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Ube4A maintains metabolic homeostasis and
facilitates insulin signaling in vivo

Sandip Mukherjee 1,6,7, Molee Chakraborty 1,6, Eliwaza N. Msengi 1,6,8, Jake Haubner 1, Jinsong Zhang 1,
Matthew J. Jellinek 2, Haley L. Carlson 2, Kelly Pyles 2, Barbara Ulmasov 3, Andrew J. Lutkewitte 4,
Danielle Carpenter 5, Kyle S. McCommis 2, David A. Ford 2, Brian N. Finck 4, Brent A. Neuschwander-Tetri 3,
Anutosh Chakraborty 1,*

ABSTRACT

Objective: Defining the regulators of cell metabolism and signaling is essential to design new therapeutic strategies in obesity and NAFLD/NASH.
E3 ubiquitin ligases control diverse cellular functions by ubiquitination-mediated regulation of protein targets, and thus their functional aberration
is associated with many diseases. The E3 ligase Ube4A has been implicated in human obesity, inflammation, and cancer. However, its in vivo
function is unknown, and no animal models are available to study this novel protein.
Methods: A whole-body Ube4A knockout (UKO) mouse model was generated, and various metabolic parameters were compared in chow- and
high fat diet (HFD)-fed WT and UKO mice, and in their liver, adipose tissue, and serum. Lipidomics and RNA-Seq studies were performed in the
liver samples of HFD-fed WT and UKO mice. Proteomic studies were conducted to identify Ube4A’s targets in metabolism. Furthermore, a
mechanism by which Ube4A regulates metabolism was identified.
Results: Although the body weight and composition of young, chow-fed WT and UKO mice are similar, the knockouts exhibit mild hyper-
insulinemia and insulin resistance. HFD feeding substantially augments obesity, hyperinsulinemia, and insulin resistance in both sexes of UKO
mice. HFD-fed white and brown adipose tissue depots of UKO mice have increased insulin resistance and inflammation and reduced energy
metabolism. Moreover, Ube4A deletion exacerbates hepatic steatosis, inflammation, and liver injury in HFD-fed mice with increased lipid uptake
and lipogenesis in hepatocytes. Acute insulin treatment resulted in impaired activation of the insulin effector protein kinase Akt in liver and
adipose tissue of chow-fed UKOmice. We identified the Akt activator protein APPL1 as a Ube4A interactor. The K63-linked ubiquitination (K63-Ub)
of Akt and APPL1, known to facilitate insulin-induced Akt activation, is impaired in UKO mice. Furthermore, Ube4A K63-ubiquitinates Akt in vitro.
Conclusion: Ube4A is a novel regulator of obesity, insulin resistance, adipose tissue dysfunction and NAFLD, and preventing its downregulation
may ameliorate these diseases.

� 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity and type-2 diabetes mellitus (T2DM) are global health
concerns as these diseases significantly increase the risk of other
co-morbidities such as non-alcoholic fatty liver disease/steatohe-
patitis (NAFLD/NASH) and cardiovascular diseases [1e3]. Obesity-
induced insulin resistance and metabolic dysfunction in the
adipose tissue upregulates inflammatory adipokines and down-
regulates metabolism-promoting adipokines [4]. Moreover, the fat-
storing ability of dysfunctional adipocytes is reduced, leading to

an increase in serum levels of non-esterified fatty acids (NEFA) that
are taken up by the liver [5,6]. In addition, obesity-induced
hyperinsulinemia causes selective hepatic insulin resistance [1e3]
wherein both gluconeogenesis and de novo lipogenesis processes
are increased in hepatocytes, contributing to hyperglycemia, lip-
otoxic stress, and steatohepatitis [1e3,5e7]. A complete knowl-
edge of the mechanisms that regulate metabolism and insulin
sensitivity in health and diseases is lacking.
E3 ubiquitin ligases modulate various cellular functions by ubiquiti-
nating target proteins. Aberrant activation of E3 ligases is associated
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with many diseases such as metabolic diseases, cancer, and neuro-
degeneration [8]. In the process of protein ubiquitination, the ubiquitin-
loaded E2 (E2-Ub) binds to the catalytic domain of an E3 ligase. The E3
ligase also interacts with the target protein via its substrate binding site
and promotes transfer of Ub from E2 onto the targets. This process is
repeated to transfer more Ub monomers to one of the seven lysine (K)
residues (K6, K11, K27, K29, K33, K48 and K63) of the terminally
attached Ub, forming distinct poly-Ub chains. Of these linkages, K48-
and K63-linked-Ub (K48-Ub and K63-Ub) are well studied. K48-Ub
primarily facilitates protein degradation via the ubiquitin proteasomal
system (UPS), whereas K63-Ub mostly regulates activity, localization,
and proteineprotein interaction of the targets [9,10]. In mammals,
about 600e700 E3 ligases are known that contain E2-binding RING-
and HECT-domains, and many of these enzymes are well character-
ized [10,11]. A distinct family of E3 ligases contain the E2-binding
U-box domain that resembles RING but lacks the Zn2þ-coordinating
residues [12]. U-box E3 ligases are prevalent in plants where they
regulate stress responses [13]. Mammals only have seven U-box li-
gases, of which carboxy-terminus of HSC70 interacting protein (CHIP),
pre-mRNA processing factor 19 (PRP19) and ubiquitin conjugation
factor E4B (Ube4B) have been partially characterized. These ligases
regulate protein quality control, DNA repair and apoptosis [14e17].
Moreover, neuron-specific expression of Ube4B has been shown to
augment obesity and hepatic steatosis in mice [18].
Ube4A, a member of the mammalian U-box domain E3 ligase family,
has been implicated in metabolic and gastrointestinal diseases, and
cancer [19e25]. Loss-of-stability mutations in Ube4A were identified
in a population of obese and intellectually disabled subjects and the
promoter region of Ube4A was found to be hypermethylated in
severely obese children, indicting its downregulation in this disease
[21,22]. Downregulation of Ube4A was also noted in the pancreatic
islets of a population of diabetic patients [23]. Moreover, Ube4A has
also been identified as an intestinal autoantigen in Crohn’s disease
[24].
Cell biological and biochemical studies showed that Ube4A regulates
various protein targets via ubiquitination. It facilitates degradation of the
antiviral protein viperin and the tumor suppressor protein P53, the
transcription factor nuclear factor erythroid 2 like 1 (NRF1) [26e28].
Ube4A also mediates K63- and K48-Ub of proteins that facilitate DNA
repair [29]. However, in vivo functions of Ube4A are unknown, primarily
due to lack of appropriate mouse models to study this novel protein.
Thus, by generating whole-body Ube4A knockout (UKO) mice, here we
investigated the impact of Ube4A deletion on the adverse metabolic
effects of high fat diet (HFD) and sought to identify the mechanisms by
which this novel E3 ligase regulates metabolism and insulin signaling.

2. METHODS

2.1. Animal studies
All animal studies were approved (approval numbers: 2732 and
2739) by the Saint Louis University Institutional Animal Care and
Use Committee (IACUC). Mice were housed at 23 �C under 12-hour
light/dark cycles and fed ad libitum with free access to water and
were in good health condition throughout the duration of treatment.
Eight-week-old, chow-fed mice were fed HFD (Kcals: fat 61.6%
carbohydrates 20.3% and protein 18.1%, details in the materials
section) for 10 or 16 weeks as indicated. After the feeding period,
mice were fasted for 5 h followed by euthanasia by carbon dioxide
asphyxiation. Serum and tissues were collected, weighed, and
preserved following standard procedures for the assessment of
various parameters [30e32].

2.2. Generation of UKO mice
The Ube4A gene is in the chromosome 9 of Mus musculus. Using
CRISPR/Cas9 technology [33,34], two LoxP sites were inserted at the
50- and 30-ends of the last three exons, encoding the U-Box domain of
Ube4A. The insertions were confirmed by next generation sequencing.
Joining of the 50- and 30-ends of the targeting locus generated two
groups of C57BL6J mice: i) Ube4A-Flox (LoxP sites encompassing the
targeting locus) and ii) UKO (complete deletion of the targeting locus of
9859 base pairs). Multiple lines of chimeric UKO mice were cross-bred
with WT C57BL6J mice to obtain heterozygous Ube4A-Flox or UKO
mice, which were inbred to generate respective homozygous lines. For
genotyping, Ub1, Ub3 and Ub4 primers were used. The WT and UKO
mice showed band sizes of 345 (Ub3-Ub4) and 482 (Ub1-Ub4) base
pairs, respectively, and the UHet mice showed both bands. Both lines
were confirmed by sequencing the genotyped bands. UKO mice on
C57BL6J background and their age-matched WT littermates were
used in this study. Primer sequences used were:
Ub1 e GTAAAATGCTTGCCACACAGACATGAGTG
Ub3 - CCAGTCCAGGCATCTCATCAAGACATTTC
Ub4 - CATGTTATGATGACCCCAGCCATGAAACG.

2.3. Body weight and composition
Weekly body weight was measured and fat, lean, and fluid mass of
mice were measured before and after the HFD feeding using the
Minispec LF-NMR (Brucker Optics) analyzer [30].

2.4. Glucose, insulin, and glucagon tolerance tests (GTT, ITT and
GgTT)
These tests were performed in male mice on the 4th, 6th, and 8th
week of HFD-feeding, respectively to monitor the progress of insulin
resistance and hyperglycemia. For GTT, glucose (2 g/kg BW, i.p.) was
injected in 16 h-fasted animals. For ITT or GgTT, human insulin (0.75
U/kg BW, i.p.) or glucagon (15 mg/kg BW, i.p.) was injected in 5 h-
fasted mice. In female mice, GTT and ITT were performed on the 12th
and 14th week of HFD feeding. GTT was also performed in young (2-
month-old), chow-fed, male and female mice. In all the experiments,
blood glucose levels were measured by glucometer by puncturing tail
veins of mice before and after the indicated time periods of injection
[30].

2.5. Whole-body energy expenditure
Energy expenditure was measured in a cohorts of male mice on the 6th
week of HFD-feeding and in young (2-month-old), chow-fed mice
following a published method [32]. Mice were placed individually in
metabolic cages at 23 �C with a precise thermostatic control in a
Comprehensive Laboratory Monitoring System (CLAMS; Columbus
Instruments) and were acclimatized for 2 days. Afterwards, oxygen
consumption, (VO2), carbon dioxide release (VCO2), respiratory ex-
change ratio (RER), Energy expenditure (EE) and locomotor activity
were measured for indicated time periods. VO2 and EE were calculated
with and without normalizing with lean mass. Average food intake was
assessed by measuring the food before and after the study. The
average daily intake of kcals per mouse was also calculated [30].

2.6. Tissue collection and assessment of metabolic and liver injury
parameters
Adipose tissue, liver and other tissues were isolated following standard
procedures [30e32]. Blood was collected from 4 h-fasted mice by
cardiac puncture, and serum was prepared following standard pro-
cedure. Serum TAG, NEFA, and total cholesterol were measured at the
Mouse Metabolic Phenotyping Centers (MMPC), University of
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Cincinnati, College of Medicine Pathology & Laboratory Medicine.
Serum concentrations of insulin, AST and ALT were determined using
commercial kits [30]. TAG from liver was measured using a com-
mercial assay kit after isolating liver lipids following a standard pro-
cedure [35].

2.7. Hematoxylin and Eosin (H&E) staining and NAFLD feature
scoring
These studies were done following our previously published protocols
[30,32]. NAFLD features were scored using a semiquantitative rodent
scoring system [36]. Hepatic steatosis and hypertrophy were scored
as: 0 (<5%), 1 (5%e33%), 2 (33%e66%), 3 (>66%). Number of
inflammatory foci/200 X field was also scored. The numbers shown in
the table denote an average of the individual scores in N ¼ 5 mice/
cohort.

2.8. Sirius red staining and analysis of total collagen content
Paraffin-embedded liver sections were stained with 0.1% Sirius Red in
saturated picric acid for 2 h. Slides were then washed in water,
dehydrated with ethanol and xylene, and mounted. The degree of
collagen accumulation was assessed by morphometric analysis, as we
described previously [30]. Briefly, about 15e20 nonoverlapping images
randomly selected from each liver section were captured at 20X
magnification. The same threshold was applied to all images. Sirius Red
staining was quantified by digital image analysis using ImageJ software
(NIH). The amount of collagen in the UKO livers was expressed relative to
the amount of collagen in corresponding WT control group.

2.9. Lipidomics studies
Lipids, extracted from liver tissues [37], were spiked with an internal
lipid standard mix that consists of phosphatidylcholine (20:0/20:0),
phosphatidylethanolamine (14:0/14:0), sphingomyelin (d18:1/17:0),
cholesteryl ester (17:0), ceramide (17:0), lysophosphatidylcholine
(17:0), phosphatidylserine (14:0/14:0), triglyceride (17:0/17:0/17:0),
phosphatidylglycerol (14:0/14:0) and diglyceride (20:0/20:0). Lipid
extracts were dried under nitrogen and were dissolved in methanol:
isopropanol (1:1) for lipidomic analysis. Lipids were separated on an
Accucore C30 column (2.1 � 150 mm) at 35 �C. Mobile phase A had
60% acetonitrile, 40% water, 10 mM ammonium formate and 0.1%
formic acid. Mobile phase B was comprised of 90% isopropanol, 10%
acetonitrile with 2 mM ammonium formate, and 0.02% formic acid
with a gradient. Untargeted lipidomics was performed using a Q-
Exactive mass spectrometer (Thermo Scientific). Data-dependent
mass spectrometry-mass spectrometry (ddMS2), the top 10 most
abundant peaks from a full MS1 scan were acquired in both positive
and negative ion modes. Full scan MS1 was performed with chro-
matogram peak width set at 7s, scan range 200e1200 m/z, AGC
target 1 � 106, resolution 70000, and maximum injection time
246 ms. For ddMS2 negative ion analyses, parameters were resolution
17500, maximum injection time 54 ms; AGC target 2 � 105; isolation
window 1.0m/z; normalized collision energy (NCE) 20, 30, and 40; and
dynamic exclusion at 10s. Similar parameters were used for positive
ion mode ddMS2 analyses, except NCE was set to 20 and 40. Ions
present in blank injections were excluded. MS data were analyzed
using Xcalibur Qual Browser (Thermo Scientific). Untargeted LC-MS
data were processed using LipidSearch 4.1 (Thermo Scientific) [38].
Both positive and negative MSdd.raw (data-dependent) files were used
for lipid identification. Peak areas were normalized to internal lipid
standards for each lipid class. Only the lipid classes that were
normalized to internal standards were selected for further analysis.
Each identified lipid was manually validated by investigating MS/MS

fragmentation, the compatible retention time for lipid class, and
acceptable peak shape [39]. Data scaling was set to autoscaling
(mean-centered and divided by the standard deviation of each vari-
able). The significant species were selected using the cut-off of 1.5-
fold change and p-value <0.05.

2.10. RNA-Seq and quantitative RT-PCR (qRT-PCR) studies
For RNA-Seq, total RNA samples were prepared, indexed, pooled, and
sequenced on an Illumina NovoSeq [30]. Gene expression was
quantified using Kallisto [40]. Differential gene expression analysis was
performed using an R edgeR package with a raw gene count matrix
and were normalized using the TMM (The trimmed mean of M-values)
method. Differential expressions were examined using a negative
binomial generalized linear model. p-values were reported with like-
lihood test. For Gene Set Enrichment Analysis (GSEA), genes were
ranked based on fold changes and p-values derived from the edgeR
analysis. Enrichment analysis was performed using an R package
“fgsea” along with the MSigDB C2 V7.5.1 gene sets [41]. qRT-PCR
studies were done following a standard, SYBR green-based, DDCt
method, using our previously published protocol [30].

2.11. Primary hepatocyte isolation and hepatic glucose production
assay
Glucose production was assessed following a standard protocol [42].
Briefly, primary hepatocytes from 8-week-old, chow fed WT and UKO
male mice were isolated by perfusing the liver in situ with 1 mg/ml
collagenase via the portal vein [30,42]. Hepatocytes, counted and plated
onto collagen coated 24-well plates (100,000 cells/well), were washed
with PBS, and incubated with DMEM without glucose, glutamine, py-
ruvate, and phenol red. After 2 h, the media was replaced with basal
DMEM with glucagon (100 ng/ml) and sodium pyruvate (5 mM) for 3 h.
Thereafter, media was collected, and glucose concentration was
assessed with a kit. Glucose levels are expressed as mg glucose/mg cell
protein/h.

2.12. Fatty acid oxidation and glycerolipid synthesis in hepatocytes
Fatty acid oxidation inWT and UKO primary hepatocytes was measured
by the production of [3H]2O from [3H]-palmitate [43]. Briefly, PBS-
washed primary hepatocytes (5 � 105 cells/well in a 12-well plate)
were incubated with 200 ml of PBS containing [3H]-palmitate (10 mCi,
bound to fatty acid free albumin - 125 mM, palmitate:albumin 2:1 with
carnitine - 100 mM) for 2 h. Afterwards, the media was collected and
200 ml of cold 10% trichloroacetic acid was added. After centrifuga-
tion, the supernatant (350 ml) was mixed with freshly prepared NaOH
(6 M�55 ml), loaded onto an ion-exchange resin column (DOWEX-400)
and washed with 1.7 ml of water. The eluate was counted in a liquid
scintillation counter. Counts were normalized by the protein content
per well and expressed as fold change.
After removal of media for quantifying fatty acid oxidation, cell lysates
were collected, resuspended in PBS (200 ml), and lipids were extracted
as described [37]. Aliquots of the organic fraction dissolved in CHCl3/
CH3OH (2/1: vol/vol) were applied to thin layer chromatography (TLC)
with standards for TAG and DAG (TLC: solvent - Hexane: Diethyl ether:
Acetic acide 80:20:1 vol/vol). After 30 min, bands containing TAG and
DAG were scraped from the TLC plate into scintillation vials and
radioactivity was counted [44]. Counts were normalized to the cellular
protein content and expressed as fold change.

2.13. Hepatic fatty acid uptake assay
Hepatocytes (2.5� 105 cells/well) were serum starved for 2 h, washed
with Krebs Ringer buffer (KRB with 0.1% BSA) and incubated in KRB
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containing a radioactive mix ([3H]-oleic acid - 2 mCi/ml, oleate -
100 mM and BSA - 200 mM) for indicated time periods. Afterwards,
cells were washed with KRB (þ0.5% BSA) and 0.1 M NaOH (1 ml) was
added. After 30 min, radioactivity of the cell suspension (800 ml) was
counted and normalized with total protein. Data was presented as fold
change, considering the average change in WT-5 min as 1 [45].

2.14. Mitochondrial oxygen consumption rate (OCR) in brown
adipocytes
Stromal vascular fractions (SVF), isolated from the brown adipose
tissue (BAT) of 8-week-old mice, were cultured in DMEM/F12 con-
taining FBS (10%) and penicillin/streptomycin and were differentiated
to adipocytes using media containing insulin (5 mg/ml), indomethacin
(125 mM), dexamethasone (2 mg/ml), 3-isobutyl-1-methylxanthine
(0.5 mM), rosiglitazone (0.5 mM), and 3,30,5-triiodo-L-thyronine (T3,
1 nM). After 2 days, the media was replaced with a media containing
insulin and T3, which was replaced every 2 days until full differenti-
ation [32]. OCR was measured in mature adipocytes in a Seahorse
Extracellular Flux Analyzer in an XF assay medium supplemented with
pyruvate (5 mM) and glucose (2.5 mM). After baseline measurements,
3 sequential injections were applied to the wells: oligomycin (complex
V inhibitor, 1 mg/ml), FCCP (uncoupler, 1 mM), and antimycin A
(complex III inhibitor, 0.8 mM) combined with rotenone (complex I in-
hibitor, 3 mM) [32].

2.15. Insulin signaling studies in mice, hepatocytes, and
adipocytes
Overnight (16 h)fasted WT and UKO mice were injected once with
human insulin (2U/kg BW, i.p.) or PBS. After 15 min, mice were
euthanized, and tissues were collected for immunoblot and immuno-
precipitation studies. To test insulin signaling in primary cells, primary
hepatocytes and SVF from BAT were isolated as described previously
[30,32]. SVF was differentiated to adipocytes in vitro following previ-
ously published methods [32]. Six hour-serum-starved hepatocytes
and 16 h-serum-starved BAT-adipocytes were treated with insulin
(10 nM) for indicated time periods, after which cells were lysed and
proteins isolated and quantified. Proteins of interest were checked by
immunoblotting.

2.16. Immunoprecipitation and immunoblotting studies
These studies were performed following our published protocols [30e
32]. For immunoblotting studies, tissues or cells were lysed in a lysis
buffer (20 mM TriseHCl, pH 7.4; 150 mM NaCl; 1% Triton with pro-
tease and phosphatase inhibitors). Equal amounts (30 mg) of total
protein from the lysates were loaded on a 10% SDS-PAGE and proteins
of interest were detected by immunoblotting. Although antibodies,
used for immunoprecipitation, are standard validated commercial
antibodies, prior validation experiments were done to confirm their
specificity by comparing them with IgG-control antibodies. For
immunoprecipitation studies, 3 mg of total protein from mouse liver
lysates were precleared with IgG-control antibodies and Protein A/G-
agarose beads. The precleared lysates were incubated with primary
antibodies for 16 h. After that, the lysates were incubated with Protein
A/G-agarose beads for 2 h. Thereafter, beads were washed (3X) with
the lysis buffer, and proteins were eluted by boiling the beads with LDS
buffer. Proteins were resolved by 4e20% SDS-PAGE. Immunopre-
cipitated and coimmunoprecipitated proteins were determined by
appropriate antibodies. To detect K63-Ub modification of Akt and
APPL1, the membranes at and above the immunoprecipitated proteins
were incubated with a K63-Ub antibody. Protein bands were detected
in a Bio-Rad Chemidoc Imaging System. Densitometric analyses of

protein bands were performed using the ImageJ software. For phos-
phorylation analysis, the band-intensity of the phospho-protein was
normalized against total level of the same protein. For total protein
analysis, the band intensity was normalized against a loading control.

2.17. Proteomic studies
The Ube4A-interactome from BAT was identified using our published
methods [30]. Briefly, protein lysates were prepared from BAT tissue of
young (2-month-old), chow-fed mice. Equal (2 mg) amounts of protein
were used for immunoprecipitation (after preclearing) with Ig-control or
Ig-Ube4A antibodies. Proteins co-precipitated with both antibodies
were identified by LC-MS/MS and proteins that are specifically co-
precipitated with Ube4A were considered as putative Ube4A
interactors.

2.18. Immunofluorescence studies
WT and UKO fibroblasts were plated on poly-D-lysine coated coverslips
placed inside a 6-well cell culture plate and grown to 80% confluency.
Serum starved (16 h) cells were treated with PBS or insulin (10 nM) for
15 min. The cells were rinsed in 1xPBS immediately after the treat-
ment, fixed in 4% PFA. Fixed cells were washed 3X in PBS and blocked
(1 h) with a blocking buffer (1xPBS/5% normal goat serum/0.3% Triton
X-100). Cells were then incubated (16 h) with p-AKT-S473 antibody
(1:250) at 4 �C. After that, cells were washed 3X in PBS and incubated
(1 h) with a secondary antibody (Alexa Fluor 488, 1:1000 þ DAPI
1:1000) solution in the dark at room temperature. Thereafter, cells
were washed 3X in PBS, and the coverslips were mounted on slides
using Prolong Gold Antifade mounting media. Images were captured in
a Confocal microscope (Leica SP8 TCS STED 3X) at 63X magnification.

2.19. Cloning of Ube4A in various expression vectors and
production of adenovirus (AV)
All clones were used after sequence confirmation. The human Ube4A
cDNA clone, purchased commercially, was PCR amplified and cloned
into a GST-tagged mammalian and bacterial expression vectors pCMV-
GST and pGEX-6P2 using SalI-NotI restriction sites [32]. Human HA-
ubiquitin (Ub) [46] was also cloned into the pGEX-6P2 vector. Ube4A
was cloned into an adenoviral vector using the AdEasy system [47].
Briefly, the Ube4A cDNA was cloned into the pShuttle-CMV plasmid
[48] using the XbaI-HindIII restriction sites. BJ5183-Ad-1 bacterial
cells, containing the necessary adenoviral genes, were transformed
with the recombinant pShuttle-CMV þ Ube4A plasmid. The recombi-
nant adenoviral plasmid was purified and transfected to HEK293-Ad
cells to produce the virus.

2.20. Adenovirus (AV)-Ube4A overexpression in UKO fibroblasts
and hepatocytes
For AV transfection in primary hepatocytes, media was replaced with
fresh complete DMEM 2 h after plating. At this time, control-AV and
Ube4A-AV treatments were done (10 ml AV supernatant/well in a 6 well
plate). Twenty-four hours later, cells were serum starved for 16 h and
treated with insulin (10 nM) for the indicated time. Cells were then
harvested, and proteins were isolated for immunoblotting studies. For
primary fibroblasts, control-AV and Ube4A-AV were treated similarly
for 48 h. After that, cells were serum starved for 16 h. Insulin treatment
and downstream processing were done following the procedure
described for hepatocytes.

2.21. Ube4A overexpression and depletion in HEK293 cells
HEK293 cells, at 85% confluency, were transfected with GST-control
and GST-Ube4A plasmid constructs in 10 cm dishes. Cells were
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lysed 48 h post-transfection, APPL1 was immunoprecipitated and
proteins of interest were detected by immunoblotting. For Ube4A
depletion studies, 85% confluent HEK293 cells were transfected
with control siRNA or Ube4A siRNA (100 nM each). After 16 h, cells
were co-transfected with the same amount of siRNA and 10 mg of
pcDNA3 flag HA human Akt1 [49] plasmid. After 24 h, cells were
lysed, and HA-Akt was immunoprecipitated with a HA-antibody
magnetic bead conjugate. The immunoprecipitated proteins were
extracted from the beads by heating the samples at 95 �C with the
LDS buffer and b-mercaptoethanol and resolved in a 4e20% SDS-
PAGE.

2.22. Purification of recombinant full length (FL) and U-box deleted
(DU-box) Ube4A and HA-ubiquitin (Ub)
GST-tagged FL-Ube4A, DU-box-Ube4A and HA-Ub containing pGEX-
6P2 plasmids were transformed separately into the E. coli strain
BL21 (DE3). Recombinant proteins were purified by slightly modifying a
published method [29]. Recombinant proteins were either eluted from
the beads and detached from the GST-tag using the elution buffer
(50 mM Tris pH 7.4, 150 mM NaCl and PreScission protease) or were
kept as GST-tagged proteins on the beads, depending on the re-
quirements. Purified soluble proteins were stored at �80 �C. Proteins
on beads were kept at 4 �C and were used fresh in the experiments.

2.23. In vitro ubiquitination assay
The reaction mixture contained recombinant proteins (Ub - 800 ng; E1/
Uba1 - 350 ng; E2/UbcH5a [50] - 500 ng; GST-Ube4A e 70 ng, DU-
box Ube4A e 140 ng, and Akt e 300 ng), Tris-Cl (25 mM, pH 7.4),
NaCl (50 mM), Mg-ATP (5 mM), and dithiothreitol (DTT e 1 mM). GST-
Ube4A or DUbox-Ube4A was immobilized on glutathione-agarose
beads. The reaction mixture was incubated for 4 h at 37 �C. After
that, the mixture was separated from Ube4A/DU-box-Ube4A-beads by
low centrifugation. The supernatant was carefully removed, mixed with
Laemmli buffer, and set to boil at 95 �C for 4 min. K63-Ub and AKT
were detected by immunoblotting analysis.

2.24. Statistics
Exploratory experiments were used to determine sample size with
ample statistical power. Animals were excluded if they showed any
signs of sickness. Numbers of mice (n) used in experiments are
indicated in the legends. Immunoblots were quantified using ImageJ
software (NIH). Data are presented as mean � s.e.m within dot plots.
Each symbol represents an individual sample. For multiple compari-
sons, one-way or two-way ANOVA with Holm-�Sidák multiple com-
parison test and for 2 independent data sets, Two-tailed unpaired
Student’s t-test were used. Area under curve analysis and statistical
significance was calculated in GraphPad Prism, 8.2.1.

3. RESULTS

Ube4A deletion does not alter body weight but causes mild in-
sulin resistance in young, chow-fed mice: UKO mice were gener-
ated on a C57BL6J background by CRISPR/Cas9-mediated targeting of
U-box and 30-UTR of the Ube4A locus in chromosome 9 (Figure 1A).
Genotyping and DNA sequencing confirmed deletion of the targeted
locus (Figs. S1A and B). Among metabolic tissues, Ube4A is highly
expressed in the gonadal adipose tissue (GWAT) and liver in young (2-
month-old), chow-fed mice (Figures 1B and S1C). Ube4A protein is
absent in tissues from UKO mice (Figs. 1B and S1D). UKO mice are
viable, fertile, active and do not exhibit any noticeable health concerns.

Young, chow-fed male WT and UKO mice exhibit similar body weights
and composition (Figure 1C,D). Fasting (16 h) blood glucose levels are
also similar in both genotypes (Fig. S1E, time 0). However, the
clearance of injected glucose (glucose tolerance test, GTT) is slightly
slower in male UKO mice (Figures. 1E,F and S1E). Conversely, serum
insulin levels are significantly higher in the UKO mice (Figure 1G).
Characterization of young, chow-fed female mice obtained similar
results. In general, body weight of female mice are slightly lower than
male mice although no genotype specific differences in body weight or
composition are observed in females ((Figure 1,H,I). However, like
males, female UKO mice also exhibit slightly diminished uptake of
exogenous glucose (GTT) despite the presence of higher levels of in-
sulin in their serum (Figure 1J-L and S1F). These results suggest that
Ube4A deletion causes mild hyperinsulinemia and insulin resistance in
both sexes of young, chow-fed mice.
Ube4A deletion augments HFD-induced obesity and insulin
resistance in male mice: Mild hyperinsulinemia and modest reduc-
tion in glucose uptake was observed in young, chow-fed UKO mice,
which prompted us to test whether HFD feeding aggravates these traits
in the knockouts. To examine this, male WT and UKO mice were fed a
HFD (60% kcals from fat) for 10 weeks [31,32]. Interestingly, HFD-fed
UKO mice gain body weight faster than the WT littermates (Figure 2Ae
C). HFD feeding augments increase in total and percent (of total body
mass) fat mass in UKO mice compared to WT mice (Figures 2D and
S2A). Total lean mass is increased in UKO mice, although the per-
centage lean mass is similar in both genotypes (Figure 2D,E). Fluid
mass, a minor component of the total body mass, is slightly higher in
the knockouts (Figure 2D,E). Thus, male UKO mice are prone to HFD-
induced weight gain primarily due to increased fat mass.
Next, we tracked the progression of hyperglycemia in HFD-fed mice.
HFD feeding exacerbates glucose intolerance in UKO mice
(Figures 2F,G and S2A,B, assessed on the 4th week of HFD). Serum
insulin levels (measured in 10-week-HFD-fed mice after euthanasia)
were substantially higher in UKO mice (Figure 2H). Moreover, exoge-
nous insulin treatment (insulin tolerance test, ITT, performed on the 6th
week of HFD) reduces blood glucose concentrations much less effi-
ciently in HFD-fed UKO mice (1.5%) compared to WT controls (20%)
(Figures 2I,J and S2C). The injected concentrations of glucose and
insulin in GTT and ITT were normalized to body weight of mice. Thus, it
is conceivable that part of the observed changes in GTT could arise due
to administration of more glucose in the HFD-fed knockout cohorts
[51]. However, hyperinsulinemia or even higher concentration of
injected insulin (normalized to body weight) in ITT failed to decrease
blood glucose levels in HFD-fed UKO mice. Furthermore, chow-fed
UKO mice, despite receiving the same concentration of glucose as
WT mice, exhibit impaired glucose uptake (Figure 1E,J). These results
together suggest that insulin sensitivity is impaired in UKO mice.
Conversely, HFD-fed UKOmice are hypersensitive to glucagon-induced
hepatic glucose production, evidenced by augmented increase in blood
glucose levels in the knockouts following glucagon injection (glucagon
tolerance test, GgTT, evaluated on the 8th week of HFD) (Figure 2K,L
and S2D). Accordingly, glucose production is increased in hepatocytes
isolated from chow-fed, young, UKOmice, suggesting Ube4A regulates
glucagon signaling in a cell autonomous manner (Fig. S2E). HFD-
induced increases in serum levels of other metabolites such as TAG
and NEFA are higher in male UKO mice whereas cholesterol levels are
similar in both genotypes (Figure 2M�O). HFD feeding upregulates
Ube4A expression in GWAT and liver (Figs. S2F and G), indicating that
Ube4A may be having a protective role in the early stage of obesity and
insulin resistance.
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Ube4A deletion exacerbates HFD-induced hepatic steatosis and
liver injury in male mice due to increased fatty acid uptake,
lipogenesis, and lipid droplet stabilization: Due to high expression
of Ube4A in metabolic tissues, especially in liver and adipose tissue,
these tissues were thoroughly characterized in HFD-fed male UKO
mice after euthanasia (Figures 3-4). Ten weeks of HFD feeding caused
hepatomegaly to a greater extent in UKO mice compared to WT mice
(Figure 3A,B). HFD feeding for 10e12 weeks has been shown to cause
only mild hepatomegaly in male WT mice [52,53], which is in line with
our observation (Figure 3A,B). Liver triglyceride levels are higher in
UKO compared to WT mice (Figure 3C). Histology and NAFLD feature
scoring detected substantially more macro- and micro-steatosis, he-
patocyte hypertrophy, and inflammatory foci in UKO livers compared to

WT controls (Figure 3D,E). Untargeted lipidomic analyses showed that
multiple glycerolipid species of intrahepatic TAG and DAG (diac-
ylglycerol) are increased in UKO livers (Figure 3F,G and Table S1).
Serum levels of the liver injury markers, aspartate, and alanine
aminotransferase (AST and ALT) are also higher in male UKO mice
(Figure 3H).
Ube4A, through its E3 ubiquitin ligase activity, may alter stability and
activity of transcription factors, which could change the expression of
metabolic and other genes. Thus, to determine the pathways that are
altered in the HFD-fed liver by Ube4A deletion, RNA-Seq and confir-
matory qRT-PCR studies were performed. Genes involved in lipid
metabolism and injury are altered in HFD-fed male UKO livers (Fig. S3A
and Tables S2 and 3). qRT-PCR experiments confirmed that genes

Figure 1: Ube4A deletion does not alter body weight but causes mild insulin resistance in young, chow-fed mice.
A. CRISPR/Cas9-mediated targeting of the U-Box and part of the 30-UTR of the Ube4A locus in the mouse chromosome 9.
B. Expression levels of the Ube4A protein in tissues of young, chow-fed, WT and UKO mice. Figure represents data from N ¼ 3 mice.
C. Body weight of young, chow-fed male mice (n ¼ 13/cohort).
D. Body composition of young, chow-fed male mice (n ¼ 6/cohort).
E. Raw values of the GTT in young, chow-fed male mice (n ¼ 6/cohort).
F. Area under curve (AUC) values of the GTT (% initial) (n ¼ 6/cohort).
G. Serum insulin levels in 5 h-fasted, young, chow-fed male mice (N ¼ 6/cohort).
H. Body weight of young, chow-fed female mice (n ¼ 8/cohort).
I. Body composition (fat, lean and fluid mass) of young, chow-fed female mice (n ¼ 5/cohort).
J. Raw values of the GTT in young, chow-fed female mice (n ¼ 6e10/cohort).
K. AUC values of the GTT (% initial) in young, chow-fed female mice (n ¼ 6e10/cohort).
L. Serum insulin levels in 5 h-fasted young, chow-fed female mice (N ¼ 6/cohort).
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Figure 2: Ube4A deletion augments HFD-induced obesity and insulin resistance in male mice.
A-B. Weekly body weight and weight gain of HFD-fed male mice (n ¼ 13/cohort).
C. Representative image of HFD-fed male mice after conclusion of the study.
D-E. Total and percent (over total body weight) body composition of HFD-fed male mice (N ¼ 6/cohort).
F. Raw values of the GTT in HFD-fed male mice (n ¼ 9/cohort). GTT was performed in 4-week-HFD-fed mice.
E. AUC values of the rate (percent of 0 time point) of decrease in blood glucose levels in a GTT in HFD-fed male mice (n ¼ 9/cohort).
G. Serum insulin levels in 5 h-fasted male mice after 10-week of HFD feeding (n ¼ 6/cohort).
H. Rate (percent of 0 time point) of decrease in blood glucose levels in an insulin tolerance test (ITT) in HFD-fed male mice (n¼ 8/cohort). ITT was performed in 6-week-HFD-fed mice.
I. AUC values of the ITT presented in Figure 2H (n ¼ 9/cohort).
sJ. Rate (percent of 0 time point) of increase in blood glucose levels in a glucagon tolerance test (GgTT) in HFD-fed male mice (n¼ 9/cohort). GgTT was performed in 8-week-HFD-fed
mice.
K. AUC values of the GgTT presented in Figure 2J (n ¼ 9/cohort).
L-N. Serum levels of TAG, NEFA and total cholesterol in HFD-fed male mice.
The number of mice (n) used are presented as individual datapoints. Mean � s.e.m. shown within dot plots. For multiple comparisons, two-way ANOVA with Holm-�Sidák multiple
comparison test and for two independent data sets, Two-tailed unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3: Ube4A deletion exacerbates HFD-induced hepatic steatosis and liver injury in male mice with increased fatty acid uptake, lipogenesis, and lipid droplet
stabilization.
A. Weight of liver in HFD-fed male mice (N ¼ 8/cohort).
B. Representative image of liver of HFD-fed male mice.
C. Liver triglyceride (TAG) levels in HFD-fed male mice (N ¼ 4/cohort).
D. Representative images of liver histology in HFD-fed male mice. Images were taken at 4X (left panel, scale bar: 250 mm) and 40X (right panel, scale bar: 25 mm) magnifications.
E. Average values of NAFLD feature scores in HFD-fed male mouse livers (N ¼ 5/cohort).
F. Volcano plot from the lipidomics study in HFD-fed male mouse livers (N ¼ 5/cohort).
G. Species of TAG and DAG in HFD-fed male WT and UKO livers (N ¼ 5/cohort).
H. Serum levels of AST and ALT in HFD-fed male mice (N ¼ 8/cohort).
IeN. Relative mRNA expression of lipogenic genes and transcription factors in HFD-fed male mice (N ¼ 6/cohort).
O. Uptake of [3H]-oleate in hepatocytes under basal conditions (N ¼ 4, experimental replicates from N ¼ 3 male mice/cohort).
P. Incorporation of [3H]-palmitate into TAG in hepatocytes (N ¼ 12 experimental replicates from N ¼ 4 male mice/cohort).
Q-R. Inflammatory and fibrogenic gene expression in HFD-fed male mice (N ¼ 6/cohort).
S-T. Representative images (20X, scale bar: 100 mM) of Sirius-Red staining in HFD-fed mouse livers. For quantification, the mean value of WT was set as 1 (n ¼ 5/cohort).
The number of mice (n) are presented as individual datapoints. Mean � s.e.m. shown within dot plots. For multiple comparisons, two-way ANOVA with Holm-�Sidák multiple
comparison test and for two independent data sets, Two-tailed unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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involved in lipid uptake (e.g., Cd36), lipid storage (e.g., Cidea, Plin2 and
Plin3) and lipogenesis (e.g., Acaca, Acly, Fasn, Agpat1, Dgat1 and
Mogat1 and 2) pathways and the lipogenic transcription factors (e.g.,
Pparg and ChREBP) are upregulated in the knockout livers (Figure 3I-
N). Consequently, UKO hepatocytes take up fatty acids and incorporate
them into TAG more efficiently than WT hepatocytes in vitro
(Figure 3O,P). Although genes encoding the mitochondrial energy

oxidation pathway are generally downregulated (e.g., Cox7a2L and
Atp5L) in the livers of HFD-fed knockouts, Ube4A does not appear to
regulate fatty acid oxidation in hepatocytes in vitro (Figs. S3B and C
and Tables S2 and 3).
Chronic intrahepatic fat accumulation is associated with inflammation
in NAFLD [1,3]. The inflammatory genes (e.g., Cd11c and TNFa) and
pathways are upregulated in HFD-fed UKO livers (Figures 3Q and S3A

Figure 4: HFD-fed male UKO mice exhibit increased adipose tissue metabolic dysfunction.
A. Representative histological images (20X, scale bar: 100 mm) of GWAT of HFD-fed mice. Arrows indicate crown-like structures.
B. Relative mRNA levels of M1 and M2 macrophage markers in the GWAT of HFD-fed male mice (N ¼ 6/cohort).
C. Serum AdipoQ levels in HFD-fed male mice (N ¼ 6/cohort). Serum samples were denatured and run on a denatured SDS-PAGE to detect monomeric AdipoQ.
D. Representative histological images (20X, scale bar: 100 mm) of HFD-fed mouse BAT.
E. Relative mRNA expression of the thermogenic machinery in the BAT of HFD-fed male mice (N ¼ 5e6/cohort).
F. Levels of UCP1 protein in the BAT of HFD-fed male mice (N ¼ 6e7/cohort).
G. EE (whole mouse) in HFD-fed mice (N ¼ 6/cohort).
H. EE (normalized by lean mass) in HFD-fed mice (N ¼ 6/cohort).
I. RER in HFD-fed mice (N ¼ 6/cohort).
J-K. Average daytime and nighttime activity in chow- and HFD-fed mice (N ¼ 6e7/cohort).
L. Average daily caloric intake in chow- and HFD-fed mice (N ¼ 6e7/cohort).
The number of mice (n) used are presented as individual datapoints. Mean � s.e.m. shown within dot plots. For multiple comparisons, two-way ANOVA with Holm-�Sidák multiple
comparison test and for two independent data sets, Two-tailed unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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and Tables S2 and 3). TNFa is upregulated at the protein levels in the
UKO livers, evidenced by increased expression of its transmembrane
form (Figs. S3D and E). Besides generating the soluble, secretory form
of TNFa, the transmembrane form can directly promote inflammatory
responses by functioning as a ligand of the TNFa receptor of adjacent
cells [54]. Expression of the macrophage marker F4/80 is largely
similar in the liver of both genotypes (Fig. S3F). Perhaps immune cells
other than macrophages such as neutrophils, T cells, B cells and
dendritic cells, also known to accumulate in NAFLD livers [55],
contribute to the inflammation observed in the UKO livers. Moreover,
substantial upregulation of genes and pathways involved in hepatic
stellate cell activation and fibrogenesis (e.g., Col1a1, Col3a1, Spp1,
Acta2, Timp1 and Timp3) are observed in UKO livers (Figure 3R,
Fig. S3A and Tables S2 and 3). Accordingly,w40% of UKO mice show
moderate fibrosis (Figure 3S,T). Thus, Ube4A deletion exacerbates
HFD-induced hepatic steatosis and liver injury in mice.
HFD-fed male UKO mice exhibit increased adipose tissue meta-
bolic dysfunction: Whole-body Ube4A deletion aggravates metabolic
dysfunction in adipose tissue. The GWAT of HFD-fed UKO mice ac-
cumulates more crown-like structures (indicative of inflammatory
macrophage accumulation) and exhibit increased expression of total
(F4/80) and pro-inflammatory macrophage (Cd11c, Tnfa) markers
(Figure 4A,B). In contrast, expression of the anti-inflammatory and
insulin-sensitizing macrophage marker Cd163 is reduced in the
knockouts (Figure 4B). Levels of the insulin-sensitizing adipokine,
adiponectin (AdipoQ), are also substantially diminished in serum and
GWAT of UKO mice (Figures 4C and S4A-C). BAT depots of HFD-fed
UKO mice accumulate more fat and express reduced levels of genes
that promote energy expenditure (EE) and thermogenesis including the
uncoupling protein 1 (UCP1) (Figure 4DeF and Fig. S4D). However, WT
and UKO BAT-adipocytes (differentiated in vitro from stromal vascular
fractions - SVF) exhibit similar OCR profiles, indicating Ube4A may not
directly influence energy metabolism in healthy BAT-adipocytes in a
cell autonomous manner under the tested conditions (Fig. S4E).
To test whether dysfunction of metabolic tissues alters energy
expenditure (EE) in UKO mice, CLAMS studies were conducted in
chow- and HFD-fed animals. Raw (whole mouse) values of oxygen
consumption (VO2) and EE are similar in young, chow-fed WT and UKO
male mice (Figs. S4FeH). The conclusion is same even when these
values were normalized to lean mass, the largest contributor of EE
(Figs. S4IeK). Respiratory exchange ratio (RER) is marginally lower in
young, chow-fed UKO mice (Fig. S4L). HFD-fed WT and UKO mice also
exhibit similar raw (whole mouse) values of VO2 and EE (Figures 4G
and S4M,N). However, in this case, lean mass-normalized values of
VO2 and EE are significantly lower in UKO mice (Figure 4H and
Fig. S4O,P). HFD-fed UKO mice exhibit slightly higher nighttime RER
(Figure 4I). Metabolic dysfunction in HFD-fed UKO mice may also arise
from reduced locomotor activity as HFD feeding reduces activity in UKO
but not in WT mice, especially during nighttime (Figure 4J,K). Total
energy intake is similar in young, chow-fed WT and UKO mice
(Figure 4L - chow). Raw values of total energy intake are slightly
increased in HFD-fed knockouts, although it is slightly lower in the
knockouts when normalized to total body weight (Figure 4L - HFD and
Fig. S4Q). Thus, HFD-fed male UKO mice exhibit increased adipose
tissue dysfunction, and reduced energy disposal and activity.
In female UKO mice, HFD feeding aggravates obesity, insulin
resistance, hepatic steatosis, and liver injury: The current under-
standing of sex differences in obesity and NAFLD/NASH is insufficient
and most mouse studies are conducted in male mice due to a
markedly attenuated dysmetabolic phenotype in female mice fed a
HFD. Therefore, we tested whether Ube4A deletion impacts HFD-

induced metabolic parameters in female mice. Generally, HFD-fed
WT C57BL6/J female mice exhibit milder insulin resistance and
NAFLD compared to male mice. For example, the initial rate of HFD-
induced weight gain (up to 4 weeks) in male mice was found to be
faster than female mice [31]. Moreover, 16 weeks of high fat and high
fructose containing diet induced hyperinsulinemia, insulin resistance,
hepatic TAG accumulation and liver injury to a higher extent in male
mice compared to female mice [56]. We observed that 8-week-HFD-
fed female and 4-week-HFD-fed male WT mice exhibit similar glucose
tolerance profiles, indicating that HFD-fed female mice take longer
time to become insulin resistant compared to male mice (Fig. S5A,
male-data is from Fig. S2B). Thus, to induce a full spectrum of
metabolic dysfunction in female mice, we fed the HFD to female mice
for 16 weeks.
HFD-induced gain in body weight is greater in the female knockouts
due to increased (total and percent) fat mass (Figure 5AeC and
Figs. S5B and C). Although total lean mass is increased, percent lean
mass is decreased in HFD-fed female UKO mice. Total but not percent
fluid mass is increased in female UKO mice (Figure 5AeC and
Figs. S5B and C). Thus, increased fat but not lean or fluid mass cor-
responds to increased body weight in female knockouts. HFD caused
hyperinsulinemia and insulin resistance to a greater extent in female
UKO mice than WT mice. Serum insulin concentration is increased in
HFD-fed female UKO mice (Figure 5D). Moreover, HFD-fed female
knockouts exhibit reduced clearance of blood glucose in GTT and ITT
(Figure 5EeH and Figs. S5D and E). Serum levels of TAG and
cholesterol are significantly higher in female UKO mice, and NEFA is
mildly increased in the knockouts in this condition (Figure 5IeK).
HFD feeding leads to robust hepatomegaly and steatosis in female UKO
but not in WT mice (Figure 5L,M). NAFLD feature scoring showed that
macro- and micro-steatosis, hepatocyte hypertrophy, and the inflam-
matory foci are substantially increased in female UKO livers
(Figure 5N). Untargeted lipidomics revealed increased levels of TAG
species in the female UKO livers (Figures 5O and S5F and Table S4).
Surprisingly, some species of DAG and phosphatidyserine (PS) are
decreased in female UKO livers (Fig. S5G). As was observed in males,
hepatic collagen content is mildly increased in female UKO livers
(Figure 5P,Q). Increased serum levels of AST and ALT in female UKO
mice suggest that HFD feeding caused liver injury in the knockouts to a
greater extent thanWTmice (Figure 5R). Ube4A deletion also enhances
lipid accumulation in various adipose tissue depots of female mice
(Figs. S5HeJ). Thus, HFD feeding aggravates obesity, insulin resis-
tance, hepatic steatosis, and liver injury in female UKO mice.
Ube4A mediates insulin signaling via K63-Ub of Akt and APPL1:
The above results establish that Ube4A maintains metabolic homeo-
stasis and insulin sensitivity presumably by ubiquitinating multiple
proteins in key metabolic pathways. Here, we focused on the insulin
signaling pathway as deletion of Ube4A impairs this process even in
young, chow-fed mice. Insulin enhances glucose uptake and reduces
gluconeogenesis and the protein kinase Akt is a major effector in this
pathway [31]. Insulin activates Akt via its membrane translocation and
subsequent phosphorylation at threonine 308 (T308) and serine 473
(S473) by phosphoinositide-dependent kinase (PDK1) and mammalian
target of rapamycin complex 2 (mTORC2), although the S473 phos-
phorylation can be partially insulin-independent [57,58]. Stimulatory
phosphorylation of Akt (S473) is diminished in liver and adipose tissue
of HFD-fed knockouts (Figures 6AeB and S6A,B). Acute insulin
treatment enhances Akt phosphorylation (S473 and T308) in the liver
of young, chow-fed WT but to a much lower level in UKO mice
(Figure 6CeE). Insulin-induced augmentation of phosphorylation of the
Akt targets FOXO1 (Forkhead Box O1, regulates gluconeogenesis) and
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Figure 5: In female UKO mice, HFD feeding aggravates obesity, insulin resistance, hepatic steatosis, and liver injury.
A. Weekly body weight in female mice (n ¼ 8/cohort).
B. Representative image of HFD-fed mice.
C. Percent body composition of mice after 16 weeks of HFD-feeding (n ¼ 6/cohort).
D. Serum insulin levels in 5 h-fasted mice after 16 weeks of HFD-feeding (n ¼ 6/cohort).
E. Raw values of the GTT in HFD-fed mice (n ¼ 8/cohort). GTT was performed in 12-week-HFD-fed mice.
F. AUC values of the GTT (% initial) in HFD-fed mice (n ¼ 8/cohort).
G. Rate (percent of 0 time point) of decrease in blood glucose levels in an ITT in HFD-fed mice (n ¼ 6/cohort). ITT was performed in 14-week-HFD-fed mice.
H. AUC values of the ITT presented in Figure 5G (n ¼ 6/cohort).
IeK. Serum levels of TAG, NEFA and total cholesterol and in HFD-fed mice (n ¼ 5/cohort).
L. Weight of liver in HFD-fed mice (n ¼ 6/cohort).
M. Representative images of liver histology from HFD-fed mice. Images were taken at 4X (left panel, scale bar: 250 mm) and 40X (right panel, scale bar: 25 mm) magnifications.
N. Average values of NAFLD feature scores in HFD-fed mouse livers (N ¼ 5/cohort).
O. Species of TAG in HFD-fed mouse livers (N ¼ 5/cohort).
P-Q. Representative images (20X, scale bar: 100 mM) of Sirius-Red staining in HFD-fed mouse livers. For quantification, the mean value of WT was set as 1 (n ¼ 5/cohort).
R. Serum levels of AST and ALT in HFD-fed mice (N ¼ 8/cohort).
The number of mice (n) used are presented as individual datapoints. Mean � s.e.m. shown within dot plots. For multiple comparisons, two-way ANOVA with Holm-�Sidák multiple
comparison test and for two independent data sets, Two-tailed unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6: Ube4A mediates insulin signaling via K63-Ub of Akt and APPL1.
A-B. Stimulatory phosphorylation (S473) of Akt in the liver of HFD-fed mice (N ¼ 4/cohort).
C-E. Acute insulin-induced stimulatory phosphorylation of Akt (S473 and T308) in the liver of young, chow-fed mice. Quantification of 3 independent experiments is shown.
F-G. Acute insulin-induced stimulatory phosphorylation of Akt (S473 and T308) in hepatocytes in vitro. Quantification of 3 independent experiments is shown.
HeI. Acute insulin-induced stimulatory phosphorylation of Akt (S473 and T308) in primary fibroblasts in vitro. Quantification of 3 independent experiments is shown.
J-K. Effects of adenovirus (AV)-mediated overexpression of Ube4A on acute insulin-induced stimulatory phosphorylation of Akt (S473 and T308) in primary fibroblasts and he-
patocytes. In fibroblasts, the Akt-T308 antibody detected a non-specific band at a lower molecular weight, which did not respond to insulin.
L-M. K63-Ub of Akt in the liver of untreated and acute insulin-treated young, chow-fed mice. Data represents 3 independent experiments.
N. Ube4A (FL)-mediated K63-Ub of Akt in vitro. Ube4A-DU-box was used as a negative control. Data represents at least 3 independent experiments.
O. Top panel: LC-MS/MS-based identification of the exclusive unique spectrum counts of immunoprecipitated Ube4A and co-immunoprecipitated APPL1 from the BAT of young,
chow-fed WT mice. Ig-control samples did not show any spectrum. Bottom panel: LC-MS/MS-based identification of the APPL1 peptides in the above experiment.
P-Q. Acute insulin-induced K63-Ub of APPL1 and APPL1-Akt binding in the liver of UKO mice. K63-Ub was detected in immunoprecipitated APPL1. Co-precipitated Akt was
detected by immunoblotting in APPL1-immunoprecipitated samples. Data represents 3 independent experiments.
Each figure represents the conclusion from at least three independent experiments. Mean � s.e.m. shown within dot plots. For multiple comparisons, two-way ANOVA with Holm-
�Sidák multiple comparison test and for 2 independent data sets, Two-tailed unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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AS160 (Akt substrate of 160 kDa, regulates glucose uptake) are also
diminished in the insulin-treated UKO liver (Fig. S6C). Furthermore,
insulin-induced Akt phosphorylation is impaired in UKO primary he-
patocytes and fibroblasts in vitro (Figure 6FeI). Immunofluorescence
studies further indicated that insulin-induced S473 phosphorylation of
membrane- and cytosol-Akt are decreased in UKO fibroblasts
(Fig. S6D). Conversely, adenovirus (AV)-mediated overexpression of
Ube4A restores insulin-induced Akt phosphorylation in fibroblasts and
hepatocytes (Figure 6J,K).
We next sought to determine the mechanisms by which Ube4A facil-
itates Akt activation. Insulin and other growth factors stimulate various
E3 ubiquitin ligases that modify Akt via K63-Ub, which facilitates its
membrane translocation, phosphorylation, and activation [59,60].
Ube4A is known to regulate function of proteins via K63-Ub [29].
Therefore, we hypothesized that Ube4A activates Akt via K63-Ub
modification of this kinase. Insulin stimulates K63-Ub modification of
Akt in the liver of young, chow-fed, WT mice (Figure 6L). However, this
modification is decreased in the liver of insulin-treated UKO littermates
(Figure 6L,M). Moreover, Ube4A depletion (siRNA) reduces K63-Ub of
overexpressed (HA-Akt) in HEK293 cells under basal conditions
(Fig. S6E). Furthermore, bacterially purified full length, active (FL)
Ube4A but not the catalytically inactive enzyme (DU-box) K63-
ubiquitinates recombinant Akt in vitro (Figures 6N and S6F).
Signaling and proteomic studies in BAT from young, chow-fed mice
provided additional mechanistic insights into this process. Like liver
and hepatocytes, insulin-induced Akt activation is severely impaired in
BAT tissues of UKO mice in vivo and UKO BAT-SVF-adipocytes in vitro
(Figure, S6G-I). To detect the Ube4A-interacome in vivo, proteins
immunoprecipitated from BAT lysates with the Ube4A antibody and a
control antibody were detected by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). The Ube4A-interactome (proteins
that were co-precipitated with the Ube4A antibody but not with the
control antibody) contains several proteins that regulate cell meta-
bolism and signaling. The APPL1 (adaptor protein phosphotyrosine
interacting with PH-domain and leucine zipper 1) protein, which en-
hances insulin/Akt and adiponectin signaling [61,62], was among the
top hits (Figure 6O). Insulin-induced Akt activation requires K63-Ub
modification of APPL1, which increases its binding with Akt, leading
to membrane translocation, phosphorylation, and activation of the ki-
nase [61,63]. Therefore, we assessed K63-Ub modification of APPL1 in
the UKO liver tissue. Insulin enhances K63-Ub of APPL1 and its binding
with Akt in the liver of young, chow-fed WT but these processes are
substantially hampered in UKO mice (Figure 6P,Q). Conversely, over-
expression of GST-Ube4A increases these endogenous processes in
HEK293 cells under basal conditions (Fig. S6J). These results strongly
suggest that Ube4A is a bona fide E3 ubiquitin ligase of both Akt and
APPL1, which K63-ubiquitinates these proteins upon insulin treatment,
leading to the activation of Akt to promote insulin signaling.

4. DISCUSSION

We discovered that the U-box domain containing E3 ubiquitin ligase
Ube4A is a novel regulator of metabolism and insulin signaling. Whole-
body Ube4A deletion does not alter body weight but causes mild
hyperinsulinemia and impairment in glucose uptake in young, chow-
fed mice. HFD feeding aggravates insulin resistance in the knock-
outs and the HFD-fed UKO mice also exhibit increased obesity,
adipocyte dysfunction, hepatic steatosis, and liver injury (Figure 7A).
Thus, UKO mice could be used as a model to rapidly develop obesity,
insulin resistance and NAFLD. Removal of Ube4A reduces insulin
signaling in metabolic tissues and cells of young, chow-fed mice,

indicating that metabolic dysfunction in UKO mice is caused at least
partly by augmented insulin resistance. Mechanistically, Ube4A me-
diates K63-Ub modification of Akt and APPL1, promotes insulin-
induced Akt activation whereas Ube4A deletion reduces K63-Ub
modification of these proteins, leading to insulin resistance (Figure 7B).
Ube4A is ubiquitously expressed in mice with its highest expression in
the liver [19]. Both previous and current studies identified minimal
expression of Ube4A in the mouse skeletal muscle, whereas in fetal
humans, Ube4A is highly expressed in this tissue [20]. Ube4A is also
expressed in the brain [19,20] (and this study). Thus, our study is in
line with previous studies with additional information on Ube4A’s
expression in adipose tissue and pancreas. Based on the tissue
expression profiles of Ube4A, the broad range of the observed phe-
notypes such as hyperinsulinemia, adipose tissue metabolic
dysfunction, inflammation, activation of hepatic fibrogenic pathways,
mild hyperphagia and reduced activity in HFD-fed UKO mice suggest
that Ube4A may directly regulate functions of key metabolic tissues.
Future studies will determine the effects of cell-specific Ube4A deletion
on obesity, insulin resistance and NAFLD. For example, impact of
hepatocyte-specific Ube4A deletion on NAFLD/NASH, adipocyte-
specific Ube4A deletion on adipokine secretion and cold or b3
adrenergic receptor mediated thermogenesis with indirect effects on
liver injury and pancreatic endocrine cell-specific deletion of Ube4A on
insulin and/or glucagon secretion and signaling will be explored.
Both sexes of HFD-fed UKO mice exhibit substantially increased
metabolic dysfunction and liver injury, although a few notable sex-
specific differences were also observed. For example, decreased
liver concentrations of some species of DAG and phosphatidyserine
(PS) species and increased serum levels of cholesterol were observed
specifically in female UKO mice. Lipid species, stereoisomers, or
subcellular compartmentalization of DAGs exert distinct metabolic
functions [64,65]. PS, an abundant membrane lipid, is essential for cell
growth and survival while exofacial membrane-PS facilitates clearing
of apoptotic cells [66]. PS, synthesized in the endoplasmic reticulum
(ER), is transferred to mitochondria [66]. Interestingly, deficient
transfer of PS between these organelles induces ER stress, NASH, and
liver cancer in mice [67]. Thus, decreased PS may hamper clearing of
apoptotic hepatocytes, induce ER stress, and aggravate liver injury in
the female UKO mice [66]. Sex-specific differences in serum choles-
terol may arise due to alterations in cholesterol synthesis, uptake, and/
or lipoprotein metabolism in male and female UKO mice. A thorough
comparison of all the metabolic parameters in both sexes of WT and
UKO mice, fed chow, HFD or other forms of unhealthy diets (high fat,
high fructose, high cholesterol etc.) for the same duration, is necessary
to obtain direct comprehensive knowledge about sex-specific meta-
bolic functions of Ube4A.
Akt regulates growth and metabolism via multiple mechanisms [68].
Akt-mediated hepatocyte survival reduces liver injury [69]. Moreover, it
regulates brown fat organogenesis and thermogenesis via isoform-
and cell specific-mechanisms [70,71]. APPL1 also has pleiotropic
effects on metabolism [72]. APPL1’s interaction with the adiponectin
receptor mediates adiponectin signaling, which is crucial for metabolic
health [62]. Adiponectin expression and secretion are severely
diminished in HFD-fed UKO mice (this study). Therefore, impaired Akt
and APPL1 activities may cause metabolic dysfunction via other
mechanisms in addition to impacting insulin signaling. Whether K63-
Ub regulates Akt’s survival functions and APPL1-mediated adipo-
nectin signaling in metabolic tissues will be assessed in future studies.
Further studies are required to obtain additional insights on the mo-
lecular mechanisms by which Ube4A regulates metabolism. The E3
ligases TRAF6 and SKP2-SCF mediate K63-Ub modification of Akt and/
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or APPL1 [59,60,63]. Ube4A can function as an E4 ligase to increase
the length of ubiquitin chains on proteins, initiated by other E3 ligases
[29]. Therefore, Ube4A may independently polyubiquitinate APPL1 and
Akt in vivo and/or it may polyubiquitinate these proteins following their
ubiquitination by TRAF6 and SKP2-SCF. Moreover, K63-Ub activates
TRAF6 [73]. Thus, Ube4A may also activate Akt via this mechanism.
Ube4A is localized in cytosol and nucleus [20,29], but it’s in vivo
targets in these compartments are unknown. We observed alterations
in energy metabolic, inflammatory and fibrogenic genes in the UKO
liver, suggesting that Ube4A may regulate relevant transcription factors
via ubiquitination. Ube4A-interacting transcription factors and regula-
tors, identified by the LC-MS/MS studies, will be validated to obtain
further insights into its mechanism of actions.

Downregulation of Ube4A is associated with human obesity and
diabetes [21e23], which may be consistent with our observation
that deletion of Ube4A in mice promotes obesity and insulin resis-
tance, especially when fed a HFD. We also observed that Ube4A is
upregulated in 10-week-HFD-fed mice. Whether preventing Ube4A
downregulation or increasing its expression might prevent or delay
progression of metabolic disease still needs to be established. In
pre-clinical mouse studies, levels of mRNA do not always correlate
with protein expression, and protein levels often do not always
correspond to functional consequences. Thus, future studies will be
directed at determining activity, post-translational modifications,
localization, and protein interactions of Ube4A in multiple tissues
from patients with various stages of NAFLD and other diseases as

Figure 7: Ube4A maintains metabolic homeostasis by mediating insulin signaling.
A. Whole-body Ube4A deletion causes mild hyperinsulinemia and moderate impairment in glucose uptake in young, chow-fed mice. Moreover, HFD feeding develops severe insulin
resistance in the knockouts. HFD-fed UKO mice also exhibit increased obesity, adipocyte dysfunction, hepatic steatosis, and liver injury.
B. In WT conditions, Ube4A mediates K63-Ub of Akt and APPL1, leading to Akt activation and insulin-induced metabolic effects. In UKO mice, K63-Ub of these proteins is disrupted,
affecting insulin signaling and metabolism. Solid and open arrows indicate fully and partially active processes, respectively.
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well as healthy control subjects to obtain a more comprehensive
understanding of the role of this novel protein in metabolism and
metabolic diseases.

5. CONCLUSIONS

This study revealed that Ube4A protects mice from developing obesity,
insulin resistance and NAFLD and determined the mechanism by
which it contributes to normal insulin signaling. Thus, preventing the
loss of Ube4A activity may prevent or reverse metabolic diseases.
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