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Abstract 

Pancreas duodenum homeobox 1 (PDX1) is essential for pancreas development and β-cell for-
mation; however more studies are needed to clearly illustrate the precise mechanism regarding 
spatiotemporal regulation of Pdx1 expression during β-cell formation and development. Here, we 
demonstrate that SIRT1, FOXA2 and a number of proteins form a protein complex on the 
promoter of the Pdx1 gene. SIRT1 and PDX1 are expressed in the same set of cells during β-cell 
differentiation and maturation. Pancreas-specific disruption of SIRT1 diminished PDX1 expression 
and impaired islet development. Consequently, SIRT1 mutant mice develop progressive hyper-
glycemia, glucose intolerance, and insulin insufficiency, which directly correlate with the extent of 
SIRT1 deletion. We further show that SIRT1 interacts with and deacetylates FOXA2 on the 
promoter of the Pdx1gene, and positively regulates its transcription. These results uncover an 
essential role of SIRT1 in β-cell formation by maintaining expression of PDX1 and its downstream 
genes, and identify pancreas-specific SIRT1 mutant mice as a relevant model for studying insulin 
insufficiency. 
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Introduction 
Diabetes is a severe metabolic disease worldwide 

that can be caused by many factors. In human, inac-
tivation of pancreas duodenum homeobox 1 (PDX1) 
causes early-onset type II diabetes mellitus [50, 51]. 
Experiments in mice revealed that PDX1 regulates the 
transcriptional network of pancreatic endocrine pro-
genitor cells and that PDX1 deficiency blocks pancreas 
formation, suggesting that PDX1 is essential for pan-
creas development and β-cell formation [26, 27, 41, 
42]. Thus, it is important to understand how PDX1 is 
regulated. Previous studies indicated that PDX1 is 
highly expressed throughout the entire pancreatic 
epithelium in the early stages of embryogenesis; 
however, its expression becomes more restricted to 
insulin-producing β-cells at later stages of pancreas 
development [41, 52].  

 The PDX1 promoter contains several nuclease 
hypersensitive sequences (HSS) that are regulated by 
transcriptional factors [16, 61]. This enhancer region, 
known as area I (bp -2761 to -2457), area II (bp -2153 to 
-1953, also referred as PH2 domain), area III (bp -1879 
to -1600) [16], and area IV [17], is bound by transcrip-
tion factors, including HNF1a, Foxa2, Foxa1, NHF6, 
Pax6, MafA and Ptf1 to direct Pdx1 expression in 
pancreatic progenitors/or in adult β-cells [2, 14, 25, 31, 
37, 46, 47, 53]. Area II (PH2) is only present in the 
mammalian PDX1 gene promoter [16, 17]. Recently, 
GATA4 and GATA6 binding sites have been discov-
ered in area III, which are critical for pancreas or-
ganogenesis [5, 65].  

 Forkhead transcription factor FOXA2 (formally 
HNF3β) binds to area II through a consensus FOXA 
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binding site and is required for PDX1 expression [53]. 
Pancreas-specific disruption of FOXA2 diminishes 
PDX1 transcription and impairs pancreas formation in 
mice [32]. These data establish an important role for 
FOXA2 in regulating PDX1 expression and pancreas 
development. Several proteins, including PAX6, 
FOXA1, and FOXO1, have been reported to affect 
expression of PDX1 through their interactions with 
FOXA2 [14, 28, 45]. However, the underlying mecha-
nism regarding their relationship with FOXA2 in 
regulation of PDX1 expression deserves further in-
vestigation. 

 Mammalian SIRT1, a homolog of yeast Sir2, is a 
founding member of a family of 7 members (SIRT1-7) 
of NAD+ dependent type III histone and protein 
deacetylases [15, 19-21, 23, 30, 36, 39, 48]. SIRT1 is 
indispensable for mammalian development as major-
ity of SIRT1 mutant mice die during embryonic de-
velopment or early postnatal stages [7, 38, 58]. Tissue 
specific knockout using a Cre-loxP mediated ap-
proach to overcome the early lethality revealed im-
portant roles of SIRT1 in calorie restriction, energy 
expenditure, lipid metabolism, and mammary lob-
uloalveolar development, as well as neuronal differ-
entiation and neurodegeneration [6, 9, 12, 35, 43, 55, 
56]. A study of β cell-specific SIRT1-overexpressing 
transgenic mice showed that increased dosage of 
SIRT1 in β-cells improves glucose tolerance and en-
hances insulin secretion in response to glucose [40]. 
Other investigations also demonstrated that chemicals 
that activate SIRT1 activity play protective roles on 
islet insulin secretion [22, 67]. Recently, a study iden-
tified an inherited heterozygous mutation in human 
SIRT1 that leads to an autoimmune-mediated β cell 
destruction, and diabetes [3]. However, a role for 
SIRT1 in β cell development and differentiation re-
mains elusive due to the early lethality of SIRT1 null 
mice. 

 In this study, we performed a proteomic analy-
sis and found that SIRT1, FOXA2 and a number of 
other proteins form a protein complex on the pro-
moter of PDX1 in cultured cells. We further demon-
strated that SIRT1 deacetylates FOXA2 and plays a 
critical role in regulating PDX1 expression. Finally, 
using the Cre-loxp conditional knockout approach, 
we showed that the absence of SIRT1 in the pancreas 
results in impaired β cells formation followed by 
progressively developed insulin insufficiency.  

Materials and Methods 
Generation of pancreatic-specific Sirt1 dele-
tion animals  

Mice that carry 3 loxP sites (a ploxPneo in intron 
4 and the third loxP in intron 6) were crossed with 

EIIa-Cre [29] to delete the ploxPneo using a protocol 
as described [63]. The resulting mice carrying the 
floxed exon 5 and exon 6 of the Sirt1 gene were 
crossed with Pdx-cre transgenic mice to obtain the 
Sirt1flox5-6;Pdx-cre strain. Afterwards, males and fe-
males of Sirt1flox5-6;Pdx-cre were intercrossed to gener-
ate Sirt1PKO mice and controls. These mice are in a 
mixed genetic background of 129/FVB/Black Swiss 
and are genotyped with the following primers: 

Floxed Sirt1 gene: Forward- 5' CTT CCT TGC 
CAC AGT CAC TC 3'; Reverse- 5' CAT CTA AAC TTT 
GTT GGC TGC 3'. Pdx-Cre: Forward- 5' CCT GTT TTG 
CAC GTT CAC CG 3'; Reverse- 5' ATG CTT CTG TCC 
GTT TGC CG 3'. All experiments were approved by 
the Animal Care and Use Committee of the National 
Institute of Diabetes, Digestive and Kidney Diseases 
(ACUC, NIDDK). 

Transfection 
All the transfections were carried out with 

LipofectamineTM 2000 (Invitrogen). pUse-Sirt1 is from 
Upsate. pCruz-SIRT1 and pCruz-Sirt1(HY) were used 
previously [60]. shRNA against mouse 
SIRT1(pBSU6-Sirt1) was constructed as described 
previously [58]. GFP-FOXA2 expression vector was 
previously described [49]. 

Oligo pull down and mass spectrometry  
The biotin-labeled wild-type (WT: [Biotin 5] 

ACCAGAAGTGCTAAGCAAACATCCTGGGGTG) 
or mutant (MT: [Biotin-5] ACCAGAAGTGCTA 
AGCCCCTATCCTGGGGTG) oligo of FOXA2 bind-
ing site on Pdx1 promoter was used for biotin pull 
down assay with the nuclear lysates from 20 million 
GFP-FOXA2 transfeced 293HEK cells. The bio-
tin-bound streptavidin beads were extensively 
washed with 500 mM KCl and loaded onto 4-12% 
Tris-SDS PAGE. The gel was later stained with Silver 
Staining (SilerQuestTM Staining Kit, Invitrogen). The 
bands were excised, distained, and digested with 
trypsin. The tryptic peptides were analyzed by 
nanoflow reversed-phase liquid chromatography 
(nanoRPLC) mass spectrometry using a linear 
ion-trap (LIT) mass spectrometer (LTQ, ThermoElec-
tron, San Jose, CA). The LTQ was operated in a da-
ta-dependent mode in which the seven most abun-
dant peptide molecular ions in every MS scan were 
sequentially selected for fragmentation and acquisi-
tion of MS2 spectra. Tandem mass spectra were 
searched against the human protein database using 
SEQUEST software (ThermoFinnigan, San Jose, CA). 
A similar in-gel digestion approach was also used to 
analyze the FOX2A gel band following in vitro 
deacetylation by SIRT1. Acetylation of lysine 
(+42.0106 Da) and oxidation of methionine (+15.9949 
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Da) residues were included as dynamic modification 
when the MS2 spectrum was searched against the 
human FOXA2A protein sequence. The SEQUEST 
filtering criteria for initial identification of peptides 
were cross-correlation (Xcorr) scores of 1.9 for [M + 
H]1+, 2.2 for [M + 2H]2+, 3.1 for [M + 3H]3+ ions; and a 
minimum delta correlation (ΔCn) of 0.08. The MS2 
spectra of eligible peptides were manually inspected 
to confirm the identification of correct peptide se-
quence and modifications. 

To validate the Mass Spectrometry data, pull-
down with either WT or MT biotinylated oligos was 
performed and Western blot analysis was carried out 
with antibodies against individual protein. The fol-
lowing antibodies were used: PARP1 (Millipore), 
KU70 (Santa Cruz), KU80 (Abcam), and GFP (MP). 

Acetylation of FOXA2 in vivo 
Twenty million 293T cells were co-transfected 

with myc-p300 and GFP-FOXA2 or one of the 
flag-FOXA2 (wildtype, K226R, K275R or 
K226R/K275R). The transfectants were then treated 
with either TSA (5µM) or NIM (20mM) or both for 8 
hours before harvest. The cellular lysates were im-
munoprecipitated with GFP antibody, Ac-K antibody, 
or flag antibody respectively. Generally, 2–3 mg nu-
clear lysates were used. For flag-tagged protein, after 
being immunoprecipitated with flag antibody (Sigma, 
M2), the beads were eluted with 3Xflag peptide (Sig-
ma) and eluates were loaded onto 10% Tris-glycine 
SDS PAGE for Western blot with Ac-K antibody. 
When testing SIRT1 function on FOXA2 acetylation, 
myc-p300 and GFP-FOXA2 plasmids were 
co-transfected into 293 HEK cells, together with either 
GFP or SIRT1 or SIRT1 (HY). 

In Vitro deacetylation assay  
Flag-tagged SIRT1 or flag-tagged SIRT1(HY) was 

transfected into 293T cells. The flag-tagged FOXA2 
was co-transfected with myc-p300. The cells were 
lysed in buffer (20mM Hepes, pH7.9, 180mM KCl, 
0.2mM EGTA, 1.5mM MgCl2, 20% glycerol, 0.1% 
NP40) with 0.5uM TSA and 10mM Nicotinamide 
(NIM). The flag-tagged proteins were then immuno-
precipitated with anti-Flag M2 agarose beads (Sigma) 
and eluted with 3X flag peptide. Afterwards, the pu-
rified proteins were suspended with 20ul deacetyla-
tion buffer (20mM Hepes, pH7.9, 67mM KCl, 5mM 
MgCl2, 0.2mM EDTA) with or without NAD+ (Sig-
ma), incubated at 30 °C for 2hr, and then reactions 
were stopped by adding 2X loading buffer. After 
electrophoresis, the membrane was immunoblotted 
by anti-Ac-K antibody, followed with M2 antibody; 
then the gels were stained with Coomassie blue and 
processed for mass spectrometry analysis. 

Site directed mutagenesis 
To mutate the lysine residues that are acetylated 

in FOXA2, flag-tagged murine FOXA2 plasmid in a 
modified pCMV vector was used as a parental tem-
plate. The PCR method (PCR SuperMix high fidelity, 
Invitrogen) was applied and mutation was confirmed 
with sequencing. Mutagenesis was carried out by 
BioInnovatise Inc. (Rockville, MD 20852). The primers 
are as follows: Foxa2F1: GGTGGTGGA 
TCCATGCTGGGAGCCGTGAAGATGG; Foxa2R1: 
GGTGGTAAGCTT TTA GGA TGA GTT CAT AAT 
AGG; K226F1: CCCGCTCGCCAGACAGGC 
CTGGCAAGGGCTCC; K226R1: GGA GCC CTT GCC 
AGG CC T GTC TGG CGA GCG GG; K275F1: 
TGCGGC CAGTAGCGGA GGCA GGAG GA 
CCGCTCCTGG GTCCCAG; K275R1: CTG GGA CCC 
AGG AGC GGT CCT CCT GCC TCC GCT ACT GGC 
CGC A. “Red color” indicates mutant nucleotides. 

Glucose measurement 
 Mice were maintained under fed condition with 

regular chow. At different ages, glucose was meas-
ured with ContourR glucose meter (Bayer) and Con-
tourR blood glucose test strips (Bayer). 

Insulin measurement 
Serum was used for insulin measurements with 

either a Rat Insulin ELISA Kit (Crystal Chem, Inc.) or 
an RA method performed by the Metabolic Core Fa-
cility of NIDDK. 

Islet isolation  
Mice at different ages were euthanized with CO2. 

Collagenase Type V from Sigma was perfused into 
pancreas. The entire pancreas was collected, and di-
gested at 37°C. Islets were purified by Ficoll gradient 
(Ficoll-paqueTM Plus, GE Healthcare), and 
hand-picked using a microscope.  

qRT-PCR 
Total RNA was isolated with STAT-60TM 

(Tel-Test, Inc.) from islets or MIN6 cell. cDNA was 
synthesized with Cells-to-cDNA TMII (Ambion, Inc.). 
Primers used are shown in the Supplementary (Addi-
tional file 1). 

qChIP 
 MIN6 cells were cross-linked with 1% formalin 

for 15 min and ChIP was performed with either SIRT1 
or FOXA2 antibody as described previously [59]. 
Primers used to amplify mouse Pdx1 promoter are: 
mPdx1 pF1: 5'ttcgggatctggattgagtc3', mPdx1 pR1: 
5'cccaagaaagcaaaccatgt3', mPdx1-pF4: 5' ttcttttt-
gcaaagcacagc3', mPdx1-pR4: 5' caccccaggatgtttgctta3', 
mPdx1-pF6: 5' aggcttacagcgctgagttc3', and 
mPdx1-pR6: 5'ctccttttcctccccagttc3' 
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Western blot and immunoprecipitation 
Western blot was carried out with Licor (Lincoln, 

Nebraska) using antibodies against SIRT1 (Upstate), 
FOXA2 (Santa Cruz), acetyl-lysine (Chemicon and 
Abcam). Immunoprecipitation was carried out as de-
scribed previously [59]. 

Luciferase activity 
Pdx-PH2/pGL3B was obtained from Addgene. 

The plasmid was transfected into MIN6 cells or be-
ta-TC6 cells either alone or together with SIRT1, 
FOXA2, FOXA2 mutant alone or both. The luciferase 
activity was assessed with the Dual-LuciferaseR Re-
porter Assay System (Promega).  

Pathological analysis of pancreas  
The entire pancreas was collected, flattened, and 

fixed in 10% formalin. The fixed pancreas was em-
bedded with paraffin. Five µm sections were cut with 
MICROM (HM 340E). The sections were stained with 
H&E, or processed for immunohistochemistry or 
immunofluorescence. The antibodies used are: an-
ti-Sir2a (Millipore), anti-glucogon and anti-insulin 
(Sigma), anti-proinsulin (R&D system), an-
ti-somastatin (MP), anti-pancreatic polypeptide (ICN), 
anti-Glut2 (Chemicon), anti-Pdx-1 (a gift from Chris-
topher Wright, Vanderbilt University), anti-F4/80 
(Serotec), anti-MPO (Biocare Medical), anti-NF-κB 
(Santa Cruz), anti-CD3 (Dako), anti-IL6 (Becton 
Dickenson), anti-TNFα (R&D), anti-IL1β (R&D). The 
immunohistochemistry was performed with Histo-
mouseTM SP (Invitrogen). The secondary antibodies 
for immunofluorescence staining were from Invitro-
gen and Sigma. 

Statistical analysis 
Student’s t-test is used for statistical analysis. 

±SD is reflected in corresponding panels as bars. 
 

Results 
A protein complex in the promoter of Pdx1 
gene revealed by proteomics  

To identify potential factors involved in regu-
lating Pdx1 expression through the interaction with 
FOXA2, the consensus FOXA2 binding site in the re-
gion of PH2 domain of Pdx1 promoter was utilized for 
a biotin pull-down assay. A GFP-FOXA2 or 
FLAG-FOXA2 construct was expressed in either HEK 
293 cell line that was originally derived from human 
embryonic kidney or Min6 cell line, a pancreatic beta 
cell line derived from a transgenic mouse expressing 
the large T-antigen [24]. The nuclear lysates from the 
transfectants were used for a pulldown analysis with 
biotinylated wild-type and mutant oligos for the 

consensus FOXA2 binding site in the PH2 domain 
(Fig. 1A). Wild-type oligo precipitated several distinct 
protein bands, while mutant oligo did not pull down 
any of these proteins (Fig. 1B). Analysis of the differ-
ential bands by mass spectrometry identified several 
proteins, including PARP1, HLTF1, KU70, KU86, 
SSBP, and SIRT1 (Fig. 1B). Individual oligo 
pull-downs and Western blots by antibodies against 
PARP1, KU70, KU86 and SIRT1 confirmed their in-
teraction with the wild-type oligo in both 293 and 
Min6 cells (Fig. 1C-D). Once the consensus FOXA2 
binding site was mutated, SIRT1, PARP1, KU70, KU86 
and FOXA2 disappeared together, indicating that the 
binding of SIRT1, PARP1, KU70, and KU86 to Pdx1 
promoter is mediated by FOXA2 recognition se-
quence. 

SIRT1 can deacetylate FOXA2  
Two of the proteins identified as part of the 

complex, PARP1 [44], and KU70 [10] were reported to 
interact with SIRT1 as substrates. A third protein, 
KU86, could be acetylated as well although the cor-
responding acetyltransferase was not identified [8]. 
Therefore, we chose to study SIRT1’s relationship 
with FOXA2 and PDX1 expression.  

 Using reciprocal immunoprecipitation, we con-
firmed the interaction between SIRT1 and FOXA2 in 
both 293T cells (Fig. 1E) and Min6 cells (Fig. 1F), sug-
gesting FOXA2 could be one of the SIRT1’s substrates. 
Next, we tested whether FOXA2 is acetylated and 
whether SIRT1 could deacetylate FOXA2. 293T cells 
were transfected with p300 and FLAG-FOXA2. Then 
FLAG-FOXA2 was pulled down with anti-FLAG M2 
antibody and western blotted with anti-acetyl lysine 
antibody. The reverse way was also performed with 
the same lysates. As shown in figure 1G, FOXA2 was 
acetylated in the presence of p300 and the level of 
acetylation is correlated with the amount of FOXA2. 
The acetylation of FOXA2 was enhanced in the pres-
ence of nicotinomide (NIM) (Fig. 1H), indicating that 
class III HDACs are involved. Wild-type SIRT1, but 
not a deacetylase deficient mutant form of SIRT1, was 
able to deacetylate FOXA2 (Fig. 1H). A similar acety-
lation pattern was observed when purified 
FLAG-FOXA2 and SIRT1were added together into a 
test tube in the presence or absence of NAD+ (Fig. 1I). 
Only in the presence of NAD+, was wild-type SIRT1 
capable of taking off the acetyl group from FOXA2. 
The deacetylase deficient mutant of SIRT1 (SIRT1-HY) 
was unable to catalyze the removal of acetyl group 
from FOXA2 (Fig. 1H-I). Mass spectrometry (MS) 
analysis identified two potential acetylation sites 
within FOXA2 (i.e., K226 and K275). K226 resides in 
FOXA2 DBD domain, and K275 is at the junction be-
tween Wing 2 and NLS (Nuclear localization se-
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quence). K226 and K275 are conserved in both human 
and mouse FOXA2 (Fig. 1J). Site mutagenesis exper-
iments were performed to mutate these two lysine 
residues (K) to arginine residues (R). Three FOXA2 
mutants were generated (FOXA2K226R, 
FOXA2K275R and FOXA2K226R/K275R=DM). In 
Min6 cells, mutation of both sites to arginine residues 
completely abolished acetylation of FOXA2 by p300 
(Fig. 1J). Mutating each lysine residue individually 
does not have an obvious effect on the acetylation 
status of FOXA2 (Fig. 1J), confirming the identifica-
tion of only two p300-dependent acetylation sites 
within FOXA2 by MS under our experimental condi-
tion.  

SIRT1 positively regulates Pdx1 level together 
with FOXA2 

Min6 cell line was applied to study the relation-
ship between SIRT1 and FOXA2 further. Acute 
knockdown of Sirt1 resulted in significant decrease of 
Pdx1 and a number of its downstream genes, includ-
ing insulin, glucokinase (Gk) and Glut2 (Fig. 2A). Of 
note, overexpression of SIRT1 in these cells resulted in 
only a slight up-regulation of Pdx1 (Additional file 1: 
Supplementary Fig. 1A, B), suggesting that the 
amount of SIRT1 is not a rate-limiting factor for the 
expression of Pdx1 in these Min6 cells.  

 To investigate whether SIRT1 binds to Pdx1 
promoter, we performed a chromatin immunoprecip-
itation (ChIP) assay and found that SIRT1 occupies 
the Pdx1 promoter near FOXA2 binding site (PH2) 
(Fig. 2B) [16]. Using a luciferase reporter for Pdx1 
transcription, we found that expression of FOXA2 and 
wild type SIRT1, but not SIRT1-HY, synergistically 
induced Pdx1 reporter activity (Fig. 2C), suggesting 
that deacetylase activity of SIRT1 is required for this 
action. siRNA-mediated knockdown of Sirt1 also re-
duced induction of Pdx1 promoter activity by FOXA2 
(Fig. 2D), indicating that SIRT1 is required for FOXA2 
to further elevate Pdx1 promoter.  

Next, we studied whether K226 and K275 in 
FOXA2 play a role in SIRT1 induction of Pdx1 expres-
sion. Expression of FOXA2 K226 and/or K275 mu-
tants in min6 cells were able to induce the Pdx-luc 
activity close to the level where SIRT1 and wild type 
FOXA2 combination could get (Fig. 2E). Of note, ex-
pression of SIRT1 does not further increase Pdx-luc 
activity on the top of FOXA2 mutations (Fig. 2E). 
Since arginine mutation mimics deacetylated form of 
lysine, these data is consistent with a role of SIRT1 
deacetylating FOXA2 on these sites to increase its 
transcriptional activity on Pdx1 promoter. 

With these data, we rationalized that mutation of 
lysine 226 and 275 to arginine enhances FOXA2 
binding to Pdx1 promoter. To test this hypothesis, 

FOXA2 or its different mutants were co-transfected 
with SIRT1 into min6 cells, and ChIP experiments 
were performed with these transfectants (Fig. 2F). In 
the presence of SIRT1, FOXA2 binds to Pdx1 promoter 
stronger compared with FOXA2 alone (p<0.001). 
K226R or K275R single mutation enhanced the bind-
ing of FOXA2 to Pdx1 promoter (p<0.01). When both 
K226 and K275 were mutated to arginine (FOXA2 
DM), FOXA2 DM achieved the highest binding to 
Pdx1 promoter. The binding synergy between SIRT1 
and FOXA2 diminished when lysine to arginine mu-
tants were applied. This evidence underscores the 
importance of SIRT1 and lysine sites K226/K275 in 
maintaining transcriptional activity of FOXA2 on 
Pdx1 promoter.  

Pancreatic deficiency of SIRT1 results in pro-
gressive development of insulin insufficiency 

To assess the potential impact of SIRT1 defi-
ciency on β-cell formation and pancreas development, 
a pancreas-specific disruption of SIRT1 using a 
Cre-LoxP mediated approach was performed (Addi-
tional file 1: Supplementary Fig. 2A). The Sirt1 floxed 
mice were crossed with transgenic mice carrying a Cre 
gene under the control of a Pdx1 promoter (Pdx1-Cre) 
[18] to achieve pancreas-specific knockout of SIRT1 
(Sirt1PKO) (Supplementary Fig. 2B-C).  

The Sirt1PKO mice appeared normal during early 
postnatal developmental stages. At 14 days of age, all 
Sirt1PKO mice examined had a normal range of glu-
cose. However starting from 3 weeks (P21), when the 
mice were weaned, 6 out of 41 (15%) of Sirt1PKO mice 
displayed a significant increase in glucose (Fig. 3A). 
Over time, the number of mice with hyperglycemia 
significantly increased. By 20 weeks of age, 60% of 
Sirt1PKO mice were hyperglycemic. Many of these 
Sirt1PKO mice died at later stage. This contributes to 
the high mortality rate of Sirt1PKO mice over 16 weeks 
of age (Fig. 3B).  

 Dynamic changes in blood glucose levels of a 
cohort of 23 Sirt1PKO mice were followed up to 4 
months of age. Of these mice, 5 at 3 weeks, 7 at 6 
weeks, and 14 at 16 weeks displayed hyperglycemia 
(blood glucose levels >200 mg/dL) (Fig. 3C, Addi-
tional file 1: Supplementary Table 1A). In contrast, the 
blood glucose level remains almost steady in the 
wild-type control group (Fig. 3C, Supplementary Ta-
ble 1B).  

 To understand the cellular and molecular basis 
for the observed hyperglycemia, we analyzed Sirt1PKO 
mice, irrespective of whether or not they were hyper-
glycemic. Analysis of mice at P21 indicated that hy-
perglycemic Sirt1PKO animals had an average of 8 is-
lets, with the blood glucose concentration reaching 
over 600 mg/dL. The average number of islets of 
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normaglycemic Sirt1PKO was 68, about half the num-
ber found in wild-type controls (Fig. 3D).  

 

 

 
Fig 1. A protein complex formed in the promoter of Pdx1 revealed by oligo pulldown and proteomics. (A) Wild-type and mutant oligo sequences that were used for 
biotin pulldown. In wild-type oligo, AAAC is the consensus site for FOXA2 binding. In mutant oligo, AAAC is mutated to CCCT. (B) A silver stained picture from 
GFP-FOXA2 pulldown sample is shown. (C-D) Biotin pulldown validation was performed in 293T (C) and Min 6 (D) cells using nuclear extracts that over expressing 
FLAG-FOXA2 to confirm the identity. (E-F) Reciprocal immunoprecipitation to show SIRT1 and FOXA2 interact with each other. Input: 10% of total protein. (E) 
293T cells with overexpression of Flag-FOXA2. (F) Min6 cells with endogenous protein lysates. (G) FOXA2 is acetylated by p300. 293T cells were transfected with 
FLAG-FOXA2 and p300, then the lysates were immunoprecipated with anti-FLAG antibody, western blotted with either FOXA2 antibody or Ac-K antibody. (H) 
Treatment of NIM or SIRT1 mutant (SIRT1(HY)) can enhance the acetylation level on FOXA2. (I) Wild-type SIRT1deacetylates FOXA2 in vitro. Purified 
FLAG-FOXA2 and SIRT1 or SIRT1(HY) were added together into a test tube with or without NAD+. (J) Mutation of K226 and K275 completely abolished the 
acetylation on FOXA2 in Min 6 cells.  
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Fig 2. Regulation of Pdx1 transcription by SIRT1 and FOXA2. (A) shRNA-mediated knockdown of Sirt1 in Min6 cells reduces expression of genes that are involved 
in pancreas development and insulin production. *p<0.01. (B) Both SIRT1 and FOXA2 bind to the PH2 domain of the Pdx1 promoter revealed by qChIP. Arrows show 
the positions of primers used in the assay. (C) Wild-type SIRT1 (T1) and FOXA2 (A2) synergistically elevate the luciferase activity driven by the PH2 domain of the 
Pdx1 promoter. Insert shows expression of SIRT1 and FOXA2. (D) Knockdown of Sirt1 reduces the activity of FOXA2 on Pdx1 promoter. Insert shows level of SIRT1 
knockdown. (E) Mutation of two lysine residues in FOXA2 abolished the synergistic effect of FOXA2 and SIRT1 on Pdx1 promoter, but improve the FOXA2 
transcriptional activity. All the transfection contained the same amount of DNA, GFP plasmid was used to make up the total DNA amount. (F) Mutation of two lysine 
residues in FOXA2 enhances the binding ability of FOXA2 to Pdx1 promoter assessed by ChIP.  
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Fig 3. Sirt1PKO mice display hyperglycemia and glucose intolerance. (A) Percentage of Sirt1PKO mice that contain high blood glucose level (>250 mg/ml) 
during development. Number of mice is show on the top of each bar. (B) Survival curve of Sirt1PKO mice during 4 months after birth. (C) Summary of blood glucose 
levels in animals at different ages. Twenty-three Sirt1PKO animals and twelve control mice were followed for their glucose level during period of P14 to 4 months. (D) 
Islet number and glucose level of P21 animals. Each group contains 4–6 animals. * p<0.001.  

 
 We suspected that phenotypic variation might 

be due to incomplete Cre-mediated recombination, 
which is always the case based on our experience on 
Cre-loxP mediated disruption of many other genes in 
various organs/tissues [34, 57, 62, 64]. Indeed, West-
ern blot against SIRT1 from different genotypes of 
pancreases demonstrated that hyperglycemic Sirt1PKO 
mice contain much less SIRT1 compared with nor-
maglycemic Sirt1PKO mice (Additional file 1: Supple-
mentary Fig. 2C). Thus, the severity of SIRT1 mutant 
phenotype directly correlates with the extent of SIRT1 
deletion, highlighting a critical role of SIRT1 in regu-
lating and maintaining normal development of islets. 
Therefore, our further study focused on the hyper-
glycemic Sirt1PKO mice.  

Pancreatic specific deletion of SIRT1 impairs 
islet formation  

Histological analysis revealed that Sirt1PKO mice 
had reduced size and irregular shaped islets (Fig. 
4A-C). Studying pancreas at P21, apoptosis (TUNEL 
assay) was not detected in the islets of either Sirt1PKO 
mice or wild-type mice. The proliferation status was 
investigated with Ki67 antibody staining. As shown in 
figure 4D-F, in wild-type pancreas, Ki67 positive cells 
can be observed in both acinar and islet, but SIRT1 
deficient pancreases contain 6-fold reduction of Ki67 
positive cells.  

 It has been shown that over-expression of SIRT1 

protects β-cells against cytokine toxicity by sup-
pressing NF-kB signals [33]. Therefore, we examined 
whether loss of SIRT1 could trigger an autoimmune 
response that destroys islets. Monitoring immuno-
histological markers, such as IL-1β, TNFα, IL-6, CD3, 
F4/80, MPO, NF-kB, did not detect obvious signs of 
inflammation in the mutant islets (Additional file 1: 
Supplementary Fig. 3). These data ruled out the pos-
sibility that the impaired formation of islets in Sirt1PKO 

mice is caused by an autoimmune response triggered 
by SIRT1 deficiency.  

SIRT1 deficiency in pancreas diminished ex-
pression of PDX1 and impaired β-cell for-
mation 

PDX1 is a master regulator for islet formation 
and expression of insulin. Due to the positive rela-
tionship between SIRT1 and PDX1 displayed above 
(Figs. 1, 2), a gene expression analysis was conducted 
to ascertain the molecular mechanism underlying the 
phenotype. Realtime RT-PCR analysis revealed that 
islets from hyperglycemic Sirt1PKO mice had about 5% of 
Sirt1 mRNA, markedly reduced transcription levels of 
Pdx1 and a number of Pdx1 downstream genes such as 
Glut2 and insulin (Fig. 5A). We followed insulin levels 
in Sirt1PKO mice for 6 months. Hyperglycemic Sirt1PKO 
mice consistently exhibited very low levels of insulin 
(Fig. 5B).  

Next, we performed immuno-fluorescent stain-
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ing to examine the impact of SIRT1 deletion on dif-
ferent cell types in pancreatic islets. Consistent with 
the real-time PCR data (Fig. 5A), a dramatic reduction 
of SIRT1 protein in the islet of hyperglycemic Sirt1PKO 
mice was observed compared with wild- type control 
mice (Fig. 5C). A graded reduction of cells that are 
positive for PDX1, GLUT2, insulin, and proinsulin 
was also observed in the islet of these mutant mice 
(Fig. 5C), suggesting the specific reduction of β-cells.  

Notably, α cells (positive for glucagon) became 
randomly distributed in the mutant islets (Additional 
file 1: Supplementary Fig. 4A). They also seemed rel-
atively more abundant in mutant islets compared to 
wild type islets. However, when serum glucagons 
was measured, no difference was detected between 
wild-type and Sirt1PKO mice. Conversely, there was no 
obvious increase of  δ cells (positive for somatostatin) 
(Supplementary Fig. 4B) or PP cells (positive for pan-
creatic polypeptide) (Supplementary Fig. 4C). 

Our in vitro studies illustrated that SIRT1 posi-
tively regulates Pdx1 expression through interacting 
with and deacetylating FOXA2 (Figs. 1 and 2). Using 
the Sirt1PKO pancreas as a negative control, we now 
ask whether SIRT1 and FOXA2 interact with each 
other in vivo. Whole pancreas lysates from wild-type 
or Sirt1PKO mice at P14 were used to perform a recip-

rocal CO-IP between SIRT1 and FOXA2. Indeed, 
SIRT1 and FOXA2 interact with each other in wild 
type mice. The interactions between these two pro-
teins were not detected in the mutant samples (Fig. 
5D-E). We next examined whether FOXA2 is acety-
lated in vivo at this stage. Whole pancreatic lysates 
were precipitated with acetyl-lysine antibody and 
Western blotted with FOXA2 antibody, and ratio of 
acetyl lysine vs total FOXA2 was quantified. The re-
sults indicated that FOXA2 is acetylated and Sirt1PKO 
samples contain higher level of acetylation on FOXA2 
compared with controls (Fig. 5F). Finally, we investi-
gated whether FOXA2 binds to PDX1 promoter in 
vivo and whether loss of SIRT1 affects its binding by 
ChIP assay. Clearly, FOXA2 binds to PH2 domain of 
PDX1 promoter in wild type pancreas, and deletion of 
Sirt1 greatly reduced this binding (Fig. 5G). Thus, 
with Sirt1PKO mice model, we demonstrated that 
SIRT1 and FOXA2 indeed interact with each other in 
vivo during pancreas development. SIRT1 deacety-
lates FOXA2 and enhances FOXA2 transcriptional 
activity on Pdx1 promoter either directly or by af-
fecting FOXA2’s ability to recruit other transcriptional 
activators/repressors, and this process is critical for 
pancreatic β-cell formation.  

 
 
 
 
 

Fig 4. Sirt1PKO mice display abnormal 
islet development. (A-C) H&E staining of 
pancreas sections is shown from wild-type (A) 
and Sirt1PKO (B-C) mice. Sirt1PKO animals exhibit 
various abnormal morphology of the islet. 
Arrows indicate islets. (D-F) Ki67 staining of 
pancreas at P21. The pancreas from Sirt1PKO 

mice has 6 folds reduction of Ki67 positive 
cells. Arrows indicate the Ki67 positive cells.  
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Fig 5. Deletion of SIRT1 in pancreas impaired β-cell formation. (A) Gene expression pattern in islets with different genotypes. Each group contains islets 
from 4 individual animals. * p<0.01. (B) Serum insulin level from animals. *p<0.001. (C) Immunofluorescent staining of the islet. (D-E) Reciprocal immunoprecipitation 
with whole pancreases lysates shows that SIRT1 and FOXA2 interact with each other in vivo. (F) FOXA2 is acetylated in vivo. The ratio of acetylated FOXA2 (top 
lane) vs total FOXA2 (second lane) is presented in number at the bottom. (G) FOXA2 binds to PH2 domain of PDX1 promoter in vivo. ChIP assay was performed 
with a FOXA2 antibody. For experiments in D-G, pancreases from 9 wild-type mice or 13 Sirt1PKO mice at P14 were pooled together to get enough samples for each 
experiment. 

 

Discussion 
SIRT1 deacetylates many proteins that are im-

plicated in multiple important biological processes, 
including DNA damage repair, cell cycle checkpoints, 
metabolic regulation, animal aging, and cancer [11, 13, 
20, 21, 23, 30, 36, 48, 55, 56, 66]. Here, our results 
demonstrate that SIRT1 positively regulates pancre-
atic β cell formation and differentiation by interacting 

with FOXA2 and synergistically regulates PDX1 
transcription. Since mutation of K226 and K275 to 
arginines (which mimic the deacetylated form) in 
FOXA2 abolished the synergistic induction of FOXA2 
and SIRT1 on PDX1-Luc reporter, enhanced the 
binding of FOXA2 to endogenous PDX1 promoter, 
and increased FOXA2 transcriptional activity on 
Pdx1-Luc vector in min6 cells, we conclude that SIRT1 
activates FOXA2 through deacetylation on K226 and 
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K275. We further showed loss of SIRT1 impairs ex-
pression of PDX1 and blocks β-cell formation, leading 
to severe hyperglycemia.  

A recent study showed that FOXA2 acetylation 
on K259 promotes FOXA2 transcriptional activity to 
regulate hepatic lipid oxidation in ob/ob and db/db 
mice [54]. In our study, SIRT1 deacetylates 
FOXA2-K226 and K275 in both human HEK-293 cell 
line and mouse pancreas beta cell derived Min6 line, 
whereas K259 was not detected. Since acetylation on 
K259 only takes place when fasting or glucogon 
treatment was applied, and SIRT1 displays the high-
est activity in fasting condition [54], it is possible that 
K259Ac is not a direct SIRT1 target under normal 
physiological condition. It is also plausible that SIRT1 
deacetylates different residues of FOXA2 in different 
tissue context. Nonetheless, these data picture a com-
plex mechanism in finely tuning FOXA2 transcrip-
tional activity during development, differentiation 
and metabolism. This issue deserves further investi-
gation in order to fully understand disease progress in 
liver and pancreas. 

Of note, it has been previously shown that 
overexpression of SIRT1 in β cells in transgenic mice 
enhances insulin secretion in response to glucose 
through inhibiting transcription of the Ucp gene [40]. 
Other study also showed that a transgenic mouse 
strain with moderate overexpression of SIRT1 exhibits 
normal insulin sensitivity but exhibits decreased food 
intake and locomotor activity, resulting in diminished 
energy expenditure [1]. In cultured β cell lines, SIRT1 
represses transcription of the Ucp2 gene by binding 
directly to the Ucp2 promoter [4]. Here we demon-
strate for the first time that SIRT1 is critical in β cell 
differentiation and maturation, since SIRT1 deficiency 
inhibits β-cell formation. We further manifested that 
SIRT1 deacetylates FOXA2 and forms a protein com-
plex with FOXA2 on the promoter of Pdx1 and serves 
as a potent regulator for expression of Pdx1 during the 
early stages of pancreas development and islet for-
mation. Of note, our pulldown using the consensus 
FOXA2 binding site in the PH2 domain revealed a 
protein complex including SIRT1, FOXA2, PARP1, 
HLTF1, KU70, KU86, and SSBP on the Pdx1 promoter, 
it is likely that these proteins form a complex in the 
promoter of Pdx1. The spatial relationship of each 
component in the complex might be an interesting 
topic to be addressed in future. Furthermore, SIRT1 is 
also a histone deacetylase, it is possible that SIRT1 
might affect this protein complex formation through 
epigenetic modification on histones on the promoter 
of Pdx promoter. All these issues deserve further 
studies. Nonetheless, because PDX1 acts as a master 
factors in the pancreas and regulates expression of 
many genes that are essential for insulin production 

and secretion [26, 27, 41], we conclude that the impact 
of SIRT1 on β-cell formation is primarily through its 
regulation of Pdx1 expression (Fig. 6).  

There is no doubt that Sirt1 transcription is sub-
jected to spatial and temporal regulation. Our previ-
ous study showed that the tumor suppressor BRCA1 
could positively regulate Sirt1 expression during tu-
morigenesis [60]. Given the important roles of SIRT1 
in numerous biological processes [11, 13, 21, 23, 30, 36, 
48], the underlying mechanism for SIRT1 regulation 
should be an important focus for future investigation. 
The regulation and activation of SIRT1 in β-cells 
should serve as a model for bridging islet develop-
ment, insulin secretion, and glucose metabolism.  

 

 
Fig 6. An integrated model displays a critical role of SIRT1 in main-
taining PDX1 expression and β-cell formation. (A) SIRT1 interacts with, 
and deacetylates FOXA2 on the promoter of PDX1 and serves as a potent 
regulator for expression of PDX1 and its downstream genes during the early 
stages of pancreatic development and β-cell formation. Concurrently, expres-
sion of SIRT1 is also subjected to spatial and temporal regulation. (B) Targeted 
disruption of SIRT1 increases the acetylated form of FOXA2, impairs PDX1 
expression, and blocks β-cell formation, leading to hyperglycemia and insulin 
insufficiency. 
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