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Abstract
Aims/hypothesis Elucidating the molecular mechanisms of fat accumulation and its metabolic consequences is crucial to under-
standing and treating obesity, an epidemic disease. We have previously observed that Usp19 deubiquitinating enzyme-null mice
(Usp19−/−) have significantly lower fat mass than wild-type (WT) mice. Thus, this study aimed to provide further understanding
of the role of ubiquitin-specific peptidase 19 (USP19) in fat development, obesity and diabetes.
Methods In this study, the metabolic phenotypes of WT and Usp19−/− mice were compared. The stromal vascular fractions
(SVFs) of inguinal fat pads fromWTand Usp19−/− mice were isolated and cells were differentiated into adipocytes in culture to
assess their adipogenic capacity. Mice were fed a high-fat diet (HFD) for 18 weeks. Body composition, glucose metabolism and
metabolic variables were assessed. In addition, following insulin injection, signalling activity was analysed in the muscle, liver
and adipose tissue. Finally, the correlation between the expression of Usp19 mRNA and adipocyte function genes in human
adipose tissue was analysed.
Result Upon adipogenic differentiation, SVF cells from Usp19−/− failed to accumulate lipid and upregulate adipogenic
genes, unlike cells from WT mice. Usp19−/− mice were also found to have smaller fat pads throughout the lifespan and a
higher percentage of lean mass, compared with WT mice. When fed an HFD, Usp19−/− mice were more glucose tolerant,
pyruvate tolerant and insulin sensitive than WT mice. Moreover, HFD-fed Usp19−/− mice had enhanced insulin signal-
ling in the muscle and the liver, but not in adipose tissue. Finally, USP19 mRNA expression in human adipose tissue
was positively correlated with the expression of important adipocyte genes in abdominal fat depots, but not subcutane-
ous fat depots.
Conclusions/interpretation USP19 is an important regulator of fat development. Its inactivation in mice exerts effects on
multiple tissues, which may protect against the negative metabolic effects of high-fat feeding. These findings suggest
that inhibition of USP19 could have therapeutic potential to protect from the deleterious consequences of obesity and
diabetes.
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Abbreviations
eWAT Epididymal white adipose tissue
GTT Glucose tolerance test
HFD High-fat diet
ITT Insulin tolerance test
IUCPQ Institut universitaire de cardiologie et de

pneumologie de Québec
MRI Magnetic resonance imaging
PPARγ Peroxisome proliferator-activated receptor γ
PTT Pyruvate tolerance tests
scWAT Subcutaneous white adipose tissue
SVF Stromal vascular fraction
USP19 Ubiquitin-specific peptidase 19
WT Wild-type

Introduction

Obesity and the metabolic syndrome that accompanies it are
serious global health concerns. Nearly two billion people are
overweight or obese worldwide and obesity is a significant risk
factor for the development of metabolic dysfunction including
dyslipidaemia, hyperinsulinaemia and glucose intolerance [1].
The development of type 2 diabetes and the subsequent health
complications, such as nephropathy, retinopathy and neuropa-
thy, underlies the importance of solving the primordial

problem of obesity. Understanding the molecular mechanisms
of fat cell development and function will build an important
scientific foundation to address the global epidemic of obesity.

A key regulator of many cellular processes is the ubiquitin
proteasome system. The 8 kDa peptide ubiquitin is conjugated
to proteins through the sequential action of ubiquitin activat-
ing, conjugating and ligating enzymes [2]. The length and the
nature of the linkage of the ubiquitin chain can direct the fate
of the targeted protein and many polyubiquitinated proteins
are targeted to the 26S proteasome for degradation.
Ubiquitination is a reversible process that is catalysed by
deubiquitinating enzymes. There are ~90 deubiquitinating en-
zymes in the human genome that are divided into five families
based on the homology of their catalytic domains [3, 4].
Ubiquitin-specific peptidase 19 (USP19) is a deubiquitinating
enzyme in the ubiquitin-specific protease family. It is involved
in many cellular processes including autophagy and immune
response [5, 6], endoplasmic reticulum-associated degrada-
tion [7], misfolding associated protein secretion [8], cell pro-
liferation [9] and hypoxia [10]. Most notably, USP19 plays an
important role in muscle; USP19 regulates myogenic differ-
entiation [11], and female muscle mass through oestrogen
receptor-dependent mechanisms [12]. Importantly, Usp19 ex-
pression is induced in muscle under catabolic stimuli [13] and
the inactivation of the gene in mice is protective against mus-
cle wasting [14, 15].
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Interestingly, Usp19−/− mice also appeared to have de-
creased fat mass. We therefore decided to characterize this in
detail here and we hypothesised that USP19may be important
in processes such as fat development and accumulation, as
well as obesity and its complications, such as diabetes. In this
report, we explored whether USP19 is important for adipo-
genesis, whetherUsp19−/−mice respond differently fromwild-
type (WT) mice when challenged with a high-fat diet (HFD)
and, finally, whether USP19 might be involved in human ad-
ipose tissue function.

Methods

AnimalsAll animal studies were approved by the Animal Care
Committees of McGill University or the McGill University
Health Centre Research Institute. Animals were housed in
high efficiency particulate air (HEPA)-filtered cages with a
12-h day/night cycle at 21°C with environmental enrichment
and fed a normal diet composed of 32% protein, 14% fat and
54% carbohydrates as energy sources. The mice were gener-
ally housed in groups (maximum n = 5 per cage), but males
were frequently isolated due to aggressive behaviour.
Usp19−/− mice were generated in our laboratory, as previ-
ously described [15]. Heterozygous mice (C57BL/6 back-
ground) were mated to generate WT and Usp19−/− mice. All
available animals were used for each experiment; thus, groups
were assigned based on genotype, without randomisation. For
HFD studies, male mice were fed a diet with 60% of energy
from fat (Harlan Laboratories, Madison, WI, USA), from
8 weeks of age for 18 weeks. Each HFD experiment was
repeated three times. Unless otherwise indicated, representa-
tive data from one experiment is presented in the results. Mice
were subjected to body composition measurements by mag-
netic resonance imaging (MRI; EchoMRI, Houston, TX,
USA) before and during the HFD.

Histology Fat tissue from the epididymal fat pad was fixed,
embedded in paraffin, sectioned and stained with
haematoxylin and eosin. Cross-sectional areas were measured
by manually selecting an area of the section and tracing the
outline of adipocytes in ImageJ or by the open source
Adiposoft software plugin for ImageJ (https://imagej.nih.
gov/ij/; version 1.45s) [16]. Five different fields per animal
were used and ~50 adipocytes per field were manually
counted or the entire field was counted with Adiposoft. The
observer was blinded to the genotype during quantification.

Stromal vascular fraction isolation The stromal vascular frac-
tion (SVF) of the inguinal fat pad was isolated as follows:
inguinal fat pads were removed from male WT or Usp19−/−

mice and placed in 37°C DMEM/F12 media (Thermo Fisher
Scientific,Waltham,MA,USA) before processing. Tissue from

3–5 fat pads was minced and digested for 1 h in collagenase
solution, shaking at 37°C. Digested tissue was passed through a
240 μm filter to remove debris and undigested tissue. Cells
were then centrifuged at 50 g for 5 min at room temperature
to separate the adipocytes. The infranatant (below the floating
adipocyte layer) containing the SVF cells was collected into a
new tube and SVF cells were centrifuged at 500 g for 15 min.
All but 5 ml of the media was removed and 10 ml of red blood
cell lysis buffer (155 mmol/l NH4Cl, 10 mmol/l KHCO3,
10 mmol/l EDTA) was added, after which the solution was
vortexed and incubated at room temperature for 5 min.
DMEM/F12 was added to a total volume of 30 ml and cells
were passed through a 20 μm filter to further purify the SVF
cells. The cells were then centrifuged at 500 g for 15 min to
pellet the SVF cells. These cells were resuspended in
DMEM/F12 supplemented with 10% FBS (vol./vol.) and
penicillin/streptomycin and plated at a density of 2.4 × 105 cells
per well in a 6-well plate and grown until confluence. Cells
were induced to differentiate with 1 μmol/l dexamethasone,
0.5 μmol/l 3-isobutyl-1-methylxanthine (IBMX), 200 μmol/l
indometacin and 10 μg/μl insulin (all from Sigma-Aldrich,
St. Louis, MO, USA), for 48 h. Differentiating cells were main-
tained in DMEM/F12 with 1 μg/μl insulin.

Oil Red O staining Differentiated adipocytes were washed
three times with cold PBS. Then, the cells were fixed for
15 min at room temperature in 4% (vol./vol.) paraformalde-
hyde in PBS. Cells were incubated for 5 min in 60% (vol./vol.)
isopropanol and then incubated for 15 min with Oil Red O
solution. Oil Red O solution was removed and cells were in-
cubated again with 60% isopropanol. Finally, cells were rinsed
three times with distilled water and staining was visualised.

Quantitative real-time PCR RNA was prepared from cells or
tissue by solubilisation in 4 mol/l guanidium isothiocyanate
then ultracentrifugation through a CsCl cushion followed by
phenol-chloroform extraction and RNA precipitation. RNA
was quantified using a NanoDrop LITE spectrophotometer
(Thermo Fisher Scientific). cDNA was synthesised from
1 μg of RNA using the High Capacity cDNA Reverse
Transcriptase Kit (Applied Biosystems, Foster City, CA,
USA). Quantitative real-time PCR (qPCR) analysis was done
using SYBR-Green Master Mix (Applied Biosystems) on a
ViiA7 thermal cycler with gene-specific primers for mouse
Adipoq, Cebpa, Fabp4, Gapdh, Lep, Pparg and Usp19 and
human ADIPOQ, FABP4, GAPDH, LEP, PPARG and USP19
(electronic supplementary material [ESM] Table 1).
Differences in target gene expression were calculated using
the ΔΔCt method.

Western blot Tibialis anterior muscles, epididymal white adi-
pose tissue (eWAT) and liver were homogenised in ice cold
radioimmunoprecipitation assay (RIPA) buffer with protease
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and phosphatase inhibitor cocktails (Roche, Indianapolis, IN,
USA). The homogenate was spun in a refrigerated centrifuge
at 17,000 g for 15 min to clear the lysate. Protein concentra-
tion was determined by the BCA Micro Protein Assay
(Thermo Fisher Scientific). Lysates (10 μg) were subjected
to SDS-PAGE and transferred to 0.45 μm nitrocellulose mem-
branes. Membranes were probed with primary antibodies
(ESM Table 2) followed by secondary antibodies conjugated
to horseradish peroxidase with binding detected using a
chemiluminescent assay (Clarity ECL; Bio-Rad, Hercules,
CA, USA). Membranes were visualised with a ChemiDoc
Touch Camera (Bio-Rad) and the signals quantified using
Image Lab software (Bio-Rad).

Glucose metabolism studies Glucose tolerance tests (GTTs),
insulin tolerance tests (ITTs) and pyruvate tolerance tests
(PTTs) were performed in animals. HFD-fed mice were fasted
for 16 h overnight for GTTs, PTTs and fasting insulin analysis,
or for 4 h for ITTs. For GTTs, ITTs and PTTs, 2 mg/g glucose
(Sigma-Aldrich), 1 U/kg crystalline zinc insulin (Humulin R;
Lilly, Indianapolis, IN, USA) or 2 mg/g sodium pyruvate
(Sigma-Aldrich), respectively, was administered to mice intra-
peritoneally. Blood was collected via tail-vein puncture and
blood glucose was measured with an AccuChek glucometer
(Roche) at various time points. For fasting insulin, blood was
collected from the saphenous vein following overnight food
deprivation and allowed to clot. Serum insulin levels were
measured with an insulin single plex assay kit (Meso Scale
Discovery, Rockville, MD, USA).

Metabolic studies Animals were housed in TSE PhenoMaster
(TSE Systems, Bad Homburg, Germany) metabolic cages for
1 week of acclimatisation, followed by 1 week of measure-
ments including food and water intake, locomotor activity
measured by infrared light beams, and indirect calorimetry.
Each study was carried out once, with the number of mice
indicated in the figure legends.

Human tissue correlation analysis Human mesenteric, omen-
tal and abdominal subcutaneous adipose tissue samples were
obtained from the biobank at Institut universitaire de
cardiologie et de pneumologie de Québec (IUCPQ), where
written informed consent was obtained from the study partic-
ipants. Female participants (BMI ranges: 35–40 kg/m2 and
60–69 kg/m2) were paired for age and date of bariatric surgery
and participants with diabetes were excluded. Study approval
was obtained from the Research Ethics Boards of the McGill
University Health Centre and the IUCPQ.

Statistical analysis Data are presented as mean ± SEM unless
otherwise stated. Statistical analysis was performed using
Graphpad Prism 6 software (www.graphpad.com/scientific-
software/prism/; version 6.0c). Analysis was carried out

using the unpaired student’s t test if comparing a single
variable or a two-way ANOVAwith group (genotype) by time
interaction if comparing multiple independent variables.
Energy expenditure was analysed by direct normalisation to
tissue mass and also by ANCOVA, with lean mass plus 0.2
times fat mass as a covariate to control for the different met-
abolic capacities of lean and fat tissue. The ANCOVA analysis
of energy expenditure was provided by the National Institute
of Diabetes and Digestive Kidney Diseases (NIDDK)
National Mouse Metabolic Phenotyping Centers (MMPC)
using the Energy Expenditure Analysis page (www.mmpc.
org/shared/regression.aspx, accessed 5 May 2018) and
supported by grants DK076169 and DK115255. Bivariate
correlation between the expression of genes was tested using
the Pearson correlation coefficient. Significance was set at
p < 0.05.

Results

Usp19−/− mice have less white adipose tissue than WT mice
On a normal diet, maleUsp19−/−mice had significantly small-
er epididymal fat pads compared with WT mice (Fig. 1a, b).
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Fig. 1 Usp19−/− mice have less fat than WT mice. (a) Representative
images of epididymal fat pads from male WT and Usp19−/− mice at
2 months of age. Scale bar, 1 cm. (b) Epididymal fat mass at 0.75, 2, 6
and 24 months of age in WT and Usp19−/− mice. 0.75 months, n=9; 2
months, n=5; 6 months, WT n=10 and Usp19−/− n=8; 24 months, WT
n=15 and Usp19−/−, n=12. (c) Representative images of epididymal fat
sections fromWTand Usp19−/− mice at 2, 6 and 24 months of age. Scale
bar, 50 μm. (d) Cross-sectional area (CSA) of adipocytes in the epididy-
mal fat pad (number of mice: 2 months, n=4; 6 months, n=4; 24 months,
WT n=6 and Usp19−/− n=3); n>250 adipocytes per animal from five
different fields. *p<0.05, **p<0.01
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After normalisation to body weight, epididymal fat pads were
still significantly smaller in Usp19−/− mice (ESM Fig. 1a).
This decrease in fat mass was consistent throughout the
lifespan from as early as 21 days to as late as 24 months of
age. Total body fat mass in Usp19−/− mice, as measured by
MRI, was also significantly lower than in WT (ESM Fig. 1b).
The inguinal subcutaneous fat was also smaller in theUsp19−/−

mice at 8 weeks of age (ESM Fig. 1c), while brown adipose
tissue weight was similar between WT and Usp19−/− mice
(ESM Fig. 1d). Fat tissue expansion is the result of two pro-
cesses: adipocyte hypertrophy and/or adipocyte hyperplasia.
To determine if Usp19−/− mice have a defect resulting in adi-
pocyte hypertrophy or hyperplasia, we assessed the size of the
adipocytes in the fat pads of WT and Usp19−/− mice.
Epididymal adipocytes in Usp19−/− mice had significantly
smaller cross-sectional areas from 6 months of age (Fig. 1c,
d). Interestingly, the adipocyte size was similar between WT
and Usp19−/− mice at an early age (2 months; Fig. 1c, d), yet
the fat pad was significantly smaller at this age (Fig. 1b), an
indication that fewer cells were present. These findings sug-
gested that USP19 may be modulating fat cell development.

USP19 is required for normal adipogenesis Adipogenesis is
regulated by a transcriptional cascade hinging on the positive
regulatory loop between the transcription factors peroxisome
proliferator-activated receptor γ (PPARγ) and CCAAT/
enhancer-binding protein α (CEBPα), the transcriptional activ-
ities of which also drive the expression of adipocyte-specific
genes [17]. To further dissect the role of USP19 in adipogene-
sis, we isolated the SVF from the inguinal fat pads of WT and
Usp19−/− mice and differentiated them into adipocytes in vitro.
Usp19−/− cells failed to accumulate lipid, unlike WT cells, as
shown by marked reductions in staining by Oil Red O, which
labels neutral lipids (Fig. 2a). The differentiated cells from
Usp19−/− mice expressed significantly lower levels of the key
regulator of adipogenesis,Pparg, as well as genes important for
adipocyte function, such as Fabp4, Adipoq and Lep (Fig. 2b).

Additionally, the cells isolated from the Usp19−/− mice
expressed significantly lower levels of PPARγ protein (Fig.
2c [quantification not shown]). Therefore, it may be concluded
that USP19 is required for robust adipogenic differentiation of
cells in the SVF.

Usp19−/− mice have an altered energy balance, favouring a
leaner phenotype on an HFD To test whether absence of
USP19 would prevent the mice from developing obesity, we
challenged the mice with an HFD containing 60% of the en-
ergy as fat. We found that Usp19−/− mice weighed less than
WT mice over the 18 weeks that mice were fed an HFD (Fig.
3a). To understand what may be contributing to this difference
in weight gain, the mice were housed inmetabolic cages while
indirect calorimetry, activity and food intake were measured.
Usp19−/− mice had significantly increased activity levels
when compared with WT mice, when fed either a normal diet
(ESM Fig. 2a) or an HFD (Fig. 3b). Similar increases in ac-
tivity were observed in the Usp19−/− mice during both the
light and the dark cycle. Additionally, Usp19−/− mice con-
sumed more food than WT mice when fed a normal diet
(ESM Fig. 2b), but similar amounts of food when HFD-fed
(Fig. 3c). Oxygen consumption and energy expenditure were
similar between WT and Usp19−/− mice (Fig. 3d, f). When
normalised to body weight, however, oxygen consumption
and energy expenditure were significantly increased in the
Usp19−/− mice (Fig. 3e, g). Since normalisation to body
weight does not take into account differences in body compo-
sition between the two genotypes, we performed additional
analyses. When normalised to lean mass + (0.2 × fat mass),
which reflects the major contribution of skeletal muscle to
energy expenditure with a minor contribution from fat, oxy-
gen consumption and energy expenditure remained elevated
in the Usp19−/− mice when compared with WT mice (Fig. 3e,
g). When fed a normal diet, there were no significant differ-
ences in oxygen consumption and energy expenditure be-
tweenUsp19−/− andWTmice (ESM Fig. 2c, d). Finally, since
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Fig. 2 USP19 is required for normal adipogenesis. Cells from the SVF
from inguinal fat pads from male WT and Usp19−/− mice were isolated
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this normalisation may still not optimally correct for body
composition [18], we performed an ANCOVA examining
the relationship between energy expenditure and lean mass +
(0.2 × fat mass) in WT and Usp19−/− mice. This analysis did
not reveal a statistically significant increase in energy expen-
diture in the Usp19−/− mice, as compared with WT, neither
when fed the normal diet nor the HFD. However, considering
the borderline non-significant p values obtained from this
analysis (p = 0.1; ESM Fig. 3a, b) and the much larger sample
sizes usually required for such analyses, a difference between
the genotypes remains possible. Taken together with the ob-
servations that normal diet-fed Usp19−/− mice have higher

food intake but decreased body weight and higher activity
than WT mice, these findings can be used to argue that these
mice have higher energy expenditure. The respiratory ex-
change ratio (RER) was not significantly different between
WT and Usp19−/− mice on an HFD (Fig. 3h) and lower than
on normal diet (ESM Fig. 2e), indicating a shift towards fat
oxidationwhen either genotypewas fed anHFD. To assess the
body composition of the mice, they were subjected to MRI
scanning. Interestingly, the Usp19−/− mice had a significantly
lower percentage of fat mass and a higher percentage of lean
mass before and during HFD, as compared with WT mice
under the same conditions (Fig. 3i, j).

Time on HFD (weeks)

a

i

d

Le
an

 m
as

s 
(%

)

F
at

 m
as

s 
(%

)

j

0 3 13
0

20

40

60

0 3 13
40

50

60

70

80

90
**

**

**

**
**

**

T
ot

al
 a

ct
iv

ity
 c

ou
nt

s 
(1

03 )

Time (h)

12

14

16

18

20

22

S
ev

en
 d

ay
 fo

od
 in

ta
ke

(g
)

WT

c

b

Time on HFD (weeks) Time on HFD (weeks)

0

2

4

6

8

10

WT

E
ne

rg
y 

ex
pe

nd
itu

re
 (

kJ
/d

ay
)

f h
E

ne
rg

y 
ex

pe
nd

itu
re

80

90

100

110

120

130

WT

O
xy

ge
n 

co
ns

um
pt

io
n 

(m
l/h

)

O
xy

ge
n 

co
ns

um
pt

io
n 

0.5

0.6

0.7

0.8

0.9

1.0

WT

e

g

VO2/BW VO2/LM+0.2FM

*

**

EE/BW EE/LM+0.2FM
1.0

1.5

2.0

2.5

3.0

40

45

50

55

60

65

0 12 4824 36

**

**

Usp19 Usp19

Usp19 −/−

−/− −/−

−/−Usp19
2

3

4

5

6

0 2 4 6 8 10 12 14 16 18
10

20

30

40

50

B
od

y 
w

ei
gh

t (
g)

(m
l h

-1
 g

-1
)

R
E

R

 (
kJ

 d
ay

-1
 g

-1
)

Fig. 3 Usp19−/− mice have an
altered energy balance favouring
a leaner phenotype when fed an
HFD. Male WT and Usp19−/−

mice were fed an HFD (60% of
energy as fat). (a) Body weight of
WT and Usp19−/− mice over
18 weeks; n=17; p<0.0001,
ANOVA. (b) After 5 weeks on an
HFD, activity counts were
measured hourly for 48 h and (c)
total food intake over 7 days was
measured; n=8. (d) Calorimetry
was performed and oxygen
consumption was measured; n=8.
(e) Oxygen consumption was
normalised to body weight or lean
mass + (0.2 × fat mass); n=8. (f)
Energy expenditure was
calculated in kJ per day; n=8. (g)
Energy expenditure was
normalised to body weight or lean
mass + (0.2 × fat mass); n=8. (h)
Respiratory exchange ratio was
calculated by dividing carbon
dioxide production by oxygen
consumption; n=8. (i) Fat mass
and (j) lean mass, as measured by
MRI, of WT and Usp19−/− mice
before HFD feeding and at 3 and
13 weeks after HFD feeding,
presented as a percentage of total
body weight; n=8. Circles, WT;
triangles, Usp19−/−. BW, body
weight; EE, energy expenditure;
FM, fat mass; LM, lean mass;
RER, respiratory exchange ratio.
*p<0.05, **p<0.01

Diabetologia (2019) 62:136–146 141



At euthanasia after HFD, as compared with WT mice,
Usp19−/− mice had significantly lower body weight and de-
creased body length (ESM Fig. 4a). Usp19−/− mice also had
smaller subcutaneous and brown adipose tissue fat pads, but
the difference in epididymal fat pads did not achieve statistical
significance (p = 0.09) (ESM Fig. 4c). Adipocyte size was
significantly smaller in the eWAT and subcutaneous white

adipose tissue (scWAT) depots of the Usp19−/− mice, as com-
pared with WT mice (ESM Fig. 5a, b). Consistent with the
MRI results indicating a leaner body, Usp19−/− mice had sig-
nificantly larger tibialis anterior muscles than WT mice. In
addition, the mean gastrocnemius muscle mass was larger
compared with WT mice, but this did not reach statistical
significance (p = 0.09) (ESM Fig. 4d). Usp19−/− mice also
had significantly smaller livers and hearts than WT mice
(ESM Fig. 4e). Therefore, the overall body composition of
Usp19−/− mice at euthanasia is consistent with a leaner body,
with larger muscles and less fat, as compared with WT mice.

Usp19−/−mice have improved glucose homeostasisBased on
the increased activity levels and leaner body composition
of Usp19−/− mice compared with WT mice, we evaluated
fasting glucose and insulin levels in HFD-fed mice.
Usp19−/− mice had significantly lower fasting insulin
levels as compared with WT mice, despite similar fasting
glucose levels (Fig. 4a, b), suggesting that Usp19−/− mice
are more insulin sensitive. To assess this further, we chal-
lenged these mice with an ITT. Indeed, upon insulin ad-
ministration, we saw more profound blood glucose lower-
ing in Usp19−/− mice than WT mice (Fig. 4c). Increased
insulin sensitivity should result in an increased ability to
lower blood glucose when challenged with a glucose load.
Indeed, Usp19−/− mice were able to lower blood glucose
levels more effectively than WT mice (Fig. 4d). Another
component of overall blood glucose homeostasis is glucose
production from the liver, which is under the regulation of
several hormones including insulin. To test whether
Usp19−/− mice were also more insulin sensitive in the liver,
pyruvate, a substrate for gluconeogenesis, was adminis-
tered to the mice and their blood glucose levels were mon-
itored over time. Usp19−/− mice showed a lower level of
glucose production compared with WT mice during the
PTT (Fig. 4e), consistent with increased insulin sensitivity
in the liver. Thus, Usp19−/− mice have improved glucose
metabolism when fed an HFD.

Insulin signalling is enhanced in Usp19−/− mouse muscle and
liver To explore the cellular physiology of improved glucose
homeostasis in Usp19−/− mice, we assessed the activation of
Akt–mechanistic target of rapamycin (mTOR) signalling
pathway in insulin sensitive tissues: the muscle, liver and ep-
ididymal adipose tissue. HFD-fed Usp19−/− mice had in-
creased levels of p-Akt and p-S6K (also known as p70/S6K)
in the muscle, as compared withWTmice (Fig. 5a). They also
had increased p-Akt content in the liver (Fig. 5b), but no
changes were detected in levels of these proteins in adipose
tissue (Fig. 5c). This suggests that the ability of USP19 to
maintain better glucose homeostasis is due to increased insulin
signalling in the muscle and the liver, but possibly not in
visceral adipose tissue.
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USP19 mRNA expression in human mesenteric and omental
adipose tissue is positively correlated with adipogenic gene
expression Finally, we investigated whether the USP19 mod-
ulation of fat accumulation that we observed in mice may
occur in humans. We obtained human mesenteric, omental
and abdominal subcutaneous adipose tissue from two groups
of female participants, with BMI in the ranges of 35–40 kg/m2

or 60–69 kg/m2, who had undergone bariatric surgery.
Participants were paired for age and date of bariatric surgery,
while participants with diabetes were excluded. Fasting plas-
ma glucose, total cholesterol and triacylglycerol levels were
similar between groups (ESM Table 3). There was no differ-
ence in USP19 mRNA expression between the two groups
(those with high BMI [35–40 kg/m2] or very high BMI [60–
69 kg/m2]) in any fat depot (ESM Fig. 6). Since we observed
thatUsp19−/−mice have a lower adipogenic capacity, we next
asked whether human adipose tissue with higher USP19 ex-
pression might be more adipogenic than adipose tissue with
lowerUSP19 expression. To address this, we explored wheth-
er USP19 mRNA expression correlates with the mRNA ex-
pression of genes important for adipocyte differentiation and
function (PPARG, FABP4, ADIPOQ and LEP). We found that
USP19 expression was significantly positively correlated with
the expression of PPARG, FABP4 and ADIPOQ, but not LEP,
in the mesenteric and omental fat biopsies (Fig. 6a–h).
Interestingly, these positive correlations were not observed
in the subcutaneous fat biopsies (Fig. 6i–l). Thus, USP19
might be involved in adipogenesis in human visceral adipose
tissue depots, but not subcutaneous depots.

Discussion

In this report, we show for the first time that the
deubiquitinating enzymeUSP19 is important in adipose tissue
development and has profound effects on glucose metabolism.
Inactivation of Usp19 reduced body weight, which was main-
ly due to decreased fat mass since lean body mass was pro-
portionally higher in the Usp19−/− mice (Fig. 3). Importantly,
these effects persisted throughout life (Fig. 1). At a physiolog-
ical level,Usp19−/− mice manifested improved systemic insu-
lin sensitivity and glucose tolerance (Fig. 4). Furthermore,
these effects were not only present on a normal diet, but
persisted on extended high-fat feeding, indicating the possi-
bility of protection against the development of type 2 diabetes.

USP19 exerts these effects through actions in multiple tis-
sues. Usp19−/− mice have a defect in fat accumulation
throughout their lifespan. The reduced fat mass in Usp19−/−

mice was reflected by decreased sizes of both subcutaneous
and visceral adipose depots, but not in the thermogenic brown
adipose tissue, which was unchanged in the Usp19−/− mice.
This decrease in the subcutaneous depot can be ascribed, in
part, to decreased adipogenic capacity of progenitors (Fig. 2).
Inactivation of Usp19 prevented the upregulation of key
adipogenic genes, including Pparγ. A recent publication
shows that USP19 is downregulated during adipogenesis in
mouse embryonic fibroblasts, but does not further explore the
role of USP19 in adipogenesis [19]. This defect in adipogen-
esis was most apparent at 2 months of age when the fat pad in
the Usp19−/− mice was decreased in size but the adipocyte
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area was similar. At 6 months of age or later, adipocyte area
was decreased in the Usp19−/− mice suggesting that they also
developed a defect in fat accumulation later in life.

The reduced adipogenic capacity in Usp19−/− mice with
reductions in subcutaneous fat mass and key genes regulating
insulin sensitivity and glucose homeostasis (leptin and
adiponectin) may have been used to predict thatUsp19−/−mice
would have systemic insulin resistance [20, 21]. scWAT is
believed to ‘trap’ excess dietary fat, protecting visceral fat de-
pots and peripheral tissues, such as muscle, liver and pancreas,
from the excess lipid influx that promotes lipotoxicity and
associated defects in insulin secretion and action [20].
However, Usp19−/− mice manifested improved glucose ho-
meostasis. On HFD feeding, Usp19−/− mice showed improved
glucose tolerance and better blood-glucose lowering capabili-
ties when insulin was administered, consistent with enhanced
insulin signalling in muscle. Additionally, hepatic glucose pro-
duction from the gluconeogenic substrate pyruvate was signif-
icantly lower in the Usp19−/− mice, suggesting enhanced insu-
lin signalling in the liver. Indeed, this was demonstrated in vivo
where insulin administration in the Usp19−/− mice led to in-
creased levels of p-Akt in muscle and liver and p-S6K in mus-
cle, which are key nodes in insulin signalling. Thus, loss of
USP19 results in positive effects on insulin sensitivity in liver
and muscle that can mitigate possible negative effects arising
from decreased subcutaneous fat.

The Usp19−/− mice also manifested significantly increased
physical activity (Fig. 3 and ESMFig. 2) and increased energy
expenditure when fed an HFD (Fig. 3g), which also may have
contributed to the positive metabolic phenotype. The reasons

for these findings are unclear, but since Usp19−/− mice are
whole-body USP19 deficient, we cannot exclude an effect in
the brain leading to altered behaviour and increased locomotor
activity. This increased activity can lead to increased oxidation
of fuel substrates, thereby reducing the need for fat storage in
white adipose tissue and protecting peripheral tissues from
lipid accumulation and lipotoxicity. This may explain why,
despite higher or equal food intake on a normal diet and
HFD, respectively, Usp19−/− mice had lower fat mass depot
size and lower body weight. Moreover, increased physical
activity is also associated with increased insulin sensitivity
[22, 23]. However, it is unlikely that the enhanced physical
activity explains all the beneficial metabolic effects observed
in the Usp19−/− mice, as cell autonomous effects of USP19
have also been observed. We have previously shown that si-
lencing Usp19 in skeletal muscle of WT mice leads to protec-
tion frommuscle wasting due to alterations in protein turnover
[14]. In addition, silencing or gene inactivation of Usp19 in
muscle cells has been shown to promote their differentiation
in vitro [11] or enhance insulin signalling [15], respectively.
Moreover, in the present work, when SVF cells were isolated
from fat from WT and Usp19−/− mice and cultured, we ob-
served a significant decrease in adipogenesis and fat accumu-
lation (Fig. 2). In the future, tissue-specific knockouts will
help tease out the tissue intrinsic metabolic roles of USP19.

We did not observe any difference in Usp19 mRNA ex-
pression in human adipose tissue between two groups of par-
ticipants with distinct BMI ranges. However, the human sam-
ples used in this study came from participants who have high
BMI, who were subdivided into high (35–40 kg/m2) and very
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high (60–69 kg/m2) BMI categories. It remains to be seen if
USP19 expression would be correlated with BMI if samples
from a complete range of BMIs were available. We did find
that USP19 mRNA expression was positively correlated with
some important adipocyte genes, including PPARg, FABP4
and ADIPOQ. Intriguingly, this correlation was most evident
in the omental and mesenteric adipose tissue depots. Studies
indicate that the abdominal adipose tissue depots (omental and
mesenteric) are more associated with insulin resistance and
metabolic dysfunction during obesity [24–26]. This suggests
that higher USP19 expression results in more adipogenic ad-
ipose tissue, concordant with the results we have observed in
the mouse, where loss of USP19 resulted in fewer and smaller
adipocytes and increased whole body insulin sensitivity.

Other deubiquitinating enzymes have been implicated in
adipogenesis. Ubiquitin-specific peptidase 7 (USP7) regulates
the ubiquitination of the histone acetyltransferase TIP60,
which acts as a positive regulator of PPARγ transcriptional
activity in adipogenesis [27]. In addition, pre-adipocytes and
mouse embryonic fibroblast cells isolated fromUchl3−/−mice
have an impaired capacity for adipogenesis [28]. Although
Uchl3−/− mice manifest decreased visceral and subcutaneous
fat mass and resistance to obesity on high-fat feeding (as with
our Usp19−/− mice), there was no difference in glucose toler-
ance, only a small effect on insulin sensitivity upon high-fat
feeding and markedly decreased muscle mass [29]. This con-
trasts with the markedly improved glucose homeostasis, pos-
itive effects on muscle mass and insulin signalling in muscle
and liver in Usp19−/− mice reported here, in spite of a de-
creased subcutaneous fat mass. The direct substrate(s) that
USP19 acts on to exert these metabolic processes are still
unknown. Identification of these substrates could lead to the
development of novel inhibitors of USP19 with therapeutic
potential to target several metabolic tissues and, thereby, pro-
vide protection from the deleterious metabolic consequences
of obesity, including diabetes and its complications.
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