
©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

Cell Cycle 13:14, 2221–2229; July 15, 2014; © 2014 Landes Bioscience

 Report

2221	 Cell Cycle	 Volume 13 Issue 14

Report

Introduction

Pancreatic β cells produce and secrete insulin, which reduces 
blood glucose by stimulating glucose uptake in skeletal muscle 
and adipose tissue and by suppressing hepatic neoglucogen-
esis. Plasma insulin levels are determined largely by β cell mass 
and β cell secretory function. Type 2 diabetes is characterized 
by insulin resistance with a failure of adaptive β cell expansion 
and insulin secretion. This gives rise to glucose intolerance and 
hyperglycemia. Proliferation, differentiation, and apoptosis are 
fundamental cellular processes that regulate β cell mass and are 
tightly regulated and coordinated to produce the correct number 
of each mature islet cell type. Alterations in these processes gen-
erate failures in the adaptive regulation of β cell growth and can 
cause type 2 diabetes.1 The mechanisms underlying regulation of 
β cell mass are not yet fully understood, and their dissection is 
critical to identifying new treatments for type 2 diabetes mellitus.

The dual-specificity tyrosine phosphorylation-regulated 
kinase DYRK1A and its Drosophila ortholog Minibrain (Mnb), 
expressed in the neural tissues, are highly conserved through 
evolution. The Dyrk1a gene is localized in the critical region 

on chromosome 21 (HSA21) and has been implicated in Down 
syndrome (DS). Mutations of Dyrk1a in mammals give rise to 
defects in neuroblast proliferation and brain growth develop-
ment.2,3 Human patients with truncated mutations of the Dyrk1a 
gene also exhibit microcephaly and intrauterine growth retarda-
tion.4 Pancreatic β cells and neuronal cells share many similari-
ties in terms of gene expression and development.5-8 Based on the 
impact of DYRK1A on organ growth as brain, and the impor-
tance of β cell mass in diabetes, we thought it relevant to test the 
effect of DYRK1A on β cells.

While little information is available on the role of DYRK1A 
in β cells, we recently demonstrated that in mice, Dyrk1a haplo-
insufficiency leads to a decrease in β cell number and size.9 This 
reduction of β cell mass in Dyrk1a +/− mice gives rise to impaired 
glucose tolerance associated with hypoinsulinaemia. However, 
nothing is known about the consequences of increased Dyrk1A 
expression in islet β cells. The hypothesis to be tested here is 
that upregulation of Dyrk1A results in an increase in β cell mass 
through enhanced proliferation. We evaluate β cell function in 
mice overexpressing Dyrk1A under the control of its own regula-
tory sequences (mBACTgDyrk1A). Our data indicate that upreg-
ulation of Dyrk1A improves glucose tolerance associated with an 
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Type 2 diabetes is caused by a limited capacity of insulin-producing pancreatic β cells to increase their mass and 
function in response to insulin resistance. The signaling pathways that positively regulate functional β cell mass have not 
been fully elucidated. DYRK1A (also called minibrain/MNB) is a member of the dual-specificity tyrosine phosphorylation-
regulated kinase (DYRK) family. A significant amount of data implicates DYRK1A in brain growth and Down syndrome, 
and recent data indicate that Dyrk1A haploinsufficient mice have a low functional β cell mass. Here we ask whether 
Dyrk1A upregulation could be a way to increase functional β cell mass.

We used mice overexpressing Dyrk1A under the control of its own regulatory sequences (mBACTgDyrk1A). These 
mice exhibit decreased glucose levels and hyperinsulinemia in the fasting state. Improved glucose tolerance is observed 
in these mice as early as 4 weeks of age. Upregulation of Dyrk1A in β cells induces expansion of β cell mass through 
increased proliferation and cell size. Importantly, mBACTgDyrk1A mice are protected against high-fat-diet-induced β cell 
failure through increase in β cell mass and insulin sensitivity.

These studies show the crucial role of the DYRK1A pathway in the regulation of β cell mass and carbohydrate metabo-
lism in vivo. Activating the DYRK1A pathway could thus represent an innovative way to increase functional β cell mass.
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increase in blood insulin levels. Importantly, mBACTgDyrk1A 
mice exhibit a higher β cell mass, with greater β cell proliferation 
and size. Moreover, mBACTgDyrk1A mice are resistant to diabe-
tes induced by a high-fat diet (HFD).

We thus show the potential of DYRK1A in the upregulation 
of β cell proliferation and size and propose that the Dyrk1A gene 
represents an exciting prospect for type 2 diabetes treatment.

Results

mBACTgDyrk1A mice are glucose tolerant and 
hyperinsulinemic

We first examined whether upregulation of DYRK1A resulted 
in metabolic alterations. There were no significant differences 
in body weight during the 24 wk of observation (Fig.  1A). 
Interestingly, from week 28, body weight continued to increase 
in wild-type mice, while it reached a plateau in mBACTgDyrk1A 
mice. This difference in weight growth rate was not linked to 
any variation in food consumption between the 2 genotypes 
(Fig. 1B), but associated with a decreased white fat mass observed 
in aged mBACTgDyrk1A mice (Fig. S1). Glycemia measurements 
indicate lower fasting blood glucose levels in mBACTgDyrk1A 
mice compared with wild-type mice (Fig. 1C). Lower glycaemia 
was observed in 4-wk-old mBACTgDyrk1A mice and remained 
lower at all time points tested up to 48 wk. This was associated 
with increased glucose tolerance, observed in intraperitoneal 
glucose tolerance tests (Fig.  1D). In parallel, mBACTgDyrk1A 
mice had higher plasma insulin levels than wild-type mice at all 
time points tested between weeks 4 and 48 (Fig.  1E). Insulin 
secretory response following i.p. injection of glucose was then 
assessed. Glucose-stimulated insulin secretion was greater in 
mBACTgDyrk1A mice than wild-type mice (Fig.  1F). In con-
trast, peripheral glucose assimilation, or clearance, assessed by 
the insulin tolerance test, was unchanged compared with con-
trols (Fig. 1G). Finally, after pyruvate administration, the blood 
glucose levels were similar in both groups of mice, indicating no 
defect in the liver in term of gluconeogenesis (Fig. 1H). Since 
Dyrk1a upregulation resulted in improved glucose tolerance and 
increased insulin levels, while insulin sensitivity was unchanged, 
we next focused on the effect of DYRK1A on pancreatic β cells.

Insulin secretion and gene expression in islets from 
mBACTgDyrk1A mice

The expression pattern of DYRK1A in mouse pancreas has 
recently been described.9 In our study, when compared with wild-
type mice, mBACTgDyrk1A mice show increased Dyrk1A expres-
sion levels in pancreatic samples at all tested experimental time 
points (Fig. 2A). This increased level of expression was observed 
also in other tissues expressing Dyrk1A (Fig. 2B). At the protein 
level, DYRK1A expression was increased in pancreas of mBACTg-
Dyrk1A mice compared with wild-type mice (Fig. 2C and D).

Immunofluorescence staining for insulin and glucagon indi-
cates that the islet architecture is conserved in mBACTgDyrk1A 
mice, with insulin-positive cells in the core of the islet and non-β 
cells in the periphery (Fig. 3A). The glucagon/insulin ratio is also 
conserved in mBACTgDyrk1A mice (Fig. 3B). We next compared 

insulin secretion in isolated islets from mBACTgDyrk1A and 
wild-type mice. When expressed as percentage of insulin con-
tent, insulin secretion levels at un-stimulating (2.8 mM) and 
stimulating (20 mM) glucose levels are similar for mutant and 
control islets, demonstrating the functionality of islets from 
mBACTgDyrk1A mice (Fig. 3C). Significantly, the total insulin 
content of islets from mBACTgDyrk1A mice is higher than that 
of islets from wild-type mice (Fig. 3D; Fig. S2A). Thus, quan-
titatively, when reported per μg of islet protein (Fig. 3E) or per 
μg of islet DNA (Fig. S2B), islets from mBACTgDyrk1A mice 
secrete more insulin than islets from wild-type mice. Therefore, 
islets from mBACTgDyrk1A mice are functional, and they con-
tain and secrete more insulin than islets from wild-type mice. 
Comparative gene expression analysis between islets from wild-
type and mBACTgDyrk1A mice confirm the upregulation of 
Dyrk1a in mutant islets (Fig. 3F). Insulin, glucagon, and soma-
tostatin expression is increased in islets from mBACTgDyrk1A 
mice (Fig. 3F). In parallel, Mafa and Neurod1 expression, which 
encode 2 insulin gene transactivators, is higher, while the expres-
sion of Pdx1, another insulin transactivator, is not modulated by 
Dyrk1a upregulation (Fig. 3G). Finally, the expression of Glut2 
(also known as Slc2a2) and Znt8 (also known as Slc30a8), which 
are both involved in insulin secretion, is unchanged (Fig. 3G).

Increased β cell mass, proliferation and size in mBACTg-
Dyrk1A mice

In 16-wk-old adult mice, pancreatic weight (Fig. 4A) and β 
cell area, measured following insulin immunostaining (Fig. 4B 
and C), are both higher in mBACTgDyrk1A mice, showing a 
2.16-fold increase in absolute β cell mass when compared wild-
type pancreases (Fig. 4D). Beta cell size measurement demon-
strated a 34% increase in mBACTgDyrk1A mice (Fig. 5A). The β 
cell proliferation rate, measured as the percentage of insulin-pos-
itive cells that stained positive for Ki67, is also more than 2-fold 
higher in mBACTgDyrk1A mice (Fig. 5B and C). Comparative 
gene expression analysis of genes involved in proliferation indi-
cate that the expression of Ccnd1, Ccnd2, and Ki67, 3 cell cycle-
related genes, is also higher in islets from mBACTgDyrk1A mice 
(Fig. 5D).

Interestingly, quantification of insulin staining performed at 
E17, shows that β cell mass is already higher in mBACTgDyrk1A 
than wild-type mice during prenatal development (Fig. 6A and 
B). At this prenatal stage, β cell proliferation, measured follow-
ing Ki67 immunostaining, is also higher in mBACTgDyrk1A 
mice compared with wild-type mice (Fig. 6C).

We next asked whether this phenotype was pancreas autono-
mous. For this purpose, we isolated and cultured islets for 7 d 
before a pulse of BrdU. Brdu staining shows that in vitro, β cell 
proliferation is higher in mBACTgDyrk1A mice compared with 
wild-type mice (Fig. S3A and B), as is the case in vivo.

mBACTgDyrk1A mice are resistant to high-fat diet-induced 
diabetes

In mice, an HFD results in insulin resistance, hyperinsu-
linemia, and increased β cell mass. However, β cell hyperplasia is 
not sufficient to prevent glucose intolerance. As mBACTgDyrk1A 
mice have an increased β cell mass associated with increased 
insulin secretion, we tested whether mBACTgDyrk1A would 
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combat high-fat induced diabetes. Four-week-old mBACTg-
Dyrk1A and wild-type mice were fed either 60% fat or a normal 
diet for 12 wk. On the HFD, wild-type mice gain weight, while 

mBACTgDyrk1A show a clear resistance to weight gain (Fig. 7A). 
After 12 wk of HFD, wild-type mice develop glucose intolerance, 
which is not the case in mBACTgDyrk1A mice, which show a 

Figure  1. mBACTgDyrk1A mice exhibit glucose tolerance and improved insulin secretion. (A) Body weight change in wild-type and mBACTgDyrk1A 
mice. (B) Absence of effect of mBACTgDyrk1A on food intake. (C) Blood glucose concentrations in overnight-fasted wild-type and mBACTgDyrk1A mice.  
(D) i.p. glucose tolerance tests on 12-wk-old mice. (E) Serum insulin concentrations in 6-h-fasted mice at the indicated age. (F) In vivo insulin secretion in 
16-wk-old mBACTgDyrk1A and wild-type mice. (G) Insulin tolerance test in 24-wk-old mice. (H) Pyruvate tolerance test in 24-wk-old mice. Data are shown 
as the mean ± SEM of at least 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.005.
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curve similar to control mice under a normal diet (Fig. 7B). Of 
note, while in wild-type mice an HFD induces insulin resistance, 
this is not the case in mBACTgDyrk1A mice (Fig. 7C). Consistent 
with their overall improved metabolic phenotype under HFD, 
mBACTgDyrk1A mice have increased β cell mass relative to wild-
type mice (Fig. 7D). Taken together these results indicate that 
mBACTgDyrk1A mice resist against HFD-induced diabetes.

Discussion

In the present study, we have demonstrated that mice which 
overexpress the dual-specificity tyrosine phosphoryla-
tion-regulated kinase (Dyrk1a) develop increased β cell 
mass. Importantly, we also found that, in this model, 
the β cells are functional and protect against high-fat 
diet-induced diabetes.

It is well established that functional β cell mass is 
impaired in patients with type 2 diabetes, with β cell 
mass decreased10 and insulin secretion reduced.11 With 
this is mind, a great deal of effort is being put into dis-
covering new signaling pathways that increase β cell 
mass and function.12 We have previously demonstrated 
that Dyrk1a is expressed in the pancreas and enriched 
in islets,9 and also that Dyrk1a haploinsufficient mice 
have a lower functional β cell mass with decreased insu-
linemia and increased glycemia.9 As a result, we reason 
that increasing Dyrk1a levels could represent an inno-
vative way to increase functional β cell mass and pro-
tect against high-fat diet-induced diabetes.

In the present study, we used a mouse model with 
an additional copy of Dyrk1a under the control of its 
own regulatory sequences. This recently described 
model has been used to study brain development and 
show the major roles of Dyrk1A in shaping the brain, 
controlling neuron cell cycles, neuronal machinery, and 
synaptic functions.13,14 The model has also been used 
to recapitulate the retinal defect associated with Down 
syndrome.15

To the best of our knowledge, β cell mass regulation 
and glucose tolerance has not previously been analyzed 
in mice overexpressing Dyrk1a. Recently Hong et al. 
developed and analyzed a model of transgenic mice 
that overexpress human DYRK1A.16 Glucose metabo-
lism was not described in these mice, but they exhibit 
increased food intake, which suggests that they would 
become obese over time.16 In contrast, in the model used 
in the present study, the transgenic mice did not exhibit 
a perturbation in food intake and were not obese up to 
44 wk of postnatal life, the latest time point tested. The 
data obtained from these models could appear contra-
dictory. However, the 2 models are different on a num-
ber of critical points: (1) a human gene is used in the 
Hong transgenic Dyrk1a mouse model, while we used 
mice overexpressing the mouse form of Dyrk1A; (2) 
the 3′UTR is missing in the Hong transgenic mouse, 

which could probably lead to a different pattern of expression; 
and (3) the work by Hong described mice at early time points, 
which differs from our long-term in vivo approach.16

There are a number of examples where over- and under-
expression models do not give rise to mirror phenotypes. This 
is, for example, the case for β cell-specific transcription fac-
tors such as PDX1, where haploinsufficiency or β cell-specific 
deletion of Pdx1 results in hyperglycemia and decreased β cell 
mass,17,18 while forced expression of Pdx1 in the pancreatic endo-
crine pathway does not give rise to major changes in β cell mass.19 
Signaling molecules give another example. Reduced Akt activ-
ity in β cells induces impaired glucose tolerance due to defective 

Figure  2. Pancreatic expression of Dyrk1a. (A) Quantitative PCR analysis of Dyrk1a 
mRNA expression in pancreases from wild-type and mBACTgDyrk1A mice at different 
stages of fetal development and in adult islets. Data are presented as fold enrichment 
over E15 embryonic pancreas. (B) Quantitative PCR analysis of Dyrk1a mRNA expres-
sion in pancreases from wild-type and mBACTgDyrk1A mice in different tissues and 
in adult islets. Data are presented as fold enrichment over wild-type. (C) Immunoblot 
for DYRK1A and β actin in adult islet extracts. Quantification is presented in (D). Data 
are shown as the mean ± SEM of at least 3 independent experiments. **P < 0.01.
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insulin secretion without any β cell mass defect,20 while trans-
genic mice that express a constitutively active Akt in β cells 
exhibit greatly increased β cell mass.21 Calcineurin expression in 
β cells is another example. Calcineurin deficiency and upregula-
tion in mice both lead to decreased β-cell mass.22,23 In the present 
case, we found a direct relationship between Dyrk1a levels and 
functional β cell mass. Specifically, while mice haploinsufficient 
for Dyrk1A are hyperglycemic and hypoinsulinic with a reduced 
β cell mass,9 we demonstrate here that mice that overexpress 

Dyrk1a have lower glycaemia and increased insulinemia com-
pared with control mice.

Dyrk1A regulates organ size through different mechanisms. 
For example, Dyrk1A regulates retinal growth through decreas-
ing apoptotic levels15 and increases brain size by improving cell 
proliferation by upregulation of Akt signaling and cyclinD1 
expression.13 In the present study, we found that β cell apoptosis is 
not modified in mBACTgDyrk1A mice (data not shown), while 
β cell proliferation is increased in mice that overexpress Dyrk1a, 
with an upregulation of cyclinD1 in islets of mBACTgDyrk1A 

Figure 3. Insulin secretion in mBACTgDyrk1A mouse islets. (A) Immunofluorescence staining for insulin (green) and glucagon (red) in pancreatic sections 
from 12-wk-old wild-type and mBACTgDyrk1A mice. Scale bar: 25 μm. (B) Immunohistochemical quantification of the insulin- and glucagon-stained 
areas showed a similar glucagon/insulin ratio in 12-wk-old mBACTgDyrk1A mice compared with wild-type mice. Data are shown as mean ± SEM of 3 
independent experiments. (C–E) Glucose-induced insulin secretion and insulin content in isolated islets from 16-wk-old mBACTgDyrk1A and wild-type 
mice. Insulin release in (C) is presented as % of insulin content per h, while in (E) it is presented as ng per μg of islet protein per hour. (F and G) Real-time 
PCR quantifications of Dyrk1a, insulin, glucagon and SST, and Mafa, Neurod1, Pdx1, Znt8, and Glut2 mRNA mRNA were performed on isolated islets from 
16-wk-old wild-type and mBACTgDyrk1A mice. Data are shown as mean ± SEM of at least 3 independent experiments. **P < 0.01
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mice, which has also previously been shown for the brain of such 
mice13. We also found that β cell size increases in these mice. 
This could suggest a link between the Dyrk1A and the mTOR 
pathway as recently posited.24 Whether Dyrk1A modulates the 
mTOR pathway in pancreatic β cells would be a fruitful avenue 
for further study.

Our observations on the effects of the DYRK1A in β cell rein-
force the potential role of DYRK1A as a new essential regulator 
of β cell proliferation. To the best of our knowledge, the activa-
tors of the Dyrk1a signaling pathway have not yet been described. 
When they have, it will be of major interest to determine whether 
they can be used to increase functional β cell mass and protect 
against high-fat diet-induced diabetes. Activating the DYRK1A 
pathway might offer a novel approach to increasing β cell mass 
and treating diabetes.

Materials and Methods

Animals
The generation of mBACTgDyrk1A mice has previously been 

described.13 Wild-type and Dyrk1a mutant mice were used in 
accordance with French Animal Care Committee guidelines. The 
mice were bred on a genetic C57Bl6J background and raised on a 
12-h light–dark cycle. They were fed with a standard laboratory 
chow diet. The high-fat diet 
consisted of a synthetic high-
fat diet with 60% kcal% fat 
(HFD) (D12492; Research 
Diets). mBACTgDyrk1A mice 
under HFD were fed for 12 
wk from the 4th week. The 
first day post-coitum was 
taken as embryonic day 0.5 
(E0.5).

Metabolic studies
Metabolic studies were 

performed on male mice. At 
least 8 mice were analyzed 
per group. Daily food intake 
was measured in 16-wk-
old mice. Blood samples 
were collected from the tail 
vein. Blood glucose levels 
were measured using the 
OneTouch Vita blood glu-
cose meter (LifeScan). Plasma 
insulin levels were determined 
by ELISA kit (ALPCO). 
Glucose tolerance tests were 
performed on mice fasted 
for 16 h by glucose injection 
(2 g/kg, i.p.) as previously 
described.25 Insulin toler-
ance tests were performed on 
mice that had been fasted for 

6 h, and glucose measurements were taken at 30, 60, and 
120 min after i.p. injection of insulin (0.75 U/kg). Pyruvate 
tolerance tests were done on mice that had been fasted for 
16 h, and then glucose measurements were taken at 30, 
60, and 120 min after i.p. injection of sodium pyruvate  
(1.5 g/kg; Sigma-Aldrich).

Islet studies
Islets were isolated by collagenase digestion followed by puri-

fication through a Histopaque gradient (Sigma-Aldrich). Insulin 
secretion was assessed by static incubation of isolated islets in 
Millicell inserts (Millipore). Briefly, following overnight cul-
ture in RPMI medium containing 5.6 mmol/l glucose, the islets 
were pre-incubated for 1 h in Krebs–Ringer medium contain-
ing 2.8 mmol/l glucose. Groups of 50 islets in triplicate were 
then incubated in Krebs–Ringer medium containing 2.8 or  
20 mmol/l glucose for 1 h. Secreted insulin and the insulin con-
tents were measured using an ultrasensitive mouse insulin ELISA 
(ALPCO).9 DNA content was measured using Quant-iT™ 
PicoGreen® dsDNA Kit from Invitrogen. For cell proliferation 
analyses, islets were cultured 7 d and pulsed with 10 mM of bro-
modeoxyuridine (BrdU) for 1 h before fixation.

Western blotting
Protein lysates from pancreases at different stage of life were 

subjected to immunoblotting as described.9 The following anti-
bodies were used: Dyrk1A (Abnova, 1:1000) and Actin (Sigma, 

Figure 4. Islet morphometry in wild-type and mBACTgDyrk1A mice. (A) Increased pancreatic weight in mBACTg-
Dyrk1A mice relative to wild-type mice. (B). Quantification of the insulin-stained area in mBACTgDyrk1A compared 
with wild-type mice. (C) Immunodetection of insulin (white dots) in pancreatic sections of 12-wk-old mice wild-
type and mBACTgDyrk1A mice Scale bar: 5 mm. (D) Absolute β cell mass in mBACTgDyrk1A compared with wild-
type mice. Data are shown as mean ± SEM of at least 3 independent experiments. *P < 0.05; **P < 0.01.
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1:2000). Immunoblotting experiments were performed 3 times. 
Quantification of the western blots by densitometry was done 
using NIH ImageJ software and normalized against that of actin.

Immunohistochemistry and quantification
Pancreases were immersed in 10% formalin and embedded in 

paraffin. Sections (4-μm-thick) were processed for immunohis-
tochemistry as previously described.26 Antibodies were used at 
the following dilutions: mouse anti-insulin (1:2000; Sigma); rab-
bit anti-insulin (1:2000; Dako); mouse anti-glucagon (1:2000; 
Sigma); mouse anti-Ki67 (1:20; BD Biosciences); and mouse 
anti-BrdU (1:4; Amersham). The fluorescent secondary anti-
bodies were from Jackson ImmunoResearch. The nuclei were 
stained using the Hoechst 33342 fluorescent stain (0.3 mg/ml; 
Invitrogen).

Sections were digitized using cooled 3-CCD cameras (C5810 
or C7780; Hamamatsu) attached to a fluorescence microscope 
(Leitz DMRB; Leica). Quantification of insulin staining was 
performed on 5 equally separated sections for adult pancreases 
and on every second slide for fetal pancreases. In each section, the 

β cell area and the pancreatic area were determined using NIH 
ImageJ software (v1.31; freely available at: http://rsb.info.nih.
gov/ij/index.html). For adult pancreases, the percentage of the β 
cell area in each pancreatic section was determined by dividing 
the total area of insulin-positive cells by the surface area of the 
section and the β cell mass was calculated by multiplying the 
pancreas weight by the % area of β cells. For fetal pancreases, 
immunostained areas were quantified using NIH ImageJ soft-
ware on every image, and then summed to obtain the total area 
per explant in mm2, as previously described.27

Beta cell size was calculated by dividing the β cell area by the 
number of β cell nuclei using NIH ImageJ software, as previ-
ously described.25

RNA extraction and real-time PCR
Total RNA was extracted using an RNeasy Microkit 

(Qiagen), and then reverse transcribed using Superscript reagents 
(Invitrogen). Real-time PCR was performed with the 7300 Fast 
Real-Time PCR System (Applied Biosystems). The oligonucle-
otide sequences are available upon request. Cyclophilin A was 

used as the internal reference control.
Statistical analysis
Quantitative data are presented as the mean 

± SEM from at least 3 independent experiments, 
unless indicated. Interaction between the variables 
was investigated by 2-way analysis of variance, and 
an unpaired Student t test was used to compare the 
independent means. Statistical significance was set 
at P < 0.05.
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Quantification of β cell size was performed by measuring at least 500 cells. (B) The 
proliferative index in sections stained for Ki67 and insulin was established by measure-
ments of at least 2000 β cells. (C) Ki67 (red) and insulin (green) staining on pancreases 
from 12-wk-old mBACTgDyrk1A and wild-type mice. Nuclei were stained with Hoechst 
33342 fluorescent stain (blue). Scale bar: 12.5 μm (D) Real-time PCR quantification of 
Dyrk1a, Ccnd1, Ccnd2, and Ki67 mRNA was performed on isolated islets from wild-type 
and mBACTgDyrk1A mice. Data are shown as mean ± SEM from at least 3 pancreases per 
condition. *P < 0.05, **P < 0.01
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Figure 6. Islet morphometry and proliferation in E17 mBACTgDyrk1A mice. (A) Immunodetection of 
insulin (white dots) in pancreatic sections of E17 wild-type and mBACTgDyrk1A mice. (B) Quantification 
of the insulin-stained area in mBACTgDyrk1A compared with wild-type mice. Scale bar: 50 µm. (C) The 
proliferative index was established following Ki67 and Insulin staining by measurement of at least 
500 β cells. Data are mean ± SEM from at least 3 pancreases per condition. **P < 0.01.
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Figure 7. mBACTgDyrk1A mice are resistant to high-fat diet-induced diabetes. (A) Body weight evolution in wild-type and mBACTgDyrk1A mice under 
HFD. (B) i.p. glucose tolerance tests after 12-wk of HFD. (C) Insulin tolerance test after 12 wk of HFD. (D) Immunodetection of insulin (brown) in pancreatic 
sections from wild-type and mBACTgDyrk1A mice after 12 wk of HFD. Hemalun staining (blue) was used to counterstain the tissue. Scale bar: 5 mm. (D) 
Immunohistochemical quantification of the insulin-stained area showed that the β cell mass was increased in mBACTgDyrk1A compared with wild-type 
mice under HFD. Data are shown as the mean ± SEM of at least 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.005.


