPT-2 deficiency (51). There-
fore, patients using MLLN4924 should avoid prolonged fasts or
a ketogenic diet.

Interestingly, neddylation is active in hepatic mitochondria.
Specifically, we identified the neddylation of ETFA and ETFB.
Our study shows that these mitochondrial proteins function as
neddylation substrates. Because coexpression of NEDDS8 with
lysine-containing target proteins may lead to artifactual conju-
gation with NEDDS (45), we employed the 6 x His-FLAG-
NEDDS constitutive KI mouse model. We tried to obtain
homozygous KI mice but failed (KI/+ x KI/+ yielded 55 KI/+, 22
WT, and 0 KI/KI offspring). Because free 6 x His-FLAG-
NEDDS was not detected in primary hepatocytes from homo-
zygous KI mice by regular IB analysis under the same conditions
that free untagged NEDDS8 was detected in primary hepatocytes
from their WT littermates, the expression efficiency of 6 x His-
FLAG-NEDDS was apparently lower than that of untagged
NEDDS. Therefore, it is possible that homozygous KI embryos
cannot maintain sufficient global neddylation and consequently
die before birth despite the fact that heterozygous KI mice
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exhibit global neddylation levels comparable to those of their
WT littermates. Nevertheless, we conducted histidine pulldown
with heterozygous KI mice to confirm the neddylation of ETFA
and ETFB.

Neddylation controls the stability, subcellular localization, or
activity of its substrates (9-17, 23-26). For ETF proteins, ned-
dylation prevents their ubiquitination and subsequent degrada-
tion. Theoretically, most EFTA and ETFB should be neddylated
to truly prevent ubiquitination. However, substantially lower
levels of neddylated ETF proteins were detected by IB analysis
under physiological conditions, as demonstrated by the high-
molecular-weight smear bands, compared with those of free
ETF proteins. Similar phenomena were also observed for other
reported substrates conjugated with poly-NEDDS (11, 16, 24, 52)
(81 Appendix, Fig. S15). Reasons for this discrepancy include that
the conjugation with poly-NEDDS8 might hinder the transfer
efficiency or the binding of the antibody to the corresponding
substrate, the neddylation might be removed during sample
preparation, or conjugation with poly-NEDDS8 might make the
molecular weight beyond the detection scope. Future studies are
required to address these issues. On the other hand, the
deneddylation of ETFs is much slower than that of Cullins. In
our hands, the neddylation of many mitochondrial proteins be-
came diminished only upon prolonged neddylation inhibition.
Thus, it is possible that some special deneddylation enzyme
works in mitochondria. Nevertheless, the significant reduction in
ETF protein expression due to defective neddylation might help
explain the pathogenic mechanisms underlying some GA-II pa-
tients with no mutation in the Etf/Etf-qo genes. Furthermore, we
have demonstrated that certain mutations of ETFA and ETFB
found in GA-II patients hinder the neddylation of these sub-
strates. Consequently, these mutants undergo enhanced ubig-
uitination and degradation. These findings suggest a possible
therapeutic intervention.

The fact that the anti-NEDDS antibody that we used detected
numerous bands in mitochondrial lysates suggests that other
mitochondrial neddylation targets might be involved in meta-
bolic aberrance. In addition, potential extramitochondrial ned-
dylation substrates, such as LKB1 and Akt (24), might also
contribute to metabolic aberrance. Future studies are required to
address these issues.

Materials and Methods

Animal experiments were approved by the ethics committee of the Institute
of Basic Medical Sciences. A detailed description of the methodology of this
study, including the generation of mouse models, in vivo neddylation assays,
fatty acid oxidation assays, mass spectrometric analysis, and statistical
analysis, is provided in S/ Appendix, S| Materials and Methods. The mass
spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the Proteomics Identifications Database (PRIDE) (53) partner
repository with the dataset identifier PXD016111.
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