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Abstract
Aim/hypothesis Type 2 diabetes is a complex disease
characterised by hyperglycaemia, hyperinsulinaemia,
dyslipidaemia and insulin resistance accompanied by inflam-
mation. Previously, we showed that mice lacking the Wdr13
gene had increased islet mass due to enhanced beta cell prolif-
eration. We hypothesised that introgression of a Wdr13-null
mutation, a beta cell-proliferative phenotype, into Leprdb/db

mice, a beta cell-destructive phenotype, might rescue the dia-
betic phenotype of the latter.
Methods Wdr13-deficient mice were crossed with Leprdb/db

mice to generate mice with the double mutation.We measured
various serum metabolic variables of Wdr13+/0Leprdb/db and
Wdr13−/0Leprdb/dbmice. Further, we analysed the histopathol-
ogy and gene expression of peroxisome proliferator-activated
receptor (PPAR)γ and, activator protein (AP)1 targets in
various metabolic tissues.
Results Leprdb/db mice with the Wdr13 deletion had a mas-
sively increased islet mass, hyperinsulinaemia and adipocyte

hypertrophy. The increase in beta cell mass inWdr13−/0 Leprdb/db

mice was due to an increase in beta cell proliferation. Hypertro-
phy of adipocytes may be the result of increase in transcription of
Pparg and its target genes, leading in turn to increased expression
of several lipogenic genes. We also observed a significant de-
crease in the expression of AP1 and nuclear factor κ light chain
enhancer of activated B cells (NFκB) target genes involved in
inflammation.
Conclusions/interpretation This study provides evidence that
loss ofWD repeat domain 13 (WDR13) protein in the Leprdb/db

mouse model of diabetes is beneficial. Based on these findings,
we suggest that WDR13 may be a potential drug target for
ameliorating hyperglycaemia and inflammation in diabetic
conditions.
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AP Activator protein
CCMB Centre for Cellular and Molecular Biology
GTT Glucose tolerance test
H&E Haematoxylin and eosin
HRP Horseradish peroxidase
IκBα Nuclear factor of κ light polypeptide gene

enhancer in B cells inhibitor α
ITT Insulin tolerance test
JNK c-Jun N-terminal kinase
NFκB Nuclear factor kappa-light-chain-enhancer of

activated B cells
PPAR Peroxisome proliferator-activated receptor
qRT-PCR Quantitative RT-PCR
WDR13 WD repeat domain 13
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Introduction

Type 2 diabetes is a worldwide disease, estimated to affect
more than 340 million people, with approximately 3.4 million
associated deaths per year [1]. Type 2 diabetes is associated
with increases in obesity, insulin resistance, inflammation and
pancreatic beta cell malfunction [2, 3]. Insulin resistance is
one of the main reasons for beta cell failure in animal models
of type 2 diabetes and in humans [4]. The increase in obesity
and the resulting insulin resistance initially trigger beta cell
expansion. However, long-term insulin resistance leads to beta
cell stress and, ultimately, beta cell failure [5]. Beta cell mass
and function are also regulated by a variety of adipokines,
namely leptin, adiponectin, resistin and visfatin secreted from
adipose tissue [6].

The leptin receptor mutant (Leprdb/db) mouse is a model of
type 2 diabetes. The mutant mice show hyperphagia due to
defects in leptin signalling, which leads to obesity,
hyperglycaemia, hyperinsulinaemia, dyslipidaemia, insulin
resistance and inflammation at around 3 months [7].
Glucotoxicity and lipotoxicity are two secondary phenomena
implicated in the pathology of type 2 diabetes, resulting from
excessive glucose and/or lipids. Glucotoxicity occurs via dys-
regulation of genes involved in gluconeogenesis, glycogenol-
ysis and glycolysis: glucose 6-phosphate, phosphoenolpyr-
uvate carboxykinase (PEPCK), glycogen phosphorylase and
glucokinase in liver [8, 9]. Lipotoxicity occurs via impaired
hepatic fatty acid metabolism and adipose tissue dysfunction
[10]. Obesity is accompanied by a chronic low-grade inflam-
mation in adipose tissue and liver characterised by infiltration
of cytokines, chemokines and macrophages together with
activation of pro-inflammatory transcription factors such as
activator protein (AP)1, nuclear factor κ light chain enhancer
of activated B cells (NFκB) and 5′ UTR regulatory element
(PU.1) [11, 12].

WDR13 is a member of the WD repeats protein family and
occurs in most tissues, being abundant in the pancreas, brain,
testis and ovary [13, 14]. Wdr13-knockout mice have in-
creased pancreatic beta cell proliferation, which leads to in-
creased islet mass, hyperinsulinaemia and better glucose clear-
ance, notwithstanding mild obesity at a later age [15]. We
hypothesised that introgression of a Wdr13-null mutation, a
beta cell-proliferative phenotype, into Leprdb/db mice, a beta
cell-destructive phenotype, might rescue the diabetic pheno-
type of the latter. Here, we show that the deletion of Wdr13
gene in Leprdb/db mice significantly reduces circulating blood
glucose and inflammation.

Methods

Generation of mice and metabolic measurements The Insti-
tutional Animal Ethics Committee of the Centre for Cellular

and Molecular Biology (CCMB) approved all animal experi-
ments. To generate congenic Wdr13-knockout C57BL/6J
mice (JAXmice, Bar Harbor, ME, USA), CD1Wdr13-knock-
out mice were backcrossed for nine generations. To generate
double heterozygotes for Wdr13 and Lepr mutant alleles,
Wdr13-heterozygous females were mated with heterozygous
males of the B6.BKS-Leprdbstrain (JAX mice, Bar Harbor,
ME, USA [stock 000697]). Finally, double-heterozygous
male and female mice obtained from this cross were bred to
generate mice with the double mutation in the Wdr13 and
Lepr genes. Animals were genotyped using PCR. Body
weight, food intake, glucose and insulin tolerance testing
and insulin measurements were performed as described pre-
viously [15]. Circulating triacylglycerol was measured using
the glycerol-3-phosphate oxidase/phenol+aminophenazone
(GPO/PAP) method (Coral Clinical Systems, Goa, India).
For triacylglycerol content, frozen liver (~50 mg) was
homogenised in 500 μl PBS and chloroform-extracted lipids
were dried using a Speedvac and re-dissolved in isopropanol.
Triacylglycerol was quantified in 96 well plates. NEFA were
measured using a half micro test kit (Roche, Basel,
Switzerland).

Histology western blot analysis and real-time PCR Histology
and western blot analysis were performed as described [15].
All the tissues for histology, western blot and real-time PCR
analyses were collected from mice fasted for 16 h.
Haematoxylin and eosin (H&E) staining and immunostaining
were carried out on 4 μm sections, mounted on positively
charged slides, from tissues fixed overnight in 4% parafor-
maldehyde and embedded in paraffin. Immunostaining was
performed using antibodies to jun proto-oncogene (c-Jun)
([sc-45] Santa Cruz Biotechnology, Paso Robles, CA, USA),
Ki-67 ([AB9260] EMD Millipore, Billerica, MA, USA) and
Mac-2 (also known as galectin-3) ([CL8942AP] Cedarlane
Labs, ON, Canada). Antibodies to c-Jun and Ki-67 were
detected using a biotin–streptavidin–horseradish peroxidase
(HRP) system and Mac-2 was detected using an HRP-
conjugated antibody and developed with diaminobenzidine
(DAB) substrate ([11718096001] Roche). Positive cells were
counted manually using Axioskop (AxioVision software,
www.zeiss.co.in/microscopy/en_in/downloads/axiovision.
html). A minimum of 1,000 beta cells was considered for the
quantification of each group. For Oil Red O (Sigma-Aldrich,
Bangalore, India) staining, liver tissues were frozen in OCT
compound (Sigma-Aldrich) and 8 μm sections were mounted
on slides and stained with 0.5% Oil Red O solution. Western
blots were performed using antibodies to nuclear factor of κ
light polypeptide gene enhancer in B cells inhibitor, alpha
(IκBα) ([4812S] Cell Signaling Technology, Beverly, MA,
USA), c-Jun, p-c-Jun ([sc-822] Santa Cruz Biotechnology)
and β-actin ([ab8226] Abcam, Tokyo, Japan). Total RNAwas
extracted from frozen tissues using an RNeasy mini kit
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(Qiagen, Limburg, the Netherlands). Reverse transcription
was performed using ImProm II Reverse Transcriptase kit
(Promega, Madison, WI, USA). Quantitative (q)RT-PCR
was performed using Ex Taq Sybr Green (Takara, New Delhi,
India). Primer sequences are presented in electronic supple-
mentary material (ESM) Table 1.

Apoptotic assay Tissue sections were prepared as described
previously [15]. TUNEL assays were performed using the
DeadEnd Fluorometric TUNEL System (Promega). Confocal
images were recorded and TUNEL-positive beta cells were
counted manually from a total of 5–6 mice per genotype.

Pparg promoter reporter assay The Pparg promoter was
cloned in pGL3 (Promega) according to Zhu et al [16].

Statistical analysis The unpaired Student’s t test was used,
with significance at p<0.05. Data are represented as mean±
SEM.

Results

Wdr13−/0Leprdb/db mice resist weight loss We measured the
body weights of Wdr13−/0Leprdb/db and Leprdb/db mice to
6 months of age. Wdr13−/0Leprdb/db mice weighed less than
Leprdb/db mice at 3 months (Fig. 1a). In Leprdb/db mice there
was no difference in body weight at 3 and 6 months whereas
Wdr13−/0Leprdb/db showed a steady increase in body weight
throughout the experiment to 6 months (Fig. 1b). This differ-
ence between these two genotypes was attributable to a signif-
icant loss in body weight in Leprdb/dbmice after 4 months of age
owing to diabetic complications, whereas Wdr13−/0Leprdb/db

mice showed significant body weight gain from 4 to 6 months
(Fig. 1c). No significant difference in food intake was observed
between these two genotypes (Fig. 1d).

Wdr13−/0Leprdb/db mice showed improved metabolic pheno-
type and better glucose tolerance To understand the effect of
Wdr13 deletion, we measured glucose, insulin, triacylglycerol
and NEFA in Wdr13−/0Leprdb/db and Leprdb/db mice and the
respective control genotypes. Fasting and fed blood glucose
levels were significantly lower inWdr13−/0Leprdb/dbmice than
in Leprdb/db mice at both 3 and 6 months (Fig. 2a–d). Inter-
estingly, at 3 months, the insulin levels were comparable in
these two genotypes (Fig. 2e, g). Leprdb/db mice were already
diabetic whereas Wdr13−/0Leprdb/db mice had a significantly
lower glucose level than Leprdb/db mice. As expected, the
insulin level in Leprdb/db mice at 6 months was lower than
that at 3 months because of the destruction of beta cells,
whereas in theWdr13−/0Leprdb/dbmice insulin level continued
to increase (Fig. 2e–h) and that was reflected in the glucose
values. In addition to reduced blood glucose, serum triacyl-
glycerol was also significantly lower in Wdr13−/0Leprdb/db

mice at 6 months (Fig. 2j). Similarly, NEFAwas significantly
lower in Wdr13−/0Leprdb/db than in Leprdb/db mice at this age
(Fig. 2l).

The glucose tolerance test (GTT) showed no significant
difference in glucose clearance between Wdr13−/0Leprdb/db and
Leprdb/db mice at 3 months (Fig. 3a) except for a significantly
low basal glucose level in Wdr13−/0Leprdb/db mice as already
described above (Fig. 2a). At 6 months,Wdr13−/0Leprdb/dbmice
cleared glucose efficiently, restoring to basal values after
120 min, while Leprdb/db mice showed severely impaired glu-
cose tolerance as reflected by glucose levels of >55.5 mmol/l,
even at 120 min (Fig. 3b). Insulin tolerance test at 3 months
showed better insulin sensitivity in Wdr13−/0Leprdb/db mice
compared with Leprdb/db mice, the former showing compro-
mised insulin sensitivity when compared with wild type
(Fig. 3c). At 6 months we observed insulin resistance in
Wdr13−/0Leprdb/db mice even though the basal glucose level
was significantly lower than in Leprdb/db mice (Fig. 3d).

Wdr13−/0Leprdb/db mice have greater islet area To understand
the effect ofWdr13 gene deletion in Leprdb/db mice, we exam-
ined the pancreatic histology. At 3 months there was no differ-
ence in islet area between Leprdb/db and Wdr13−/0Leprdb/db

mice (ESM Fig. 1c, d) whereas it was significantly higher in
the Wdr13−/0Leprdb/db mice at 6 months (Fig. 4a). Moreover,
the islet boundaries were well defined and the islets appeared
healthier in the Wdr13−/0Leprdb/db mice. Thus, improved glu-
cose clearance in Wdr13−/0Leprdb/db mice might be due to the
increase in the islet area.

Wdr13−/0Leprdb/db mice have increased beta cell proliferation
We assayed beta cell proliferation in Wdr13−/0Leprdb/db mice

Fig. 1 The effect ofWdr13 gene deletion on bodyweight and food intake
in Leprdb/dbmice. (a, b) Body weight measurements taken at (a) 3 and (b)
6 months. (c) The weight gain was calculated as the difference in body
weight at 4 and 6 months (d) Feed consumption of various genotypes.
n=6–8 mice per group. Dark grey bars,Wdr13+/0Lepr+/+ mice; light grey
bars, Wdr13−/0Lepr+/+ mice; black bars, Wdr13+/0Leprdb/db mice; white
bars, Wdr13−/0Leprdb/db mice. *p<0.05
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using Ki-67 antibody. The number of Ki-67-positive cells was
twofold higher (p=0.07) in Wdr13−/0Leprdb/db mice than in
Leprdb/dbmice at 6 months (Fig. 4b). Therefore, the increase in
islet area may be attributed to the increase in beta cell prolif-
eration in Wdr13−/0Leprdb/db. We did not observe any

difference in the number of apoptotic beta cells using TUNEL
assay in the genotypes at 3 months (ESM Fig. 1a, b). It was
difficult to find any apoptotic cells at 6 months in Leprdb/db

mice as there were only disintegrated and damaged islets and
it was not possible to compare the extent of apoptosis.

Wdr13−/0Leprdb/db mice showed reduced triacylglycerol in
liver and hypertrophy of adipocytes Liver histology at
6 months showed a drastic reduction in lipid droplets in
Wdr13−/0Leprdb/db mice compared with Leprdb/db mice
(Fig. 4c). Analysis of liver triacylglycerol content further con-
firmed the reduced lipid accumulation in Wdr13−/0Leprdb/db

mice (Fig. 4c). Histological examination of epididymal fat
pad sections revealed hypertrophy of adipocytes in both the
Leprdb/db and Wdr13−/0Leprdb/db mice (Fig. 4d). However,
Wdr13−/0Leprdb/db mice showed more hypertrophy with com-
pact and regular adipocyte morphology, in contrast to Leprdb/db

mice.

Wdr13−/0Leprdb/db mice showed reduced pancreatic
inflammation WDR13 acts as a transcriptional activator of
c-Jun in the presence of high c-Jun N-terminal kinase (JNK)
activity (V. P. Singh, S. Katta, S. Kumar, unpublished data)
and c-Jun regulates many AP1 and NFκB target genes. JNK
signalling promotes insulin resistance in beta cells [17].
c-Jun immunostaining in beta cells showed reduced levels in

Fig. 2 The effect of Wdr13 gene deletion on metabolic variables in
Leprdb/db mice at 3 and 6 months. Blood glucose levels after 16 h of
fasting (a, b) and in the random fed state (c, d). Serum insulin levels after
16 h of fasting (e, f) and in the random fed state (g, h). (i, j) Serum

triacylglycerol after 16 h of fasting. (k, l) Serum NEFA after 16 h of
fasting. n=5–8 mice per group. Dark grey bars, Wdr13+/0Lepr+/+ mice;
light grey bars, Wdr13−/0Lepr+/+ mice; black bars, Wdr13+/0Leprdb/db

mice; white bars, Wdr13−/0Leprdb/db mice. *p<0.05 and **p<0.01

Fig. 3 The effect ofWdr13 gene deletion on glucose clearance and insulin
sensitivity in Leprdb/db mice. GTT at (a) 3 and (b) 6 months. ITT at (c) 3
and (d) 6 months. n=5–8 mice per group. Circles,Wdr13+/0Lepr+/+ mice;
squares, Wdr13−/0Lepr+/+ mice; triangles, Wdr13+/0Leprdb/db mice;
inverted triangles, Wdr13−/0Leprdb/db mice. *p<0.05 and **p<0.01
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Wdr13−/0Leprdb/db mice (Fig. 5a). In addition, analysis of
inflammatory markers such as Emr1 (macrophage) and Mcp-
1 (also known as Ccl2) in total pancreatic extracts showed
reduced expression in Wdr13−/0Leprdb/db mice (Fig. 5b).

Improved adipose tissue function in Wdr13−/0Leprdb/db

mice Adipose tissue gene expression analysis showed a consis-
tent increase in Acc1 (also known as Acaca), Acc2 (also known
as Acacb), Fasn, Srebp1c (also known as Srebf1) and Scd1 in
Wdr13−/0Leprdb/db mice, indicating increased lipogenesis and

improved fat-accumulation capacity of adipocytes (Fig. 6a).
As PPARγ is the master regulator of adipose tissue function,
and adipose tissue functions are correlated mainly with its
transcription factors, we examined the expression of Pparg
and its target genes. A significant—approximately 20-fold—
increase in PpargmRNA level was observed inWdr13−/0 mice
compared with wild type. Similarly, Wdr13−/0Leprdb/db mice
showed twofold increase in Pparg expression in contrast to
Leprdb/db (Fig. 6b). As expected, there was also an increase in
the expression of its target genes, Ap2 (also known as Fabp4),

Fig. 4 The effect ofWdr13
deletion on the histology of
pancreas, liver and adipose tissue
in Leprdb/db mice at 6 months. (a)
H&E staining of the pancreas
with quantification of islet area.
Scale bars, 100 μm. (b)
Immunostaining for Ki-67-
positive cells (arrowheads). Scale
bars, 50 μm. (c) Liver H&E and
Oil Red O staining. Scale bars,
10 μm and 20 μm (n=5 mice per
group). (d) H&E staining of the
epididymal fat pad. Scale bars,
100 μm. Dark grey bars,
Wdr13+/0Lepr+/+ mice; light grey
bars, Wdr13−/0Lepr+/+ mice;
black bars, Wdr13+/0Leprdb/db

mice; white bars, Wdr13−/0

Leprdb/db mice. *p<0.05

Fig. 5 The effect of Wdr13 deletion on pancreatic inflammation.
(a) c-Jun immunostaining of the pancreas. Scale bars, 50 μm. (b)
mRNA levels of genes involved in inflammation. Expression has

been calculated relative to Wdr13+/0Leprdb/db mice, set at 1. Black
bars, Wdr13+/0Leprdb/db mice; white bars, Wdr13−/0Leprdb/db mice.
*p<0.05
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Glut4 and Lpl (Fig. 6c). In Wdr13−/0Leprdb/db mice, we ob-
served a fourfold increase in mRNA levels of Pepck-c (also
known as Pck1) compared with Leprdb/db (Fig. 6d), consistent
with a reduction in circulating NEFA (Fig. 2l), as reported
earlier, which suggests increased de novo glyceroneogenesis.

Wdr13−/0Leprdb/db mice showed reduced inflammation in ad-
ipose tissue Asmentioned above,Wdr13 acts as a transcription-
al activator of c-Jun and it is known that Leprdb/dbmice have high
JNK activity and high p-c-Jun level, which activate AP1-specific
pro-inflammatory target genes.Western blot data showed similar

Fig. 6 The effect of Wdr13 deletion on adipose tissue lipogenesis and
inflammation in Leprdb/db mice at 6 months. (a) mRNA levels of genes
involved in lipid metabolism. (b) qRT-PCR for Pparg. (c) mRNA levels
of PPARγ target genes. (d) Pepck mRNA levels in adipose tissue. (e)
Western blot for phosphorylated and total c-Jun levels. (f) mRNA levels
of AP1 and NFκB target genes. (g) mRNA levels of genes involved in
inflammation. (h) Western blot for IκBα in adipose tissue. Β-actin was

used as loading control. (i) Mac-2 staining for macrophages. Ip10 is also
known as Cxcl10; Mpa-2l is also known as Gbp6. In (c), (d) and (f)
expression has been calculated relative to Wdr13+/0Leprdb/db mice, set at
1. Scale bars, 20 μm. Dark grey bars, Wdr13+/0Lepr+/+ mice; light grey
bars, Wdr13−/0Lepr+/+ mice; black bars, Wdr13+/0Leprdb/db mice; white
bars, Wdr13−/0Leprdb/db mice. n=6 mice per group. *p<0.05
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levels of p-c-Jun in Leprdb/db and Wdr13−/0Leprdb/db mice
(Fig. 6e). Thus, we analysed the expression of inflammatory
genes in theWdr13−/0Leprdb/dbmice. In adipose tissue, in spite of
increased hypertrophy in Wdr13−/0Leprdb/db mice, a decrease in
inflammatory markers such as Emr1, Socs3 and the transcrip-
tion factor Pu.1 along with AP1 and NFκB target genes
containing AP1 sites was observed compared with Leprdb/db

(Fig. 6f, g). As Wdr13−/0Leprdb/db mice showed decreased
expression of NFκB target genes we analysed the protein
levels of IκBα. In Wdr13−/0Leprdb/db mice IκBα levels were
significantly higher than in Leprdb/db, implying a reduction in
inflammation through retention of NFκB by IκBα in the
cytoplasm as NFκB–IκBα complex (Fig. 6h). Mac-2 staining
for the accumulation of macrophages around adipose tissue
displayed less crown-like structure (CLS) formation in
Wdr13−/0Leprdb/db mice (Fig. 6i).

Next, we studied the expression of genes involved in the
major pathways of glucose and fatty acid metabolism in liver.
Wdr13−/0Leprdb/db mice showed a significant decrease in the
expression of key gluconeogenic enzyme pyruvate dehydro-
genase kinase, isozyme 4 (PDK4) and lipogenic enzymes Fas
(TNF receptor superfamily member 6) (FAS) and
stearoyl-coenzyme A desaturase 1 (SCD1), whereas in-
creased expression of acetyl-coenzyme A carboxylase α
(ACC) and diacylglycerol O-acyltransferase 2 (DGAT2)
was observed (ESM Fig. 2b). The liver inflammatory
genes Emr1 and Socs3 were also downregulated in the
Wdr13−/0Leprdb/db mice compared with Leprdb/db (ESM
Fig. 2b). Furthermore, the presence of intact IκBα pro-
tein (ESM Fig. 2a) and reduced protein levels of p-c-
Jun (ESM Fig. 2c) were consistent with the reduced
expression of inflammatory genes in the livers of
Wdr13−/0Leprdb/db mice.

Discussion

We show that deletion ofWdr13 in Leprdb/dbmice significant-
ly reduces levels of circulating blood glucose and NEFA. We
observed that, compared with Leprdb/db, Wdr13−/0Leprdb/db

mice had higher beta cell proliferation, massively increased
islet mass, and hyperinsulinaemia, accompanied by better
glucose clearance. Wdr13−/0Leprdb/db mice displayed im-
proved adipose tissue function via increased PPARγ and
expression of its downstream target genes. These mice were
protected from obesity-induced inflammation by reduced ex-
pression of AP1- and NFκB-induced target genes.

Leprdb/dbmice gain weight rapidly till about 3 months, and
then progressively lose body weight because of severe impair-
ment of glucose and lipid metabolism [7]. In the absence of
Wdr13, Leprdb/db mice had lower body weight at 3 months
(Fig. 1a). The lower body weight of the Wdr13−/0Leprdb/db

mice might have been a reflection of a lower birthweight of
Wdr13-knockout mice [15], or Wdr13 deletion per se might
have prevented body weight gain in the Wdr13−/0Leprdb/db

mice from birth to 3 months. Beyond 3 months, the
Wdr13−/0Leprdb/db mice continued to increase in body
weight till the termination of the experiment at 6 months, in
contrast to Leprdb/dbmice. These data were consistent with the
significantly improved glucose homeostasis observed in the
absence of Wdr13 in Leprdb/db mice.

Diabetes in Leprdb /db mice is characterised by
hyperinsulinaemia, hyperglycaemia, obesity and insulin resis-
tance [7]. At 3 months Wdr13−/0Leprdb/db and Leprdb/db

mice showed similar insulin levels (Fig. 2e, g). Interestingly,
glucose levels were significantly reduced in the
Wdr13−/0Leprdb/db mice, indicating better insulin sensitivity
in the absence of Wdr13 in Leprdb/db, which was further
confirmed by insulin tolerance test (ITT) at 3 months
(Fig. 3c). However, Wdr13−/0Leprdb/db mice were still
hyperglycaemic and insulin resistant when compared with
wild type (Figs 2a, c and 3c). Further, at 6 months Leprdb/db

mice showed severe hyperglycaemia along with a reduction in
insulin levels, as expected, because of beta cell destruction [4].
However, insulin levels were higher in the Wdr13−/0Leprdb/db

mice. The effect of this increase in insulin level was reflected
in better glucose clearance in Wdr13−/0Leprdb/db mice than in
Leprdb/db mice. At 6 months Wdr13−/0Leprdb/db mice did not
respond to exogenous insulin in contrast to Leprdb/db mice
(Fig. 3d). This difference might reflect the very high levels of
endogenous insulin levels intrinsic toWdr13−/0Leprdb/dbmice.
As ITT makes a limited contribution to an understanding of
insulin resistance in a tissue-specific manner, the possibility
remains that insulin resistance may vary in different tissues
and adipose tissue insulin sensitivity in Wdr13−/0Leprdb/db

mice might have improved. A continuous demand for insulin
in Leprdb/db mice leads to pancreatic beta cell death [4]. As
there is no change in the number of apoptotic beta cells
in Wdr13−/0Leprdb/db mice compared with Leprdb/db

(ESM Fig. 1a) and WDR13 is a negative regulator of
pancreatic beta cell proliferation [15], the hyperinsulinaemia
in theWdr13−/0Leprdb/dbmice is primarily due to the increased
islet mass resulting from the pancreatic beta cell proliferation,
as shown by Ki-67 staining (Fig. 4a, b). These results are
consistent with our previous studies on the role of Wdr13 in
beta cell proliferation [15].

In liver, insulin suppresses gluconeogenesis and increases
lipogenesis [8, 18], whereas in adipose tissue it promotes
glucose and fatty acid uptake [19], and suppresses lipolysis
[20]. PPARγ plays a crucial role in the control of glucose and
lipid homeostasis [21–26]. We found that theWdr13−/0Leprdb/db

mice had a significant increase in mRNA levels of Pparg and its
downstream target genes,Glut4 (also known as Slc2a4), Lpl and
Ap2 (also known as Fabp4) (Fig. 6b, c). TheWdr13−/0Leprdb/db

mice showed increased expression of lipogenic genes such as
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Acc1, Acc2, Fasn, Scd1 and Srebp1c in adipose tissue in com-
parison with Leprdb/db mice, indicating increased lipogenesis
(Fig. 6a). These data are consistent with the adipose tissue
hypertrophy seen inWdr13−/0Leprdb/dbmice (Fig. 4d). It appears
that the increased lipogenesis may be one of the contributing
factors responsible for lowering the glucose levels, notwith-
standing higher insulin levels, for the maintenance of glucose
homeostasis. Wdr13 is expressed in adipocytes and our data
support the cell-autonomous role of Wdr13 in adipocytes as
shown by enhanced adipocyte lipogenesis in the absence of
Wdr13. It is very likely that the increased insulin levels in
Wdr13-knockout animals would reduce lipolysis in adipose
tissue, resulting in increased fat storage. To delineate the relative
contribution of these two possible mechanisms for an increase in
fat accumulation in adipocytes, one would need a tissue-specific
knockout of Wdr13 gene. Previous studies have shown that
genetic deletion of adipose tissue chaperones increased de
novo lipogenesis in adipose tissue, rendering the mice resis-
tant to metabolic syndrome [27–30]. The enhanced lipogen-
esis in adipose tissue of Wdr13−/0Leprdb/db mice was
complemented by a reduction in lipolysis, as shown by lower
levels of triacylglycerol and NEFA in serum compared with
Leprdb/db [31, 32]. In the livers of Wdr13−/0Leprdb/db mice, the
picture from Oil Red O staining and triacylglycerol content
was clearly of a reduction in lipogenesis (Fig. 4c). To under-
stand this reduction, we analysed the mRNA levels of six
lipogenic genes and that of the transcription factor sterol
regulatory element binding transcription factor 1 (SREBP1C).
With the exception of Acc1 and Acc2, the genes showed
downregulation. It is possible that downregulation of FAS,
which catalyses the downstream step of Acc1/Acc2 in fatty
acid synthesis, may contribute to the reduction in de novo
lipogenesis [33]. The upregulation of Acc1 and Acc2 ob-
served by us at the mRNA level is an apparent contradiction
of the Wdr13−/0Leprdb/db phenotype. It is known that the
activities of these two enzymes are not only regulated at
the transcription level but also through post-translational mod-
ification, specifically phosphorylation [34]. Further investiga-
tions are needed to resolve this.

Type 2 diabetes and obesity have been associated with
chronic low-grade inflammation [11, 35]. Consistent with the
improved functionality of adipose tissue and other metabolic
variables in theWdr13−/0Leprdb/dbmice, a significant reduction
was observed in inflammatory markers (Fig. 6g) and macro-
phage infiltration (Fig. 6i) in these mice. Similarly, inflamma-
tion was reduced in the pancreas and liver ofWdr13−/0Leprdb/db

mice (Fig. 5 and ESM Fig. 2b), demonstrating a systemic effect
due to reduced adipose tissue inflammation. The intact IκBα in
theWdr13−/0Leprdb/db mice further strengthens our proposition
that inflammation is reduced in various metabolic tissues of
these mice (Fig. 6h and ESM Fig. 2a). A parallel study showed
thatWdr13 interacts with c-Jun and acts as a transcriptional co-
activator in the presence of high JNK activity in various cell

types (V. P. Singh, S. Katta, S. Kumar, unpublished data). It is
established that Leprdb/db mice and other mouse models of
diabetes exhibit high JNK activity due to inflammation. Anal-
ysis of AP1 and NFκB target genes containing AP1 sites
showed reduced expression in Wdr13−/0Leprdb/db mice
(Figs 5b and 6f and ESM Fig. 2), strengthening the above
findings. Wdr13 is expressed in various metabolic tissues:
pancreatic islets, liver, adipose and muscle [15]. It is possible
that the reduced expression of AP1 target genes (pro-
inflammatory) in these tissues may also contribute to the ben-
eficial effect of loss of WDR13. The Pparg promoter contains
an AP1 site andWDR13 binds with c-Jun. Promoter analysis of
Pparg2 in 3T3L1 cells showed a significant increase after c-Jun
overexpression (ESM Fig. 3), suggesting an interesting and
indirect role of Wdr13 in Pparg2 regulation. However, at
present we do not understand the regulation of Pparg2 promot-
er by WDR13 in the presence of high JNK activity.

In conclusion, we examined in detail the phenotype of
pancreas, liver and adipose tissue using whole-body Wdr13
knockout and provide evidence of a beneficial effect of loss of
this protein in Leprdb/db mice. Interestingly, our data suggest
that inflammation is reduced in the pancreas, liver and adipose
tissue as a result of the downregulation of AP1-target genes in
these tissues. Given the expression of Wdr13 in multiple
tissues including brain, tissue-specific knockout of this gene
will further help in explaining the phenotype we describe.
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