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Type 1 and type 2 diabetes are ultimately characterized by depleted b-cell mass. Characterization of the molecular
pathways that control b-cell proliferation could be harnessed to restore these cells. The homeobox b-cell transcription
factor Nkx6.1 induces b-cell proliferation by activating the orphan nuclear receptors Nr4a1 and Nr4a3. Here, we
demonstrate that Nkx6.1 localizes to the promoter of the mitotic kinase AURKA (Aurora Kinase A) and induces its
expression. Adenovirus mediated overexpression of AURKA is sufficient to induce proliferation in primary rat islets while
maintaining glucose stimulated insulin secretion. Furthermore, AURKA is necessary for Nkx6.1 mediated b-cell
proliferation as demonstrated by shRNA mediated knock down and pharmacological inhibition of AURKA kinase
activity. AURKA preferentially induces DNA replication in b-cells as measured by BrdU incorporation, and enhances the
rate of histone H3 phosphorylation in primary b-cells, demonstrating that AURKA induces the replicative and mitotic
cell cycle phases in rat b-cells. Finally, overexpression of AURKA results in phosphorylation of the cell cycle regulator
p53, which targets p53 for degradation and permits cell cycle progression. These studies define a pathway by which
AURKA upregulation by Nkx6.1 results in phosphorylation and degradation of p53, thus removing a key inhibitory
factor and permitting engagement of the b-cell proliferation pathway.

Introduction

Type 1 and type 2 diabetes both eventually result in decreased
functional b-cell mass.1 Type 1 diabetes is characterized by the
autoimmune destruction of b-cells, whereas the b-cell loss associ-
ated with type 2 diabetes is due to the gradual loss of b-cell mass
and function driven by metabolic and stress-related factors.
Recent studies demonstrate that b-cells have a finite proliferative
capacity, with the majority of b-cells being produced prior to
adolescence.2-4 Interestingly, rodent and human studies have
shown that physiological circumstances such as pregnancy and
obesity significantly increase b-cell proliferation rates.5-7 This
demonstrates that although the molecular pathways controlling
b-cell proliferation are tightly regulated, the mechanisms are
intact in mature b-cells. Therefore, elucidating the molecular cir-
cuitry that regulates b-cell proliferation could be harnessed to
expand b-cell mass ex vivo for islet transplantation therapy or to
increase residual b-cell mass in vivo to reach normoglycemia.

The homeobox transcription factor Nkx6.1 is critical for
b-cell development.8 Nkx6.1 is upregulated in b-cells during the
secondary transition of development, which corresponds with the
point of greatest b-cell proliferation.9 Recent studies have

demonstrated that overexpression of Nkx6.1 enhances glucose
stimulated insulin secretion through induction of the prohor-
mone VGF (non-acronymic).10 Furthermore, Nkx6.1 is suffi-
cient to induce b-cell proliferation by upregulating expression of
the orphan nuclear hormone receptors Nr4a1 and Nr4a3.11,12

Nr4a1 and Nr4a3 in turn induce expression of E2F1 and other
cell cycle activators, while engaging the Anaphase Promoting
Complex, which degrades the cell cycle inhibitor p21.12 Interest-
ingly, although Nr4a1 and Nr4a3 are necessary for maximal
Nkx6.1 mediated b-cell proliferation, their deletion does not
completely abrogate Nkx6.1 mediated proliferation. This sug-
gests that Nkx6.1 induces expression of other factors that are nec-
essary for b-cell proliferation.

Aurora kinase A (AURKA) is an essential cell cycle kinase
involved in the mitotic phase of the cell cycle. AURKA is critical
for proper completion of cell cycle progression. AURKA controls
centrosome maturation, mitotic entry and bipolar spindle con-
struction.13 AURKA manages these processes through phosphor-
ylating mitotic phase regulators such as large tumor suppressor
kinase 2, nudE neurodevelopment protein 1-like 1, cell division
cycle 25B and LIM domain kinase 1.14 Phosphorylation of breast
cancer 1 (BRCA1) by AURKA is critical for M phase entry.15
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Furthermore, AURKA phosphorylates p53 and targets it for
ubiquitin-mediated degradation, thus permitting cell cycle pro-
gression.16 Finally, AURKA phosphorylates Histone H3, result-
ing in chromosome condensation in preparation for ultimate
completion of mitosis.17 In addition to its well-defined role in
highly proliferative tissue, AURKA has been shown to correlate
with increased b-cell mass observed in the obese B6 mouse
model, which correlates with b-cell expansion.18 Furthermore, it
has been shown that islets isolated from pancreatectomized mice
have increased expression of AURKA, indicating its key role in
b-cell proliferation.19 These phosphorylation events license the
cell to progress through mitosis and result in cytokinesis and the
production of 2 identical daughter cells.

Here we demonstrate that AURKA expression is induced
within 48 h of Nkx6.1 overexpression in primary rat islets. As
AURKA is an early upregulated Nkx6.1 responsive gene, we
sought to determine if AURKA is necessary for Nkx6.1 mediated
proliferation, and if AURKA is sufficient to induce primary rat
b-cell proliferation. We show that Nkx6.1 binds to the AURKA
promoter. We demonstrate that AURKA is necessary for Nkx6.1
mediated proliferation through genetic and chemical manipula-
tion of AURKA expression and activity. We show that AURKA
is sufficient to induce b-cell proliferation while maintaining glu-
cose stimulated insulin secretion (GSIS). AURKA overexpression
in primary rat islets results in b-cell specific proliferation, as mea-
sured by BrdU and PHH3 staining. Finally, we demonstrate that
AURKA induction of b-cell proliferation corresponds with phos-
phorylation and degradation of the cell cycle regulator p53. This
suggests that Nkx6.1 mediated b-cell proliferation may be
dependent on p53 degradation.

Results

AURKA expression is induced by Nkx6.1
It has been demonstrated that primary rat b-cells have

increased proliferation 72 h after transduction with AdCMV-
Nkx6.1.11 Published microarray data demonstrate that Nkx6.1
overexpression induces a large cohort of cell cycle regulatory
genes, which are primarily upregulated between 72 and 96 h
after Nkx6.1 overexpression.11,12 The delay between viral trans-
duction and increased b-cell proliferation suggests that critical
changes must occur which license the b-cell to reenter the cell
cycle and proceed with cellular replication. We sought to deter-
mine if any cell cycle genes are expressed earlier in the Nkx6.1
mediated proliferation time course.

Published microarray analysis demonstrates that Aurora
Kinase A (AURKA) levels are elevated in primary rat islets trans-
duced with AdCMV-Nkx6.1 at the 48 and 96 h timepoints.11

We measured AURKA levels in primary rat islets using RT-PCR
every 24 h for 96 h to determine when AURKA expression
increases. Islets transduced with the AdCMV-GFP were com-
pared to AdCMV-Nkx6.1 transduced islets and untreated islet
controls. AURKA mRNA levels significantly increased by 48 h
after Nkx6.1 overexpression, and remained elevated through the
96 h time point (Fig. 1A). In addition, we measured the

expression profile of Aurora Kinase B (AURKB) and Aurora
Kinase C (AURKC), the 2 other Aurora kinase family mem-
bers.13 Expression of AURKB is elevated in comparison to the
control islets with Nkx6.1 overexpression, at the 96 h time point
(Fig. 1B). Furthermore, AURKC expression did not increase
with Nkx6.1 overexpression (Fig. 1C). Finally, we measured
AURKA protein levels at 72 h, and observed a significant
increase in AURKA protein level in response to Nkx6.1 overex-
pression (Fig. 1D). These data demonstrate that Nkx6.1 overex-
pression enhanced AURKA expression early in the Nkx6.1
mediated islet proliferation time course, and that other Aurora
family members were not similarly induced.

Nkx6.1 binds to the AURKA promoter
To determine if Nkx6.1 directly induced AURKA expression,

we performed chromatin immunoprecipitation (ChIP) at the
AURKA promoter.11,12 Primary rat islets were transduced with
AdCMV-GFP or AdCMV-Nkx6.1 and compared to untreated
islets. Since AURKA mRNA levels are increased from 48 to 96 h
post adenoviral transduction, Nkx6.1 binding to the distal and
proximal AURKA promoter was measured at 48 h after viral
transduction. As expected based on the fact that MyoD does not
contain an Nkx6.1 binding site in its promoter, Nkx6.1 does not
bind the MyoD promoter. As a second negative control, we used
the Insulin 1 gene. It has been demonstrated that Nkx6.1 overex-
pression and knockdown does not result in changes in Insulin 1
gene expression.11,20 As expected, overexpression of Nkx6.1 did
not result in increased Nkx6.1 binding to the Insulin 1 gene,
demonstrating that Nkx6.1 overexpression is not resulting in
promiscuous binding to promoters. As we previously showed,
Nkx6.1 does bind to the Cyclin A promoter.11 ChIP for Nkx6.1
at a putative Nkx6.1 binding site in the AURKA promoter dem-
onstrated a 2-fold increase in binding as compared to the IgG
control (Fig. 2). These data demonstrate that Nkx6.1 binds at
the AURKA promoter, and suggest that AURKA may be a direct
transcriptional target of Nkx6.1.

AURKA overexpression is sufficient to induce islet
proliferation

To determine if AURKA is sufficient to induce islet cell prolif-
eration, an AURKA overexpressing adenovirus was generated.
The proliferation rate of islets transduced with AdCMV-AURKA
was compared to untransduced islets, islets transduced with
AdCMV-GFP or AdCMV-Nkx6.1. Using 3H-thymidine incor-
poration to measure cellular proliferation, the proliferation rates
were measured every 24 h for 96 h. As previously demonstrated,
Nkx6.1 induces maximal proliferation 96 h after adenoviral
transduction,11 while AURKA induced maximal proliferation by
72 h (Fig. 3A). The level of AURKA induced proliferation is
about half of that observed with Nkx6.1, suggesting that AURKA
activates a portion of the b-cell proliferation pathway activated
by Nkx6.1.

Previous studies demonstrate that transduction of primary rat
islets with AdCMV-Nkx6.1 reaches a saturation point in terms of
islet proliferation level.12 This suggests that there may be a defined
number of islet b-cells that are capable of proliferating in response
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to overexpression of Nkx6.1. To determine if AURKA overexpres-
sion reaches a proliferation saturation point, islets were transduced
with increasing amounts of AdCMV-AURKA. Interestingly, using

a similar range of adenovirus as was used with Nkx6.1, no prolifera-
tion threshold was attained with AURKA overexpression (Fig. 3B).
The measured increase in proliferation correlated with a similar
increase in AURKA mRNA (Fig. 3C) and protein (Fig. 3D) levels.
This difference between Nkx6.1 and AURKAmay reflect the prox-
imity of the 2 factors to cell cycle control, with AURKA being a
direct regulator of mitotic exit.

Next we sought to determine the effect of AURKA overex-
pression on cell cycle progression in the primary rat islets. We
cultured untreated islets and islets transduced with AdCMV-
GFP or AURKA with BrdU for 96 h. At the end of the culture
period, the islets were dispersed and the percentage of cells in
each cell cycle phase was measured by flow cytometry. A signifi-
cant decrease was observed in the percentage of cells in the G1
phase when transduced with AdCMV-AURKA, with a reciprocal
increased percentage of cells in S phase (Fig. 3E), suggesting that
AURKA is moving cells from the quiescent G1 phase and induc-
ing genomic replication. Furthermore, we measured the percent-
age of cells with BrdU incorporation, and demonstrated a
significant increase in the percentage of cells actively undergoing
genomic replication (Fig. 3F). These data demonstrate that
AURKA is sufficient to induce islet proliferation, that AURKA
induced proliferation does not have the same threshold observed
with Nkx6.1,12 and that significant changes are observed in cell
cycle progression with AURKA. Furthermore, the proliferation
rate observed with AURKA suggests that Nkx6.1 induces other
factors that are also necessary for maximal b-cell proliferation.

Figure 1. Overexpression of Nkx6.1 induces expression of AURKA in primary rat islets. Rat islets were treated with AdCMV-GFP or AdCMV-Nkx6.1. (A)
AURKA mRNA levels increase as early as 48 h after adenoviral transduction, while (B) mRNA levels of AURKB do not change until 96 h or (C) do not
change with AURKC. (D) AURKA protein levels are increased with Nkx6.1 overexpression, as measured at 72 h. Data represent the mean § SEM of 6 inde-
pendent experiments. **P � 0.01. P value represents the comparison between Nkx6.1- and GFP-treated islets.

Figure 2. Overexpression of Nkx6.1 results in binding to the AURKA pro-
moter in primary rat islets. Rat islets were treated with AdCMV-GFP or
AdCMV-Nkx6.1. (A) Binding of Nkx6.1 to the promoter of MyoD, Insulin1
(negative controls), Cyclin A2 (positive control) and AURKA were mea-
sured by chromatin immunoprecipitation, using IgG or anti-Nkx6.1 anti-
body as the IP antibody. Data represent the mean § SEM of 4
independent experiments. **P � 0.01; ***P � 0.001. P value represents
the comparison between Nkx6.1- and GFP-treated islets.
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AURKA induces b-cell specific proliferation
To determine which islet cell types are replicating in response

to AURKA overexpression, we labeled islets with the thymidine
analog BrdU. Islets were transduced with AdCMV-GFP, Nkx6.1
or AURKA and were cultured in the presence of BrdU for 96 h.
Untreated islets and islets transduced with the control AdCMV-
GFP adenovirus had 1% BrdU labeling in the insulin positive
cell population. Islets transduced with Nkx6.1 had 10% BrdU
labeling in the b-cell population, while the AURKA treated islets
had 7% BrdU labeling in the b-cell population (Fig. 4A). Fur-
thermore, less than 1% of glucagon positive cells were BrdU posi-
tive across all of the study groups, demonstrating that b-cells are
preferentially being induced by AURKA to replicate their DNA
during S phase of the cell cycle. Recent studies have shown that
while cases of exocrine cells21 and a-cells22 to b-cell transdiffer-
entiation have been reported, b-cells are primarily produced
from other b-cells.23 Our data demonstrate a substantially greater
level of b-cell proliferation (Fig. 4B), and demonstrate that in

our model AURKA directly induces DNA synthesis in primary
rat b-cells, which is a hallmark of S phase.

AURKA induces mitotic progression in primary rat b-cells
To determine if AURKA results in completion of cell cycle pro-

gression, we measured the percentage of phosphorylated histone H3
(PHH3) levels. Histone H3 is phosphorylated at the transition from
G2 toM phase, and is indicative of progression from S phase intoM
phase.17 PHH3 levels were measured in untreated islets and islets
transduced with AdCMV-GFP, Nkx6.1 or AURKA at 96 h after
treatment. As anticipated, the untransduced and GFP expressing
islets had low levels of PHH3 positive b-cells, with 1 and 2% of the
insulin positive cells being PHH3 positive, respectively. Correspond-
ing with the increased BrdU incorporation observed in the Nkx6.1
and AURKA transduced islets, PHH3 level were also elevated to 5%
and 25% of the insulin positive cells being PHH3 positive, respec-
tively (Fig. 5A–B). These data demonstrate that islets expressing
AURKA continue intomitosis as indicated by elevated PHH3 levels.

Figure 3. Overexpression of AURKA is sufficient to induce primary rat islet proliferation. (A) Incorporation of [3H-methyl]-thymidine in rat islets. (B) Viral
doses of AdCMV-AURKA have a linear increase in [3H-methyl]-thymidine incorporation, which corresponds with (C) AURKA mRNA and (D) protein levels
(with representative western blot). Islets were untreated, treated with »2 £ 107IFU/mL AdCMV-GFP or increasing doses of AdCMV-AURKA (beginning at
»1£ 107 IFU/mL and increasing 2 fold). (E) Percentage of cells in each phase of the cell cycle after treatment with AdCMV-GFP or AdCMV-Nkx6.1. (F) Per-
centage of cells with BrdUC nuclei after treatment with AdCMV-GFP or AdCMV-AURKA. Data represent the mean §SEM of 4 independent experiments.
*P � 0.05; **P � 0.01; ***P � 0.001. P value represents the comparison between AURKA- and GFP-treated islets.
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AURKA does not increase apoptosis rates in primary rat
b-cells

Recent studies using expression of transgenes to induce b-cell
proliferation have shown that the increased DNA replication can
corresponds with an increase in apoptosis rates. Overexpression
of the transcription factors HNF4a and Id3 were shown to upre-
gulate DNA replication by BrdU incorporation, however they
also observed an elevated rate of phosphorylated histone gH2AX
staining.24,25 In addition, a recent study demonstrated that a

gain of function mutation of glucokinase results in increased
b-cell proliferation that corresponds with increased apoptosis
rates.26

To determine the effect of AURKA overexpression on b-cell
apoptosis rates, we measured the percentage of phosphorylated
histone gH2AX positive primary rat islet b-cells. Phosphorylated
histone gH2AX staining is an indicator of DNA double-strand
breaks that are observed during apoptosis.27 Phosphorylated his-
tone gH2AX levels were measured in untreated islets and islets

Figure 4. Overexpression of AURKA is sufficient to induce b-cell proliferation. (A) Percentage of BrdUCInsulinC islet cells cultured with BrdU for 96 h. (B)
Representative images (40x magnification) of islets labeled with BrdU. Arrows indicate BrdUCInsulinC nuclei. DAPI is blue, Insulin is green, BrdU is red.
Data represent the mean § SEM of 4 independent experiments. *P � 0.05; **P � 0.01. P value represents the comparison between AURKA- and GFP-
treated islets.

Figure 5. Overexpression of AURKA enhances mitotic phase progression. (A) Percentage of PHH3CInsulin C islet cells after culture for 96 h after adeno-
viral transduction. (B) Representative images (40x magnification) of islets stained for PHH3. Arrows indicate PHH3CInsulinC nuclei. DAPI is blue, Insulin
is green, PHH3 is red. Data represent the mean §SEM of 4 independent experiments. *P � 0.05; **P � 0.01. P value represents the comparison between
AURKA- and GFP-treated islets.

www.tandfonline.com e1027854-5Islets



transduced with AdCMV-GFP, Nkx6.1 or AURKA at 96 h after
treatment. As anticipated, the untransduced and GFP expressing
islets had low levels of phosphorylated histone gH2AX positive
b-cells, with less than 0.95% and 0.97% of the insulin positive
cells being phosphorylated histone gH2AX positive, respectively.
As we have previously described, islets transduced with Nkx6.1
have a very low level of phosphorylated histone gH2AX stain-
ing,12 resulting in 1.4% of the insulin positive cells being phos-
phorylated histone gH2AX positive. Finally, we quantified the
phosphorylated histone gH2AX insulin double positive cells in
AURKA transduced islets. We observed 1.3% phosphorylated
histone gH2AX positive insulin positive cells in the AURKA
transduced islets (Fig. 6A–B). These data demonstrate that over-
expression of AURKA does not result in increased b-cells apo-
ptosis rates as measured by phosphorylated histone gH2AX
staining.

AURKA is necessary for Nkx6.1 mediated b-cell
proliferation

The binding of Nkx6.1 to the AURKA promoter and the
rapid expression of AURKA after Nkx6.1 overexpression in pri-
mary rat islets suggests that AURKA may be necessary for
Nkx6.1 mediated proliferation. To determine if AURKA is nec-
essary for Nkx6.1 mediated proliferation, we used shRNA
AURKA knockdown in the presence of Nkx6.1 overexpression.
Primary rat islets were transduced with AdCMV-Nkx6.1 and
either AdshControl or AdshAURKA. Islets transduced with
AdshAURKA demonstrated an 80% decrease in AURKA mRNA
level (Fig. 7A) and a corresponding decrease in AURKA protein

level (Fig. 7B). Furthermore, Nkx6.1 mediated islet proliferation
rates were significantly decreased in the islets transduced with
AdshAURKA (Fig. 7C).

In addition, we looked at the necessity of AURKA in Nkx6.1
mediated islet proliferation using a pharmacological approach.
VX-680 inhibits the Aurora kinase family,15 with a higher affin-
ity for AURKA. Therefore, we treated islets overexpressing
Nkx6.1 or AURKA with VX-680 or a vehicle control.28 Nkx6.1
and AURKA expressing islets had normal proliferation levels
when treated with DMSO. However islets treated with VX-680
demonstrated a significant decrease in proliferation rates for the
AURKA and Nkx6.1 treated islets but not for the untreated or
AdCMV-GFP treated islets (Fig. 7D). These data demonstrate
using shRNA and pharmacological mediated inhibition of
AURKA that AURKA is necessary for maximal Nkx6.1 mediated
proliferation activity.

AURKA overexpression maintains glucose stimulated insulin
secretion

As has been previously demonstrated, overexpression of
Nkx6.1 in primary rat islets increases b-cell proliferation and
enhances glucose stimulated insulin secretion (GSIS).11,12 Given
that AURKA is upregulated by Nkx6.1 and that it is necessary
and sufficient for b-cell proliferation, we measured its effect on
glucose stimulated insulin secretion. Primary rat islets were trans-
duced with adenoviral constructs expressing GFP, Nkx6.1 or
AURKA. As previously demonstrated, islets expressing GFP had
no effect on insulin secretion, while islets expressing Nkx6.1 had
enhanced insulin secretion. Islets overexpressing AURKA

Figure 6. Overexpression of AURKA does not increase b-cell apoptosis rate. (A) Percentage of phosphorylated histone gH2AX CInsulinC islet cells after
culture for 96 h after adenoviral transduction. (B) Representative images (40x magnification) of islets stained for phosphorylated histone gH2AX. Arrows
indicate phosphorylated histone gH2AX CInsulinC nuclei. DAPI is blue, Insulin is green, phosphorylated histone gH2AX is red. Data represent the
mean § SEM of 4 independent experiments. *P � 0.05; **P � 0.01. P value represents the comparison between AURKA- and GFP-treated islets.
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maintained normal GSIS levels (Fig. 8A), suggesting that
AURKA overexpression maintains the mature b-cell phenotype.

We also measured the effect of inhibiting AURKA kinase
activity on GSIS. Islets transduced with AdCMV-Nkx6.1 or
AdCMV-AURKA were treated with VX-680 or vehicle con-
trol. Nkx6.1 enhanced GSIS regardless of drug treatment.
Likewise, GSIS levels were unaffected in AdCMV-AURKA
treated islets with or without VX-680 treatment (Fig. 8B).
These data demonstrate that AURKA is necessary for Nkx6.1
mediated b-cell proliferation, and that it is dispensable for
GSIS. These data are consistent with the finding that the
Nkx6.1 mediated proliferation and enhanced GSIS is due to
activation of 2 different sets of transcriptional targets.10

AURKA follows the pattern observed with Nr4a1 and Nr4a3
that induce proliferation while maintaining GSIS,12 as
opposed to that observed with the Nkx6.1 target gene VGF
that is able to enhance GSIS but has no measurable effect on
proliferation.10

AURKA overexpression results in p53 degradation
The cell cycle regulator p53 is a target of AURKA kinase

activity.14 AURKA phosphorylates p53, resulting in the eventual
ubiquitinylation of p53 by MDM2 and the eventual degradation
of p53.16 This results in cell cycle progression and enhanced pro-
liferation. Primary rat islets were transduced with AdCMV-
AURKA, and the p53 protein levels were measured. Untreated
islets and islets transduced with AdCMV-GFP had greater p53
levels than those observed in AdCMV-AURKA transduced islets
(Fig. 9A). Furthermore, observed decreases in p53 protein levels
correspond with increased protein levels of Cyclin B1 and Cyclin
A2, 2 essential components of the cell cycle machinery. Finally,
we cultured adenovirally transduced islets with the proteasome
inhibitor MG-132. As AURKA mediated phosphorylation of
p53 has been reported to target p53 for proteasome mediated
degradation,16 we sought to determine the phospho-p53 (p-p53)
level when the proteasome was inhibited. Measurements of p-
p53 levels demonstrate a clear increase in the AURKA transduced

Figure 7. AURKA is necessary for Nkx6.1-mediated proliferation. Rat islets were treated with AdCMV-Nkx6.1 and either AdshControl or AdshAURKA for
96 h. (A) Treatment with AdshAURKA decreases AURKA mRNA level by 70%, (B) with a corresponding decrease in AURKA protein level. (C) Knock down
of AURKA results in a 50% decrease in [3H-methyl]-thymidine incorporation. (D) Treatment of islets transduced with AdCMV-GFP, AdCMV-Nkx6.1 or
AdCMV-AURKA with either vehicle control or the AURKA specific pharmacological inhibitor VX-680 resulted in a significant decrease in Nkx6.1 and
AURKA mediated proliferation. Data represent the mean §SEM of 4 independent experiments. **P � 0.01; ***P � 0.001. P value represents the compari-
son between Nkx6.1- and GFP-treated islets.
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islets that are absent in the untreated
and GFP expressing control islets
(Fig. 9B). This suggests that AURKA
overexpression results in decreased p53
levels, through targeting p53 for protea-
some mediated degradation.16 This
leads to increased expression of cell cycle
activators. This, therefore, could permit
b-cell proliferation.

Discussion

b-cell proliferation is a highly regu-
lated process. The majority of b-cell
proliferation occurs during embryogen-
esis and the neonatal period.2 An
extremely small level of b-cell prolifera-
tion is observed in adult animals and
humans.3 However, enhanced b-cell
proliferation has been observed in preg-
nant women and obese individuals.5,6

These data demonstrate that while the
molecular pathways that control b-cell
proliferation are tightly regulated, they
are intact, and given the correct stimu-
lation can result in enhanced b-cell
proliferation.

The b-cell enriched transcription
factor Nkx6.1 has been shown to
induce b-cell proliferation, enhance
glucose stimulated insulin secretion,
and protect against apoptotic cell death
when overexpressed in isolated primary
rat islets.10-12 Nkx6.1 controls these
pathways by inducing expression of key
molecular regulators. Further studies
have shown that the Nkx6.1 target
genes Nr4a1 and Nr4a3 are necessary
for maximal b-cell proliferation, while
VGF is necessary for enhanced glucose
stimulated insulin secretion and protec-
tion against apoptotic stimuli.10,12,29

These findings illustrate the need to
define the molecular pathways that
enhance functional b-cell mass by
increasing b-cell proliferation, improv-
ing or maintaining insulin secretion,
and protecting against apoptosis. Defin-
ing and harnessing the components of
these pathways to enhance functional
b-cell mass would have a significant
impact on how Type 1 and Type 2 dia-
betic patients are treated. Therefore,
delineating the Nkx6.1 mediated
molecular pathways is essential.

Figure 8. Overexpression of AURKA maintains Glucose Stimulated Insulin Secretion. (A) Glucose
stimulated insulin secretion was measured 96 h after transduction with AdCMV-GFP, AdCMV-Nkx6.1
or AdCMV-AURKA in media containing 2.5 mM Glucose and 16.7 mM Glucose for 1 h. (B) Glucose
stimulated insulin secretion was measured 96 h after transduction with AdCMV-GFP, AdCMV-Nkx6.1
or AdCMV-AURKA and 72 h after treatment with the AURKA inhibitor VX-680 in media containing
2.5 mM Glucose and 16.7 mM Glucose for 1 h. Data represent the mean § SEM of 4 independent
experiments. *P � 0.05. P value represents the comparison between Nkx6.1- and GFP-treated islets.

Figure 9. Overexpression of AURKA results in decreased p53 protein levels. (A) Islets were transduced
with AdCMV-GFP or AdCMV-AURKA, and protein levels of GFP, AURKA, Cyclin A2, Cyclin B1 and p53
were measured 72 h after adenoviral transduction. Representative western blots from 4 independent
experiments. (B) Islets were either untreated or transduced with AdCMV-GFP or AdCMV-AURKA. Islets
were treated with MG-132 at 68 h after adenoviral transduction, and islets were harvested for western
blotting 4 h later. Representative western blots from 3 independent experiments. *P � 0.05; **P �
0.01; ***P � 0.001.
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The results demonstrating that Nkx6.1 overexpression in rat
and human islets induce primary b-cell proliferation are some-
what controversial.11,12 Early studies by another laboratory using
conditional overexpression of Nkx6.1 in adult mouse b-cells
failed to induce proliferation.30 Various reasons exist as to why
there are discrepancies in the data, ranging from the expression
level of Nkx6.1, potential effect of viral shuttle vectors and spe-
cies-specific Nkx6.1 differences. Interestingly, while their origi-
nally published findings demonstrated a lack of proliferation
with Nkx6.1, subsequent studies demonstrate Nkx6.1 deletion
has deleterious effects on b-cell mass and replication when
deleted prior to the neonatal period31 or in adult mice.20 Taken
together, these data do support a role for Nkx6.1 in b-cell
proliferation.

Our findings demonstrate that the cell cycle regulatory kinase
AURKA is upregulated within 48 h of Nkx6.1 overexpression,
and that Nkx6.1 binds the AURKA promoter. AURKA plays a
critical role in mitosis. It is essential for centrosome maturation,
centrosome separation, bipolar spindle assembly, chromosome
alignment, mitotic entry and cytokinesis.14 AURKA has many
defined substrates, including BRCA1, CENP-A, CENP-E,
CDC25B, Histone H3 and p53; all of which are upregulated by
Nkx6.1.11,12 AURKA activates the CDK1/Cyclin B complex,
which is essential for cell cycle progression through M phase, and
has been shown to be necessary for the Nkx6.1 mediated prolifer-
ation pathway and sufficient to induce b-cell proliferation.

AURKA is necessary for Nkx6.1 mediated proliferation.
Knock down of AURKA significantly impairs Nkx6.1 mediated
proliferation. Pharmacological inhibition of AURKA kinase
activity through treatment with the AURKA specific inhibitor
VX-680 similarly blocks Nkx6.1 mediated proliferation. Interest-
ingly, while VX-680 inhibits AURKA and Nkx6.1 mediated pro-
liferation, it does not affect GSIS. Finally, AURKA is sufficient to
induce b-cell proliferation while maintaining GSIS. AURKA
overexpression increases b-cell proliferation albeit at a level half
that observed with Nkx6.1 overexpression. However, AURKA
stimulated b-cell proliferation is observed 24 h earlier than that
seen with Nkx6.1. These data clearly demonstrate that AURKA
is necessary for Nkx6.1 mediated b-cell proliferation, and suffi-
cient to induce b-cell proliferation on its own. Our data is sup-
ported by other findings that demonstrate a correlation between
AURKA expression and b-cell proliferation. Keller et al. demon-
strated that AURKA expression correlates with increased
observed b-cell mass in the obese B6 mouse model.18 In addi-
tion, Togashi et al. showed that proliferating islets isolated from
pancreatectomized mice have increased AURKA expression.19

Taken together, these data describe a critical role for AURKA in
inducing b-cell proliferation.

While AURKA overexpression results in increased b-cell
DNA replication and M phase rates, we observed no increase in
phosphorylated histone gH2AX staining in islets transduced
with AdCMV-AURKA. Recent studies have demonstrated
increased apoptotic rates that correspond with increased BrdU or
3H-thymidine incorporation rates.24-26 In contrast, our phos-
phorylated histone gH2AX data demonstrates that AURKA does
not result in enhanced b-cell apoptosis levels. As AURKA is a

downstream target of Nkx6.1, it is important to point out that
these data correspond with recent findings that overexpression of
Nkx6.1 or Pdx1 result in increased b-cell proliferation without
enhancing apoptosis rates.12,32 These data demonstrate that our
measurements of AURKA mediated DNA replication are not
inadvertently measuring double-stranded DNA breaks.

Our studies used a number of different measurements of
b-cell proliferation, each of which provides unique information
about the experimental system. 3H-thymidine incorporation pro-
vides a gross measurement of DNA replication with no respect to
the replicating islet cell types. We measured cell cycle progression
and BrdU incorporation in dispersed primary islets, which again
provides an overview of the AURKA effect in all islet cells.
Finally, we measured the effect of AURKA overexpression in
b-cells through immunohistochemistry by measuring BrdU
incorporation (DNA synthesis, presumably S phase), PHH3 pos-
itive nuclei (a transient marker of M phase entry) and phosphory-
lated gH2AX positive nuclei (cells responding to double strand
DNA breaks). By each of our measurements we demonstrated
that AURKA is successfully resulting in increased proliferation,
which is ultimately occurring in the primary b-cells. Interest-
ingly, overexpression of AURKA results in an extremely high
level of PHH3 positive nuclei as compared to the cells that are
BrdU positive. This may suggest the presences of subpopulations
of b-cells that are primed to reenter the cell cycle and proliferate,
compared to others that are not proliferation competent. The
high level of PHH3 positive cells may reflect cells that are unable
to continue through the cell cycle. This hypothesis could also
explain the increased number of cells in the S phase portion of
the cell cycle, as measured by flow cytometry. Further studies
need to be completed to determine the percentage of PHH3 pos-
itive cells that are also BrdU positive to determine the rate of cell
cycle completion. These studies are currently ongoing. However,
what is clear from these studies, using both flow cytometric meas-
urements (no significant increase in the Sub G0 peak) and phos-
phorylated gH2AX staining is that there is no increase in b-cell
death observed with AURKA treatment.

Our data demonstrate that AURKA kinase activity is essential
for AURKA and Nkx6.1 mediated b-cell proliferation. Various
proteins have been shown to be targets of AURKA. Studies have
demonstrated that p53 is phosphorylated by AURKA, and that
this phosphorylation targets p53 for ubiquitinylation by MDM2
and eventual degradation by the proteasome.16 In terms of the
cell cycle, p53 can act as a cell cycle inhibitor by blocking pro-
gression through the G1/S checkpoint. Our data demonstrate
that overexpression of AURKA does in fact result in decreased
p53 levels, thus effectively removing the p53 braking mechanism.
We propose a model in which Nkx6.1 induces expression of
AURKA. AURKA expression and activation results in enhanced
cell cycle progression by licensing the b-cell to progress through
the G2/M and mitotic checkpoints. In addition, activation of
AURKA results in phosphorylation and ultimate destruction of
p53, thus removing a critical braking mechanism in the prolifera-
tion pathway.

These findings raise the question regarding p53 levels in adult
versus young islets, and if p53 b-cell levels increase with age.
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Recent studies have demonstrated that b-cells from aged islets
have decreased proliferation capacity.33,34 Furthermore, our find-
ings suggest the need to determine in physiological models of
b-cells proliferation, such as obesity and pregnancy, if p53 levels
decrease, and if this decrease is necessary for b-cell proliferation.
In addition, many other AURKA target proteins (BRCA1,
CENP-A, CENP-E, CDC25B) have increased expression due to
Nkx6.1 overexpression. At the moment it is unclear how the
AURKA kinase activity affects these targets, and if their phos-
phorylation is necessary for Nkx6.1 mediated proliferation.

In summary, we have demonstrated that Nkx6.1 binds to the
promoter of AURKA and induces its expression. AURKA is nec-
essary for Nkx6.1 mediated b-cell proliferation, and alone is suf-
ficient to induce b-cell proliferation. AURKA overexpression
does not negatively affect GSIS, nor is its kinase activity needed
for proper insulin secretion. Finally, we demonstrated that
AURKA overexpression results in decreased p53 protein levels,
potentially demonstrating a mechanism by which AURKA
removes the p53 cell cycle brake which permits proliferation
through phosphorylation and the ultimate proteasome mediated
degradation of p53.

Materials and Methods

Animal husbandry and islet isolation
Wistar rat breeding pairs were purchased from Harlan and

maintained on standard chow diet (Teklad 7001; Harlan). Pups
were weaned at 21 days, at which point female rats were eutha-
nized. Male rats were fed ad libitum and maintained on a 12-h
light dark cycle, and were age matched for all islet experiments.
Pancreatic islets were isolated as previously described.35-37 All
animal studies were approved and performed in accordance with
Brigham Young University’s animal research committee’s
guidelines.

Adenoviral cloning and preparation
Recombinant AURKA adenovirus was generated and purified

as previously described.38 shRNA sequences against Rat AURKA
were subcloned into the adenoviral shuttle vector, FF805.37

Adenoviruses expressing Nkx6.1, GFP, or non-targeted shRNA
sequence (AdshControl) have been described elsewhere.11,29 All
recombinant viruses were shown to be E1a deficient, using an
RT-PCR screen, as described.39 For studies involving adenovi-
rus-mediated gene manipulation, pools of 200 islets were trans-
duced with »2 £ 107 IFU/mL adenovirus (1ml of viral stock/
ml, or moi»100–200) for 18 h and assayed at 24, 48, 72 or
96 h post-harvest depending on the experiment.

[3H] thymidine incorporation
DNA synthesis rates were measured as previously

described.11,29 [Methyl-3H]-thymidine was added at a final con-
centration of 1 mCi/ml to groups of »200 islets for the final 24
to 48 h of culture (depending on the experiment). Triplicate
groups of 20 islets were picked, washed 2 times in RPMI-1640
with unlabeled thymidine, twice in PBS, followed by DNA

precipitation with 500 ml cold 10% trichloroacetic acid and solu-
bilized in 80 ml of 0.3 N NaOH. [3H]-thymidine incorporation
was measured by liquid scintillation counting and normalized to
total cellular protein.

Flow cytometry
Islets were cultured with BrdU at a concentration of 10 mM,

with daily media changes, for 96 h. Groups of 100 islets were dis-
persed by trypsin digestion and pipetting. Dispersed cells were
prepared for BrdU analysis flow cytometry as previously
described.40,41 BrdU was detected using the AlexaFluor 488 con-
jugated BrdU Mouse monoclonal antibody (Clone MoBU-1,
Invitrogen). Nuclei were stained with propidium iodide to deter-
mine DNA content. Cells were washed in 1 ml 0.5% BSA-PBS/
1% anti-Fc antibody and resuspended in 400 ml PBS for analysis
using a Cytomics FC 500 flow cytometer and CXP software
(Beckman Coulter).

Glucose-stimulated insulin secretion
Insulin secretion was measured using 3 groups of 20 islets per

condition as previously described.11 The assay was performed in
secretion assay buffer (SAB) containing 2.5 mM glucose for 1 h
at 37�C (basal) followed by incubation in SAB containing
16.7 mM glucose for 1 h (stimulatory). Insulin was measured in
SAB using the Coat-a-Count kit (Siemens). Islets were lysed in
RIPA buffer and total protein was determined by BCA (Pierce),
and insulin content was measured as described.11

Immunoblot analysis
Clarified cell lysates were run on 4–12% NuPAGE gels (Invi-

trogen) and transferred to polyvinyidene fluoride (PVDF) mem-
branes. Membranes were probed with diluted antibodies raised
against Nkx6.1 (Iowa Developmental Hybridoma Bank), GFP
(Abcam), g-tubulin (Sigma), AURKA (Santa Cruz), Cyclin A2
(Santa Cruz), p53 (Santa Cruz), and p-p53 (Cell Signaling).
Islets cultured with MG-132 received 20mmol/L for 4 h. Sheep
anti-mouse (1:10,000) and goat-anti-rabbit (1:1,000) antibodies
(GE Healthcare) coupled to horseradish peroxidase were used to
detect the primary antibodies. Blots were developed with ECL
advance reagent (GE Healthcare). Quantitation of immunoblots
was performed using ImageJ.

Quantitative RT-PCR
RNA was harvested using the RNEasy microkit (Qiagen) and

cDNA was synthesized in an iScript reaction (BioRad). Real-
time PCRs were performed using the Life Technologies One
Step Plus sequence detection system and software (Life Technol-
ogies). Rat AURKA, AURKB, AURKC and PPIA (used as an
internal control) primers were TaqMan-based Assay on Demand
(Life Technologies). The used primer sequences are available
upon request.

ChIP assays
ChIP assays were performed in primary rat islets as previously

described.11 The putative binding sequence (TTAATTAC) was
used to search for potential Nxk6.1-binding sites within the
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promoters of MyoD, Cyclin A, Insulin1 and AURKA.42 Forward
and reverse primers were as follows: Insulin1 50-TCAGCCAAA-
GATGAAGAAGGTCTC-30 and 50TCCAAACACTTGCCTGG
TGC-30; Cyclin A2 50AATAAAAGTTGGTACCCACAGGGC-
30 and 50-GAAGGTCCTTAAGAGGCGCAA-30; MyoD 50-GC
ACTGCCACCGATTCATTTG-30 and 50-CAGGAGGTTTG-
GAGAGAGACTCAAG-30; AURKA 50-TGGGGACATCAAG-
CAAGAAGG-30 and 50-GGTAGGAACTGCCTGGTGTTAT
TG-30.

Histology and in situ immunofluorescence
Islets were cultured with BrdU at a concentration of 10 mM.

Islets were fixed in Bouin’s solution for 2 h and maintained in
10% neutral-buffered formalin. Five-micrometer serial sections
on glass slides were deparaffinized with xylene and rehydrated in
a series of ethanol solutions.11 Antigen retrieval was completed
by microwaving the slides for 13.5 minutes in 10 mM sodium
citrate buffer with 0.05% Tween 20, pH 6.0. Direct immunoflu-
orescence was performed using mouse anti-BrdU (1:100; Invitro-
gen), guinea pig anti-insulin (1:1000; Dako), rabbit
Phosphorylated Histone H3 (PHH3) (1:100, Cell Signaling)
and rabbit anti-phosphorylated histone gH2AX (1:100; Cell Sig-
naling). Secondary antibodies used for detection were: Alexa-
Fluor 488 conjugated goat anti-guinea pig (Invitrogen),
AlexaFluor 647 conjugated goat anti-rabbit (Invitrogen) and
AlexaFluor 555 conjugated goat anti-mouse (Invitrogen).32 Sec-
tions were counterstained with DAPI in order to determine the

total number of islet cells. The BrdU, PHH3 and phosphorylated
histone gH2AX data were quantified as the total number of
BrdU, PHH3 or phosphorylated histone gH2AX positive insulin
positive cells relative to the total number of insulin positive islets
cells counted. Images were captured and analyzed using OpenLab
software, and the BrdU, PHH3 and phosphorylated histone
gH2AX signals were evaluated using ImageJ software for each
experimental condition.

Statistical analysis
Data are presented as the mean § SEM. For statistical deter-

minations, data were analyzed by the paired Student’s t test or by
ANOVA with Bonferonni post-hoc analysis for multiple group
comparisons, using GraphPad Prism.
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