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Systemic depletion of WWP1 improves insulin sensitivity
and lowers triglyceride content in the liver of obese mice
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Obesity is a metabolic disorder associated with many diseases. WW

domain-containing E3 ubiquitin protein ligase 1 (WWP1) is a HECT-type

E3 ubiquitin ligase involved in several diseases. Recently, we found that

the level of WWP1 is increased in white adipose tissue in a mouse model

of obesity and that obese Wwp1 knockout (KO) mice exhibit improved

whole-body glucose metabolism. Here, to determine which insulin-sensitive

tissues contribute to this phenotype, we investigated the levels of several

insulin signaling markers in white adipose tissue, liver, and skeletal muscle

of Wwp1 KO mice, which were fed a normal or high-fat diet and tran-

siently treated with insulin. In obese Wwp1 KO mice, phosphorylated Akt

levels were increased in the liver but not in white adipose tissue or skeletal

muscle. Moreover, the weight and triglyceride content of the liver of obese

Wwp1 KO mice were decreased. These results suggest that systemic dele-

tion of WWP1 improves glucose metabolism via enhanced hepatic insulin

signaling and suppressed hepatic fat accumulation. In summary, WWP1

participates in obesity-related metabolic dysfunction and pathologies

related to hepatic steatosis via suppressed insulin signaling.

Obesity is abnormal or excessive fat accumulation that

causes metabolic disorders and contributes to the

development of insulin resistance and type 2 diabetes

through chronic inflammation or oxidative stress [1].

Since obesity-related insulin resistance has become a

major worldwide health problem, it is necessary to

understand the molecular mechanisms underlying insu-

lin resistance and establish preventive methods.

Insulin has important metabolic effects in insulin-

sensitive tissues, which include the liver, white adipose

tissue (WAT), and skeletal muscle. Insulin stimulation

suppresses glucose output in the liver and lipolysis in

WAT. In addition, it enhances hepatic glycogen pro-

duction and glucose uptake in WAT and skeletal mus-

cle. Insulin resistance is characterized by a diminished

response to insulin stimulation that results, in part,

from disruption of the insulin signaling pathway [2].

In this pathway, the binding of insulin to the insulin

receptor induces tyrosine phosphorylation of the insu-

lin receptor substrate via autophosphorylation of the
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insulin receptor. This phosphorylation activates phos-

phatidylinositol 3-kinase (PI3K), which converts

phosphatidylinositol 3,4-bisphosphate (PIP2) into

phosphatidylinositol 3,4,5-triphosphate (PIP3), a phos-

pholipid recognized as the cellular second messenger.

Phosphatase and tensin homolog (PTEN) is a negative

regulator of PI3K [3,4]. Akt (also known as protein

kinase B) is phosphorylated and activated by PIP3,

leading to induced translocation of glucose transporter

4 on the cell surface and glucose uptake in insulin-

sensitive tissues [5]. Therefore, the insulin signaling

pathway is important for whole-body glucose

metabolism.

WW domain-containing E3 ubiquitin protein ligase

1 (WWP1; also known as TIUL1 or AIP5) belongs to

the HECT-type E3 ubiquitin protein ligase family.

WWP1 has a C2 domain at its N-terminal, four WW

domains in its central region and a HECT domain at

its C-terminal [6,7]. The C2 domain determines subcel-

lular localization of the molecule, while the WW

domains bind to proline-rich sequences (PY motif) of

substrate proteins. Previous studies have indicated that

WWP1 plays important roles in various pathologies

such as cancers, infectious diseases, and neurological

diseases [7].

We previously revealed that in a mouse model of

obesity induced by a high-fat diet (HFD), the expres-

sion level of WWP1 in WAT was elevated in a p53-

dependent manner [8]. Subsequently, to evaluate the

involvement of WWP1 in metabolic regulation, we

studied systemic Wwp1 knockout (KO) mice and

found that the HFD-induced reduction in phosphory-

lation levels of Akt in WAT was enhanced in Wwp1

KO mice. This result indicates that deletion of WWP1

exacerbates obesity-related insulin resistance in WAT.

However, in the same study, the insulin tolerance test

(ITT) and glucose tolerance test (GTT) showed that

insulin sensitivity and glucose tolerance were unexpect-

edly improved in Wwp1 KO mice [9]. This discrepancy

between insulin sensitivity in the whole body and insu-

lin signal transduction in WAT implies that WWP1

deletion may also affect insulin signal transduction in

other insulin-sensitive tissues, including the liver and

skeletal muscle. Thus, in this study, we investigated

insulin signal transduction in insulin-sensitive tissues in

Wwp1 KO mice transiently stimulated with insulin.

Methods

Animals

All animal experiments and protocols were conducted in

accordance with the Fundamental Guidelines for Proper

Conduct of Animal Experiments and Related Activities in

Academic Research Institutions under the jurisdiction of

the Ministry of Education, Culture, Sports, Science and

Technology of Japan and were approved by the Ethics

Review Committee for Animal Experimentation at Tokyo

University of Science (approval numbers: Y20043 and

Y21043). Mice with systemic KO of Wwp1 (Wwp1�/� mice)

and wild-type (WT) Wwp1+/+ mice were generated as shown

in our previous report [10]. Genotyping of offspring was

performed by PCR using KOD FX neo (Toyobo, Osaka,

Japan) with the following primers: forward, 50-AGA GGC

AAG AGA ATG GCG TCA AG-30; reverse, 50-GGA

GGT GAA AGG GTT GGA AGA ATA C-30. Mice were

maintained under specific-pathogen-free conditions at

23 °C, under a 12-h light/dark cycle in the animal facility

at the Faculty of Pharmaceutical Sciences, Tokyo Univer-

sity of Science. They had free access to water and were fed

a Charles River Formula-1 diet (21.9% crude protein,

5.4% crude fat and 2.9% crude fiber; Oriental Yeast,

Tokyo, Japan). At 5 weeks old, WT and KO mice were

divided into two groups: the normal diet (ND; Nosan,

Yokohama, Japan) group or HFD group. The Charles

River Formula-1 diet and High-Fat Diet 32 (25.5% crude

protein, 32.0% crude lipid and 2.9% crude fiber; CREA,

Tokyo, Japan) were fed as the ND and HFD, respectively.

At 13–15 weeks old, mice were euthanized under isoflurane

anesthesia (Mylan, Canonsburg, PA, USA) in a fed state,

and their liver was collected for measuring the expression

of WWP1 by immunoblot (Fig. 3A). At 23 weeks old, mice

were fasted for 24 h and intravenously administrated with

insulin (1 U per kg body weight) via the inferior vena cava

by abdominal section under isoflurane anesthesia. After

10 min, they were euthanized and their epididymal and

subcutaneous WAT depots and liver and quadriceps

femoris muscle (skeletal muscle) were collected and weighed

for immunoblot and for measuring the contents of triglyc-

eride and liver weight. These tissues were immediately

diced, frozen in liquid nitrogen, and stored at �80 °C.

Immunoblotting

The preparation of WAT lysates and immunoblotting were

performed according to our previously reported methods

[11]. Briefly, WAT was lysed in SDS sample buffer [50 mM

Tris–HCl (pH 6.8), 2% SDS, 3 M urea, 6% glycerol], boiled

for 5 min, and sonicated. Lysates were subjected to SDS/

PAGE (15 lg protein per well), and separated proteins

were transferred to nitrocellulose membranes. Membranes

were blocked with blocking solution [2.5% skim milk,

0.25% BSA in TTBS (25 mM Tris–HCl pH 7.4, 140 mM

NaCl, 2.5 mM KCl, 0.1% Tween-20)] for 1 h at room tem-

perature and then probed with appropriate primary anti-

bodies overnight at 4 °C. The anti-WWP1 antibody was

originally generated in our laboratory [8]. The anti-

phospho-Akt (Ser473; #9271), anti-Akt (#9272), and anti-
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ACC (acetyl-CoA carboxylase; #3662) were from Cell Sig-

naling Technology (Danvers, MA, USA). The anti-ACLY

(ATP citrate lyase; #1699-1) and anti-phospho-ACLY

(#1822-1) were from Epitomics—an Abcam Company

(Cambridge, UK). The FASN (fatty acid synthase;

#910963) was from BD Bioscience (Franklin Lakes, NJ,

USA), the Lamin B1 (#PM064) was from MBL (Aichi,

Japan), and the anti-PTEN (#sc-7974) was from Santa

Cruz Biotechnology (Dallas, TX, USA). Subsequently,

membranes were incubated with appropriate secondary

antibodies [horseradish peroxidase-conjugated F(ab’)2 frag-

ment of goat anti-mouse IgG or anti-rabbit IgG was by

Jackson ImmunoResearch (West Grove, PA, USA)] for 1 h

at room temperature. Antibody-bound proteins were visual-

ized using ImmunoStar LD Reagent by Wako (Osaka,

Japan) and a LAS3000 Image Analyzer was by Fujifilm

(Tokyo, Japan), and data were analyzed using MULTIGAGE

software (GE Healthcare, Chicago, WI, USA) or IMAGEJ

software from NIH (Bethesda, MD, USA). Specific signal

intensities were normalized to those of Lamin B1 or Coo-

massie Brilliant Blue staining.

GTT and ITT

GTT and ITT were performed in HFD-fed Wwp1 WT and

KO mice of 13–15 weeks old. Prior to GTT and ITT, mice

were fasted for 24 and 8 h, respectively. D-glucose (1.0 kg

per body weight, Wako) or insulin (1.0 U per kg body

weight, Wako) were injected intraperitoneally for GTT and

ITT, respectively. Next, serial blood sampling from the tail

vein was performed at 0, 15, 30, 60, and 120 min after injec-

tion. Blood glucose levels were measured using an Accu-

Chek� Aviva blood glucose meter (Roche, Basel,

Switzerland).

Amount of triglyceride in liver

Collected liver pieces were homogenized with Solution I

(chloroform : methanol = 1 : 1), followed by mixing with a

quarter volume of 1 M NaCl. The homogenates were centri-

fuged for 10 min at 1100 g at 4 °C, and their lower layers

were collected and dried up into lipid pellets. The pellets

were dissolved in Solution II (tert-butanol : methanol: triton-

114 = 3 : 1 : 1) as extracted triglyceride samples. The amount

of triglyceride in samples was measured using LabAssayTM

triglyceride (Wako).

Measurement of glutathione concentrations

Total glutathione (tGSH [GSH + glutathione disulfide

(GSSG)]) and GSSG concentrations were measured as pre-

viously reported [12]. WAT was homogenized in extraction

buffer (0.1 M potassium phosphate buffer containing 5 mm

EDTA (pH 7.5), 0.1% Triton X-100, and 0.6% sulfosa-

licylic acid) and centrifuged at 4 °C for 10 min.

Supernatants were used for the measurement of tissue GSH

content with an Infinite F200 PRO microplate reader

(Tecan, M€annedorf, Switzerland). The rate of 5,5-dithio-

bis-(2-nitrobenzoic) acid (DTNB) formation was calculated,

and the concentrations of tGSH and GSSG in each sample

were determined using linear regression, with reference to a

standard curve. GSH concentration was calculated by sub-

tracting GSSG concentration from tGSH concentration.

Statistical analysis

Statistical significance was determined using the Student’s

t-test to compare two groups or the Tukey–Kramer test to

compare more than two groups after the assessment of sig-

nificant differences by two-way or three-way analysis of var-

iance. R software (R project for Statistical Computing) and/

or BellCurve for Excel (Social Survey Research Information

Co., Ltd., Tokyo, Japan) was used. Differences with

P values < 0.05 were considered statistically significant.

Results

Deletion of WWP1 enhanced the insulin signaling

response in liver from HFD-fed mice

We initially performed GTT and ITT and confirmed that

insulin sensitivity was improved in HFD-fed Wwp1 KO

mice, which is consistent with our published results

(Fig. S1B,D) [9]. By contrast, these changes were not

observed in ND-fed mice (Fig. S1A,C). To evaluate the

insulin signaling response in insulin-sensitive tissues

(including epididymal and subcutaneous WAT, skeletal

muscles and liver), we analyzed insulin-stimulated

changes in levels of total and phosphorylated Akt (Akt

and pAkt) and PTEN, which are insulin signaling-related

proteins, in each tissue in Wwp1 KO mice. The results

showed that in the liver of HFD-fed mice, WWP1 dele-

tion significantly increased the ratio of pAkt/Akt protein

levels and, despite no significance, decreased PTEN pro-

tein levels (Fig. 1A). In the WAT and skeletal muscle of

HFD-fed mice, however, WWP1 deletion did not affect

levels of these proteins (Fig. 1B–D). Moreover, in ND-

fed mice, WWP1 deletion did not significantly affect the

ratio of pAkt/Akt levels and PTEN levels in any tissue

(Fig. 2). These results suggest that the improvement in

insulin sensitivity in Wwp1 KO mice results from an

enhanced insulin signaling response mainly in the liver.

Deletion of WWP1 decreased the weight and

triglyceride content of the liver in HFD-fed mice

Protein levels of WWP1 in WT mice were not different

between ND-fed and HFD-fed mice of 13–15 weeks of
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age in the liver (Fig. 3A). Hepatic insulin sensitivity is

reportedly inversely correlated with triglyceride content

in nondiabetic obese patients [13]; therefore, we mea-

sured the hepatic triglyceride content in all groups of

mice of 23 weeks of age. We showed that HFD-

induced increases in hepatic triglyceride content were

significantly suppressed in Wwp1 KO mice (Fig. 3B).

In addition, liver weight was also decreased in HFD-

Fig. 1. WWP1 KO increased expression of insulin-signaling-related proteins in liver derived from HFD-fed mice. Male 23-week-old mice fed

a HFD were treated with insulin by intravenous injection for 10 min. (A–D) Expression levels of insulin-signaling-related proteins in liver (A),

skeletal muscle (B), epididymal WAT (C) and subcutaneous WAT (D) were obtained by immunoblotting (left, representative immunoblot data;

right, quantitative values). Coomassie Brilliant Blue stain was used as a loading control. Circles indicate values of individual mice. Data are

mean � SD (n = 3–5 per group). Differences between each value were analyzed by Student’s t-test (*P < 0.05).
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fed Wwp1 KO mice, which correlates with the decrease

in triglyceride content (Fig. 3C). De novo lipogenesis

is important for regulation of hepatic triglyceride

levels [14]. To assess the contribution of WWP1 to

lipogenesis in the liver, we examined the expression

levels of ACC, FASN, and phosphorylated ACLY,

which are important enzymes in de novo fatty acid syn-

thesis. The results showed that expression of these

Fig. 2. WWP1 KO had no effect on expression of insulin-signaling-related proteins in ND-fed mice. Male 23-week-old mice fed a ND were

treated with insulin by intravenous injection for 10 min. (A–D) Expression levels of insulin-signaling-related proteins in liver (A), skeletal mus-

cle (B), epididymal WAT (C) and subcutaneous WAT (D) were obtained by immunoblotting (left, representative immunoblot data; right, quan-

titative values). Coomassie Brilliant Blue stain was used as a loading control. Circles indicate values of individual mice. Data are mean � SD

(n = 3–5 per group). Differences between each value were analyzed by Student’s t-test.
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proteins was not significantly different in any of the

groups (Fig. S2).

Discussion

Our previous report demonstrated that obese systemic

Wwp1 KO mice exhibit improved whole-body insulin

sensitivity (Fig. S1 and [9]). In this study, we focused

on insulin-sensitive tissues and investigated the insulin

signaling pathway to assess the role of WWP1 in

whole-body glucose metabolism. We found that

WWP1 deletion in HFD-fed mice enhanced insulin

signaling (pAkt/Akt rate) in the liver (Fig. 1A) but not

in other insulin-sensitive tissues (Fig. 1B–D). This

enhanced insulin signaling in the liver by WWP1 dele-

tion probably contributes to improved whole-body glu-

cose metabolism in Wwp1 KO obese mice. In addition,

WWP1 deletion in HFD-fed mice slightly reduced

PTEN protein levels in the liver, suggesting that

WWP1 may positively regulate PTEN (Fig. 1D). By

contrast, several studies have shown that WWP1 nega-

tively regulates PTEN in cancers. In studies by Lee

et al., WWP1 ubiquitinated PTEN and inhibited its

dimerization and translocation to the cellular

Fig. 3. WWP1 KO decreased the weight and triglyceride content of the liver in HFD-fed mice. (A) Expression levels of WWP1 in ND-fed

and HFD-fed WT and KO mice of 13–15 weeks of age (left, representative immunoblot data; right, quantitative values). Coomassie Brilliant

Blue stain was used as a loading control. (B) Triglyceride content of liver in 23-week-old mice from all groups. (C) Liver weight in 23-week-

old mice from all groups treated with insulin by intravenous injection for 10 min. Circles indicate values of individual mice. Bar represents

mean � SD (n = 3–5 per group). Differences between each value were analyzed by the Tukey–Kramer test (**P < 0.01).
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membrane, resulting in the inactivation of PTEN

[15,16]. Furthermore, total protein levels of PTEN

were not altered in embryonic fibroblasts of Wwp1 KO

mice in one of these studies [15]. Considering that the

HFD did not affect WWP1 levels in the liver in our

study (Fig. 3A), the discrepancy between our results

and these findings implies that WWP1 deletion reduces

PTEN protein levels in obese liver in an indirect man-

ner, for example, by the influence of other organs.

Taken together, although the mechanism remains

unclear, WWP1 plays a downregulatory role in hepatic

insulin signal transduction via stabilizing PTEN, at

least in obese mice.

Although HFD did not alter WWP1 expression

levels in the liver (Fig. 3A), we previously reported

that WWP1 expression was increased by HFD in

WAT in a p53-dependent manner [8]. Considering the

evidence that obesity upregulated p53 expression not

only in WAT but also in liver [17], it is conceivable

that the regulation of HFD-induced WWP1 expression

in liver is different from that in WAT, which is depen-

dent on p53. Moreover, it was reported that trans-

forming growth factor b (TGFb) [18] and tumor

necrosis factor a (TNFa) [19] stimulate the transcrip-

tion of WWP1 gene via an unknown mechanism. Sev-

eral micro-RNAs have been also found to regulate the

expression of WWP1 [20]. Despite no direct evidence,

these regulators may contribute to the regulation of

WWP1 expression in obese liver.

WWP1 deletion reduced increases in hepatic triglyc-

eride content normally associated with a HFD

(Fig. 3B). We previously demonstrated that WWP1

plays a defensive role against mitochondrial oxidative

stress in adipocytes and WAT [8,9]. Hence, the WAT

of Wwp1 KO mice is more vulnerable to mitochondrial

oxidative stress than that of WT mice. In contrast,

while WWP1 deficiency slightly reduced the total glu-

tathione concentration with no significant in liver, the

GSH/GSSG ratio, a marker of antioxidative capacity,

did not change, unlike WAT (Fig. S3). Mild-to-

moderate mitochondrial dysfunction or stress

responses in adipocytes prevent obesity-induced

hepatic steatosis [21]. For example, Yang et al. [22]

have shown that adipose-specific deletion of fumarate

hydrase, an integral Krebs cycle enzyme, provokes

mitochondrial stress and suppresses hepatic steatosis.

Systemic deletion of caseinolytic mitochondrial matrix

peptidase proteolytic subunit (ClpP), a mitochondrial

matrix protease responsible for quality control of

mitochondrial proteins, also reportedly exerts similar

effects [23]. These reports suggest that reductions in

the weight and triglyceride content of the liver in obese

Wwp1 KO mice may result from moderate

mitochondrial oxidative stress in adipocytes. More-

over, the above-mentioned mouse models of mitochon-

drial oxidative stress exhibited improved glucose

tolerance [22,23]. Thus, although activation of insulin

signal transduction in the liver is a main mechanism

by which insulin sensitivity is enhanced in Wwp1 KO

mice, mitochondrial oxidative stress in adipocytes also

plays a role.

In addition to the extrahepatic influence, Korenblat

et al. [13] raise the possibility that decreased hepatic

triglyceride content is associated with an enhanced

insulin signaling response in the liver; in this study,

hepatic triglyceride content was inversely correlated

with hepatic insulin sensitivity in obese nondiabetic

patients, despite an unproved cause-and-effect relation-

ship. This report also found that hepatic triglyceride

content was directly correlated with basal plasma insu-

lin concentration in obese nondiabetic patients, in

agreement with our previous finding of decreased

plasma insulin levels in HFD-fed Wwp1 KO mice [8].

Collectively, decreased weight and triglyceride content

in the liver of Wwp1 KO mice could be explained by

two mechanisms: one is oxidative-stress-induced mito-

chondrial dysfunction in WAT, and the other is

enhanced insulin signal transduction in the liver. Clari-

fication of which mechanism is correct requires analy-

sis of adipose-specific or liver-specific Wwp1 KO mice.

In the present study, obese Wwp1 KO mice dis-

played an enhanced hepatic insulin signaling response.

In obese mice, WWP1 deletion also reduced the weight

and triglyceride content of the liver. Dysregulation of

hepatic triglyceride content is closely linked to nonal-

coholic fatty liver disease (NAFLD)/nonalcoholic

steatohepatitis (NASH). NAFLD/NASH is an obesity-

associated risk factor for serious liver diseases, includ-

ing cirrhosis and hepatocellular carcinoma [24]. Zhang

et al. [25] have reported that the expression of WWP1

is upregulated in human hepatocellular carcinoma and

is highly correlated with its poor outcome. Therefore,

further analysis of WWP1 will improve understanding

of not only obesity-related metabolic dysfunction but

also hepatic steatosis-related pathologies, such as cir-

rhosis and hepatocellular carcinoma.

Acknowledgement

We are grateful to Dr Hiroshi Kawabe (Gunma Uni-

versity) for providing the Wwp1 KO mice. This work

was supported by a Grants-in-Aid for Scientific

Research (B) to YH (grant number 17H02179) from

the Japan Society for the Promotion of Science;

and by the MEXT-Supported Program for the

Strategic Research Foundation at Private Universities,

1092 FEBS Open Bio 13 (2023) 1086–1094 � 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Depletion of WWP1 improves hepatic steatosis Y. Nozaki et al.



2014-2018. We thank Carol Wilson, PhD, from Edanz

(https://jp.edanz.com/ac) for editing a draft of this

manuscript.

Conflict of interest

The authors declare no conflict of interest.

Data accessibility

The data that support the findings of this study

are available in the figures and the supporting

information.

Author contributions

MK, RT, and YH supervised the study and designed

the experiments; YN, HW, SH, FS, and YO per-

formed the experiments; YN and HW analyzed the

data; YN wrote the manuscript; and MK, RT, and

YH made manuscript revisions.

References

1 Hotamisligil GS (2006) Inflammation and metabolic

disorders. Nature 444, 860–867.
2 Petersen MC and Shulman GI (2018) Mechanisms of

insulin action and insulin resistance. Physiol Rev 98,

2133–2223.
3 Stambolic V, Suzuki A, de la Pompa JL, Brothers GM,

Mirtsos C, Sasaki T, Ruland J, Penninger JM,

Siderovski DP and Mak TW (1998) Negative regulation

of PKB/Akt-dependent cell survival by the tumor

suppressor PTEN. Cell 95, 29–39.
4 Sun H, Lesche R, Li DM, Liliental J, Zhang H, Gao J,

Gavrilova N, Mueller B, Liu X and Wu H (1999)

PTEN modulates cell cycle progression and cell survival

by regulating phosphatidylinositol 3,4,5,-trisphosphate

and Akt/protein kinase B signaling pathway. Proc Natl

Acad Sci USA 96, 6199–6204.
5 Tanti JF, Grillo S, Gr�emeaux T, Coffer PJ, Van

Obberghen E and Le Marchand-Brustel Y (1997)

Potential role of protein kinase B in glucose transporter 4

translocation in adipocytes. Endocrinology 138, 2005–2010.
6 Seo SR, Lallemand F, Ferrand N, Pessah M, L’Hoste

S, Camonis J and Atfi A (2004) The novel E3 ubiquitin

ligase Tiul1 associates with TGIF to target Smad2 for

degradation. EMBO J 23, 3780–3792.
7 Zhi X and Chen C (2012) WWP1: a versatile ubiquitin

E3 ligase in signaling and diseases. Cell Mol Life Sci 69,

1425–1434.
8 Kobayashi M, Hoshino S, Abe T, Okita N, Tagawa R,

Nagai W et al. (2019) Identification of WWP1 as an

obesity-associated E3 ubiquitin ligase with a protective

role against oxidative stress in adipocytes. Biochem

Biophys Res Commun 508, 117–122.
9 Hoshino S, Kobayashi M, Tagawa R, Konno R, Abe

T, Furuya K, Miura K, Wakasawa H, Okita N, Sudo

Y et al. (2020) WWP1 knockout in mice exacerbates

obesity-related phenotypes in white adipose tissue but

improves whole-body glucose metabolism. FEBS Open

Bio 10, 306–315.
10 Ambrozkiewicz MC, Schwark M, Kishimoto-Suga M,

Borisova E, Hori K, Salazar-L�azaro A, Rusanova A,

Altas B, Piepkorn L, Bessa P et al. (2018) Polarity

acquisition in cortical neurons is driven by synergistic

action of Sox9-regulated Wwp1 and Wwp2 E3

ubiquitin ligases and Intronic miR-140. Neuron 100,

1097–1115.e15.
11 Okita N, Hayashida Y, Kojima Y, Fukushima M,

Yuguchi K, Mikami K, Yamauchi A, Watanabe K,

Noguchi M, Nakamura M et al. (2012) Differential

responses of white adipose tissue and brown adipose

tissue to caloric restriction in rats. Mech Ageing Dev

133, 255–266.
12 Rahman I, Kode A and Biswas SK (2006) Assay for

quantitative determination of glutathione and

glutathione disulfide levels using enzymatic recycling

method. Nat Protoc 1, 3159–3165.
13 Korenblat KM, Fabbrini E, Mohammed BS and Klein

S (2008) Liver, muscle, and adipose tissue insulin action

is directly related to intrahepatic triglyceride content in

obese subjects. Gastroenterology 134, 1369–1375.
14 Jensen-Urstad AP and Semenkovich CF (2012) Fatty

acid synthase and liver triglyceride metabolism:

housekeeper or messenger? Biochim Biophys Acta 1821,

747–753.
15 Lee YR, Chen M, Lee JD, Zhang J, Lin SY, Fu TM,

Chen H, Ishikawa T, Chiang SY, Katon J et al. (2019)

Reactivation of PTEN tumor suppressor for cancer

treatment through inhibition of a MYC-WWP1

inhibitory pathway. Science 364, eaau0159.

16 Lee YR, Yehia L, Kishikawa T, Ni Y, Leach B, Zhang

J, Panch N, Liu J, Wei W, Eng C et al. (2020) WWP1

gain-of-function inactivation of PTEN in cancer

predisposition. N Engl J Med 382, 2103–2116.
17 Minamino T, Orimo M, Shimizu I, Kunieda T,

Yokoyama M, Ito T, Nojima A, Nabetani A, Oike Y,

Matsubara H et al. (2009) A crucial role for adipose

tissue p53 in the regulation of insulin resistance. Nat

Med 15, 1082–1087.
18 Chen C and Matesic LE (2007) The Nedd4-like family

of E3 ubiquitin ligases and cancer. Cancer Metastasis

Rev 26, 587–604.
19 Zhao L, Huang J, Zhang H, Wang Y, Matesic LE,

Takahata M, Awad H, Chen D and Xing L (2011)

Tumor necrosis factor inhibits mesenchymal stem cell

differentiation into osteoblasts via the ubiquitin E3

ligase Wwp1. Stem Cells 29 (10), 1601.

1093FEBS Open Bio 13 (2023) 1086–1094 � 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Y. Nozaki et al. Depletion of WWP1 improves hepatic steatosis

https://jp.edanz.com/ac


20 Kuang L, Jiang Y and Li C (2021) WW domain-

containing E3 ubiquitin protein ligase 1: a self-

disciplined Oncoprotein. Front Cell Dev Biol 9, 757493.

21 Kobayashi M, Nezu Y, Tagawa R and Higami Y

(2021) Mitochondrial unfolded protein responses in

white adipose tissue: lipoatrophy, whole-body

metabolism and lifespan. Int J Mol Sci 22, 2854.

22 Yang H, Wu JW, Wang SP, Severi I, Sartini L, Frizzell

N, Cinti S, Yang G and Mitchell GA (2016) Adipose-

specific deficiency of fumarate hydratase in mice

protects against obesity, hepatic steatosis, and insulin

resistance. Diabetes 65, 3396–3409.
23 Bhaskaran S, Pharaoh G, Ranjit R, Murphy A,

Matsuzaki S, Nair BC, Forbes B, Gispert S, Auburger

G, Humphries KM et al. (2018) Loss of mitochondrial

protease ClpP protects mice from diet-induced obesity

and insulin resistance. EMBO Rep 19, e45009.

24 Anstee QM, Reeves HL, Kotsiliti E, Govaere O and

Heikenwalder M (2019) From NASH to HCC: current

concepts and future challenges. Nat Rev Gastroenterol

Hepatol 16, 411–428.
25 Zhang XF, Chao J, Pan QZ, Pan K, Weng DS, Wang

QJ, Zhao JJ, He J, Liu Q, Jiang SS et al. (2015)

Overexpression of WWP1 promotes tumorigenesis and

predicts unfavorable prognosis in patients with

hepatocellular carcinoma. Oncotarget 6, 40920–40933.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.

Fig. S1. WWP1 KO improved glucose metabolism in

HFD-fed mice. Blood glucose levels during intraperito-

neal GTT (A, B) or ITT (C, D) studies in all groups

of mice of 13–15 weeks of age. Each area under the

curve (AUC) is calculated and shown. The quantitative

values are mean � SD (n = 5–8 per group). Differ-

ences between each value were analyzed by Student’s

t-test. (##, P < 0.01, ###, P < 0.001).

Fig. S2. WWP1 KO does not affect lipogenesis-related

protein expression in the liver of HFD-fed mice. Male

23-week-old mice fed a HFD were treated with insulin

by intravenous injection for 10 min. (A, C) Expression

levels of lipogenesis-related proteins in liver from ND-

fed or HFD-fed mice were obtained by immunoblot-

ting. (B, D) The quantitative values of ACC, FASN,

and phosphorylated ACLY normalized by total

ACLY. Lamin B was used as a loading control. Cir-

cles indicate values of individual mice. Data are

mean � SD (n = 3–5 per group). Differences between

each value were analyzed by Student’s t-test.

Fig. S3. WWP1 KO does not affect antioxidative reac-

tion in the liver of HFD-fed mice. (A-B) Glutathione

concentrations in liver from ND-fed and HFD-fed WT

and KO mice of 23 weeks of age with insulin by intra-

venous injection for 10 min were measured spectro-

photometrically at 412 nm. (A) Total GSH and (B)

GSH/GSSG ratio. Circles indicate values of individual

mice. Bar represents mean � SD (n = 3–5 per group).

Differences between each value were analyzed by the

Tukey–Kramer test.
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