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Transcriptome of pancreas-specific Bmpr1a-deleted islets links to

TPH1-5-HT axis

Fang-Xu Jiang"%*$, Yuji Mishina®, Akma Baten?*, Grant Morahan? and Leonard C. Harrison

ABSTRACT

Bone morphogenetic protein (BMP) signaling is crucial for the
development and function of numerous organs, but its role on the
function of pancreatic islets is not completely clear. To explore this
question, we applied the high throughput transcriptomic analyses on
the islets isolated from mice with a pancreas-specific deletion of
the gene, Bmpr1a, encoding the type 1a BMP receptor. Consistently,
these pBmpr1aKO mice had impaired glucose homeostasis at
3 months, and were more severely affected at 12 months of
age. These had lower fasting blood insulin concentrations, with
reduced expression of several key regulators of B-cell function.
Importantly, transcriptomic profiling of 3-month pBmpr1aKO islets
and bioinformatic analyses revealed abnormal expression of 203
metabolic genes. Critically among these, the tryptophan hydroxylase
1 gene (Tph1), encoding the rate-limiting enzyme for the production
of 5-hydroxytryptamine (5-HT) was the highest over-expressed
one. 5-HT is an important regulator of insulin secretion from B cells.
Treatment with excess 5-HT inhibited this secretion. Thus our
transcriptomic analysis links two highly conserved molecular
pathways the BMP signaling and the TPH1-5-HT axis on glucose
homeostasis.
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INTRODUCTION

Bone morphogenetic proteins (BMP) are members of the
transforming growth factor-B (TGFB) super family (Derynck and
Zhang, 2003). They are bound by heteromeric complexes of type 1
and type 2 serine/threonine kinase receptors, including BMP
receptor type 1A (BMPR1A) and BMPR2 (Kishigami and Mishina,
2005). The BMP ligand/receptor complex phosphorylates
intracellular signaling molecules SMADI1, 5 and 8 proteins. This
in turn activates transcription factor SMAD-dependent and
-independent pathways (Waite and Eng, 2003) that regulate
targeted gene expression in multiple organs (Derynck and Zhang,
2003; Nohe et al., 2004) including the pancreatic islets for glucose
metabolism (Goulley et al., 2007).
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However, the molecular mechanism of BMP signaling on
pancreatic islet function is poorly understood. Deletion of both
Bmprla alleles in mice leads to developmental failure at the
gastrulation stage (Mishina et al., 1995), precluding studies of this
signaling in pancreas function. We previously demonstrated that
global heterozygous Bmprla-deleted mice displayed abnormal
glucose homeostasis, but the role of other insulin-sensitive tissues
including the liver, skeletal muscle and adipose tissue could not
excluded (Scott et al., 2009). To define specific functions of
BMPRI1A signaling in pancreatic islet cells, the Cre/loxP gene
knockout strategy was employed. Reduction of BMPR1A signaling
mediated by Cre recombinase under the control of the rat insulin
promoter (RIP) was shown to induce diabetes from 2—3 months of
age (Goulley et al., 2007). However, the direct linkage by which
BMPRIA regulates glucose homeostasis was not described
(Goulley et al., 2007).

We hypothesize that transcriptomic analysis of Bmprla-deleted
islets would shed light on this mechanism. To test this hypothesis,
we generated mice heterozygous or homozygous for pancreas-
specific knockout of Bmprla (referred hereafter as pBmprlaHet or
pBmpr1aKO) in which the floxed Bmpria sequence was deleted by
the expression of Cre transgene under the control of the promoter for
Pdx1 (the pancreas and duodenum transcription factor 1, also in
humans called IPFI or IDXT) gene. Global gene expression and
bioinformatics analyses reveal an unidentified molecular
mechanism for BMP signaling on glucose homeostasis with
another well conserved signaling pathway.

RESULTS

Impaired glucose homeostasis in pBmpr1aKO0 mice

The strategy to generate pBmprlaKO mice was summarized in
supplementary material Fig. S1. The postnatal development of body
and pancreas masses was similar between Control and pBmpr1aKO
mice in various time-points between 7 and 20 weeks of age
(supplementary material Fig. S2A,B). As PdxI-dnBmprla and
insulin promoter-derived Bmprla-deleted mice develop diabetes at
2-3 months of age (Goulley et al., 2007), we also performed
intraperitoneal glucose challenge in our pBmprlaKO mice at
3 months of age. Compared to Control mice, pBmprlaKO and to a
less extent pBmprlaHet mice had significantly higher blood
glucose concentrations from 20 to 60 min (Fig. 1A). Although
their fasting plasma insulin levels were not significantly different
(Fig. 1B), pancreatic insulin content was modestly increased in
pBmpr1aKO islets (Fig. 1C).

Similarly, at 12 months of age, blood glucose concentrations at
20, 40 and 60 min after intraperitoneal glucose challenge were
significantly higher in pBmprlaKO mice than in Control mice
(Fig. 1D). In 10/23 pBmpr1aKO mice, blood glucose was >20 mM
at 20—40 min. Consistent with more severely impaired glucose
homeostasis, the fasting plasma insulin concentration in 12-month
old pBmprlaKO mice was significantly lower and total pancreatic
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Fig. 1. Impaired glucose homeostasis in pBmpr1aKO mice. (A) Blood glucose profiles at 3 months of age. After fasting for 12 h, tail vein blood was taken to
measure blood glucose concentrations just before and at 20, 40, 60 and 120 min after intraperitoneal glucose (1 g/kg). Meanzs.d., *P<0.05, **P<0.01 compared
to Control. (B) Plasma insulin profiles. Fasting insulin concentrations were determined by ELISA in 3-month male mice. Meanzs.d., n=6. (C) Pancreas insulin
content profiles. Pancreas was dissected and its insulin content was acid-extracted and determined by ELISA in 3-month male mice. Meanzs.d., n=6. (D) Blood
glucose profiles in 12-month male mice. After fasting for 12 h, tail vein blood was taken to measure blood glucose concentrations just before and at 20, 40, 60
and 120 min after intraperitoneal glucose (1 g/kg). Meanzs.d., *P<0.05, n=15/group. (E) Plasma insulin profiling in 12-month male mice. Fasting insulin
concentrations were determined by ELISA. Meanzs.d., *P<0.05, n=8/group. (F) Pancreas insulin content profiling in 12-month male mice. Pancreas was
dissected and its insulin content was determined by ELISA. Meants.d., n=5/group.

insulin content was up to 10-fold higher (but not significantly
different due to a high individual variability) than that in Control
mice (Fig. 1E,F). These data were largely consistent with, though
milder than, those previously reported (Goulley et al., 2007).

Decreased expression of PDX1 and GLUT2 in aging
pBmpriaKo islets

As glucose homeostasis can be impaired by inadequate numbers
and ratios of endocrine cells (Dickson and Rhodes, 2004; Unger and
Orci, 2010), islet architecture and the numbers of o and B cells at
12 months of age were therefore determined. Immunofluorescence
staining and morphometric analyses showed that the distribution of
o and B cells was similar and their number were not significantly
different among all three genotypes (Fig. 2A,B).

As PDXI1 activates key genes including /ns and Glut2 (Ohneda
etal., 2000) for functional p cells (Holland et al., 2005), its expression
was examined. Antibodies against PDX1 and glucose transporter-2
(GLUT?2) stained strongly the nuclei and cell membrane of Control
islets, but weakly and very faintly of pBmprlaHet and pBmprlaKO
islets, respectively (Fig. 2C). In contrast, in all three genotypes the
expression of E-CAD was strong in exocrine and ductal cells but
visible and unchanged in islet cells (Fig. 2C).

Transcriptomic analyses of BMP signaling genes in
pBmpriaKo islets

To identify potential molecular linkages of how perturbation of
BMPRIA signaling in the pancreas impairs glucose homeostasis,
we purified Control and pBmprlaKO islets at 3 months of age
for RNA extraction and global transcriptomic analysis. The
microarray chips we used contained 46,657 probes each, covering
almost all known protein-encoding genes. As expected, gene
annotation and bioinformatics pairwise scatterplot analyses showed
that the two genotypes had comparable expression of numerous
genes. Bmprla expression was equivalent at a low level in both

Control and pBmprlaKo islets, as the two probes in our
transcriptomic chips were not targeted the sequence encoded by
the deleted “Exon 4” (Fig. 3A). Surprisingly, however, the
expression of many other BMP signaling genes (Bmpr2, Smadl,
Smad?2, Smad3 and Smad?7) and down-stream SMAD interacting
molecule genes (Sipl, Yyl, Trap and Msx1) also was low and
unchanged, with reference to medium to high expression of genes
encoding key B-cell markers (PDX1 and NEUROD) and hormones
(INS1, INS2, GCG, SST and PPY) (Fig. 3A). To shed potential light
on why the expression of many BMP and other TGFf signaling
genes was low and unchanged at this stage, we analyzed publicly
available purified population-derived microarray datasets (Gu et al.,
2004; Hirst et al., 2006) for the developmental pattern of most these
genes. We found many of such genes (Actrla, Bmpl, Bmp2, Bmp4,
Bmprla, Smad4, Smad7, Tgfb2 and Tgfbr2) were differentially
expressed during pancreas specification, becoming progressively
down-regulated during islet cell development and function
(Fig. 3B).

Absence of abnormal expression of classical genes
regulating insulin secretion

In further searching for the molecular linkage of how deletion of
Bmprla in the pancreas impaired glucose homeostasis, we mined
our transcriptomic dataset for genes encoding molecules for
classical insulin processing and secretion (RAB27A, RAB3D,
ABCCS, VAMP4, VAMP3, CAPN10, STX1A, STX4A, KCIN11,
SLC2A2, STX1B, GLPIR, STX1-B and STXBP3). Interestingly,
we noted that the expression of these genes though in various ranges
was unchanged in pBmprlaKO compared to Control islets
(Fig. 3C). Taken together, the data suggest that impaired glucose
metabolism in pBmprlaKO mice may be due to abnormal
expression of genes that encode molecules in other unidentified
molecular pathway(s), rather than the well-known regulators of
insulin processing and secretion.
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Fig. 2. Reduced expression of PDX1 and GLUT2 in
pBmpr1aKo islets in 12 month-old mice.

(A) Immunofluorescence analyses. Representative images show
co-staining with insulin (INS, red) and glucagon (Gcg, green) in
Control, pBmpri1aHet and pBmpr1aKO pancreas. Scale

bar=50 pm. (B) Morphometric analyses showing islet number and
diameter and numbers of o and B cells in all three genotypes.
(C) Immunofluorescence analyses. Representative images show
staining for PDX1 (green), GLUT2 (green) and E-cadherin
(E-CAD, red) after counterstaining with the DNA dye DAPI (blue)
(arrow, islet). The inset represents a higher magnification of the

islet area. Scale bars=50 pm.

B Control pBmpriaHet pBmpr1akKO
Islets/Area (n=6) 6+0 6+1 6+2
Islet diameter (um) (n=6) 283+76 223+15 243467
a cells/Islet (n=6) 3547 33411 4248
B cells/Islet (n=6) 149+17 140+42 147421
Cc
Control pBmpriaHet pBmpriakKO

PDX1

GLUT2/DAPI

E-CAD/DAPI

Abnormal expression of 203 metabolic genes in pBmpriaKoO
islets

Transcriptomic mining and bioinformatics analyses indeed
identified that ~700 genes involved in a variety of biological
processes were up- or down-regulated over 2-fold (Fig. 4A),
including genes encoding molecules associated with stress (ATFS
and RAD23A), transporters (CFTR, SLC27A2 and SLC6AS) and
DNA replication (CCNB1, CDK, CDK2, CYCLIN B and D)
(supplementary material Figs S3 and S4). Importantly among the
203 genes encoding molecules involved in metabolism, 125 were
down-regulated (>2-fold) while 78 were up-regulated. Gene set
enrichment analyses (Subramanian et al., 2005) revealed that a set of
genes for metabolic syndrome network was enriched (Fig. 4B).
Crucially, core differentially genes consisted of the most over-
expressed Tphl (~20-fold higher in pBmprlaKO islet cells)
and 7ph2 and the most down-regulated Slpi (encoding
antileukoproteinase, an anti-inflammation molecule) (Eipel et al.,
2007) (Fig. 4C).

High over-expression of Tph1 in pBmpr1aKo islets

Unlike Sipi, Volcano plot analysis confirmed that Tphl was the
most over-expressed gene (Fig. 5A), suggesting that Tphl and Tph2
might be novel mediator genes of BMPR 1A signaling. To verify the
over-expression of Tphl and Tph2, islets were isolated from Control
and pBmpr1aKO mice at 3 months of age at which transcriptomic
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analysis was performed. Analyses by qRT-PCR demonstrated that
though individually variable, Tphl and Tph2 were up-regulated by
at least 100- and 2-fold in pBmpr1aKO islets, respectively (Fig. 5B).
It is well documented that over-expression of 7phl and Tph2
parallels the increase of TPH1 and 5-HT content in B-cell granules
(Kim et al., 2010; Schraenen et al., 2010), so the gene over-
expression in pBmpr1aKO islets would contribute to the abnormal
accumulation of TPH1 and 5-HT. This in turn would suggest that
the abnormal excess of 5-HT in pBmpr1aKO islets might link to the
impaired glucose homeostasis in the pBmprlaKO mice.

Excess 5-HT impaired insulin secretion in § cells

To test the hypothesis that excess 5-HT indeed impairs insulin
secretion in B cells, ideally we could use purified Control B cells,
however, lack of their specific marker prevented us from doing
so. Instead, we tested the effect of excess 5-HT on the function of
the clonal B-cell line, MIN6 (Miyazaki et al., 1990). MING6 cells
were treated with several concentrations of S5-HT for 4 days
and then quantitated the glucose-stimulated insulin secretion
(GSIS). In response to 5-HT treatment, these cells, whereas were
morphologically unchanged, displayed dose-dependent impairment
on GSIS, and the latter was reduced up to 60% after treatment with
250 uM 5-HT (Fig. 5C). These data supported the notion that excess
5-HT inhibits insulin secretion in B cells (Fig. SD) and corroborated
with our transcriptomic analysis.
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Fig. 3. Comparable low expression of BMP signaling genes in Control and
pBmpr1aKo islets. Performed and profiled on RNA extracted from purified
islets at 3 months in Control and pBmpr1aKO mice, and annotated in the
genome-wide expression datasets. (A) Pairwise scatter gene expression
profiles showing a large array of genes for selective BMP signaling and
hormones. Blue lines indicate a two-fold difference in expression values. Gene
expression levels are exhibited as log, intensities. (B) Gene expression
heatmap. The map is generated as described previously (Sui et al., 2012)
by annotation of publically available global expression raw datasets

(Gu et al., 2004; Hirst et al., 2006). The heatmap shows a dynamic gene
expression pattern of selected BMP and TGFp signaling genes containing
three contrasts of four developmental stages including embryonic stem cells
(ESC), purified pancreatic progenitors (Pdx1) and islet progenitors (Ngn3),
and isolated adult islets (Isl). (C) Pairwise scatter gene expression profiles
showing a large array of genes for selective insulin processing and

secretion pathways.

Log2 intensity (pBmpr1akKQ)

Log2 intensity (pBmpriakKO)

Log?2 intensity (Control)

DISCUSSION

Our transcriptomic analysis of Bmprla-deleted islets identifies
a previously unidentified linkage of two highly conserved
signaling pathways on glucose homeostasis, namely the BMP-
BMPRIA and the TPH1-5-HT cascades. Interestingly, foregut-
specific deletion of Bmprla increased an approximately 3-fold of
5-HT-expressing endocrine cells in the intestine (Maloum et al.,
2011). Hence BMPRIA negatively regulates the 5-HT signaling
system not only in islets but also in other neuroendocrine
systems.

Although its up-stream regulator(s) remained unknown, the role
of TPHI-5-HT system on glucose homeostasis has been well
documented. Treatment of 500 pM—100 mM 5-HT to isolated
mouse (Gagliardino et al., 1974; Paulmann et al., 2009) or rat
islets (Zawalich et al., 2001, 2004) or golden hamster pancreas
(Feldman and Lebovitz, 1970) reduced GSIS by ~15-100%.
Similarly, administration of pharmacological doses of 5-HT
in vivo leads to hyperglycemia (Paulmann et al., 2009). Treatment
with a 5-HT receptor 2c¢ (5-HT,cR) antagonist significantly

increases insulin secretion in islets of the db/db mice (Zhang et al.,
2013), a model of type 2 diabetes (T2D). Clinically, plasma 5-HT
level in people with T2D, a pandemic metabolic disorder, is
increased (Hara et al., 2011), although it is unknown whether it
plays a contributing role in, or is the consequence of, this disease.
Nevertheless, these data did not demonstrate that the TPH1-5-HT
signaling in B cells regulates glucose homeostasis although
previous studies had identified 5-HT packaged into the insulin
granules (Ekholm et al., 1971; Jaim-Etcheverry and Zieher, 1968)
and a convergence of the insulin and 5-HT programs in islet §
cells (Kim et al., 2010; Ohta et al., 2011). In combining MIN6
cell data, our findings suggest that BMPR1A signaling regulates
glucose metabolism via suppressing B-cell TPH1-5-HT axis.
Future studies are required to explore other potential mechanisms
including stress on glucose homeostasis.

Nevertheless, deficiency of TPH1-5-HT signaling in § cells also
impairs glucose homeostasis. Mice with homozygous deletion of
the serotonergic transcription factor gene Fev, critical for the
production of the TPH1-5-HT system, had affected insulin gene
expression, and impaired insulin secretion and glucose tolerance
(Ohtaetal., 2011). In Tphl knockout mice, the concentration of islet
5-HT was reduced by 10-fold, and diabetes developed as early as
14 days after birth (Paulmann et al., 2009). Furthermore, genetic
deletion of 5-HT5,R or 5-HT,.R also impaired glucose tolerance
(Kim et al., 2010; Nonogaki et al., 1998).

In addition to the BMP signaling, the TPH1-5-HT axis is
regulated by lactogenic signaling in pregnant islet  cells. Previous
reports demonstrate that TPH1 and 5-HT are transiently up-
regulated in these cells by lactogens (Kim et al., 2010; Schraenen
et al.,, 2010). This up-regulation stimulates the proliferation of
pregnant f cells (Kim et al., 2010) and improves their GSIS (Ohara-
Imaizumi et al., 2013) to accommodate a high-energy demand.
Furthermore, pregnant but not non-pregnant mice with homozygous
deletion of Htr3a displayed impaired glucose homeostasis and their
isolated islets though proliferating normally lacked the pregnant
GSIS (Ohara-Imaizumi et al., 2013). Taken together, these data
demonstrate that under the control of different up-stream regulators,
the complex TPH1-5-HT-receptor system is operated in B cells for
glucose metabolism in physiological and pathophysiological
conditions.

Finally, our transcriptomic analysis suggests that BMPRIA
plays a negative role in adult islets. We showed that the
expression of Bmprla and selective TGFB superfamily genes
was generally low at 3 months of age; implying that BMPR1A
signaling is more important in developing than in adult islets.
More severe glucose intolerance at 12 months might be due to an
age effect (Reaven, 2003) on the basis of 3 months of age. Our
data also provide an at least partial molecular explanation why
treatment with several selected BMP and other TGFp superfamily
ligands do not show any significant effect on isolated adult
C57BL/6 islets (Brown et al., 2011). In contrast, over-expression
of Bmp4 in B cells or systemic administration of BMP4 has been
reported to enhance GSIS (Goulley et al., 2007). Moreover, the
Pdx1-dnBmprla mice had significantly lower expression of many
genes, involved in insulin production, processing and secretion, in
addition to those for BMPRI1A signaling (Goulley et al., 2007).
The reasons for the discrepancy among these studies were not
completely clear but may be explained as follows. First, the
genetic background difference may lead to the phenotypic
difference: whereas our Bmprla/®/1%* and PdxI-Cre mice have
been bred on the C57BL/6 background for over 10 generations,
the PdxI-dnBmprla mice are generated on a mixture of C57BL/6
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Fig. 4. Abnormal expression of metabolic genes

Log?2 fold (Control - pBmpr1aKO) in pBmpr1aKo islets. (A) Pie graph categorizing
differentially expressed genes. The number of genes
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and CBA genetic backgrounds (Goulley et al., 2007). Second, the homeostasis would generate new knowledge for pathogenesis,
RIP-Cre mouse line used by Goulley et al. (2007) was reported to  diagnosis and drug targets of the pandemic T2D.
exhibit glucose intolerance without crossing with any floxed line
(Lee et al., 2006). . ) ) ) MATERIALS AND METHODS

In summary, our transcriptomic analysis of Bmprla-deleted islets  generation of conditional Bmpria-deleted mice
links tWO crqcial regulatory pathvyays for glucose. homeostasis.  The Pdx/-Cre transgene used has been previously well-characterized
Establishing in detail the mechanism through which BMPRIA  (Heiser et al., 2006; Herrera, 2000) and becomes active around E11.5
suppresses the expression of Tphl and via 5-HT to regulate glucose  (Heiser et al., 2006). Heterozygous Cre mice under the control of Pdx/
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promoter (PdxI-Cre) (Herrera, 2000) and homozygous mice carrying floxed
alleles for the fourth coding exon of Bmprla (Bmprla”"*) (Mishina
et al, 2002) were bred on the C57BL/6 background for at least 10
generations. In order to generate a compound heterozygous biogenic animal
heterozygous for transgenic Pdx/-Cre and for the floxed Bmpria allele
(Bmpr1a”®"), namely PdxI-Cre; Bmprla”®" (known as pBmprlaHet
hereafter), the PdxI-Cre mice were bred to the Bmpria /" mice. The
pBmprlaHet mice were then crossed with the Bmpria/®/* mice to
generate homozygous conditional Bmprla-deleted (PdxI-Cre; Bmprla’/,
namely pBmprlaKO) mice, as well as mice with three other distinct
genotypes: pBmprlaHet, Bmprla”®" and Bmpria”*"*_ The latter two

genotypes as well as PdxI-Cre mice were phenotypically normal (Ahn et al.,
2001) and used as the control (designated as Control hereafter). All mice
were maintained for a 12:12 h light and dark cycle and fed with normal
chew. PCR of tail and pancreas DNA was used to genotype the progeny
(supplementary material Fig. S1A). PCR primers are described elsewhere
(Mishina et al., 2002). Deletion of Bmprla exon 4 has been previously
shown to be sufficient for inactivation of BMPR1A function (Mishina et al.,
2002). To confirm Cre-mediated DNA recombination of Bmprla, southern
blot analysis was performed on pancreatic tissue DNA. In Control pancreas,
a 4.3 kb fragment of genomic DNA was detected, whereas in pBmprlaKO
after deletion of the Bmpria exon 4, only a 2.3 kb fragment was visible
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(supplementary material Fig. S1B), verifying exon 4 deletion and the
efficacy of recombination. All experiments were performed in accordance
with guidelines covering the care and use of animals in research, as approved
by the Walter and Eliza Hall Institute of Medical Research Animal Ethics
Committee.

Histology and immunofluorescence studies

The pancreas of 3 and 12 month-old mice with Control, pBmprlaHet and
pBmprlaKO genotypes were fixed in 4% paraformaldehyde in phosphate
saline buffer (PBS) and processed for routine haematoxylin and eosin
staining and for immunofluorescence histology.

Guinea pig antiserum to pig insulin and rabbit antisera to pig glucagon
were from Dako (Glostrup, Denmark). Rat IgG2a mAb to E-cadherin
(E-CAD) was from Invitrogen (Melbourne, Australia). Rabbit
immunoglobulins (Ig) to mouse PDX1 was generated in-house (Holland
et al., 2005) and from elsewhere (Suzue et al., 1989). Mouse glucose
transporter 2 (GLUT2) was purchased from R&D Systems (Minneapolis,
USA). FITC-conjugated streptavidin, Texas Red-conjugated goat anti-
guinea pig Ig, FITC-conjugated rabbit anti-rat or sheep anti-rabbit Ig and
Alexa 568-conjugated goat anti-rabbit Ig were purchased from Caltag
Laboratories (Burlingame, USA), Vector Laboratories, (Burlingame, USA),
Molecular Probes (Eugene, USA) and Chemicon International (Temecula,
USA), respectively. The immune fluorescence staining was essentially as
described previously (Jiang and Harrison, 2005). Microphotographs were
taken under an inverted Olympus IX71 U-RFL-T fluorescent microscope
with the same exposure time between samples.

Morphometric analyses

The pancreases of 12 month-old mice with Control, pBmprlaHet and
pBmprlaKO genotypes were fixed and processed for serial sections. Five
sections per pancreas were randomly sampled as we described previously
(Jiang et al., 1994) for glucagon and insulin staining and for measurements
of islet diameters. The number of o and B cells was counted manually in
images with original magnifications of 20x or 40x and verified with Image J
software.

Isolation of islets

Islets of Langerhans were isolated from Control and pBmpr1aKO male mice
at 3 months of age as described previously (McKenzie et al., 2010). Briefly,
the pancreas was injected via the bile duct with collagenase P solution
(1.2 mg/ml dissolved in Hanks’ balanced salt solution containing 2 mM
Ca** and 20 mM HEPES). Islets were isolated by density gradient
centrifugation, washed and handpicked for RNA extraction.

Real time quantitative RT-PCR (qRT-PCR) analyses

Primer sequences for Tphl and Tph2 are 5’-cggatcagaagactcccage-3';
5’-tccgggactcgatgtgtaac-3’ and 5'-tctacaccccggaaccagat-3'; 5'-gcaaaggec-
gaactcgattg-3’, respectively. qRT-PCR analysis was essentially as we
described recently (Jiang et al., 2010). Briefly, Power SYBR Green PCR
Master Mix was from Applied Biosystems (Foster City, USA) or from
Bioline (Sydney, Australia). cDNA was amplified by PCR: 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The number of
cycles of threshold (Ct) was measured with an ABI Prism 7900HT Sequence
Detection System (Applied Biosystems) or a Rotor-Gene RG-3000 (Corbet
Research, Sydney, Australia). All quantifications were normalized with the
internal 18s rRNA level (272<"). The specificity of each product was
determined by its distinct dissociation curve.

Genome-wide transcriptomic profiling

Total RNA was extracted from islets at 3 months old with Trizol reagent
(Invitrogen) according to the manufacturer’s instructions. The quality and
concentration of the total RNA were determined by the Agilent Bioanalyzer
2100 system (Eukaryote Total RNA Nano, Agilent Technologies,
Melbourne, Australia). Samples with RNA integrity number >8 were
used for further experiments. Three independent samples were performed
for each genotype. Each RNA sample was processed with the Illumina®
TotalPrep RNA Amplification Kit to produce labeled cRNA. The cRNA
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from each sample was then hybridized to an Illumina MouseRef-8 v1.1
Expression BeadChip (Illumina, San Diego, USA). Raw image data were
generated with the Illumina Bead Scanner.

Accession code
The raw transcriptomic datasets were stored at Gene Expression Omnibus
(http:/www.ncbi.nlm.nih.gov/geo) with an accession number of GSE41699.

Bioinformatics analysis

Global profiling datasets were analyzed as described previously (Jiang et al.,
2010; Sui et al., 2012). Briefly, after quality check, log, transformation of
raw datasets and inter-chip normalization, the differential expression of
genes (P<0.05; —1<log,>1) between Control and pBmprlaKO islets was
analyzed using the Limma package in the “R” environment (http:/bioinf.
wehi.edu.au/limma). Geneset enrichment analysis was performed
(http:/www.broadinstitute.org/gsea/msigdb/genesets.jsp). The differentially
expressed datasets was also subjected to Ingenuity pathway analysis (www.
ingenuity.com).

Cell culture and glucose-stimulated insulin secretion

B-cell line MING cells (Miyazaki et al., 1990) at passage 32 were cultured in
low glucose DMEM supplemented with 2% B27 (Invitrogen), 100 ug/ml
streptomycin, 100 units/ml penicillin and 2 mM glutamine in the presence
of various concentrations of 5-HT (Sigma, Sydney, Australia) for 4 days
with 10% CO, at 37°C. After pre-incubation with Krebs-Ringer buffer
(Seaberg et al., 2004) at 37°C for 90 min, the cells were incubated at 37°C
for 60 min with basal (2.75 mM) or stimulus (27.5 mM) D-glucose, and
conditioned media collected to determine insulin concentration (see below).

Intraperitoneal glucose tolerance test and insulin assays

For the intraperitoneal glucose tolerance test, mice were fasted overnight
(~12 h) and tail vein blood was then collected just before and at 20, 40, 60
and 120 min after injecting glucose 1 gm/kg body weight intraperitoneally.
Blood glucose concentration was measured by the glucose oxidase method
with a portable glucometer (Roche Diagnostics, Mannheim, Germany).
Plasma was separated from retro-orbital vein blood samples. Insulin was
extracted with acid ethanol from minced pancreas. Plasma insulin
concentrations and total pancreas insulin contents were measured with an
Ultrasensitive ELISA Mouse Insulin kit (Mercodia AB, Uppsala, Sweden).

Statistics

Differences between groups were analyzed by non-parametric, unpaired
Mann—Whitney U-Tests or analysis of variance. Data are presented as
meanzs.d. of 3-25 independent experiments.

Acknowledgements

The authors thank Dr lllia Banakh, Dr Kevin Li, Mr Gaetano Naselli, Ms Violet Peeva
and Mrs Emma Jamieson for technical assistance, Prof Jenny Gunton (Garvan
Institute of Medical Research) for thoughtful reading of the manuscript, Prof Pedro
Herrera (University of Geneva, Switzerland) for providing Pdx1-Cre mice,

Prof B. Thorens (Universite De Lausanne, Lausanne, Switzerland) for providing
antibody to Glut2, Dr Ross Laybutt (Garvan Institute of Medical Research, Australia)
for providing MING cells and Ms Catherine McLean for administrative assistance.

Competing interests
The authors declare no competing or financial interests.

Author contributions

F.-X.J. designed and performed the research and wrote manuscript, Y.M. provided
reagents and reviewed/edited manuscript, A.B. performed the research, G.M.
reviewed/edited manuscript and L.C.H. contributed to discussion and reviewed/
edited manuscript.

Funding

This study was supported by a Partnership Program Grant from the Juvenile
Diabetes Research Foundation and the National Health and Medical Research
Council of Australia, by Victorian State Government Operational Infrastructure
Support and Australian Government NHMRC IRIIS (to L.C.H.), by grants from
Juvenile Diabetes Research Foundation (4-2006-1025), Diabetes Australia

Biology Open


http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.011858/-/DC1
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://bioinf.wehi.edu.au/limma
http://bioinf.wehi.edu.au/limma
http://bioinf.wehi.edu.au/limma
http://www.broadinstitute.org/gsea/msigdb/genesets.jsp
http://www.broadinstitute.org/gsea/msigdb/genesets.jsp
http://www.ingenuity.com
http://www.ingenuity.com

RESEARCH ARTICLE

Biology Open (2015) 4, 1016-1023 doi:10.1242/bio.011858

Research Trust, Diabetes Research Foundation of Western Australia and Medical
Research Foundation of Royal Perth Hospital (to F.-X.J.) and, in part, by the
Intramural Research Program of the NIH, National Institute of Environmental Health
Sciences (ES071003-11 to Y.M.).

Supplementary material
Supplementary material available online at
http:/bio.biologists.org/lookup/suppl/doi: 10.1242/bio.011858/-/DC1

References

Ahn, K., Mishina, Y., Hanks, M. C., Behringer, R. R. and Crenshaw, E. B.III.
(2001). BMPR-IA signaling is required for the formation of the apical ectodermal
ridge and dorsal-ventral patterning of the limb. Development 128, 4449-4461.

Brown, M. L., Kimura, F., Bonomi, L. M., Ungerleider, N. A. and Schneyer, A. L.
(2011). Differential synthesis and action of TGFB superfamily ligands in mouse
and rat islets. Islets 3, 367-375.

Derynck, R. and Zhang, Y. E. (2003). Smad-dependent and Smad-independent
pathways in TGF-beta family signalling. Nature 425, 577-584.

Dickson, L. M. and Rhodes, C. J. (2004). Pancreatic beta-cell growth and survival
in the onset of type 2 diabetes: a role for protein kinase B in the Akt?
Am. J. Physiol. Endocrinol. Metab. 287, E192-E198.

Eipel, C., Kidess, E., Abshagen, K., LeMinh, K., Menger, M. D., Burkhardt, H.
and Vollmar, B. (2007). Antileukoproteinase protects against hepatic
inflammation, but not apoptosis in the response of D-galactosamine-sensitized
mice to lipopolysaccharide. Br. J. Pharmacol. 151, 406-413.

Ekholm, R., Ericson, L. E. and Lundquist, I. (1971). Monoamines in the pancreatic
islets of the mouse. Subcellular localization of 5-hydroxytryptamine by electron
microscopic autoradiography. Diabetologia 7, 339-348.

Feldman, J. M. and Lebovitz, H. E. (1970). Serotonin inhibition of in vitro insulin
release from golden hamster pancreas. Endocrinology 86, 66-70.

Gagliardino, J. J., Nierle, C. and Pfeiffer, E. F. (1974). The effect of serotonin onin
vitro insulin secretion and biosynthesis in mice. Diabetologia 10, 411-414.

Goulley, J., Dahl, U., Baeza, N., Mishina, Y. and Edlund, H. (2007). BMP4-
BMPR1A signaling in beta cells is required for and augments glucose-stimulated
insulin secretion. Cell Metab. 5, 207-219.

Gu, G., Wells, J. M., Dombkowski, D., Preffer, F., Aronow, B. and Melton, D. A.
(2004). Global expression analysis of gene regulatory pathways during endocrine
pancreatic development. Development 131, 165-179.

Hara, K., Hirowatari, Y., Shimura, Y. and Takahashi, H. (2011). Serotonin levels in
platelet-poor plasma and whole blood in people with type 2 diabetes with chronic
kidney disease. Diabetes Res. Clin. Pract. 94, 167-171.

Heiser, P. W,, Lau, J., Taketo, M. M., Herrera, P. L. and Hebrok, M. (2006).
Stabilization of beta-catenin impacts pancreas growth. Development 133, 2023-2032.

Herrera, P. L. (2000). Adult insulin- and glucagon-producing cells differentiate from
two independent cell lineages. Development 127, 2317-2322.

Hirst, C. E., Ng, E. S., Azzola, L., Voss, A. K., Thomas, T., Stanley, E. G. and
Elefanty, A. G. (2006). Transcriptional profiling of mouse and human ES cells
identifies SLAIN1, a novel stem cell gene. Dev. Biol. 293, 90-103.

Holland, A. M., Gonez, L. J., Naselli, G., MacDonald, R. J. and Harrison, L. C.
(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.

Jaim-Etcheverry, G. and Zieher, L. M. (1968). Electron microscopic cytochemistry
of 5-hydroxytryptamine (5-HT) in the beta cells of guinea pig endocrine pancreas.
Endocrinology 83, 917-923.

Jiang, F.-X. and Harrison, L. C. (2005). Convergence of bone morphogenetic
protein and laminin-1 signaling pathways promotes proliferation and colony
formation by fetal mouse pancreatic cells. Exp. Cell Res. 308, 114-122.

Jiang, F. X., Temple-Smith, P. and Wreford, N. G. (1994). Postnatal differentiation and
development of the rat epididymis: a stereological study. Anat. Rec. 238, 191-198.
Jiang, F.-X., Mehta, M. and Morahan, G. (2010). Quantification of insulin gene

expression during development of pancreatic islet cells. Pancreas 39, 201-208.

Kim, H., Toyofuku, Y., Lynn, F. C., Chak, E., Uchida, T., Mizukami, H., Fujitani, Y.,
Kawamori, R., Miyatsuka, T., Kosaka, Y. et al. (2010). Serotonin regulates
pancreatic beta cell mass during pregnancy. Nat. Med. 16, 804-808.

Kishigami, S. and Mishina, Y. (2005). BMP signaling and early embryonic
patterning. Cytokine Growth Factor Rev. 16, 265-278.

Lee, J.-Y., Ristow, M., Lin, X., White, M. F., Magnuson, M. A. and Hennighausen,
L. (2006). RIP-Cre revisited, evidence for impairments of pancreatic beta-cell
function. J. Biol. Chem. 281, 2649-2653.

Maloum, F., Allaire, J. M., Gagne-Sansfacon, J., Roy, E., Belleville, K., Sarret, P.,
Morisset, J., Carrier, J. C., Mishina, Y., Kaestner, K. H. et al. (2011). Epithelial BMP
signaling is required for proper specification of epithelial cell lineages and gastric
endocrine cells. Am. J. Physiol. Gastrointest. Liver Physiol. 300, G1065-G1079.

McKenzie, M. D., Jamieson, E., Jansen, E. S., Scott, C. L., Huang, D. C. S.,
Bouillet, P., Allison, J., Kay, T. W. H., Strasser, A. and Thomas, H. E. (2010).
Glucose induces pancreatic islet cell apoptosis that requires the BH3-only
proteins Bim and Puma and multi-BH domain protein Bax. Diabetes 59, 644-652.

Mishina, Y., Suzuki, A., Ueno, N. and Behringer, R. R. (1995). Bmpr encodes a
type | bone morphogenetic protein receptor that is essential for gastrulation during
mouse embryogenesis. Genes Dev. 9, 3027-3037.

Mishina, Y., Hanks, M. C., Miura, S., Tallquist, M. D. and Behringer, R. R. (2002).
Generation of Bmpr/Alk3 conditional knockout mice. Genesis 32, 69-72.

Miyazaki, J.-l., Araki, K., Yamato, E., lkegami, H., Asano, T., Shibasaki, Y., Oka, Y.
and Yamamura, K. (1990). Establishment of a pancreatic beta cell line that
retains glucose-inducible insulin secretion: special reference to expression of
glucose transporter isoforms. Endocrinology 127, 126-132.

Nohe, A., Keating, E., Knaus, P. and Petersen, N. O. (2004). Signal transduction of
bone morphogenetic protein receptors. Cell Signal. 16, 291-299.

Nonogaki, K., Strack, A. M., Dallman, M. F. and Tecott, L. H. (1998). Leptin-
independent hyperphagia and type 2 diabetes in mice with a mutated serotonin 5-
HT2C receptor gene. Nat. Med. 4, 1152-1156.

Ohara-Imaizumi, M., Kim, H., Yoshida, M., Fujiwara, T., Aoyagi, K., Toyofuku, Y.,
Nakamichi, Y., Nishiwaki, C., Okamura, T., Uchida, T. et al. (2013). Serotonin
regulates glucose-stimulated insulin secretion from pancreatic beta cells during
pregnancy. Proc. Natl. Acad. Sci. USA 110, 19420-19425.

Ohneda, K., Mirmira, R. G., Wang, J., Johnson, J. D. and German, M. S. (2000).
The homeodomain of PDX-1 mediates multiple protein-protein interactions in the
formation of a transcriptional activation complex on the insulin promoter. Mol. Cell.
Biol. 20, 900-911.

Ohta, Y., Kosaka, Y., Kishimoto, N., Wang, J., Smith, S. B., Honig, G., Kim, H.,
Gasa, R. M., Neubauer, N., Liou, A. et al. (2011). Convergence of the insulin and
serotonin programs in the pancreatic beta-cell. Diabetes 60, 3208-3216.

Paulmann, N., Grohmann, M., Voigt, J.-P., Bert, B., Vowinckel, J., Bader, M.,
Skelin, M., Jev§ek, M., Fink, H., Rupnik, M. et al. (2009). Intracellular serotonin
modulates insulin secretion from pancreatic beta-cells by protein serotonylation.
PLoS Biol. 7, €1000229.

Reaven, G. (2003). Age and glucose intolerance: effect of fitness and fatness.
Diabetes Care 26, 539-540.

Schraenen, A., Lemaire, K., de Faudeur, G., Hendrickx, N., Granvik, M., Van
Lommel, L., Mallet, J., Vodjdani, G., Gilon, P., Binart, N. et al. (2010). Placental
lactogens induce serotonin biosynthesis in a subset of mouse beta cells during
pregnancy. Diabetologia 53, 2589-2599.

Scott, G. J., Ray, M. K., Ward, T., McCann, K., Peddada, S., Jiang, F.-X. and
Mishina, Y. (2009). Abnormal glucose metabolism in heterozygous mutant mice
for a type | receptor required for BMP signaling. Genesis 47, 385-391.

Seaberg, R. M., Smukler, S. R., Kieffer, T. J., Enikolopov, G., Asghar, Z.,
Wheeler, M. B., Korbutt, G. and van der Kooy, D. (2004). Clonal identification of
multipotent precursors from adult mouse pancreas that generate neural and
pancreatic lineages. Nat. Biotechnol. 22, 1115-1124.

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A, Paulovich, A., Pomeroy, S. L., Golub, T. R, Lander, E. S. et al. (2005).
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 102, 15545-15550.

Sui, J., Mehta, M., Shi, B., Morahan, G. and Jiang, F.-X. (2012). Directed
differentiation of embryonic stem cells allows exploration of novel transcription
factor genes for pancreas development. Stem Cell Rev. 8, 803-812.

Suzue, K., Lodish, H. F. and Thorens, B. (1989). Sequence of the mouse liver
glucose transporter. Nucleic Acids Res. 17, 10099.

Unger, R. H. and Orci, L. (2010). Paracrinology of islets and the paracrinopathy of
diabetes. Proc. Natl. Acad. Sci. USA 107, 16009-16012.

Waite, K. A. and Eng, C. (2003). From developmental disorder to heritable cancer:
it's all in the BMP/TGF-beta family. Nat. Rev. Genet. 4, 763-773.

Zawalich, W. S., Tesz, G. J. and Zawalich, K. C. (2001). Are 5-hydroxytryptamine-
preloaded beta-cells an appropriate physiologic model system for establishing
that insulin stimulates insulin secretion? J. Biol. Chem. 276, 37120-37123.

Zawalich, W. S., Tesz, G. J. and Zawalich, K. C. (2004). Effects of prior 5-
hydroxytryptamine exposure on rat islet insulin secretory and phospholipase C
responses. Endocrine 23, 11-16.

Zhang, Q., Zhu, Y., Zhou, W., Gao, L., Yuan, L. and Han, X. (2013). Serotonin
receptor 2C and insulin secretion. PLoS ONE 8, e54250.

1023

Biology Open


http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.011858/-/DC1
http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.011858/-/DC1
http://dx.doi.org/10.4161/isl.3.6.18013
http://dx.doi.org/10.4161/isl.3.6.18013
http://dx.doi.org/10.4161/isl.3.6.18013
http://dx.doi.org/10.1038/nature02006
http://dx.doi.org/10.1038/nature02006
http://dx.doi.org/10.1152/ajpendo.00031.2004
http://dx.doi.org/10.1152/ajpendo.00031.2004
http://dx.doi.org/10.1152/ajpendo.00031.2004
http://dx.doi.org/10.1038/sj.bjp.0707230
http://dx.doi.org/10.1038/sj.bjp.0707230
http://dx.doi.org/10.1038/sj.bjp.0707230
http://dx.doi.org/10.1038/sj.bjp.0707230
http://dx.doi.org/10.1007/BF01219468
http://dx.doi.org/10.1007/BF01219468
http://dx.doi.org/10.1007/BF01219468
http://dx.doi.org/10.1210/endo-86-1-66
http://dx.doi.org/10.1210/endo-86-1-66
http://dx.doi.org/10.1007/BF01221630
http://dx.doi.org/10.1007/BF01221630
http://dx.doi.org/10.1016/j.cmet.2007.01.009
http://dx.doi.org/10.1016/j.cmet.2007.01.009
http://dx.doi.org/10.1016/j.cmet.2007.01.009
http://dx.doi.org/10.1242/dev.00921
http://dx.doi.org/10.1242/dev.00921
http://dx.doi.org/10.1242/dev.00921
http://dx.doi.org/10.1016/j.diabres.2011.06.020
http://dx.doi.org/10.1016/j.diabres.2011.06.020
http://dx.doi.org/10.1016/j.diabres.2011.06.020
http://dx.doi.org/10.1242/dev.02366
http://dx.doi.org/10.1242/dev.02366
http://dx.doi.org/10.1016/j.ydbio.2006.01.023
http://dx.doi.org/10.1016/j.ydbio.2006.01.023
http://dx.doi.org/10.1016/j.ydbio.2006.01.023
http://dx.doi.org/10.2337/diabetes.54.9.2586
http://dx.doi.org/10.2337/diabetes.54.9.2586
http://dx.doi.org/10.2337/diabetes.54.9.2586
http://dx.doi.org/10.2337/diabetes.54.9.2586
http://dx.doi.org/10.1210/endo-83-5-917
http://dx.doi.org/10.1210/endo-83-5-917
http://dx.doi.org/10.1210/endo-83-5-917
http://dx.doi.org/10.1016/j.yexcr.2005.03.041
http://dx.doi.org/10.1016/j.yexcr.2005.03.041
http://dx.doi.org/10.1016/j.yexcr.2005.03.041
http://dx.doi.org/10.1002/ar.1092380205
http://dx.doi.org/10.1002/ar.1092380205
http://dx.doi.org/10.1097/MPA.0b013e3181bab68f
http://dx.doi.org/10.1097/MPA.0b013e3181bab68f
http://dx.doi.org/10.1038/nm.2173
http://dx.doi.org/10.1038/nm.2173
http://dx.doi.org/10.1038/nm.2173
http://dx.doi.org/10.1016/j.cytogfr.2005.04.002
http://dx.doi.org/10.1016/j.cytogfr.2005.04.002
http://dx.doi.org/10.1074/jbc.M512373200
http://dx.doi.org/10.1074/jbc.M512373200
http://dx.doi.org/10.1074/jbc.M512373200
http://dx.doi.org/10.1152/ajpgi.00176.2010
http://dx.doi.org/10.1152/ajpgi.00176.2010
http://dx.doi.org/10.1152/ajpgi.00176.2010
http://dx.doi.org/10.1152/ajpgi.00176.2010
http://dx.doi.org/10.2337/db09-1151
http://dx.doi.org/10.2337/db09-1151
http://dx.doi.org/10.2337/db09-1151
http://dx.doi.org/10.2337/db09-1151
http://dx.doi.org/10.1101/gad.9.24.3027
http://dx.doi.org/10.1101/gad.9.24.3027
http://dx.doi.org/10.1101/gad.9.24.3027
http://dx.doi.org/10.1002/gene.10038
http://dx.doi.org/10.1002/gene.10038
http://dx.doi.org/10.1210/endo-127-1-126
http://dx.doi.org/10.1210/endo-127-1-126
http://dx.doi.org/10.1210/endo-127-1-126
http://dx.doi.org/10.1210/endo-127-1-126
http://dx.doi.org/10.1016/j.cellsig.2003.08.011
http://dx.doi.org/10.1016/j.cellsig.2003.08.011
http://dx.doi.org/10.1038/2647
http://dx.doi.org/10.1038/2647
http://dx.doi.org/10.1038/2647
http://dx.doi.org/10.1073/pnas.1310953110
http://dx.doi.org/10.1073/pnas.1310953110
http://dx.doi.org/10.1073/pnas.1310953110
http://dx.doi.org/10.1073/pnas.1310953110
http://dx.doi.org/10.1128/MCB.20.3.900-911.2000
http://dx.doi.org/10.1128/MCB.20.3.900-911.2000
http://dx.doi.org/10.1128/MCB.20.3.900-911.2000
http://dx.doi.org/10.1128/MCB.20.3.900-911.2000
http://dx.doi.org/10.2337/db10-1192
http://dx.doi.org/10.2337/db10-1192
http://dx.doi.org/10.2337/db10-1192
http://dx.doi.org/10.1371/journal.pbio.1000229
http://dx.doi.org/10.1371/journal.pbio.1000229
http://dx.doi.org/10.1371/journal.pbio.1000229
http://dx.doi.org/10.1371/journal.pbio.1000229
http://dx.doi.org/10.2337/diacare.26.2.539
http://dx.doi.org/10.2337/diacare.26.2.539
http://dx.doi.org/10.1007/s00125-010-1913-7
http://dx.doi.org/10.1007/s00125-010-1913-7
http://dx.doi.org/10.1007/s00125-010-1913-7
http://dx.doi.org/10.1007/s00125-010-1913-7
http://dx.doi.org/10.1002/dvg.20513
http://dx.doi.org/10.1002/dvg.20513
http://dx.doi.org/10.1002/dvg.20513
http://dx.doi.org/10.1038/nbt1004
http://dx.doi.org/10.1038/nbt1004
http://dx.doi.org/10.1038/nbt1004
http://dx.doi.org/10.1038/nbt1004
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1007/s12015-011-9346-3
http://dx.doi.org/10.1007/s12015-011-9346-3
http://dx.doi.org/10.1007/s12015-011-9346-3
http://dx.doi.org/10.1093/nar/17.23.10099
http://dx.doi.org/10.1093/nar/17.23.10099
http://dx.doi.org/10.1073/pnas.1006639107
http://dx.doi.org/10.1073/pnas.1006639107
http://dx.doi.org/10.1038/nrg1178
http://dx.doi.org/10.1038/nrg1178
http://dx.doi.org/10.1074/jbc.M105008200
http://dx.doi.org/10.1074/jbc.M105008200
http://dx.doi.org/10.1074/jbc.M105008200
http://dx.doi.org/10.1385/ENDO:23:1:11
http://dx.doi.org/10.1385/ENDO:23:1:11
http://dx.doi.org/10.1385/ENDO:23:1:11
http://dx.doi.org/10.1371/journal.pone.0054250
http://dx.doi.org/10.1371/journal.pone.0054250


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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


