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RESEARCH ARTICLE
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Abstract
Patients with pancreatic agenesis are born without a pancreas, causing permanent neona-

tal diabetes and pancreatic enzyme insufficiency. These patients require insulin and en-

zyme replacement therapy to survive, grow, and maintain normal blood glucose levels.

Pancreatic agenesis is an uncommon condition but high-throughput sequencing methods

provide a rare opportunity to identify critical genes that are necessary for human pancreas

development. Here we present the clinical history, evaluation, and the genetic and molecu-

lar analysis from two patients with pancreatic agenesis. Both patients were born with intra-

uterine growth restriction, minor heart defects and neonatal diabetes. In both cases,

pancreatic agenesis was confirmed by imaging studies. The patients are clinically stable

with pancreatic enzymes and insulin therapy. In order identify the etiology for their disease,

we performed whole exome sequencing on both patients. For each proband we identified a

de novo heterozygous mutation in the GATA6 gene. GATA6 is a homeobox containing tran-

scription factor involved in both early development of the pancreas and heart. In vitro func-

tional analysis of one of the variants revealed that the mutation creates a premature stop

codon in the coding sequence resulting in the production of a truncated protein with loss of

activity. These results show how genetic mutations in GATA6 may lead to functional inactiv-

ity and pancreatic agenesis in humans.

Introduction
Pancreatic agenesis is a rare disease with individual and compiled case reports totaling approxi-
mately 77 cases with the largest contribution from Allen et al. in 2012 [1–4]. However, this
number is likely an underestimate of the total incidence, as many cases are likely unrecognized
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either due to rapid perinatal mortality, or phenotypic variability [4–6]. To survive, patients
with complete pancreatic agenesis require early identification and treatment of neonatal diabe-
tes with insulin and pancreatic enzyme replacement therapy shortly after birth. Even with ther-
apy, Baumeister et al. originally reported only 31% (4/13) infant survival in the neonatal
period, with deaths attributed to bronchopneumonia or complications from other congenital
anomalies [1]. Most patients (92%, 38/41 total cases) with pancreatic agenesis are born with in-
trauterine growth restriction (IUGR), reflecting a requirement for fetal insulin to support in
utero growth [2,5,7–22]. In addition, pancreatic agenesis has been associated with malforma-
tions of the biliary, cardiac, intestinal, and nervous systems, with gall bladder agenesis as the
most common biliary abnormality [1–3,8,13,16,18,23–25]. Congenital heart defects associated
with pancreatic agenesis include atrial septal defect, ventricular septal defect, tetralogy of fallot,
pulmonary stenosis, transposition of great vessels, tricuspid atresia, and double outlet right
ventricle (S1 Table) [1,2,8]. Elucidating novel mutations that cause pancreatic agenesis are
needed to further our understanding of the relationship between genotypes and these associat-
ed anomalies, and to provide insight into the cause of the variable clinical courses between
patients.

Mutations affecting transcription factors critical for pancreas development have been impli-
cated as the basis of human pancreas agenesis. This includes mutations in the coding region of
pancreatic duodenal homeobox 1 (Pdx1; also known as IPF1), and mutations in the locus en-
coding Pancreatic transcription factor 1A (PTF1A) [14,15,25–27]. In mice, two GATA Binding
proteins, Gata4 and Gata6, have been shown to regulate pancreatic and cardiac development
[31–34]. Shaw-Smith et al (2014) showed that a heterozygous mutation of GATA4 was linked
to a case of complete pancreatic agenesis [28]. Recently, Allen et al. used next generation
exome sequencing and discovered that 15/27 (56%) in one series of patients with pancreatic
agenesis had de novo heterozygous mutations in the GATA6 gene [3]. In these patients with
GATA6 haploinsufficiency, 92% (23/25) also had congenital heart defects (S1 Table)
[3,4,6,9,16,21]. Thus, Pdx1, Ptf1a, Gata4 and Gata6 are crucial early regulators of pancreas de-
velopment in mice, and the discovery of loss-of-function mutations affecting these genes in pa-
tients with pancreatic agenesis indicates that the developmental functions of these
transcription factors may be conserved in humans [29–32].

In humans, heterozygous loss-of-function GATA6 mutations have been linked to pancreatic
agenesis, but in mice, Gata6 heterozygous null mutant mice appear phenotypically normal and
do not have abnormal pancreas development. In mice, prior studies show that Gata6 and the
paralogue Gata4 are expressed and crucial for heart and pancreas development [33–36]. Simul-
taneous conditional inactivation of Cre-recombinase sensitive alleles of Gata6 and Gata4 re-
sulted in mice with pancreatic agenesis [34,37]. Thus, the requirement for GATA6 function
may be distinct in human and rodent pancreatic development, emphasizing the need for func-
tional studies of GATA6 genetics in human pancreas development.

Here we describe the clinical history, evaluation and molecular studies of two patients
with pancreatic agenesis. We performed whole exome sequencing and identified two previ-
ously unreported variants in the GATA6 gene. We discovered that one patient has a single
base pair change that alters the splice site at exon 4 to 5 intron/exon boundary and the other
has a seven base pair nucleotide deletion that results in a frame shift and premature stop
codon. We demonstrate that the premature stop results in a truncated GATA6 protein, lead-
ing to loss-of-function in transcription assays. In both probands, the novel GATA6 variants
are de novo and heterozygous, similar to pervious GATA6 variants found in pancreatic agen-
esis, supporting a mechanism of haploinsufficiency in humans that is distinct from
rodent models.
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Methods

Human subject research and ethics
Skin biopsies and/or whole blood were obtained from proband (n = 2), siblings (n = 2) and pa-
rents (n = 4) using an approved IRB protocol from Stanford University. Written informed con-
sent was obtained from each participant at the time of skin and/or blood specimen collection.
Both probands were male and one proband had one sister and one brother, which totaled to
three female and five male participants. All participants were of Eastern European decent.

Whole exome sequencing
Skin biopsies were obtained from all participants. Fibroblast cell lines were established from
patient skin biopsies and grown in sterile culture media (DMEM, 10% FBS, 1x Penicillin/Strep-
tomycin, and 1ug/uL Fungizone). Whole genomic DNA was isolated from fibroblast cells
(Gentra Puregene Cell Kit; Qiagen) and whole blood (PAXgene Blood DNA Kit; Qiagen).
Exome sequencing was performed using Agilent SureSelect Human All Exon v4–51Mb kit and
HiSeq2000 and bioinformatics was done using raw sequence alignment with human genome
build 19 using BWA software to analyze for SNPs and In/Dels (Centrillion Biosciences). Inge-
nuity Variant Analysis was also used to analyze variant calls. Variants were confirmed using di-
rect DNA Sanger Sequencing. Using previously published primers from Allen et al. in exon
2 and exon 4 PCR products of genomic DNA of probands, siblings and parents were sequenced
[3]. In order to Sanger Sequence both alleles PCR products of the probands were subcloned
into a TOPO-Blunt II vector (Invitrogen) and colonies were picked and sequenced. The exome
sequences will be deposited into dbGaP.

GATA6 site directed mutagenesis
The variant identified in proband 2 was generated in vitro using a wild-type GATA6 expression
plasmid (GATA6 myc-DDK tagged ORF clone; Origene), and Stratagene site-directed muta-
genesis (Agilent Technologies). The sequence of the forward primer was ccgctgaacgggaccaccac
cacc and the reverse primer was ggtggtggtggtcccgttcagcgg. The wild-type human GATA6 myc-
DDK tagged ORF clone was used as the template. Sanger sequencing confirmed the deletion of
the ACGT bases resulting in a frameshift mutation and a premature stop codon mimicking
proband 2 deletion.

Luciferase reporter assays
Luciferase assays were performed using the insulinoma cell line INS-1 (gift from Dr. Justin
Annes, Stanford University School of Medicine). Cells were cultured in RPM1 1640 with 2mM
glutamine and 5% fetal calf serum, 1mM sodium pyruvate, 50 uM 2-mercaptoethanol, 10 mM
HEPES, 100 U/ml penicillin and 100 ug/ml streptomycin. Transfections were performed with
technical triplicates that were averaged and compared across biological replicates of the experi-
ment, which was repeated six times. Plasmids were transfected into cells using Lipofectamine
LTX Plus (Life Technologies) according to the manufacturer’s protocol (4uL per sample reac-
tion). Co-transfections included Hnf4α_P2–2200 promoter (Addgene Plasmid 31062, [38])
(0.1ug) and vector only (pCMV-Tag3), ‘GATA6 wildtype’, ‘GATA6 variant’ (0.5ug) or com-
bined GATA6 wild-type (0.5ug) and GATA6 variant (0.5ug) in 24 well plates. ‘Vector only’ is
an empty pCMV plasmid.‘GATA6 variant’ refers to GATA6 with the Proband 2 mutation,
GATA6Y323fsX21. After 48 hours of incubation, Dual Luciferase Assays (Promega) were per-
formed to measure relative luciferase activity. Relative luciferase activity was normalized to
renilla (5ng per transfection) and compared to vector only. We compared firefly/renilla
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luciferase values for GATA6 wild-type, GATA6 variant, and GATA6 wild-type with GATA6
variant to firefly/renilla luciferase values with vector alone, and calculated statistical signifi-
cance using a two sided t-test.

Western blot analysis
Transfections of HEK 293T cells were performed using Polyfect (10 ul per reaction) according
to manufacturer’s protocol. GATA6 wild-type or GATA6 variant plasmids (1ug) were trans-
fected in 12 well plates. Cells were lysed in modified RIPA buffer. Protein lysates were run on a
10% SDS-PAGE gel, transferred to PVDF membrane, and probed with mouse anti beta actin
(Sigma 1:5000) and goat anti GATA6 antibody (Santa Cruz N-19 sc-7245 1:500). GATA6 anti-
body required pre-clearing, in which the antibody was initially pre-cleared with protein lysates
to eliminate non-specific binding.

Results and Discussion

Clinical history
Proband 1. Proband 1 is a male born at term gestational age with intrauterine growth restric-
tion via cesarean section due to maternal fibroids. Although his delivery was uneventful, at one
hour of life he developed severe respiratory distress requiring intubation and transfer to the
neonatal intensive care unit. He developed diabetic ketoacidosis and hyperglycemia, which im-
proved with insulin therapy. Other health conditions in proband 1 include mild anemia, an
atrial septal defect (ASD) and Patent Ductus Arteriosus (PDA). On initiation of feeding, exo-
crine pancreatic dysfunction was discovered, and a subsequent CT scan confirmed pancreatic
agenesis. His current medications are insulin and pancreatic enzyme replacement. He is re-
ported to have mild developmental delay. Proband 1 has no siblings. Parental history includes
impaired glucose tolerance in the pre-diabetic range with fasting blood sugars between 100–
120 mg/dL and post prandial blood sugars above 200 mg/dL in the mother. The father of the
proband does not have diabetes, known congenital anomalies or autoimmunity. There is a pa-
ternal cousin with biliary atresia who required a liver transplant at the age of five years old.

Proband 2. Proband 2 is a male who was born at term gestational age with intrauterine
growth restriction. At birth neonatal diabetes was discovered, requiring intensive care for sev-
eral weeks. His condition improved with insulin therapy. At three months of age, he was noted
to have a poor growth velocity and was referred to gastroenterology where he was diagnosed
with pancreatic exocrine insufficiency. Ultrasounds performed at 6 months and 13 months of
age, both failed to identify any pancreatic tissue but visualization was limited due to bowel gas.
At 14 months of age an endoscopic retrograde cholangiopancreatography confirmed that the
cystic duct, gallbladder and pancreas were all absent. There were short ductal structures, with
two very small branches emanating medially that were thought to be tiny main pancreatic
ducts. He was found to have mitral valve stenosis with mild regurgitation and a PDA. The
PDA was subsequently ligated. His current medications are insulin, pancreatic enzymes and
fat-soluble vitamins. He has an older brother and younger sister. There is no family history of
diabetes, autoimmune disease or congenital abnormalities.

Proband 1 and 2 have pancreatic agenesis and congenital heart defects similar to other pa-
tients with pancreatic agenesis (summarized in S1 Table) [14,15,25,26]. Both had neonatal dia-
betes at birth and required ligation of a PDA. Consistent with other patients with pancreatic
agenesis, proband 2 also has gall bladder agenesis [3,16,19]. Our report provides additional evi-
dence showing patients born with neonatal diabetes as well as congenital heart defects may re-
quire imaging for pancreatic agenesis, and pancreatic exocrine sufficiency testing to exclude
pancreatic agenesis as a cause of neonatal diabetes.

GATA6 Mutations in Patients with Pancreatic Agenesis
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Identification of novel GATA6 variants
To determine genetic variants associated with pancreatic agenesis, high-throughput whole
exome sequencing was performed on DNA isolated from probands 1 and 2. Sequencing cover-
age of the exomes resulted in a total yield of 27.17 megareads and 5.43 gigabases for proband 1,
and 39.98 megareads and 7.88 gigabases for proband 2. We performed bioinformatics analysis
comparing the variant calls from the probands’ exome sequences to the genome reference con-
sortium human build 19 also known as hg19 (GenBank Assembly ID GCA_000001405.1
http://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/ on May 26th 2014).

Analysis of the exome sequence of proband 1 identified a novel heterozygous G to T transi-
tion in GATA6 at position c.1428+1, which was confirmed by Sanger sequencing (Fig. 1A).
This nucleotide change in proband 1 is located in the exon 4 splice donor site on GATA6
c.1428+1 G>T. The location of this variant likely abrogates proper splicing, resulting in a run-
on transcript with downstream exons out of frame or could possibly result in skipping exon 4,
which would truncate part of a zinc-finger DNA binding domain (Fig. 1B). Interestingly, nucle-
otide changes in GATA6 splice regions have recently been reported in 2 other patients with
pancreatic agenesis (De Franco et al (S1 Table, cases 19 and 20) [4]. These types of splice sites
disruptions can lead to anomalous alternative splicing and rapid degradation of the transcripts
or the resulting truncated protein [39–41].

In proband 2 the exome sequencing identified a de novo heterozygous mutation in GATA6
located at c.964_970delACGTACC. Our sequencing confirmed that proband 2 has a deletion
of seven nucleotides (c.964_970delACGTACC) in the GATA6 gene (Fig. 2). Direct sequencing
of the PCR amplicons of genomic DNA for proband 2 showed a mixed population, suggesting
a heterozygous state. To confirm this, the amplicons were subcloned into a plasmid vector and
8 independent clones were sequenced. We found that four of the clones were the wild-type al-
lele with an intact ACGTACC sequences and the other four were a variant: GATA6 with
c.964_970delACGTACC DNA sequences. These results are most consistent with a heterozy-
gous variant allele. In addition, we sequenced both parents and siblings and found that the se-
quences of the GATA6 gene matched the normal reference sequence in each of these cases
(data not shown), indicating that the variant in proband 2 occurred de novo.

Translation of the c.964_970delACGTACC GATA6 sequence we identified in proband 2 is
predicted to produce a frame shift mutation in exon 2 at tyrosine 323 changing it to a threonine

Fig 1. GATA6 variant proband 1. A) DNA sequence of proband and parents showing a single base pair change from G in the parents to a T in the proband
at nucleotide position c.1428+1 G>T. B) Diagram of the GATA6 protein containing a GATA family homeodomain and two DNA binding zinc fingers. Arrows
indicate locations of GATA6 variants discovered in proband 1 and 2.

doi:10.1371/journal.pone.0118449.g001
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(Y323T) and to introduce a premature stop codon 21 amino acids downstream of the frame
shift (Y323fsX21) (Fig. 1B). The predicted protein for this variant Y323fsX21 is a truncated
GATA6 protein that terminates at amino acid 343, compared to the full-length 595 residue
wild-type protein. The deleted C-terminal region of GATA6 contains both zinc finger DNA
binding domains and the nuclear localization sequence (Fig. 1B). To test the prediction that
Y323fsX21 will produce a truncated protein product, we re-created this variant using site di-
rected mutagenesis in a GATA6 mammalian expression vector. Western blotting revealed that
cells transfected with mutant GATA6 generate a truncated protein (Fig. 3B). Thus, the
GATA6Y323fsX21 allele encodes for a truncated protein.

Protein produced fromGATA6Y323fsX21 fails to activate transcription
GATA6 is a zinc finger transcription factor that is important for the development of the he-
matopoietic, cardiac and gastrointestinal systems. Mouse knockout studies demonstrated that

Fig 2. GATA6 variant proband 2. DNA Sanger sequencing of proband 2 demonstrates he has a normal
allele (upper) and a mutant allele (lower). The wild-type GATA6 sequence c964_970 (underlined region) is
deleted in the mutant allele (arrow).

doi:10.1371/journal.pone.0118449.g002

Fig 3. Loss of Hnf4α promoter activation by GATA6 withGATA6Y323fsX21. A) Human wild-type GATA6 and/orGATA6Y323fsX21 labeled ‘GATA6 variant’
were co-expressed with Hnf4α promoter in INS-1 cells. Hnf4α promoter luciferase activity was measured and levels normalized to vector alone. *P =
0.00001. B) Western blot analysis of human GATA6 protein (W lane) andGATA6Y323fsX21 (M lane) expressed in HEK 293T cells. Vector (V lane) only was a
negative control and to approximate the size a protein ladder (L lane) was utilized. GATA6 was detected with a GATA6 antibody against the N-terminal of the
protein and beta actin was measured as a loading control.

doi:10.1371/journal.pone.0118449.g003
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Gata6 directly regulates expression of hepatocyte nuclear factor 4 alpha (HNF4α), a crucial reg-
ulator of pancreas development and beta-cell function by binding to an enhancer element in
HNF4α [3,38,42,43]. To test the impact of the GATA6Y323fsX21 variant on functional activity,
we measured the ability of this variant to transactivate the HNF4α promoter using a reporter
construct that contains this GATA6 enhancer element and the endogenous HNF4α promoter,
preceding a luciferase reporter gene (HNF4α-Luc) [3,38,42]. INS-1 cells were transfected with
HNF4α-Luc and wild-type or GATA6Y323fsX21 or both and luciferase activity was quantified.
We found that wild-type GATA6 transactivates the HNF4α promoter as expected (Fig. 3A).
Conversely, GATA6Y323fsX21 failed to transactivate HNF4α promoter (Fig. 3A). In addition,
co-transfection of GATA6Y323fsX21 with wild-type GATA6 did not inhibit HNF4α-Luc activa-
tion (Fig. 3A). Thus, in this setting, we did not detect dominant negative activity of the
GATA6Y323fsX21 variant. In sum, our results confirm that the novel GATA6Y323fsX21 variant is
likely a loss-of-function mutation that could be caused by either loss of the critical zinc finger
domain or from nonsense mediated mRNA decay of the truncated transcript. Further, these re-
sults support a mechanism of haploinsufficiency causing disease in humans that is distinct
from the rodent GATA6 models [34,37].

Our studies are consistent with previous results that found point mutations in the zinc fin-
gers of GATA6 result in loss of Hnf4α-Luc activation [3]. Here we show the GATA6Y323fsX21

variant also results in loss of Hnf4α-Luc activation. There are two previous reports on patients
with pancreatic agenesis and GATA6mutations where single base pair insertions were pre-
dicted to produce a frameshift and premature stop codon resulting in a truncated protein (S1
Table, case 4 and 5) [4,21]. Thus, with our current study, there are three reported patients with
pancreatic agenesis who have mutations producing a truncation of GATA6 protein after the
Tyrosine 323 residue. Since it is unlikely that all variants in GATA6 will result in functional
changes in protein activity, we believe it will be important to assess protein function resulting
from nucleotide changes in this gene in order to classify a specific mutation as disease-causing.

Supporting Information
S1 Table. Summary of GATA6 mutations in patients with pancreatic agenesis.
(PDF)

Acknowledgments
The authors kindly thank the patients and their families for their participation. We thank Dar-
rell Wilson, Caroline Buckway, Justin Annes, and Tandy Aye for their input and guidance. We
thank Justin Annes (Stanford University) for providing the INS cells and Dr. Diva DeLeon
(University of Pennsylvania) for the sharing the wild-type GATA6 expression clone. We thank
the Rare Disease Challenge award (to C.S.C) for providing the Ingenuity Variant Analysis.

Author Contributions
Conceived and designed the experiments: BJF SKK. Performed the experiments: CSC KDM.
Analyzed the data: BJF SKK CSC KDM. Contributed reagents/materials/analysis tools: ALC
KLC. Wrote the paper: BJF SKK CSC KDM ALC KLC.

References
1. Baumeister FA, Engelsberger I, Schulze A (2005) Pancreatic agenesis as cause for neonatal diabetes

mellitus. Klin Padiatr 217: 76–81. PMID: 15770578

GATA6 Mutations in Patients with Pancreatic Agenesis

PLOS ONE | DOI:10.1371/journal.pone.0118449 February 23, 2015 7 / 9

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118449.s001
http://www.ncbi.nlm.nih.gov/pubmed/15770578


2. Chen R, Hussain K, Al-Ali M, Dattani MT, Hindmarsh P, et al. (2008) Neonatal and late-onset diabetes
mellitus caused by failure of pancreatic development: report of 4 more cases and a review of the litera-
ture. Pediatrics 121: e1541–1547. doi: 10.1542/peds.2007-3543 PMID: 18519458

3. Lango Allen H, Flanagan SE, Shaw-Smith C, De Franco E, Akerman I, et al. (2012) GATA6 haploinsuf-
ficiency causes pancreatic agenesis in humans. Nat Genet 44: 20–22.

4. De Franco E, Shaw-Smith C, Flanagan SE, Shepherd MH, International NDMC, et al. (2013) GATA6
mutations cause a broad phenotypic spectrum of diabetes from pancreatic agenesis to adult-onset dia-
betes without exocrine insufficiency. Diabetes 62: 993–997. doi: 10.2337/db12-0885 PMID: 23223019

5. Nakao A, Takeda T, Hisaeda Y, Hirota A, Amagata S, et al. (2013) Pancreatic agenesis with congenital
diaphragmatic hernia and congenital heart disease: a case report. AJP Rep 3: 119–122. doi: 10.1055/
s-0033-1353388 PMID: 24147249

6. Suzuki S, Nakao A, Sarhat AR, Furuya A, Matsuo K, et al. (2014) A case of pancreatic agenesis and
congenital heart defects with a novel GATA6 nonsense mutation: evidence of haploinsufficiency due to
nonsense-mediated mRNA decay. Am J Med Genet A 164A: 476–479. doi: 10.1002/ajmg.a.36275
PMID: 24310933

7. Ashraf A, Abdullatif H, Hardin W, Moates JM (2005) Unusual case of neonatal diabetes mellitus due to
congenital pancreas agenesis. Pediatr Diabetes 6: 239–243. PMID: 16390394

8. Balasubramanian M, Shield JP, Acerini CL, Walker J, Ellard S, et al. (2010) Pancreatic hypoplasia pre-
senting with neonatal diabetes mellitus in association with congenital heart defect and developmental
delay. Am J Med Genet A 152A: 340–346. doi: 10.1002/ajmg.a.33194 PMID: 20082465

9. Bonnefond A, Sand O, Guerin B, Durand E, De Graeve F, et al. (2012) GATA6 inactivating mutations
are associated with heart defects and, inconsistently, with pancreatic agenesis and diabetes. Diabeto-
logia 55: 2845–2847. doi: 10.1007/s00125-012-2645-7 PMID: 22806356

10. Bruce MB, Coutts JP (1982) Complete agenesis of the mid-gut: a case report. Aust N Z J Surg 52:
313–315. PMID: 6954935

11. Giannattasio A, Campus R, Muraca M, Lucigrai G, Michelazzi A, et al. (2009) Amyand's hernia in a
child with permanent neonatal diabetes due to pancreatic agenesis. Pediatr Rep 1: e6. doi: 10.4081/pr.
2009.e6 PMID: 21589822

12. Gurson CT, Tahsinoglu M, Yakacikli S, Ertugrul T (1970) A case of agenesis of the dorsal pancreas
with interventricular septal defect in an infant. Helv Paediatr Acta 25: 522–526. PMID: 5493568

13. Samaee H, Sadeghi-Moghadam P, Arab-Hosseini A, Aramesh MR, Marzban A (2008) Neonatal diabe-
tes mellitus due to pancreatic agenesis. Arch Iran Med 11: 335–336. doi: 08113/AIM.0018 PMID:
18426328

14. Schwitzgebel VM, Mamin A, Brun T, Ritz-Laser B, Zaiko M, et al. (2003) Agenesis of human pancreas
due to decreased half-life of insulin promoter factor 1. J Clin Endocrinol Metab 88: 4398–4406. PMID:
12970316

15. Sellick GS, Barker KT, Stolte-Dijkstra I, Fleischmann C, Coleman RJ, et al. (2004) Mutations in PTF1A
cause pancreatic and cerebellar agenesis. Nat Genet 36: 1301–1305. PMID: 15543146

16. Stanescu DE, Hughes N, Patel P, De Leon DD (2014) A novel mutation in GATA6 causes pancreatic
agenesis. Pediatr Diabetes.

17. Stingl H, Schnedl WJ, Krssak M, Bernroider E, Bischof MG, et al. (2002) Reduction of hepatic glycogen
synthesis and breakdown in patients with agenesis of the dorsal pancreas. J Clin Endocrinol Metab 87:
4678–4685. PMID: 12364458

18. Taha D, Bardise J, Hegab A, Bonnefond A, Marchand M, et al. (2008) Neonatal diabetes mellitus be-
cause of pancreatic agenesis with dysmorphic features and recurrent bacterial infections. Pediatr Dia-
betes 9: 240–244. doi: 10.1111/j.1399-5448.2007.00365.x PMID: 18547237

19. Verwest AM, Poelman M, DinjensWN, Batstra MR, Oostra BA, et al. (2000) Absence of a PDX-1 muta-
tion and normal gastroduodenal immunohistology in a child with pancreatic agenesis. Virchows Arch
437: 680–684. PMID: 11193482

20. Voldsgaard P, Kryger-Baggesen N, Lisse I (1994) Agenesis of pancreas. Acta Paediatr 83: 791–793.
PMID: 7949819

21. Eifes S, Chudasama KK, Molnes J, Wagner K, Hoang T, et al. (2013) A novel GATA6mutation in a
child with congenital heart malformation and neonatal diabetes. Clinical Case Reports 1: 86–90. doi:
10.1002/ccr3.33 PMID: 25356219

22. Sferruzzi-Perri AN, VaughanOR, Forhead AJ, Fowden AL (2013) Hormonal and nutritional drivers of in-
trauterine growth. Curr Opin Clin Nutr Metab Care 16: 298–309. doi: 10.1097/MCO.
0b013e32835e3643 PMID: 23340010

GATA6 Mutations in Patients with Pancreatic Agenesis

PLOS ONE | DOI:10.1371/journal.pone.0118449 February 23, 2015 8 / 9

http://dx.doi.org/10.1542/peds.2007-3543
http://www.ncbi.nlm.nih.gov/pubmed/18519458
http://dx.doi.org/10.2337/db12-0885
http://www.ncbi.nlm.nih.gov/pubmed/23223019
http://dx.doi.org/10.1055/s-0033-1353388
http://dx.doi.org/10.1055/s-0033-1353388
http://www.ncbi.nlm.nih.gov/pubmed/24147249
http://dx.doi.org/10.1002/ajmg.a.36275
http://www.ncbi.nlm.nih.gov/pubmed/24310933
http://www.ncbi.nlm.nih.gov/pubmed/16390394
http://dx.doi.org/10.1002/ajmg.a.33194
http://www.ncbi.nlm.nih.gov/pubmed/20082465
http://dx.doi.org/10.1007/s00125-012-2645-7
http://www.ncbi.nlm.nih.gov/pubmed/22806356
http://www.ncbi.nlm.nih.gov/pubmed/6954935
http://dx.doi.org/10.4081/pr.2009.e6
http://dx.doi.org/10.4081/pr.2009.e6
http://www.ncbi.nlm.nih.gov/pubmed/21589822
http://www.ncbi.nlm.nih.gov/pubmed/5493568
http://dx.doi.org/08113/AIM.0018
http://www.ncbi.nlm.nih.gov/pubmed/18426328
http://www.ncbi.nlm.nih.gov/pubmed/12970316
http://www.ncbi.nlm.nih.gov/pubmed/15543146
http://www.ncbi.nlm.nih.gov/pubmed/12364458
http://dx.doi.org/10.1111/j.1399-5448.2007.00365.x
http://www.ncbi.nlm.nih.gov/pubmed/18547237
http://www.ncbi.nlm.nih.gov/pubmed/11193482
http://www.ncbi.nlm.nih.gov/pubmed/7949819
http://dx.doi.org/10.1002/ccr3.33
http://www.ncbi.nlm.nih.gov/pubmed/25356219
http://dx.doi.org/10.1097/MCO.0b013e32835e3643
http://dx.doi.org/10.1097/MCO.0b013e32835e3643
http://www.ncbi.nlm.nih.gov/pubmed/23340010


23. Barbarini DS, Haslinger V, Schmidt K, Patch AM, Muller G, et al. (2009) Neonatal diabetes mellitus due
to pancreas agenesis: a new case report and review of the literature. Pediatr Diabetes 10: 487–491.
doi: 10.1111/j.1399-5448.2009.00523.x PMID: 19496968

24. D'Amato E, Giacopelli F, Giannattasio A, D'Annunzio G, Bocciardi R, et al. (2010) Genetic investigation
in an Italian child with an unusual association of atrial septal defect, attributable to a new familial
GATA4 gene mutation, and neonatal diabetes due to pancreatic agenesis. Diabet Med 27: 1195–
1200. doi: 10.1111/j.1464-5491.2010.03046.x PMID: 20854389

25. Thomas IH, Saini NK, Adhikari A, Lee JM, Kasa-Vubu JZ, et al. (2009) Neonatal diabetes mellitus with
pancreatic agenesis in an infant with homozygous IPF-1 Pro63fsX60 mutation. Pediatr Diabetes 10:
492–496. doi: 10.1111/j.1399-5448.2009.00526.x PMID: 19496967

26. Stoffers DA, Zinkin NT, Stanojevic V, ClarkeWL, Habener JF (1997) Pancreatic agenesis attributable
to a single nucleotide deletion in the human IPF1 gene coding sequence. Nat Genet 15: 106–110.
PMID: 8988180

27. WeedonMN, Cebola I, Patch AM, Flanagan SE, De Franco E, et al. (2014) Recessive mutations in a
distal PTF1A enhancer cause isolated pancreatic agenesis. Nat Genet 46: 61–64. doi: 10.1038/ng.
2826 PMID: 24212882

28. Shaw-Smith C, De Franco E, Allen HL, Batlle M, Flanagan SE, et al. (2014) GATA4 mutations are a
cause of neonatal and childhood-onset diabetes. Diabetes.

29. Ahlgren U, Jonsson J, Edlund H (1996) The morphogenesis of the pancreatic mesenchyme is uncou-
pled from that of the pancreatic epithelium in IPF1/PDX1-deficient mice. Development 122: 1409–
1416. PMID: 8625829

30. Jonsson J, Carlsson L, Edlund T, Edlund H (1994) Insulin-promoter-factor 1 is required for pancreas de-
velopment in mice. Nature 371: 606–609. PMID: 7935793

31. Offield MF, Jetton TL, Labosky PA, Ray M, Stein RW, et al. (1996) PDX-1 is required for pancreatic out-
growth and differentiation of the rostral duodenum. Development 122: 983–995. PMID: 8631275

32. Krapp A, Knofler M, Frutiger S, Hughes GJ, Hagenbuchle O, et al. (1996) The p48 DNA-binding subunit
of transcription factor PTF1 is a new exocrine pancreas-specific basic helix-loop-helix protein. EMBO J
15: 4317–4329. PMID: 8861960

33. Decker K, Goldman DC, Grasch CL, Sussel L (2006) Gata6 is an important regulator of mouse pancre-
as development. Dev Biol 298: 415–429. PMID: 16887115

34. Xuan S, Borok MJ, Decker KJ, Battle MA, Duncan SA, et al. (2012) Pancreas-specific deletion of
mouse Gata4 and Gata6 causes pancreatic agenesis. J Clin Invest 122: 3516–3528. doi: 10.1172/
JCI63352 PMID: 23006325

35. Zhao R, Watt AJ, Battle MA, Li J, Bondow BJ, et al. (2008) Loss of both GATA4 and GATA6 blocks car-
diac myocyte differentiation and results in acardia in mice. Dev Biol 317: 614–619. doi: 10.1016/j.
ydbio.2008.03.013 PMID: 18400219

36. Zhao R, Watt AJ, Li J, Luebke-Wheeler J, Morrisey EE, et al. (2005) GATA6 is essential for embryonic
development of the liver but dispensable for early heart formation. Mol Cell Biol 25: 2622–2631. PMID:
15767668

37. Carrasco M, Delgado I, Soria B, Martin F, Rojas A (2012) GATA4 and GATA6 control mouse pancreas
organogenesis. J Clin Invest 122: 3504–3515. doi: 10.1172/JCI63240 PMID: 23006330

38. Thomas H, Jaschkowitz K, Bulman M, Frayling TM, Mitchell SM, et al. (2001) A distant upstream pro-
moter of the HNF-4alpha gene connects the transcription factors involved in maturity-onset diabetes of
the young. HumMol Genet 10: 2089–2097. PMID: 11590126

39. Lareau LF, Green RE, Bhatnagar RS, Brenner SE (2004) The evolving roles of alternative splicing.
Curr Opin Struct Biol 14: 273–282. PMID: 15193306

40. Bingham PM, Chou TB, Mims I, Zachar Z (1988) On/off regulation of gene expression at the level of
splicing. Trends Genet 4: 134–138. PMID: 2853467

41. Sorek R, Shamir R, Ast G (2004) How prevalent is functional alternative splicing in the human genome?
Trends Genet 20: 68–71. PMID: 14746986

42. Morrisey EE, Tang Z, Sigrist K, Lu MM, Jiang F, et al. (1998) GATA6 regulates HNF4 and is required for
differentiation of visceral endoderm in the mouse embryo. Genes Dev 12: 3579–3590. PMID: 9832509

43. Yamagata K (2014) Roles of HNF1alpha and HNF4alpha in pancreatic beta-cells: lessons from a
monogenic form of diabetes (MODY). Vitam Horm 95: 407–423. doi: 10.1016/B978-0-12-800174-5.
00016-8 PMID: 24559927

GATA6 Mutations in Patients with Pancreatic Agenesis

PLOS ONE | DOI:10.1371/journal.pone.0118449 February 23, 2015 9 / 9

http://dx.doi.org/10.1111/j.1399-5448.2009.00523.x
http://www.ncbi.nlm.nih.gov/pubmed/19496968
http://dx.doi.org/10.1111/j.1464-5491.2010.03046.x
http://www.ncbi.nlm.nih.gov/pubmed/20854389
http://dx.doi.org/10.1111/j.1399-5448.2009.00526.x
http://www.ncbi.nlm.nih.gov/pubmed/19496967
http://www.ncbi.nlm.nih.gov/pubmed/8988180
http://dx.doi.org/10.1038/ng.2826
http://dx.doi.org/10.1038/ng.2826
http://www.ncbi.nlm.nih.gov/pubmed/24212882
http://www.ncbi.nlm.nih.gov/pubmed/8625829
http://www.ncbi.nlm.nih.gov/pubmed/7935793
http://www.ncbi.nlm.nih.gov/pubmed/8631275
http://www.ncbi.nlm.nih.gov/pubmed/8861960
http://www.ncbi.nlm.nih.gov/pubmed/16887115
http://dx.doi.org/10.1172/JCI63352
http://dx.doi.org/10.1172/JCI63352
http://www.ncbi.nlm.nih.gov/pubmed/23006325
http://dx.doi.org/10.1016/j.ydbio.2008.03.013
http://dx.doi.org/10.1016/j.ydbio.2008.03.013
http://www.ncbi.nlm.nih.gov/pubmed/18400219
http://www.ncbi.nlm.nih.gov/pubmed/15767668
http://dx.doi.org/10.1172/JCI63240
http://www.ncbi.nlm.nih.gov/pubmed/23006330
http://www.ncbi.nlm.nih.gov/pubmed/11590126
http://www.ncbi.nlm.nih.gov/pubmed/15193306
http://www.ncbi.nlm.nih.gov/pubmed/2853467
http://www.ncbi.nlm.nih.gov/pubmed/14746986
http://www.ncbi.nlm.nih.gov/pubmed/9832509
http://dx.doi.org/10.1016/B978-0-12-800174-5.00016-8
http://dx.doi.org/10.1016/B978-0-12-800174-5.00016-8
http://www.ncbi.nlm.nih.gov/pubmed/24559927


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




