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Abstract

SOX17 is a key transcriptional regulator that can act by regulating other transcription factors including HNF1b and FOXA2,
which are known to regulate postnatal b cell function. Given this, we investigated the role of SOX17 in the developing and
postnatal pancreas and found a novel role for SOX17 in regulating insulin secretion. Deletion of the Sox17 gene in the
pancreas (Sox17-paLOF) had no observable impact on pancreas development. However, Sox17-paLOF mice had higher islet
proinsulin protein content, abnormal trafficking of proinsulin, and dilated secretory organelles suggesting that Sox17-paLOF
adult mice are prediabetic. Consistant with this, Sox17-paLOF mice were more susceptible to aged-related and high fat diet-
induced hyperglycemia and diabetes. Overexpression of Sox17 in mature b cells using Ins2-rtTA driver mice resulted in
precocious secretion of proinsulin. Transcriptionally, SOX17 appears to broadly regulate secretory networks since a 24-hour
pulse of SOX17 expression resulted in global transcriptional changes in factors that regulate hormone transport and
secretion. Lastly, transient SOX17 overexpression was able to reverse the insulin secretory defects observed in MODY4
animals and restored euglycemia. Together, these data demonstrate a critical new role for SOX17 in regulating insulin
trafficking and secretion and that modulation of Sox17-regulated pathways might be used therapeutically to improve cell
function in the context of diabetes.
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Introduction

Secretion of insulin by pancreatic b cells in response to glucose

is central for glucose homeostasis, and dysregulation of this process

is a hallmark of the early stages of diabetes. In healthy b cells,

proinsulin transits through the endoplasmic reticulum (ER), where

it is processed and folded, to the Golgi apparatus, where

hexamerization is believed to occur, and finally, it is packaged

into immature secretory granules that gradually mature into the

final insulin storage organelle [1]. Within immature secretory

granules, endoproteases Pcsk1/3, Pcsk2, and carboxypeptidase E

cleave proinsulin to become mature insulin and c-peptide [2–6].

Prediabetes, full-blown type 2 diabetes, and genetic forms of

diabetes, such as neonatal diabetes and maturity onset diabetes in

youth (MODY), all share pathological features including elevated

proinsulin levels in the plasma, dilated ER, elevated fasting blood

glucose levels, and impaired glucose tolerance [7–17]. However,

abnormal proinsulin processing or trafficking is known to be one of

the hallmarks of prediabetes. This is supported by studies of the

Akita mouse and in some patients with neonatal diabetes mellitus

(NDM) that arise from mutations in the Insulin gene, resulting in

improper folding of the mutant protein [7,18,19]. Akita mice have

a progressive deterioration of secretory organelle structure and

function, which is thought to be the primary cause of diabetes in

these mice. Taken together, these studies indicate that genetic or

acquired defects in proinsulin processing and/or trafficking can

alter the homeostatic balance in b cells, resulting in impaired b cell

function and a failure to maintain glucose homeostasis. Indeed, the

regulatory molecules controlling insulin granule synthesis and

secretion are not fully understood and may be exploited

therapeutically to prevent or delay the progression of diabetes.

SOX17 is an HMG box transcription factor and a key regulator

in various developmental and disease contexts, including endo-

derm organ development [20–26], primitive hematopoietic stem

cell development, vascular development, tumor angiogenesis, and

colon cancer cell proliferation [27–30]. Part of the ability of

SOX17 to function in such diverse contexts is through its

interactions with a diverse array of transcriptional co-factors

including b-catenin, TCF/LEF, and Smad transcription factors.

During endoderm development, SOX17 acts, in part, as a

transcriptional regulator of other important endodermal tran-

scription factors, including HNF1b and FOXA2, which are also

known regulators of postnatal b cell function [31,32]. While other
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SOX proteins have been implicated in islet cell development and

homeostasis [33–35], a role for SOX17 in the adult b cell has not

been described.

Here, we use a combination of mouse genetics, metabolic

functional assays, high-resolution quantitation of subcellular

localization of proinsulin and insulin, and microarray experiments

to identify a novel role for SOX17 in regulating insulin trafficking

and secretion in adult b cells both in normal and diabetic contexts.

Research Design and Methods

Mice
All experiments were performed in accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

experiments were approved by the Committee on the Ethics of

Animal Experiments at Cincinnati Children’s Hospital Research

Foundation (3D06043 ‘‘Studies of metabolic and digestive disease

in mice’’). All details of all animal procedures are described below.

For terminal experiments, animals were euthanized with a lethal

amount of isoflurane inhalant, followed by a secondary method,

cervical dislocation, and throughout experiments all efforts were

made to minimize suffering. All mice used in these studies; Pdx1-
Cre, Pdx1-tTA, Sox17fl, Sox17GFP, Ins2-rtTA, tetO-Sox17; have

been previously described and were housed at the Cincinnati

Children’s Hospital Research Foundation mouse facility

[24,25,27,36–39]. All mice were originally maintained on an

outbred background and were then backcrossed to C57BL/6

background for at least 3 generations. Mature adult mouse group

(12–24 weeks of age) was used in our analysis. For loss-of-function

experiments, twelve- to sixteen-week-old adult male and female

mice were used. For gain-of-function experiments using Ins2-rtTA

driver, sixteen-week-old adult male mice were used. In order to

upregulate Sox17 expression in this gain-of-function system,

doxycycline (Dox) was given in the food and water for 24 hours

before analysis, unless otherwise stated. For gain-of-function

experiments using Pdx1-tTA driver, sixteen- to twenty-week-old

adult mice were used, unless otherwise noted. We regulated Sox17

transgene expression with doxycycline as previously described

[25]. Briefly, to keep the Sox17 transgene off, Pdx1-tTA;tetO-

Sox17 mice were maintained on Dox chow, which maintains

repression of the transgene. We removed Dox chow to induce

expression of the Sox17 transgene.

High fat diet-induced obesity
Mice were fed with a high-fat butter diet (60% fat, 5.24 kcal/g;

Research Diets, New Brunswick, NJ, product no. D12492). Body

weight and 4 hours fasting glucose and insulin levels were

measured every week. Glucose tolerance test was performed after

21 weeks in high fat diet and insulin tolerance test was done at

week 26. After 39 weeks, the mice were euthanized and pancreas

were collected and analyzed. Analysis of islet number, islet area,

and total pancreas area was performed on tile-scan images with

Bitplane Imaris software. Briefly, total pancreas area was

determined by generating an isosurface from the tissue autofluo-

rescence channel. Isosurfaces were created for islets using intensity

threshold for PDX 1 staining first, then selecting for PDX1

positive surfaces that contained high median pixel intensity values

for insulin. Joined islets were carefully observed to determine

whether they were connected and continuous. Some surfaces were

manually split if they appeared separated on closer analysis. Data

for islet number and area were generated via the statistics tab in

the surface analysis window.

Immunofluorescence and confocal microscopy analysis
Tissues were prepared and stained as previously described [25].

Six mice per genotype were analyzed; 3 sections per pancreas, for

a total of 3–6 islets analyzed per mouse. Images were acquired

using confocal microscopy using Zeiss LSM 510 with 406 dry

objective at Nyquist limit. For Z-stack analysis, we used 636
PlanApo oil NA 1.4 objective at Nyquist limit and Nikon A1R si

with 1006Apo oil NA 1.49 objective at Nyquist limit (26 zoom,

5126512 scan area). Full Z-stack images were created and

analyzed using Bitplane Imaris 7.2 software. See Table S1 in File

S1 for a list of primary and secondary antibodies used in these

studies. For pancreas area and islet quantification, images were

acquired with a 20X plan apo objective on a Nikon A1R laser

scanning confocal utilizing the resonant scanner, motorized XY

stage and tile scanning utility in ND acquisition. Images were

acquired for PDX1, Insulin and tissue autofluorescence (405 nm

excitation). Overlap between tiles was 15%. A 3 airy unit pinhole

was utilized to take a 7.5 um thick optical section. Tiles were

stitched automatically using the Nikon Elements software.

Islet isolation and total pancreatic insulin content
Islets were isolated using standard collagenase digestion

followed by purification through a Ficoll gradient and islet gravity

sedimentation. For total pancreatic insulin content, ten islets were

handpicked, washed with Hank’s buffer (Gibco #14175), and

lysed in 10 mM Tris-EDTA, 1% Triton-X 100, pH 8.0. Insulin

content was measured using Mouse Insulin ELISA kit (Crystal

Chem #90080).

Non-fasting and fasting glucose, proinsulin, and insulin
assays

Glucose was measured using Freestyle Freedom Blood Glucose

Monitoring System. For fasting glucose, mice were fasted over

night or as indicated. For plasma proinsulin and insulin levels,

blood samples were taken either using tail-vein or submandibular

bleed. Blood samples were incubated at room temperature for 20

to 30 minutes, followed by centrifugation for 5 minutes at

1,000 rpm. Plasma samples were then taken and centrifuged for

10 minutes at 2,000 rpm to eliminate the platelets. Plasma

samples were analyzed using mouse Insulin and Proinsulin ELISA

kits (Alpco #80-PINMS-E01).

Western blot analysis of proinsulin and insulin
Proteins (3 mg/lane by BCA protein assay) were separated on

4–12% NuPAGE Novex Bis-Tris gels (Invitrogen), electrotrans-

ferred to nitrocellulose (Bio-Rad), and immunoblotted with guinea

pig anti-insulin (Linco/Millipore) and mouse anti-tubulin (Sigma).

Horseradish peroxidase-conjugated secondary antibodies were

from Jackson ImmunoResearch with proteins visualized by

enhanced chemiluminescence (ECL, Millipore).

Glucose tolerance test and insulin tolerance test
Glucose tolerance test was performed as previously described

[40]. For insulin tolerance test, mice were fasted for 8–12 hours

and intraperitoneally injected with recombinant human insulin

(1 U/kg, Novo Nordisk, NovolinHR NDC 0169-1833-11). Blood

glucose levels were measured at indicated time points.

Real-time PCR and Microarray analysis
Mouse islets were isolated as described above, and total islet

RNA was extracted using either RNeasy Micro Kit (Qiagen, cat.

no. 74004) or PureLink RNA Mini Kit (Invitrogen, cat. no. 12183-

018A). RNA samples were then reverse transcribed into cDNA

Sox17 Controls b Cell Function
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Figure 1. Sox17-paLOF results in proinsulin subcellular localization and secretion changes and in the secretory organelles
structural changes. A, B) There were no statistically significant differences in non-fasting blood glucose levels and total plasma insulin levels
between control and Sox17-paLOF mice. Control mice were Sox17fl/+, Sox17GFP/fl; Pdx1Cre;Sox17fl/+, n = 19 for glucose measurement, n = 18 for
plasma insulin measurement; Sox17-paLOF mice were Pdx1Cre;Sox17GFP/fl and Pdx1Cre;Sox17fl/fl, n = 22 for glucose measurement, n = 20 for plasma
insulin measurement. C) Glucose-stimulated insulin secretion showed higher trend of total plasma insulin level in Sox17-paLOF mice
(Pdx1Cre;Sox17GFP/fl, n = 4) as compared to control mice (Sox17fl/+, n = 3). D) Glucose tolerance test showed similar glucose clearance (Control
mice: Sox17fl/+, n = 4; Sox17-paLOF mice: Pdx1Cre;Sox17GFP/fl, n = 4). E) Analysis of isolated islets by western blot and subsequent quantification F)
showed a significant increased in proinsulin protein in islets of Sox17-paLOF mice (asterisk shows p-value#0.01). Control mice: Pdx1Cre;Sox17fl/+,
n = 5. LOF mice: Pdx1Cre;Sox17fl/fl, n = 5. The western blot shows two representative examples. There was no difference in the islet insulin protein. G–
L) Subcellular localization of proinsulin in mouse pancreatic b cells. Proinsulin levels were elevated in the secretory organelles as measured by
proinsulin co-staining with the dynamic pre-Golgi and Golgi to the ER transport marker, KDELR. G and J showed staining of KDELR, Proinsulin, b-
Catenin, and colocalization between KDELR and Proinsulin; H and K showed KDELR, Proinsulin, and b-Catenin only; I and L showed the colocalization
pattern and b-catenin staining only. Proinsulin (red), KDELR (green), b-catenin staining of the cytoskeleton (blue), and colocalization between KDELR
and Proinsulin is shown in yellow. Scale bar: 5 mm. M) Quantitation of percent ER and proinsulin colocalization using Bitplane Imaris software. The p-
values (*) were #0.01 for Control (Sox17fl/+ and Sox17GFP/fl, n = 7–8) and Sox17-paLOF mice (Pdx1Cre;Sox17GFP/fl, n = 7). Between 6–10 islets were
analyzed per mouse. N–Q) Analysis of b cells by transmission electron microscopy (TEM) indicated that the ER, Golgi (G), and mitochondria (M) were
dilated in the Sox17-paLOF mice (Pdx1Cre;Sox17fl/fl, n = 3) relative to the Controls (Pdx1Cre;Sox17fl/+ (n = 3), Sox17fl/+, n = 2). N = nucleus. Black
vesicles = insulin granules. Scale bar: 500 nm for N and P, 2 mm for O and Q.
doi:10.1371/journal.pone.0104675.g001
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Figure 2. Sox17-paLOF mice become hyperglycemic and develop diabetes as they age. A–B) Non-fasting and fasting states of Sox17-
paLOF and control mice at 1.5 years of age showing variation of blood glucose levels in the Sox17-paLOF group. C–F) Proinsulin immunogold
analysis of b cells by TEM. C–D) Control mice contained proinsulin (black dots) labeling in the ER, Golgi, and secretory granules (sg). E–F) Sox17-

Sox17 Controls b Cell Function

PLOS ONE | www.plosone.org 4 August 2014 | Volume 9 | Issue 8 | e104675



using the SuperScript III First-Strand Synthesis System (Invitro-

gen). For Real-time PCR, QuantiTect SYBR Green (Qiagen) was

used on BioRad CFX96. For microarray analysis, RNA was

isolated from islets and used to create target DNA for hybridiza-

tion to Affymetrix Mouse 1.0 Gene ST Arrays using standard

procedures (Affymetrix, Santa Clara, CA). Independent biological

triplicates were performed for each genotype. Affymetrix micro-

array Cel files were subjected to RMA normalization in Gene-

Spring 10.1. Probe sets were first filtered for those that are

overexpressed or underexpressed and then subjected to statistical

analysis for differential expression by 1.3 fold or more between

controls and either Sox17-paLOF or Sox17-GOF islets with p,

0.05 using the Students t-test. Log2 gene expression ratios were

then subjected to hierarchical clustering using the standard

correlation distance metric as implemented in GeneSpring. Heat

map was created using GeneSpring. The differentially expressed

genes were subjected to Gene Ontology functional enrichment

analyses using the ToppCluster server [41]. See Table S4 in File

S1 for a list of primers used in these studies.

Electron microscopy analysis
Mouse pancreas was dissected and fixed in 3% glutaraldehyde

and 0.175 M sodium cacodylate buffer, pH 7.4, at 4uC for one

hour. The samples were then post fixed in 1% osmium tetroxide in

0.2 M sodium cacodylate buffer for 1 hour at 4uC, processed

through a graded series of alcohols, infiltrated, and embedded in

LX-112 resin. After polymerization at 60uC for three days,

ultrathin sections (100 nm) were cut using a Leica EM UC7

microtome and counterstained in 2% aqueous uranyl acetate and

Reynolds lead citrate. Images were taken with a transmission

electron microscope (Hitachi H-6750) equipped with a digital

camera (AMT 2k62K tem CCD). For immuno-gold staining,

pancreatic tissue was fixed in 4% paraformaldehyde, 0.1%

glutaraldehyde in PBS (pH 7.4) for 48 hours at 4uC, embedded

in gelatin capsules after infiltration with LR White Resin (EMS,

Hatfield, PA) and sectioned on a ultra-microtome. The thin

cryosections were incubated with mouse monoclonal anti-proin-

sulin antibody (1:25, R&D Systems) for 2 hours at room

temperature, washed and labeled with goat anti-mouse IgG-gold

(gold diameter 15 nm).

Analysis of insulin subcellular localization
Surfaces were created using pixel intensity thresholds to identify

positively stained proinsulin in the respective organelles and

structures from background fluorescence. Imaris software calcu-

lated volumes for these structures and organelles using standard

algorithm to measure total volume and relative percent colocaliza-

tion. Images acquired with Zeiss LSM 5.10 were always acquired

at 5126512 by 13 optical sections on average. This standard

image volume size was used to compare the Sox17 animals to

controls. Nikon images were tile-scanned to image the entire islet,

and were always acquired at 5126512 by 56 optical sections on

average. Due to variable size of the islets, total volume analysis was

not included using the Nikon images.

Statistical analysis
All the data are expressed as mean 6 SEM, and Student t-tests

were used for statistical analysis.

Results

Sox17 is not required for b cell development
During the formation of the embryonic endoderm, SOX17

regulates several key transcription factors and signaling pathways

that are known to play a central role in pancreas development and

adult b cell homeostasis. We therefore investigated whether

SOX17 might have a functional role in pancreas development

and adult pancreas homeostasis by Cre-mediated inactivation of

the Sox17 gene (Sox17fl) [24,25]. We used a Pdx1-Cre line that

expresses Cre recombinase in the developing pancreas starting at

e8.5 and drives efficient recombination throughout the pancreas

[39]. In some contexts, we combined the Sox17fl with a null allele

of Sox17 (Sox17-GFP) [27] as done previously [25]. Animals with

a pancreatic knockout of Sox17 are referred to as Sox17-paLOF

(Figure S1A). We previously observed ectopic pancreatic tissue in

the extrahepatic biliary ducts of mice where Sox17 was deleted

with Foxa3-Cre [25] as indicated by the ectopic pancreas tissue

shown here (Figure S1I, L). However, Sox17 deletion mediated by

the Pdx1Cre line driver used in these study, which deletes later in

development, did not result in ectopic pancreatic tissue in the

extrahepatic bile ducts (Figure S1H–K. Alcian blue was injected to

highlight the duodenum and bile duct). At 12 weeks of age, the

pancreas of Sox17-paLOF (Sox17fl/fl;Pdx1-Cre) animals ap-

peared normal and gross islet architecture was no different from

control animals as observed by the distribution of insulin,

glucagon, and somatostatin expressing cells (Figure S1C–D).

Quantitative analysis of islet mRNAs from isolated islets demon-

strated that loss of Sox17 had no effect on Insulin, Somatostatin,

Glucagon, and Glut2, nor were there any changes in islet

transcription factors such as Foxa2, Gata6 and HNF1b (data not

shown), which are known Sox17 targets in Xenopus endoderm

[21,22,42]. We confirmed Sox17 deletion in islets isolated from

12–16 week old of Sox17-paLOF animals using quantitative PCR,

observing a 70% reduction in Sox17 mRNA (Figure S1B, p-

value#0.05). The remaining expression is likely due to the

reported expression of Sox17 in endothelial cells [28,30,43,44],

which are not targeted by Pdx1-Cre. However, to confirm Pdx1-

Cre activity in the islets we bred the r26r-lacZ reporter line into

Sox17-paLOF mice and observed robust expression of the

betagalactosidease protein in cells expressing Cre protein (Figure

S1E–F) but not in islets of control mice. This confirms the robust

activity of the Pdx1-Cre line [39], and taken together with the

75% reduction of Sox17 mRNA in islets from Sox17-paLOF

suggests that Cre-mediated deletion is efficient. There were no

overt changes in ductal or exocrine compartments of the Sox17-

paLOF mice (data not shown).

Sox17-paLOF results in elevated proinsulin protein in the
islets

We next investigated if Sox17 plays a role in the physiological

function of adult b cells. At 12–16 weeks of age, Sox17-paLOF

paLOF b cells had many less well-formed secretory containing immunogold insulin granules, localized to the ER, dispersed ER, and secretory granules.
N = nucleus, Black vesicles = insulin granules, G = Golgi, M = Mitochondria. Scale bar: 1 mm, except for C - scale bar: 2 mm. H-M) Insulin, Pdx1,
Somatostatin, and Glucagon staining showed b cell mass reduction and disorganized islet architecture in diabetic Sox17-paLOF mice (Fasting
glucose: .500 mg/dl, 2I, L), compared to non-diabetic Sox17-paLOF mice (Fasting glucose: 195 mg/dl, 2H, K) and control mice (Pdx1Cre;Sox17fl/+,
fasting glucose: 128 mg/d, 2G, J). J-L) Glut2 protein levels was lost in diabetic Sox17-paLOF (L) compared to non-diabetic Sox17-paLOF (K) and
control mice (J).
doi:10.1371/journal.pone.0104675.g002
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Figure 3. Sox17-paLOF mice develop high fat diet-induced b cell dysfunction and lose b cell mass. A) Over the course of 23 weeks on a
high fat diet, there was no difference in weight gain between Control (Pdx1Cre;Sox17fl/+, n = 3) and Sox17-paLOF (Pdx1Cre;Sox17fl/fl, n = 4–6)
littermates. B) Food intake measurements showed no difference between genotypes. C) Analysis of fasting blood glucose levels. Sox17-paLOF had
higher fasting glucose levels than control mice. Asterisk show p-value#0.01. D) Glucose tolerance test showed impaired glucose clearance in the

Sox17 Controls b Cell Function
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mice had normal non-fasting blood glucose and total plasma

insulin levels by ELISA that detects all forms of insulin including

proinsulin, mature insulin, and C-peptide (Figure 1A and data not

shown). However, analysis of the ratio of proinsulin to total insulin

levels showed a trend towards increased proinsulin (relative to

insulin) in the plasma of Sox17-paLOF animals as compared to

controls (Figure 1B). When challenged with an intraperitoneal (IP)

bolus of glucose, the levels of total proinsulin+insulin in the plasma

tended to be higher in Sox17-paLOF mice (Figure 1C). Interest-

ingly, despite higher levels of total plasma insulin, Sox17-paLOF

mutant mice did not exhibit any improvement in glucose tolerance

(Figure 1D). Elevated levels of serum insulin without a corre-

sponding reduction in blood glucose could be due to insulin

insensitivity or accumulation of inactive proinsulin in the serum.

Sox17-LOF animals had normal peripheral insulin sensitivity and

normal levels of total insulin protein and mRNA in isolated islets

(Figure S2A, B, C). To determine if there were elevated levels of

unprocessed proinsulin, we analyzed protein extracts from isolated

islets by western blot (Figure 1E). While there was no difference in

the amount of mature insulin islet protein between genotypes,

Sox17-paLOF islets contained significantly elevated proinsulin

levels relative to control islets (Figure 1E and F). These data

indicate that Sox17-paLOF mice have an increased islet proinsu-

lin-to-insulin ratio resulting in elevated plasma and islet proinsulin

levels, a feature that has been considered as an early indicator of b
cell dysfunction associated with prediabetes.

Sox17-paLOF mice 21 weeks after high fat diet administration. The asterisks indicate p-value#0.05. E) Impact of Sox17-paLOF on islets. Pancreatic
sections (n = 2 mice per genotype, 6 whole pancreatic sections analyzed per mouse) from each animal were stained with insulin, Pdx1, and Dapi and
indicated significant reduction in islet size in Sox17-paLOF mice. Scale bar: 2000 mm. F) Islet organization is disrupted in Sox17-paLOF mice. Insulin,
Pdx1, and glucagon staining showed loss of b cell mass and a prevalence of alpha cells in the islet core of Sox17-paLOF mice. Scale bar: 30,000 mm G)
Quantification of loss of islet mass in Sox17-paLOF mice. The islet and total pancreas surface areas were calculated using Imaris Software. (n = 2 mice
per genotype, 6 whole pancreatic sections analyzed per mouse).
doi:10.1371/journal.pone.0104675.g003

Figure 4. Sox17 overexpression for 24 hours is sufficient to alter proinsulin:total insulin protein ratio and proinsulin secretion
in vivo, followed by accumulation of proinsulin in the plasma, leading to diabetes after prolonged exposure of Sox17. A and B)
Analysis of Sox17 protein expression in control (TetO-Sox17) and Sox17 Gain-of-Function (GOF) (Ins-rtTA;TetO-Sox17) mice fed with doxycycline chow
(dox) for 24 hours. C–H) Immunofluorescence analysis of islet proteins 24 hours after Sox17 overexpression. There were no overt changes in Insulin,
Pdx1, Glucagon, and Glut2 levels and no alteration in islet architecture was observed in Sox17-GOF mice. I) Western blot of insulin and proinsulin
from pancreatic islets of control (n = 3) and Sox17-GOF (n = 5) islets. J) Quantification of insulin and proinsulin from (I) showed significant reduction in
proinsulin protein in islets (p-value#0.01). K) Non-fasting blood glucose levels over 20 days of Sox17 overexpression showed an increase in blood
glucose levels (n = 6 for Controls and n = 5 for Sox17-GOF islets, asterisks show p-value#0.05). L) Ratio of plasma proinsulin to total insulin levels in
control (n = 3) and Sox17-GOF (n = 3) mice. Sox17 overexpression caused a 4-fold increase of proinsulin levels in the plasma (asterisks show p-value#
0.05). Scale bar: 50 mm.
doi:10.1371/journal.pone.0104675.g004
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Figure 5. Sox17 overexpression alters trafficking through the secretory pathway. A–F) Proinsulin levels were reduced in the pre-Golgi
(ERGIC) of Sox17 GOF mice (n = 3) relative to controls (n = 3, 4–6 islet sections per mouse analyzed). Proinsulin (red), ERGIC (green), DRAQ5/nuclei
(blue). Sacle bar: 5 mm. G) Quantification of percent pre-Golgi and proinsulin colocalization using Bitplane Imaris software (asterisk shows p-value#
0.01). H–K) EM image analysis showed dilated morphology of ER and mitochondria in the Sox17-paGOF islet sections. ER = endoplasmic reticulum,
G = Golgi, M = mitochondria. Scale bar: 500 nm for H and J, 2 mm for I and K. L–W) Proinsulin was reduced in all compartments of the secretory

Sox17 Controls b Cell Function
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Loss of Sox17 in the pancreas alters subcellular
distribution of proinsulin and causes structural changes
in secretory organelles

We investigated if loss of Sox17 resulted in altered levels of

proinsulin processing enzymes or in altered proinsulin trafficking.

There was no difference in the mRNA levels of the proinsulin

processing proteins Pcsk1, Pcsk2, or Cpe in Sox17-paLOF islets

(data not shown). However, we did observe changes in proinsulin

trafficking by quantifying proinsulin subcellular distribution along

the secretory pathway using the Imaris Software. Due to the

subcellular dynamic of proinsulin trafficking, three different

markers for secretory organelles were used, KDELR, ERGIC,

and GM130. KDELR marks the dynamic transport between the

pre-Golgi and Golgi to the ER [45–47]. Thus, quantifying

proinsulin colocalization with KDELR marker represents the

overall dynamic transport of proinsulin through these secretory

organelles. In addition, ERGIC specifically marks the pre-Golgi

compartment and GM130 marks the Golgi subcellular region.

While there was no difference in the accumulation of proinsulin

in either the pre-Golgi (ERGIC) or Golgi (GM130) compartments

across genotypes (Figure S3A–D), proinsulin appeared to accu-

mulate in KDELR+ vessicles in Sox17-paLOF animals (Figure 1

G–M). KDELR is found both in the Golgi and ER and plays an

important role in retrograde transport from Golgi to ER. Since

proinsulin levels were normal in the pre-Golgi and Golgi, the

increase of KDELR+/pro-insulin+ co-staining may represent an

increase in proinsulin-containing vesicles that are recycling

through the ER or an increase in improperly packabed insulin.

There was no change in the pre-Golgi, Golgi, or ER volume area

between genotypes (data not shown).

These findings suggest that abnormal proinsulin trafficking

through the secretory organelles might be the underlying cause of

altered proinsulin processing and secretion as observed in other

contexts [7,17,48]. Proinsulin trafficking defects are also associated

with distended and dilated secretory organelles that occur during

the prediabetes phase in Akita mice [7,14,17]. Similarly, b cells of

Sox17-paLOF mice had severely distended ER, pre-Golgi, and

Golgi compared to Pdx1Cre;Sox17fl/+ and Sox17fl/fl animals,

analyzed by electron microscopy (EM) (Figure 1N–Q). These

marked organelle distention were specific to the b cells; the alpha

and delta cells had normal, well-organized secretory organelles

(data not shown). There was a trend towards fewer insulin granules

in the Sox17-paLOF mice, although this was not statistically

significant because of variation between animals and sections.

Taken together, these data suggested that Sox17-paLOF mice are

prediabetic.

Sox17-paLOF mice develop age-induced b cell
dysfunction

Previous studies have shown that an elevated proinsulin to

insulin ratio within patients is an indicator of prediabetes for type 2

diabetes and a characteristic of b cell impairment in maturity onset

diabetes [10–16]. To determine if loss of Sox17 predisposes

animals to diabetes progression as they get older, we analyzed

these mice at 1.5 years of age. All aged Sox17-paLOF mice had

some degree of defectiveness in reagrds to glucose homeostasis,

with some mice being mildy hyperglycemic to others being fully

diabetic during both non-fasting and fasting periods (Figure 2A,

B). In the diabetic mice we observed reduced b cell numbers,

shown by insulin and PDX1 immunostainings (Figure 2G–I) when

compared with the non-diabetic Sox17-paLOF and control mice.

The islets in these mice also had disrupted islet architecture with

glucagon and somatostatin positive cells no longer restricted to the

islet periphery (Figure 2G–L). In addition, all Sox17-paLOF mice

had severely reduced levels of Glut2 (Figure 2J–L). This is in line

with previous studies showing reduction in Glut2 expression level

in various type 2 diabetes animal models, including Zucker

Diabetic Fatty (ZDF) rats, diabetic Wistar Kyoto rats, and db/db

mice [49–51].

To determine specific proinsulin subcellular trafficking in these

older mice, we analyzed immunodetectable proinsulin epitope

using TEM. In the control mice, the proinsulin was localized to

the Golgi, ER, and secretory granules. In the Sox17-paLOF mice,

the ER was very disorganized/distended and we observed many

less well-formed secretory granules containing immunogold-

labeled proinsulin compared to the controls (Figure 2C, D

compare to 2E, F). In these Sox17-paLOF mice, proinsulin was

observed in the ER, golgi, and secretory granules. Taken together,

our findings showed that Sox17-paLOF mice were prediabetic and

they were prone to reach diabetic phase as they aged.

Sox17-paLOF mice are prone to high fat diet-induced b
cell dysfunction

Given the predisposition of Sox17-paLOF mice to age related

diabetes, we investigated if loss of Sox17 predisposes animals to

high-fat diet-induced diabetes. Six month old Sox17-paLOF males

and their Pdx1Cre;Sox17fl/+ littermates were maintained on a

high-fat diet and monitored for 7 months. We observed that mice

of all genotypes had a similar weight gain in response to a high-fat

diet (Figure 3A), similar amount of food intake and insulin

peripheral sensitivity between genotypes as assayed by an insulin

tolerance test (Figure 3B and Figure S4). However, Sox17-paLOF

mice on high-fat diet had impaired fasting glucose (Figure 3C) and

were unable to restore normoglycemia in response to a glucose

challenge as quickly as control animals (Figure 3D).

However, as in the case with aged-induced diabetic mice, the

levels of dysfunction were also varied in the Sox17-paLOF obese

mice, with some mice being mildy hyperglycemic to others being

fully diabetic. We investigated if this range was due to variability of

b cell function or due to reduced b cell number. We analyzed

whole pancreatic sections taken at different levels throughout the

pancreas and quantified the number and size of islets in mice 39

weeks after being exposed to high fat diet (Figure 3E, G). All

control mice had numerous large islets associated with the

increased metabolic stress caused by obesity [52]. In contrast,

Sox17-paLOF obese mice that were diabetic had profoundly

reduced islet size (Figure 3F and quantified in G). These animals

also had disrupted islet architecture with many alpha cells found in

the core. We found no evidence of co-expression of alpha and beta

cell markers such as insulin, PDX1 and glucagon (Figure 3F). The

size and islet architecture of mildly hyperglycemic Sox17-LOF

animals were comparable to control mice (data not shown). Taken

together, these data suggest that Sox17-paLOF mice have b cell

dysfunction, are prediabetic, and are prone to high fat diet-

induced diabetes.

pathway following 20 days of Sox17 expression. Proinsulin levels in the ER and Golgi (KDELR), Pre-Golgi (ERGIC), and Golgi (GM130) were analyzed in
control (n = 4) and Sox17-GOF (n = 3) mice. Scale bar: 15 mm, except for N - scale bar: 10 mm.
doi:10.1371/journal.pone.0104675.g005
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Figure 6. Sox17 regulates pathways involved in insulin transport and secretion. A) Analysis of transcriptional changes in islets after 24
hours of Sox17 overexpression by microarray. The heat map highlights the Sox17-regulated transcripts (upregulated genes in red, downregulated
genes in blue, n = 3 per genotype). B–D) Quantitative-RTPCR validation of transcripts that were up- or down-regulated in response to Sox17
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SOX17 overexpression for 24 hours promotes proinsulin
trafficking and secretion in vivo

The above experiments suggest that Sox17-paLOF mice have

proinsulin trafficking and secretory defects that predispose them to

type 2 diabetes. However, they do not specifically address whether

Sox17 regulates the cellular machinery responsible for proinsulin

trafficking and secretion. We therefore utilized a tetracycline-

inducible approach to investigate the immediate impact of a pulse

of Sox17 expression on the insulin secretory pathway. Sox17 gain-

of-function animals (Sox17-GOF) were generated using an Ins2-
rtTA mouse line [36,37] and a line in which Sox17 expression is

regulated by the tetracycline transactivator (tetO-Sox17) [24,25]

(Figure S5A). Administering doxycycline to mice for 24 hours

resulted in Sox17 overexpression in mature b cells in the islets of

16 week-old mice (Figure 4A and B). There were no changes in

islet architecture as determined by insulin and glucagon stainings

(Figure 4C–H). However, SOX17 overexpression was sufficient to

cause a significant reduction in proinsulin protein level in the islets

with no significant difference in mature insulin level (Figure 4I, J

and Figure S5B), in contrast to the accumulation of proinsulin that

we observed in the islets of Sox17-paLOF mice (Figure 1E–F).

Analysis of plasma indicated that SOX17 overexpression was

stimulating secretion of proinsulin and over time resulted in a four-

fold increase in the ratio of proinsulin levels, resulting in these

animals becoming hyperglycemic (Figure 4K and L).

Analysis of proinsulin trafficking indicated that within 24 hours

of SOX17 overexpression in b cells, proinsulin was transiting

through the pre-Golgi faster than normal as indicated by a

decrease in proinsulin within the pre-Golgi (Figure 5A–F,

quantified in 5G). Consistent with this, total pre-Golgi area was

also found to be decreased in these mice (Figure S6O), indicating

that the impairment in the pre-Golgi compartment was impacting

the proinsulin trafficking. There was no difference in proinsulin

within the Golgi or ER regions (Figure S6M, N). The effects of

SOX17 expression for 24 hours appeared to be limited to

proinsulin secretion and processing since we did not observe any

significant changes in mRNA levels of insulin or insulin processing

enzymes (data not shown) and gross islet architecture was

unchanged in these animals (Figure 4C–H). However, after 10

days of Sox17 overexpression, we observed broad loss of proinsulin

throughout the secretory system (Figure 5L–W) correlated with

hyperglycemia and an increase of proinsulin in the plasma,

suggesting that Sox17 overexpression was causing constitutive

secretion of proinsulin. We also observed distended secretory

organelles suggestive of a general secretory defect in SOX17

overexpressing animals (Figure 5H–K). To determine if this was

permanent, we repressed the tetO-Sox17 transgene by removal of

Doxycycline. Within 25 days, animals had normal blood glucose

levels and islet architecture (Figure S5C–P), suggesting that the

effect of Sox17 on insulin was reversible and that it was not due to

a change in cell fate. Together, these data demonstrate that

SOX17 expression stimulates the insulin secretory pathway within

24 hours and that continued expression promoted precocious

proinsulin secretion and hyperglycemia.

SOX17 transcriptome: SOX17 regulates pathways
involved in insulin transport and secretion

In order to identify the molecular basis by which Sox17

regulates the secretory pathway in b cells, we performed

microarray analysis on isolated islets following a 24-hour pulse

of Sox17 overexpression (Figure 6A). We chose to analyze a 24-

hour pulse of Sox17 since it was sufficient to stimulate the insulin

secretory pathway without causing changes in islet architecture.

We found 1844 transcripts in islets that were altered by 1.3 fold or

more in response to Sox17 expression: 972 genes were reduced

and 872 genes were elevated (an abbreviated list is shown in Table

S2 in File S1). Transcripts were classified into gene ontology

categories that represent significantly altered cell-biological pro-

cesses using ToppCluster software (p,0.05) with no correction

(Table S3 in File S1). The most highly regulated biological

processes in response to SOX17 overexpression included peptide/

insulin transport, localization and secretion, consistent with our

proposed role of SOX17 in regulating insulin trafficking and

secretion. Other enriched processes include cell development and

cell morphogenesis. We confirmed the SOX17-responsiveness of

24 genes by qRTPCR (Figure 6B–D and Figures S7 and S8),

suggesting that the microarray data set is highly robust. Several

Sox17 regulated genes are schematically depicted in Figure 6E

and were grouped into their known roles in insulin trafficking and

secretion. Given the rapid transcriptional response of secretory

networks to SOX17 expression, and the corresponding changes in

insulin trafficking and secretion, these data suggest that SOX17 is

a major and direct regulator of the insulin secretory pathway. All

of the microarray data can be found on the GEO database and the

accession number is GSE59928.

Transgenic SOX17 expression restores some b cell
functions in a MODY4 background

Perturbations in insulin secretion are a common feature of

several genetic forms of diabetes. Given the ability of SOX17 to

regulate the insulin secretory pathway, we investigated if SOX17

overexpression might improve b cell function in a diabetic context.

In particular, we wanted to investigate if a modest increase in

Sox17 levels might have therapeutic benefit. To do this, we chose

a mouse model for maturity onset diabetes of the young

(MODY4), which is caused by Pdx1 haploinsufficiency [53–57]

and can be modeled using Pdx1tTA/+ mice. Importantly, with this

model we were able to use the tetracycline transactivator (tTA) in

the Pdx1tTA/+ allele to express Sox17 protein in a tetracycline-

regulated manner (Figure 7A, B). We observed that Pdx1tTA/+

mice exhibit previously reported MODY4 symptoms including

hyperglycemia, reduced plasma insulin, impaired glucose toler-

ance, and aberrant localization of alpha cells to the core of the islet

(Figure 7C–P). At the time of weaning, Pdx1tTA/+ and Pdx1tTA/

+;tetO-Sox17 mice kept on doxycycline (no Sox17 transgene

expression) had elevated blood glucose levels relative to control

animals (Figure 7C). However, removal of doxycycline after

weaning and subsequent overexpression of SOX17 in the

MODY4 background (Pdx1tTA/+;tetO-Sox17 off dox) for 8 days

was sufficient to restore glucose levels to normal (Figure 7D). In

addition, glucose was also restored in these Pdx1tTA/+;tetO-Sox17
mice after 13–17 weeks of SOX17 prolonged overexpression (data

not shown, age of mice during time of analysis: 16–20 weeks old).

including Glp-1 receptor (Glp1R), protein kinase C isoform a (Prkca), Reticulon 1 (Rtn1), all of which are known regulators of secretory pathway. E)
Schematic representation of Sox17-regulated factors and their known involvement in the insulin processing and secretory pathways. Genes that were
upregulated by Sox17 expression are shown in red, and those that were down regulated are shown in blue.
doi:10.1371/journal.pone.0104675.g006
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Figure 7. Sox17 expression in b cells improves glycemic control and islet architecture but not glucose clearance in MODY4 (Pdx1tTA/+)
animals. A, B) Tetracycline-regulated expression of Sox17 in Pdx1tTA/+ animals. Sox17 levels in Pdx1 haploinsufficient animals (Pdx1tTA/+) were
compared to animals with transgenic Sox17 overexpression driven by the Pdx1tTA/+ allele (Pdx1tTA/+;TetO-Sox17). Activation of the TetO-Sox17 transgene
by removal of doxycycline resulted in a 2–3 fold increase in Sox17 protein over Pdx1tTA/+ control animals. Scale bar: 15 mm for A and 20 mm for B. C, D)
Non-fasting blood glucose levels in control (TetO-Sox17), Pdx1tTA/+, and Pdx1tTA/+;TetO-Sox17 mice on doxycycline (Sox17 OFF, n = 3) and off
doxycycline (Sox17 ON, n = 3) for 8 days. E) Non-fasting plasma insulin levels were low in Pdx1tTA/+ animals compared to controls. Sox17 expression
restored serum insulin to control levels. F–O) Islet architecture was disrupted in Pdx1tTA/+ animals, with glucagon (+) cells in the core of the islet. The islet
architecture was more normal appearing following 13 weeks of Sox17 expression in Pdx1tTA/+ animals. Scale bar: 50 mm. P) Sox17 did not restore the
ability of Pdx1tTA/+ animals to respond to a glucose challenge (Pdx1-tTA;tetO-Sox17 mice – n = 3, off Dox; Pdx1-tTA – n = 2, on Dox and n = 1, off Dox;
tetO-Sox17– n = 2, on Dox and n = 1, off Dox).
doi:10.1371/journal.pone.0104675.g007
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This was correlated with restoration of normal plasma insulin

levels (Figure 7E). Moreover, one of the pathologies observed in

MODY4 mice is disruption of localization of glucagon positive

alpha cells to the core of islets. We observed that the prolonged

expression of SOX17 for 13–17 weeks after weaning (age of mice

during time of analysis: 16–20 weeks old) resulted in near

restoration of normal islet architecture with most alpha cells being

localized to the periphery of the islets (Figure 7F–N, quantitated in

O). To note, we observed that the blood glucose rescue was more

effective early after SOX17 was being overexpressed, and that the

islet architecture rescue was more effective after prolonged SOX17

overexpression. Previous studies by Johnson, et al. showed that the

MODY4 phenotype coincided with increased in b cell apoptosis

[55]; however, this MODY4 model did not display any significant

changes in apoptosis or proliferation at this 13–17 weeks of

overexpression time point (Figure S9). Lastly, MODY4 is

commonly associated with an inability to respond to a glucose

challenge. Despite restoration of normal resting glucose and

insulin levels, SOX17 expression did not reverse the glucose

intolerance of Pdx1tTA/+ mice (Figure 7P). This suggests that

SOX17 expression can rescue impaired fasting glucose but does

not rescue impaired glucose tolerance.

Discussion

Collectively, our results suggest a new role for the transcription

factor Sox17 in regulating the mouse cell secretory pathway, a

dynamic and highly regulated process. Pancreatic loss of Sox17

resulted in trafficking defects of proinsulin through the ER, dilated

and distended secretory organelles, and a trend of increased

secretion of proinsulin (Figure S10C), all of which are hallmarks of

prediabetes [7–17]. Consistant with this, these mice went on to

develop diabetes when placed on a high fat diet or when aged, as

evidenced by loss of glucose regulation, severely reduced b cell

mass and fewer secretory granules, as well as diminished Glut2

protein expression.

Overexpression of SOX17 in mature b cells resulted in rapid

changes in insulin trafficking and over time caused a 4-fold

increased in unprocessed proinsulin in the plasma (Figure S10B).

We investigated if SOX17 could impact insulin secretory defects in

MODY4 animals and found that a modest increase in SOX17

levels transiently normalized glucose and plasma insulin levels in

diabetic MODY4 mice. Lastly, microarray data suggested a direct

role for SOX17 in the regulation of proinsulin trafficking and

secretion in vivo by regulating key genes involved in hormone

transport, secretion, and cellular localization.

Several candidate genes, including SOX17, were investigated

for a role in neonatal diabetes mellitus in humans [58], however

no SOX17 mutation were associated with this form of diabetes.

This is not surprising given the absolute requirement of Sox17 in a

myriad of developmental processes outside of the b cell. However,

it is possible that factors that act downstream of Sox17 might be

association with prediabetes. Our investigation of Sox17 regulated

transcripts clearly indicates a central role for this factor in

regulating insulin secretory pathways, and it is possible that some

of these might be deranged in prediabetes in humans. Of the 30

biological processes that are changed by Sox17 expression, 18 are

involved in insulin/hormone/peptide trafficking and secretion.

We schematically depicted several Sox17-regulated genes in

Figure 5E and focused on their known role in insulin trafficking

and secretion. For example, Reticulon1 (Rtn1) (4-fold increase) is

required for insulin trafficking and may explain the faster

trafficking of proinsulin from the ER to Golgi. Rtn1 is known as

curvature-stabilizing protein that is localized in the ER exit sites

(ERES), important to form and maintain a tubular ER morphol-

ogy [59], which are known to affect the organization of the ER to

Golgi transport system [60]. Overexpression of Reticulon in PC12

cells was also found to significantly enhance human growth

hormone secretion [61]. It is known that Reticulon interacts with

several SNARE proteins involved in vesicle exocytosis, including

syntaxin13, 7, 1, and VAMP2 [59–62] and we found that SOX17

increases expression of SNARE proteins such as USE1, which

could affect anterograde trafficking and overall transit through the

ER and Golgi.

SOX17 regulated genes also control insulin secretion in

response to fasting and feeding periods. These factors include

the transmembrane tyrosine kinase receptors Ephrin (EPH) A5

and A7, which repress insulin secretion in low glucose [63]. Genes

that were decreased in response to SOX17 expression included

Glp1r and Glut2, both involved in nutrient-stimulated insulin

secretion, as well as the small G-protein Rab27a, a member of the

Rab GTPase protein family that is known to regulate insulin

secretion at several levels depending on the downstream effectors

being regulated [64,65]. This suggested a role for SOX17 in

regulating the secretion process. The hyperglycemia observed in

the obese Sox17-paLOF mice in response to fasting and glucose

challenge is consistent with this conclusion. SOX17 also down

regulates Prkca (1.67 fold), which is known to translocate to the

plasma membrane upon glucose stimulation and play a role in

glucose-stimulated insulin secretion [66–68]. These changes in

molecules that regulate basal and nutrient stimulated insulin

secretion could explain the elevated glucose levels in Sox17-GOF

mice over time.

Lastly, we observed changes in b cell transcription factors

including Pdx1, NeuroD1, Foxo1, all reduced between 1.3 to 1.4

fold. While this is a relatively modest change in expression, these

factors have central roles in b cell homeostasis and insulin

secretion [69]; changes in the levels of these factors could have a

significant combined impact. While we are highlighting a handful

of transcripts that are changed in response to 24 hours of SOX17

overexpression, the known role of these genes is entirely consistent

with the changes in insulin trafficking and secretion that we

observe in the Sox17-GOF mice and indicate a new role for

SOX17 as a regulator of insulin secretion in the adult b cell.

There were no changes in several known SOX17 target genes

encoding the transcription factors HNF1b and FOXA2. This

suggests that SOX17 may partner with different transcriptional

co-factors in b cells to target a different subset of genes. While

there were a lot of genes that were downregulated by SOX17

overexpression and knowing that there is no evidence of SOX17

acting as a repressor, we did observe an increase in the expression

of PDX1 co-repressor, SOX6. Previous study in MIN6 cells

showed that SOX6 decreased PDX1 stimulation through changes

in chromatin structure on the insulin promoter [35]. It was

suggested that SOX6 reduce glucose-stimulated insulin secretion

in hyperinsulinemic obese mice by acting as corepressor of PDX1.

These studies and our study further suggested that there is a

complex b cell network of transcription factors that work together

to govern insulin secretion process, and a change in one of the

important nodes in the network can dramatically change the

effects of the other transcription factor.

Given the requirement of SOX17 in endoderm and extra-

hepatobiliary cell fate specification, we expected that SOX17 may

play a role in pancreatic development. It was curious that deletion

of Sox17 in the pancreas did not have a more pronounced effect

on organ development. There are several SOX proteins expressed

in the developing and adult murine pancreas, including SOX4, 5,

6, 9, 10, 11, 12, 13, and SOX15 [33–35]. Moreover, SOX17 is
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expressed at high levels in the human fetal pancreas and at lower

levels in adult islets [70]. It is possible that other SOX proteins in

the adult islets compensate for the loss of SOX17 in our Sox17-

paLOF mice [28,34,70,71]. For example, SOX4 is the most highly

expressed in the islets; it is known to be important for endocrine

differentiation, islet organization [33], and for mediating insulin

secretion in response to glucose [72]. In addition, SOX9 is also

known to regulate Pdx1 expression and glucose-stimulated insulin

release [73]. Taken together, these results suggest that other SOX

proteins may compensate for the Sox17 loss during development

of the pancreas, but they do no compensate for the role of Sox17
in regulating several important aspects of insulin secretion.

In summary, our findings support a model in which the

transcription factor SOX17 controls multiple aspects of insulin

trafficking in mature b cells through transcriptional regulation of

genes involved in the maintenance of secretory machinery and

insulin secretion. Our results suggested that absence of Sox17 in

adult pancreatic b cells results in mice with prediabetic symptoms

including improper secretion of proinsulin, abnormal secretory

organelles, and development of diabetes when aged and in

response to a high fat diet. This model could provide a better

insight into the causes of prediabetic phase, and will inform effort

to help design a preventive therapeutical strategy that can be

useful for human patients.

Supporting Information

Figure S1 Sox17 is not required for b cell development.
A) Schematic representation of the Sox17-paLOF mice. Pdx1-

Cre, Sox17fl, and Sox17GFP lines have been previously published

[1–3]. B) Quantification of fold difference in Sox17 transcript

showed significant reduction of Sox17 mRNA levels in Sox17-

paLOF islets (asterisk (*) shows p-value#0.05). Real Time RT-PCR

samples were normalized to GAPDH mRNA. (Control mice: Pdx1-

Cre;Sox17fl/+, n = 4; Sox17-paLOF mice: Pdx1Cre;Sox17GFP/fl,

n = 3) C–D) Immunofluorescence using anti-insulin, -somatostatin,

-and glucagon in control and Sox17-paLOF mice show no

difference in islet architecture between control and Sox17-paLOF

mice. Scale bar: 50 mm. E–F) Immunofluorescence using anti-cre

and anti-beta-galactosidase in control and Sox17-paLOF mice

containing a r26r-lacZ reporter allele demonstrating Cre expression

and efficient recombination in islets. There is significant back-

ground staining with the beta galactosidase antibody in the exocrine

compartment of the pancreas. Scale bar: 50 mm. G–L) Whole

mount images of Pdx1Cre;Sox17fl/fl, Foxa3Cre;Sox17fl/fl and

control mice at e16.5. The duodenum of Pdx1Cre;Sox17fl/fl and

control animals was injected with alcian blue to provide contrast in

the common bile duct. No ectopic pancreas was observed in

Pdx1Cre;Sox17fl/fl and control animals, in contrast to Foxa3Cre;-

Sox17fl/fl mice that have ectopic pancreatic tissue (arrowheads) in

the common duct as previously reported [2].

(JPG)

Figure S2 Islet insulin levels and peripheral insulin
sensitivity are unaffected in Sox17-paLOF mice. A, B)
Isolated islets were isolated from control and Sox17-paLOF mice

and were analyzed for total insulin mRNA (Control mice: Sox17fl/+,

n = 2, and Pdx1-Cre;Sox17fl/+, n = 1; Sox17-paLOF mice:

Pdx1Cre;Sox17GFP/fl, n = 5) and protein (Control mice: Pdx1Cre;-

Sox17fl/+, n = 4; Sox17-paLOF mice: Pdx1Cre;Sox17GFP/fl, n = 3).

C) Animals were tested for peripheral insulin sensitivity by injection

of insulin as previously described [4]. There were no changes in

insulin sensitivity in Sox17-paLOF mice (Control mice: Sox17+/fl,

n = 2; Sox17-paLOF mice: Pdx1Cre;Sox17GFP/fl, n = 4).

(JPG)

Figure S3 Percent colocalization between proinsulin
and organelle markers, and their total regional areas.
A, B) Immunofluorescence analysis of proinsulin localization in

the pre-Golgi (ERGIC) and Golgi (GM130). Scale bar: 5 mm. C,
D) Quantification of A and B indicate that there were no

differences found in the levels of colocalization between pre-Golgi

and proinsulin, and between Golgi and proinsulin. Quantitation of

proinsulin colocalization was performed using Bitplane Imaris

software. Control: Sox17fl/+ and Sox17GFP/fl, n = 7 mice, Sox17-

paLOF: Pdx1Cre;Sox17GFP/fl, n = 7. 6–10 islets were analyzed per

mouse.

(JPG)

Figure S4 Insulin tolerance test of obese control and
Sox17-paLOF mice. Obese animals (26 weeks after high fat diet

administration) were fasted for 8–12 hours and intraperitoneally

injected with recombinant human insulin (1 U/kg). Control mice:

Pdx1Cre;Sox17fl/+, n = 3; Sox17-paLOF mice: Pdx1Cre;Sox17fl/fl,

n = 4. Blood glucose levels were measured at the indicated time

points.

(JPG)

Figure S5 A tetracycline-regulated model for Sox17
overexpression. A) Schematic representation of the Sox17-

GOF mice. Ins-rtTA and TetO-Sox17 animals have been

described previously [2,5–7]. B) Insulin protein levels are not

significantly changed after 24 hours of Sox17 overexpression. C)
Hyperglycemia is induced by prolonged dox-inducible Sox17

overexpression, but reverts to normal within 25 days following

doxycycline removal (Sox17 off). D–P) Analysis of Sox17, Insulin,

Glucagon, Pdx1 and E-cadherin in control, Sox17 overexpressing

(Doxycycline ON), and following removal of doxycycline for 25

days. Scale bar: 50 mm.

(JPG)

Figure S6 Distribution of proinsulin in the Golgi and ER
of Sox17-GOF mice. A–L) Immunofluorescence analysis of

proinsulin localization in the ER and Golgi (KDELR) and Golgi

only (GM130) in control and Sox17-GOF mice. Scale bar: 5 mm.

M and N) Quantification of proinsulin, KDELR, and GM130

staining found no change in the percent of proinsulin in the ER

and Golgi O) Quantitation of total proinsulin and pre-Golgi area.

(JPG)

Figure S7 Quantitative RT-PCR validation of down-
regulated genes in response to 24 hours of Sox17
overexpression in b cells. A, B) Insulin and Pdx1 mRNA

were decreased, but this was not statistically significant. C–P)
Glut2, Foxo1, Atf4, GLP1R, Hdac6, Prkca, Pkd1, Lpl, Defb1,

Cpb2, Vilip-1, Insrr, Rab27a, Wfs were all significantly down

regulated in response to 24 hours of Sox17 overexpression in b
bells. Asterisk indicates p-value#0.05. Q) Ppp1r1a was highly

reduced in response to Sox17 overexpression, but this was not

statistically significant.

(JPG)

Figure S8 Quantitative RT-PCR validation of up-regu-
lated genes in response to 24 hours of Sox17 overex-
pression in b cells. A) Gsta4, B) Mobp, C) Lipf, D) Use1, and

E) Rrn1 are examples of transcripts that were elevated in b cells in

response to 24 hours of Sox17 overexpression. Asterisk indicates p-

value#0.05.

(JPG)

Figure S9 Sox17 expression in MODY4 (Pdx1+/tTA) mice
did not alter b cell proliferation or b cell death. A–D)
MODY4 (Pdx1+/tTA) mice had comparable levels of BrdU+ cells
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to both control (Wildtype or tetO-Sox17) and MODY4 (Pdx1+/

tTA) mice expressing Sox17. N = 4 animals per genotype. E–H)
MODY4 (Pdx1+/tTA) mice had comparable levels of activated

caspase3+ cells to both control (Wildtype or tetO-Sox17) and

MODY4 (Pdx1+/tTA) mice expressing Sox17. N = 4 animals per

genotype. Scale bar: 50 mm.

(JPG)

Figure S10 Schematic of b cells in different contexts. A)
Normal b cell schematic with normal mitochondria, ER, Pre-

Golgi, and Golgi structures and secretory vesicles. Preproinsulin

containing secretory vesicle is in red, proinsulin containing

secretory vesicle is in blue, and insulin + C-peptide containing

secretory vesicle is in green. Arrows show the anterograde (yellow

arrow) and retrograde (orange arrow) movements of the vesicles.

B) Sox17 overexpressing b cell schematic. The cell had less

amount of proinsulin vesicles trafficking through pre-Golgi region.

Over time, a 4-fold increased in unprocessed proinsulin is found in

the plasma. C) Prediabetic Sox17-paLOF b cell schematic at 12

weeks old. The cell had dilated and distended secretory organelles,

accumulated proinsulin, and a trend of increased secretion of

proinsulin. D) Diabetic Sox17-paLOF b cell schematic at 1.5

years old. Some of the ER were dispersed and dilated and the cells

had less insulin in the secretory organelles and granules. Overall,

the mice had reduced b cell mass.

(PDF)

File S1 Supporting tables and references. Table S1,

Primary and Secondary Antibodies. Table S2, Transcripts that

were changed in Sox17-GOF islets. List of transcripts change by .

1.55 fold in Sox17-GOF islets. Red highlighted genes were

upregulated, blue highlighted genes were downregulated. Table

S3, Gene ontology analysis of biological pathways and processes

associated with SOX17 regulated transcripts. List of gene ontology

of the biological process that are involved in the Sox17-

misregulated genes cluster in the Sox17-GOF islets microarray

by 1.30 fold change and above (upregulated genes cluster in red,

downregulated genes cluster in blue). Table S4, PCR primers for

microarray genes validation.

(DOCX)

Acknowledgments

We thank Jeff Whitsett, Aaron Zorn, Jonathan Katz, Anil Jegga, Debora

Sinner, Alex Lange, Randy Seeley, Georgianne Ciraolo, Suh-Chin Lin,

Kyle McCracken, Christopher Mayhew, and the other members of the

Wells and Zorn lab for reagents and feedback. We particularly thank Israel

Hodish (Univesity of Michigan) for feedback on b cell electron microscopy

images. We also thank the following people for mice: Sean Morrison

(University of Texas Southwestern) and Injune Kim (Korea Advanced

Institute of Science and Technology) for Sox17GFP, Raymond MacDonald

(University of Texas Southwestern) for Pdx1tTA, Klaus Kaestner

(University of Pennsylvania) for Foxa3-Cre, and Andy Lowy (UC
SanDiego) for Pdx1-Cre mice.

Author Contributions

Analyzed the data: DJ JMW. Wrote the paper: DJ JMW. Designed all

experiments: DJ JMW. Performed most of the experiments: DJ. Assisted in

performing the experiments: JMW JRS AMM KS GHD MK. Performed

insulin western blots on extracts from isolated islets: PA LH. Assisted in

analyzing the data: JRS AMM MK KS LH PA GHD. Reviewed and

edited the manuscript: DJ JMW.

References

1. Haataja L, Snapp E, Wright J, Liu M, Hardy AB, et al. (2013) Proinsulin

intermolecular interactions during secretory trafficking in pancreatic beta cells.

J Biol Chem 288: 1896–1906.

2. Hou JC, Min L, Pessin JE (2009) Insulin granule biogenesis, trafficking and

exocytosis. Vitam Horm 80: 473–506.

3. MacDonald PE, Joseph JW, Rorsman P (2005) Glucose-sensing mechanisms in

pancreatic beta-cells. Philos Trans R Soc Lond B Biol Sci 360: 2211–2225.

4. Arvan P (2004) Secretory protein trafficking: genetic and biochemical analysis.

Cell Biochem Biophys 40: 169–178.

5. Arvan P, Halban PA (2004) Sorting ourselves out: seeking consensus on

trafficking in the beta-cell. Traffic 5: 53–61.

6. Orci L, Halban P, Amherdt M, Ravazzola M, Vassalli JD, et al. (1984)

Nonconverted, amino acid analog-modified proinsulin stays in a Golgi-derived

clathrin-coated membrane compartment. J Cell Biol 99: 2187–2192.

7. Izumi T, Yokota-Hashimoto H, Zhao S, Wang J, Halban PA, et al. (2003)

Dominant negative pathogenesis by mutant proinsulin in the Akita diabetic

mouse. Diabetes 52: 409–416.

8. Hartling SG, Knip M, Roder ME, Dinesen B, Akerblom HK, et al. (1997)

Longitudinal study of fasting proinsulin in 148 siblings of patients with insulin-

dependent diabetes mellitus. Study Group on Childhood Diabetes in Finland.

Eur J Endocrinol 137: 490–494.

9. Roder ME, Knip M, Hartling SG, Karjalainen J, Akerblom HK, et al. (1994)

Disproportionately elevated proinsulin levels precede the onset of insulin-

dependent diabetes mellitus in siblings with low first phase insulin responses. The

Childhood Diabetes in Finland Study Group. J Clin Endocrinol Metab 79:

1570–1575.

10. Roder ME, Porte D Jr, Schwartz RS, Kahn SE (1998) Disproportionately

elevated proinsulin levels reflect the degree of impaired B cell secretory capacity

in patients with noninsulin-dependent diabetes mellitus. J Clin Endocrinol

Metab 83: 604–608.

11. Saad MF, Kahn SE, Nelson RG, Pettitt DJ, Knowler WC, et al. (1990)

Disproportionately elevated proinsulin in Pima Indians with noninsulin-

dependent diabetes mellitus. J Clin Endocrinol Metab 70: 1247–1253.

12. Kahn SE, Halban PA (1997) Release of incompletely processed proinsulin is the

cause of the disproportionate proinsulinemia of NIDDM. Diabetes 46: 1725–

1732.

13. Mako ME, Starr JI, Rubenstein AH (1977) Circulating proinsulin in patients

with maturity onset diabetes. Am J Med 63: 865–869.

14. Tersey SA, Nishiki Y, Templin AT, Cabrera SM, Stull ND, et al. (2012) Islet

beta-cell endoplasmic reticulum stress precedes the onset of type 1 diabetes in the

nonobese diabetic mouse model. Diabetes 61: 818–827.

15. Basu A, Pedersen MG, Cobelli C (2012) Prediabetes: evaluation of beta-cell

function. Diabetes 61: 270–271.

16. Kanat M, Mari A, Norton L, Winnier D, DeFronzo RA, et al. (2012) Distinct

beta-cell defects in impaired fasting glucose and impaired glucose tolerance.

Diabetes 61: 447–453.

17. Zuber C, Fan JY, Guhl B, Roth J (2004) Misfolded proinsulin accumulates in

expanded pre-Golgi intermediates and endoplasmic reticulum subdomains in

pancreatic beta cells of Akita mice. FASEB J 18: 917–919.

18. Stoy J, Edghill EL, Flanagan SE, Ye H, Paz VP, et al. (2007) Insulin gene

mutations as a cause of permanent neonatal diabetes. Proc Natl Acad Sci U S A

104: 15040–15044.

19. Liu M, Hodish I, Haataja L, Lara-Lemus R, Rajpal G, et al. (2010) Proinsulin

misfolding and diabetes: mutant INS gene-induced diabetes of youth. Trends

Endocrinol Metab 21: 652–659.

20. Kanai-Azuma M, Kanai Y, Gad JM, Tajima Y, Taya C, et al. (2002) Depletion

of definitive gut endoderm in Sox17-null mutant mice. Development 129: 2367–

2379.

21. Sinner D, Kirilenko P, Rankin S, Wei E, Howard L, et al. (2006) Global analysis

of the transcriptional network controlling Xenopus endoderm formation.

Development 133: 1955–1966.

22. Sinner D, Rankin S, Lee M, Zorn AM (2004) Sox17 and beta-catenin cooperate

to regulate the transcription of endodermal genes. Development 131: 3069–

3080.

23. Zorn AM, Barish GD, Williams BO, Lavender P, Klymkowsky MW, et al.

(1999) Regulation of Wnt signaling by Sox proteins: XSox17 alpha/beta and

XSox3 physically interact with beta-catenin. Mol Cell 4: 487–498.

24. Park KS, Wells JM, Zorn AM, Wert SE, Whitsett JA (2006) Sox17 influences the

differentiation of respiratory epithelial cells. Dev Biol 294: 192–202.

25. Spence JR, Lange AW, Lin SC, Kaestner KH, Lowy AM, et al. (2009) Sox17

regulates organ lineage segregation of ventral foregut progenitor cells. Dev Cell

17: 62–74.

26. Lange AW, Keiser AR, Wells JM, Zorn AM, Whitsett JA (2009) Sox17 promotes

cell cycle progression and inhibits TGF-beta/Smad3 signaling to initiate

progenitor cell behavior in the respiratory epithelium. PLoS One 4: e5711.

27. Kim I, Saunders TL, Morrison SJ (2007) Sox17 dependence distinguishes the

transcriptional regulation of fetal from adult hematopoietic stem cells. Cell 130:

470–483.

28. Matsui T, Kanai-Azuma M, Hara K, Matoba S, Hiramatsu R, et al. (2006)

Redundant roles of Sox17 and Sox18 in postnatal angiogenesis in mice. J Cell

Sci 119: 3513–3526.

Sox17 Controls b Cell Function

PLOS ONE | www.plosone.org 15 August 2014 | Volume 9 | Issue 8 | e104675



29. Sinner D, Kordich JJ, Spence JR, Opoka R, Rankin S, et al. (2007) Sox17 and

Sox4 differentially regulate beta-catenin/T-cell factor activity and proliferation

of colon carcinoma cells. Mol Cell Biol 27: 7802–7815.

30. Yang H, Lee S, Lee S, Kim K, Yang Y, et al. (2013) Sox17 promotes tumor

angiogenesis and destabilizes tumor vessels in mice. J Clin Invest 123: 418–431.

31. Wang L, Coffinier C, Thomas MK, Gresh L, Eddu G, et al. (2004) Selective

deletion of the Hnf1beta (MODY5) gene in beta-cells leads to altered gene

expression and defective insulin release. Endocrinology 145: 3941–3949.

32. Gao N, White P, Doliba N, Golson ML, Matschinsky FM, et al. (2007) Foxa2

controls vesicle docking and insulin secretion in mature Beta cells. Cell Metab 6:

267–279.

33. Wilson ME, Yang KY, Kalousova A, Lau J, Kosaka Y, et al. (2005) The HMG

box transcription factor Sox4 contributes to the development of the endocrine

pancreas. Diabetes 54: 3402–3409.

34. Lioubinski O, Muller M, Wegner M, Sander M (2003) Expression of Sox

transcription factors in the developing mouse pancreas. Dev Dyn 227: 402–408.

35. Iguchi H, Ikeda Y, Okamura M, Tanaka T, Urashima Y, et al. (2005) SOX6

attenuates glucose-stimulated insulin secretion by repressing PDX1 transcrip-

tional activity and is down-regulated in hyperinsulinemic obese mice. J Biol

Chem 280: 37669–37680.

36. Milo-Landesman D, Surana M, Berkovich I, Compagni A, Christofori G, et al.

(2001) Correction of hyperglycemia in diabetic mice transplanted with reversibly

immortalized pancreatic beta cells controlled by the tet-on regulatory system.

Cell Transplant 10: 645–650.

37. Nir T, Melton DA, Dor Y (2007) Recovery from diabetes in mice by beta cell

regeneration. J Clin Invest 117: 2553–2561.

38. Holland AM, Gonez LJ, Naselli G, Macdonald RJ, Harrison LC (2005)

Conditional expression demonstrates the role of the homeodomain transcription

factor Pdx1 in maintenance and regeneration of beta-cells in the adult pancreas.

Diabetes 54: 2586–2595.

39. Wells JM, Esni F, Boivin GP, Aronow BJ, Stuart W, et al. (2007) Wnt/beta-

catenin signaling is required for development of the exocrine pancreas. BMC

Dev Biol 7: 4.

40. Stiles BL, Kuralwalla-Martinez C, Guo W, Gregorian C, Wang Y, et al. (2006)

Selective deletion of Pten in pancreatic beta cells leads to increased islet mass

and resistance to STZ-induced diabetes. Mol Cell Biol 26: 2772–2781.

41. Kaimal V, Sardana D, Bardes EE, Gudivada RC, Chen J, et al. (2011)

Integrative systems biology approaches to identify and prioritize disease and

drug candidate genes. Methods Mol Biol 700: 241–259.

42. Ketola I, Otonkoski T, Pulkkinen MA, Niemi H, Palgi J, et al. (2004)

Transcription factor GATA-6 is expressed in the endocrine and GATA-4 in the

exocrine pancreas. Mol Cell Endocrinol 226: 51–57.

43. Corada M, Orsenigo F, Morini MF, Pitulescu ME, Bhat G, et al. (2013) Sox17 is

indispensable for acquisition and maintenance of arterial identity. Nat Commun

4: 2609.

44. Engert S, Liao WP, Burtscher I, Lickert H (2009) Sox17-2A-iCre: a knock-in

mouse line expressing Cre recombinase in endoderm and vascular endothelial

cells. Genesis 47: 603–610.

45. Lewis MJ, Pelham HR (1992) Ligand-induced redistribution of a human KDEL

receptor from the Golgi complex to the endoplasmic reticulum. Cell 68: 353–

364.

46. Tang BL, Wong SH, Qi XL, Low SH, Hong W (1993) Molecular cloning,

characterization, subcellular localization and dynamics of p23, the mammalian

KDEL receptor. J Cell Biol 120: 325–338.

47. Martinez-Menarguez JA, Geuze HJ, Slot JW, Klumperman J (1999) Vesicular

tubular clusters between the ER and Golgi mediate concentration of soluble

secretory proteins by exclusion from COPI-coated vesicles. Cell 98: 81–90.

48. Gupta S, McGrath B, Cavener DR (2010) PERK (EIF2AK3) regulates

proinsulin trafficking and quality control in the secretory pathway. Diabetes

59: 1937–1947.

49. Orci L, Ravazzola M, Baetens D, Inman L, Amherdt M, et al. (1990) Evidence

that down-regulation of beta-cell glucose transporters in non-insulin-dependent

diabetes may be the cause of diabetic hyperglycemia. Proc Natl Acad Sci U S A

87: 9953–9957.

50. Milburn JL, Jr., Ohneda M, Johnson JH, Unger RH (1993) Beta-cell GLUT-2

loss and non-insulin-dependent diabetes mellitus: current status of the

hypothesis. Diabetes Metab Rev 9: 231–236.

51. Johnson JH, Ogawa A, Chen L, Orci L, Newgard CB, et al. (1990)

Underexpression of beta cell high Km glucose transporters in noninsulin-
dependent diabetes. Science 250: 546–549.

52. Sachdeva MM, Claiborn KC, Khoo C, Yang J, Groff DN, et al. (2009) Pdx1

(MODY4) regulates pancreatic beta cell susceptibility to ER stress. Proc Natl
Acad Sci U S A 106: 19090–19095.

53. Ahlgren U, Jonsson J, Jonsson L, Simu K, Edlund H (1998) beta-cell-specific
inactivation of the mouse Ipf1/Pdx1 gene results in loss of the beta-cell

phenotype and maturity onset diabetes. Genes Dev 12: 1763–1768.

54. Brissova M, Shiota M, Nicholson WE, Gannon M, Knobel SM, et al. (2002)
Reduction in pancreatic transcription factor PDX-1 impairs glucose-stimulated

insulin secretion. J Biol Chem 277: 11225–11232.
55. Johnson JD, Ahmed NT, Luciani DS, Han Z, Tran H, et al. (2003) Increased

islet apoptosis in Pdx1+/2 mice. J Clin Invest 111: 1147–1160.
56. Kulkarni RN, Jhala US, Winnay JN, Krajewski S, Montminy M, et al. (2004)

PDX-1 haploinsufficiency limits the compensatory islet hyperplasia that occurs

in response to insulin resistance. J Clin Invest 114: 828–836.
57. Wang H, Iezzi M, Theander S, Antinozzi PA, Gauthier BR, et al. (2005)

Suppression of Pdx-1 perturbs proinsulin processing, insulin secretion and GLP-
1 signalling in INS-1 cells. Diabetologia 48: 720–731.

58. 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 literature. Pediatrics

121: e1541–1547.
59. Voeltz GK, Prinz WA, Shibata Y, Rist JM, Rapoport TA (2006) A class of

membrane proteins shaping the tubular endoplasmic reticulum. Cell 124: 573–
586.

60. Okamoto M, Kurokawa K, Matsuura-Tokita K, Saito C, Hirata R, et al. (2012)

High-curvature domains of the ER are important for the organization of ER exit
sites in Saccharomyces cerevisiae. J Cell Sci.

61. Steiner P, Kulangara K, Sarria JC, Glauser L, Regazzi R, et al. (2004) Reticulon
1-C/neuroendocrine-specific protein-C interacts with SNARE proteins. J Neur-

ochem 89: 569–580.

62. Shibata Y, Shemesh T, Prinz WA, Palazzo AF, Kozlov MM, et al. (2010)
Mechanisms determining the morphology of the peripheral ER. Cell 143: 774–

788.
63. Konstantinova I, Nikolova G, Ohara-Imaizumi M, Meda P, Kucera T, et al.

(2007) EphA-Ephrin-A-mediated beta cell communication regulates insulin
secretion from pancreatic islets. Cell 129: 359–370.

64. Regazzi R, Ravazzola M, Iezzi M, Lang J, Zahraoui A, et al. (1996) Expression,

localization and functional role of small GTPases of the Rab3 family in insulin-
secreting cells. J Cell Sci 109 (Pt 9): 2265–2273.

65. Yi Z, Yokota H, Torii S, Aoki T, Hosaka M, et al. (2002) The Rab27a/
granuphilin complex regulates the exocytosis of insulin-containing dense-core

granules. Mol Cell Biol 22: 1858–1867.

66. Yedovitzky M, Mochly-Rosen D, Johnson JA, Gray MO, Ron D, et al. (1997)
Translocation inhibitors define specificity of protein kinase C isoenzymes in

pancreatic beta-cells. J Biol Chem 272: 1417–1420.
67. Ganesan S, Calle R, Zawalich K, Smallwood JI, Zawalich WS, et al. (1990)

Glucose-induced translocation of protein kinase C in rat pancreatic islets. Proc
Natl Acad Sci U S A 87: 9893–9897.

68. Mendez CF, Leibiger IB, Leibiger B, Hoy M, Gromada J, et al. (2003) Rapid

association of protein kinase C-epsilon with insulin granules is essential for
insulin exocytosis. J Biol Chem 278: 44753–44757.

69. Kobayashi M, Kikuchi O, Sasaki T, Kim HJ, Yokota-Hashimoto H, et al. (2012)
FoxO1 as a double-edged sword in the pancreas: analysis of pancreas- and beta-

cell-specific FoxO1 knockout mice. Am J Physiol Endocrinol Metab 302: E603–

613.
70. McDonald E, Krishnamurthy M, Goodyer CG, Wang R (2009) The emerging

role of SOX transcription factors in pancreatic endocrine cell development and
function. Stem Cells Dev 18: 1379–1388.

71. Sakamoto Y, Hara K, Kanai-Azuma M, Matsui T, Miura Y, et al. (2007)

Redundant roles of Sox17 and Sox18 in early cardiovascular development of
mouse embryos. Biochem Biophys Res Commun 360: 539–544.

72. Goldsworthy M, Hugill A, Freeman H, Horner E, Shimomura K, et al. (2008)
Role of the transcription factor sox4 in insulin secretion and impaired glucose

tolerance. Diabetes 57: 2234–2244.
73. Dubois CL, Shih HP, Seymour PA, Patel NA, Behrmann JM, et al. (2011) Sox9-

haploinsufficiency causes glucose intolerance in mice. PLoS One 6: e23131.

Sox17 Controls b Cell Function

PLOS ONE | www.plosone.org 16 August 2014 | Volume 9 | Issue 8 | e104675


