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SUMMARY

We used transgenesis to explore the requirement for
downregulation of hepatocyte nuclear factor GHNF6)
expression in the assembly, differentiation, and function of
pancreatic islets. In vivo, HNF6 expression becomes
downregulated in pancreatic endocrine cells at 18.5 days
post coitum (d.p.c.), when definitive islets first begin to
organize. We used an islet-specific regulatory element
(pdx1PB) from pancreatic/duodenal homeobogpdx1) gene
to maintain HNF6 expression in endocrine cells beyond
18.5 d.p.c. Transgenic animals were diabetic. HNF6-
overexpressing islets were hyperplastic and remained very
close to the pancreatic ducts. Strikinglya, 8, and PP cells
were increased in number and abnormally intermingled
with islet B cells. Although several maturef cell markers
were expressed inB cells of transgenic islets, the glucose
transporter GLUT2 was absent or severely reduced. As

glucose uptake/metabolism is essential for insulin secretion,
decreased GLUT2 may contribute to the etiology of
diabetes inpdx1PB-HNF6 transgenics. Concordantly, blood
insulin was not raised by glucose challenge, suggesting
profound  cell dysfunction. Thus, we have shown that
HNF6 downregulation during islet ontogeny is critical to
normal pancreas formation and function: continued
expression impairs the clustering of endocrine cells and
their separation from the ductal epithelium, disrupts the
spatial organization of endocrine cell types within the islet,
and severely compromiseq3 cell physiology, leading to
overt diabetes.
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INTRODUCTION etal., 1991). As islets form, the endocrine cells segregate, such
that the mature islet has insulin-produchgells at the core,
The murine pancreas derives from dorsal and ventral buds ahd glucagon-, somatostatin- and PP-producing cells at the
the foregut endoderm that later merge into a single orgaislet periphery, or mantle.

precursor (reviewed in Gannon and Wright, 1999). The Recently, several homeodomain-containing transcription
pancreatic primordia contain precursor cells for both thdactors have been identified that are expressed in developing
exocrine (acinar cells that synthesize, store and secreted/or mature islet endocrine cell populations (Edlund, 1998;
digestive enzymes) and endocrirfe gells: insulin;a cells:  Gannon and Wright, 1999). Some were identified on the basis
glucagon; & cells: somatostatin; PP cells: pancreaticof their ability to bind and transactivate the insulin promoter,
polypeptide) cell lineages. Even at early pancreatic bud stagasd reverse genetic analysis in mouse has subsequently
(approx. 9.5 d.p.c.), cells expressing endocrine markers sucévealed critical roles for these factors in the development of
as glucagon and insulin are detected, preceding the formati@mdocrine cell lineages, and/or proper islet morphology. Our
of a proper ductal epithelium, while exocrine-specific gendaboratory has focused on thex1homeobox gene, which is
transcription commences at 14.5 d.p.c. (Gittes and Rutteexpressed embryonically in a restricted domain within the
1992; Teitelman et al., 1993). There is good evidence that latposterior foregut endoderm and throughout the pancreatic
in embryogenesis, and into postnatal life, the ductal epitheliurapithelium, eventually becoming restricted mainiBtcells in
contains precursors of both the exocrine and endocrine lineagéhe adult (Gannon and Wright, 199@)dx1 is essential for

(Gu and Sarvetnick, 1993; Herrera et al., 1991). At 16.5 d.p.gancreatic development beyond the initial bud outgrowth stage,
islet precursors start to organize into clusters initially locate@nd differentiation of specific cell types in the antral stomach
close to ducts. At 18.5 d.p.c., these clusters begin to lose th@ind rostral duodenum (Jonsson et al., 1994; Larsson et al.,
proximity to the ductal epithelium, become surrounded byl996; Offield et al., 1996). Mice and humans homozygous
exocrine tissue, and form mature islets of Langerhans (Herrefar inactivating mutations ofpdx1l are apancreatic, and
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heterozygous humans develop non-insulin-dependent diabetgswnregulation oHNF6 during development is required for
(NIDDM; Stoffers et al.,, 1998; Stoffers et al., 1997b).normal islet morphogenesidNF6 expression was maintained
Mutations inpdx1were recently found to cause maturity-onsetin islets using a 1 kb islet-specific enhancer elenmx]FE,
diabetes of the young type 4 (MODY-4; Stoffers et al., 1997a)from thepdxlgene (Wu et al., 1997). This manipulation lead

Several additional homeobox genes, includisd, Pax4 to profound diabetes. ThalxIPB-HNF6 transgenic pancreata
and Paxg are also required for normal pancreatic/isletshowed intermixed endocrine cell types, and failed to release
developmentsl1, a member of the LIM class of homeodomaininsulin in response to glucose, a dysfunction associated with
proteins, is expressed in all islet cell typeslsif~ embryos, reduced levels of thef cell-specific GLUT2 glucose
the dorsal pancreatic bud does not form and, while the ventrabnsporter. In contrast to the critical role for transcription
bud develops, differentiated endocrine cells are not founthctors in pancreas differentiation as determined by gene
within it (Ahlgren et al., 1997)Pax4andPaxg which encode inactivation studies, we have shown that downregulation of
related paired homeodomain proteins, are required in differeitNF6 during early islet morphogenesis is essential for the
subsets of endocrine cellBax4 is expressed if8 cells and proper formation and function of islets. These observations
Pax47~ animals have increased numberscofcells at the suggest that inappropriate reactivation of this transcriptional
expense of botB andd cells (Sosa-Pineda et al., 199P3x6  regulator may contribute to the etiology of diabetes in some
is expressed in all four islet cell types. Mice homozygous fohumans.
a null allele ofPax6lack a cells and the remaining cell types
fail to organize into normal islets (St-Onge et al., 1997); a
truncating mutation inPax6 also affects endocrine cell MATERIALS AND METHODS
differentiation (Sander et al., 1997).

Similar studies implicate other transcription factor families,Transgene construction and generation of transgenic
e.g. basic helix-loop-helix (bHLH) proteins, in pancreasMice
organogenesis. Loss deta2/NeuroDfunction results in a A 1 kb Pst to BsEIl genomic fragment within the’ Segion ofpdx1
reduced number of differentiated islet cell types, disorganizeas previously described (Wu et al., 1997). TiaxIPE-HNF6
islets and elevated blood glucose (Naya et al., 1997; Naya nsgene was generated using a modlflgd form of the FPEhsplacZ
al., 1995). In addition to a direct role for endocrine cell typegvasm'd (a gift from ¥. Furuta and B. Hogan; Sasaki and Hogan, 1996),

. A . . . hich contains the floorplate enhancer (FPE) fiélNF33, upstream
in maintaining euglycemia, there is evidence that the exocring o hsp68 minimal promoter, aacZ cDNA, and intron 2 and

compartment of the pancreas provides an appropriate tissHGlyadenylation sequences from the ralgbijlobin gene. ThdacZ
environment for islet morphogenesis and endocrine functiorgassette was replaced by a 1.6H®&F6 cDNA, and the FPE was

For example, a null mutation &fTF1P48 which encodes part replaced with the 1 kb Pst-Bst (PBiixLislet enhancer. DNA was

of the heterotrimeric complex activating exocrine geneNot-digested, and the entigdx"B-HNF6 transgene isolated from
transcription (Cockell et al., 1989; Krapp et al., 1996), leads tlww-melt agarose gels using Gelase (Epicentre Technologies). DNA (3
a complete lack of acinar tissue (Krapp et al., 1998). Img/l) was injected into pronuclei of one-cell embryos from B6D2
PTF1P48 mutants, endocrine cells differentiate and take UF§emales, and embryos transplanted into pseudopregnant ICR females.

residence as isolated cells in the spleen, where they produg@Me P founder embryos were analyzed at different stages of
low levels of islet hormones P yp gestation; others were used to establish transgeniciche’B-HNF6

Inf f th hani trolling th fi transgenics were identified by Southern blottingadR|-digested tail
nformation on the mechanisms controtiing the separation f embryonic brain DNA using aBcaRI-Pst HNF6 partial cDNA

endocrine cell precursors fr_om the_ ductal epit_hel_ium, and thegrobe. Transgene copy number was estimated from copy number
subsequent clustering into islets, is now beginning to emerggentrols of each parent plasmid. Animals were given water and Lab
Differential cell adhesion may be linked to the apparenbiet #5015 mouse pellets ad lib, in a 12 hour light/dark cycle.
migration of islet clusters away from the ductal epithelium, and ) _

the sorting out of the different endocrine cell types within thefissue preparation and histology

islet (Cirulli et al., 1994, 1998; Dahl et al., 1996; Esni et al. Embryonic pancreata or digestive organs were dissected in PBS and
1999). Studies oHNF6 suggest that it is involved in islet fixed immediately in ice-cold 4% paraformaldehyde (4°C; 45
morphogenesis and maturation. HNF8 is a liver-enriched culf (18, ZEid EEAPERS, TR B0 vEe, o e e owed by
gg\%?ggiﬁg]allirz/e];ac}gtres?i):gezsn%d pl)gnct:rr]:asenda?%e”rrl]asc’fb(tahtwo xylene ;Nashe?f! infiltrgted with xylentte:pSaGragﬁn (1(;1, v/\g rg&d (;W(f)
ST . ' X ’ anges of paraffin under vacuum at 56°C and embedded for
implicated in the regulation diNF3B (Landry et al., 1997; sectigning. Sgrial Tim sections mounted on glass slides with Sta-on
Lemaigre et al., 1996; Rausa et al., 1997; Samadani and Cosf@urgipath) were used for histology, immunohistochemistry and
1995)._ During early _em_bryonlc development, In  situimmunofluorescence analyses. Hematoxylin (Sigma) and/or eosin
hybridization of pancreatic tissue reveal#dF6 expression in  (Surgipath) were used as counterstains. Periodic acid-Schiff (PAS)
pancreatic ducts, developing acinar cells and differentiatingtaining was performed using a kit according to the manufacturer’s
endocrine cells (Landry et al., 1997; Rausa et al., 188Nf6  instructions (Sigma).

expression is then downregulated in pancreatic endocrine cells alactosidase detection
at late gestation, coincident with the initiation of islet g

: : . .~ Following fixation, tissues were washed twice for 30 minutes in
morphogenesis and separation from the ductal eplthe“ung'ermeabilization solution (2 mM MgCl, 0.01% sodium deoxycholate,

These (_)bse;rvz_itions su_ggest(_ed _to us that (_:ontirHNEF? 0.02% Nonidet P-40 in PBSp-galactosidase activity was detected

expression is incompatible with islet maturation. Consistentsing x-gal as previously described (Wu et al., 1997). Tissues were

with this ideaHNF6 continues to be absent from islets in thepost-fixed (4% paraformaldehyde in PBS; 1 hour at 4°C) and then

adult (Rausa et al., 1997). dehydrated for embedding as above, with isopropanol replacing
Here we tested the hypothesis that programmedylene to minimize leaching of the blue precipitate.
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Immunohistochemistry and immunofluorescence integration position effects. Further whole-mount analysis of
Sections were xylene deparaffinized and rehydrated in a decreasipgxT’8-lacZ lines detected transgene expression as early as
ethanol series to distilled water. Protein localization was determineti1.5 d.p.c. in isolated insulin- or glucagon-positive cells within
using immunoperoxidase labelling kits: Histomouse SP (Zymed) fothe pancreatic bud epithelium, without evidence for expression
insulin or the appropriate Vectastain ABC kit (Vector Labs) for allelsewhere within the embryo. Expression continued at 16.5
other primary antibodies, according to the maufacturers’ instruction%_p_c_ in 86% of insulih cells, 75% of glucagdncells, and

Endogenous peroxidase was quenched with 0.6@/Fhethanol for 85% of somatostatircells (M. G. and C. V. E. W., unpublished
30 minutes. Primary antibodies were used at the following dilutions; . - T
guinea pig anti-bovine insulin (Linco), 1:2000; rabbit anti-gIucagonObservatlonS)' One of the four transgenic lines was analyzed

(Linco), 1:1000; guinea pig anti-glucagon (Linco), 1:500; rabbit anti-by sectioning at 16.5 d.p._c., which revealed very low numbers
human somatostatin (Dako), 1:500; guinea pig anti-pancreatief B-gal” cells scattered in the rostral duodenum. Duodenal
polypeptide (Linco), 1:500; rabbit anti-XIHbox8, 1:25 (Peshavaria eEXpression was not observed at postnatal day one in the same
al., 1994); rabbit anti-HNF6, 1:100 (Landry et al., 1997); rabbit antiline. At postnatal day two (P2), 85% of insulin-producfhg
mouse HNFB (a gift from B. Hogan), 1:50; rabbit anti-NKX6.1 (a
gift from M. German, UCSF), 1:6000; rabbit anti-rat GLUT2 (a gift
from M. Magnuson), 1:500; and mouse anti-human PECAM (Sigma
1:400. All primary antibody incubations were overnight in a humid
chamber; 4°C for antibodies against islet hormones, room temperattL
for antibodies against nuclear or cell surface proteins. Detection ¢
Pdx1, NKX6.1 and GLUT2 required ‘antigen retrieval’ prior to
guenching of endogenous peroxidase: sections were microwav
(1000 W, 2 3 minutes in 10 mM citrate buffer) with brief cooling
between each heating, then cooled to room temperature befo
continuing. The color reaction was performed according to the
manufacturer’s instructions using the DAB Peroxidase substrate k
(Vector Labs) for a maximum of 10 minutes. Samples were viewe
under bright-field illumination and photographed with Kodak
Ektachrome 64T film.

For immunofluorescence, donkey anti-guinea pig CY2 (insulin) ant
donkey anti-rabbit CY3 (glucagon and GLUT2) were used a:
secondary antibodies. CY2 was excited at 543 nm and CY3 at 4¢
nm using an LSM 410 confocal microscope (Zeiss). There was n
significant cross-talk between the two channels. TIFF images wel hspé68 i HNF6 — e —
processed in Adobe photoshop. kicid P "'

[# glohin [} glohin
Glucose tolerance tests (GTT) intron pA

Following a 14-16 hour fast, baseline blood glucose levels (mg/dly)-. ) P :
were measured in tail vein blood from mildly anesthetized mice usinhg' 1.The 1 kbPst-BsEll (pdxTF) region of thepdx1 promoter

Wirects islet-specific expression. (A) Pancreas from 2-day-old
the Accu-Chek Advantage glucose meter and Accu-Chek test stri onatal mouse stained with X-gal fmxPB-lacZ (blue). (Inset:

f?gg&?'irﬁigcg‘:‘&ﬁa‘mg g%mzﬁ? blgggsvger'r?géél'j:esgelrge :;)B%OW her magnification; arrowheads indicate islets). (B,C) Islet sections
arJ1d 120 minlﬁ)tes after ix'ection GT'Ig were performed evelr 2,we,ek munostained for insulin or glucagon, (brown) respectively.
! : p y rrowheads indicate glucagt/-gat* cells. Acinar cells do not

for 2-4 months beginning at weaning. In cases where plasma insu g}(press the transgene. (D) Diagram representing the transgene

levels were measured_ simultaneously, blood was (_)b_talned V'ﬁonstruct (see Materials and Methods). p, pancreas: d, duodenum:
puncture of the retro-orbital plexus. In some cases, L-arginine (3 MG stomach

body weight; Sigma) was co-injected with glucose.

Radioimmunoassay

Plasma insulin and glucagon levels were measured b
radioimmunoassay (RIA; Linco) using a modification of the
manufacturer’s protocol allowing quantitation of insulin from small
sample volumes.

RESULTS

A pdx1 enhancer with islet endocrine cell specificity

The 1 kb Psti-BsEIll (pdxIPB) fragment of thepdxl 5
upstream region directs expressionBejalactosidaseptgal) \
to pancreatic islets of transgenic (Tg) animals (Wu et al., 1997
To date, nine founder transgenics have been obtafgell
expression was detected in five of the nine founders and W@y 2 External phenotype gfdxPB-HNF6 transgenics. (A) Wild-
iSIet-SpeCifiC in all five; tranSgeniC lines were established frorﬂ/pe mouse, 6-months old. (B) Comparison of a wild-type mouse and
four of these founders. The other four founders showed n@ansgenic littermate. (C,D) Transgenics have dry, unhealthy fur (C)
expression of the reporter transgene, presumably due #md are photosensitive (D). Wt, wild type; Tg, transgenic.
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cells express thdacZ reporter (Fig. 1A-C), although the diabetes. Fasting blood glucose was, in general, higher in
number off3-gal-positive cells per islet ranged from 62% to pdxIPB-HNF6 transgenics than in wild type (122-214 mg/dl;
95%. At P2, 22% of glucagdmells and 57% of somatostatin  n=7 versus 98-13%=6, respectively, at four months of age)
cells continue to expregmxIPB-lacZ (Fig. 1C and data not and increased as the animals aged (Fig. 3 and data not shown).
shown). Thus, this 1 kb islet-specifidx1enhancer represents Thus, even after 16 hours of fasting, severely affgothd"B-

a strong cassette for driving expression of genes of interest KINF6 transgenics were still diabetic. In addition to their
most B cells and significant numbers af and & cells, increased basal blood glucose levels, transgenics showed a
beginning at very early embryonic stages, continuing througtiecreased ability to clear glucose from the blood following

the postnatal period, and into adulthood. intraperitoneal glucose injection (Fig. 3). Wild-type mice
S o o peaked at levels between 150 and 240 mg/dl 15 minutes after
Maintaining HNF6 expression in pancreatic islets injection, and reached baseline, or below, by the end of the 2-

We tested the hypothesis that downregulatidddF6in islets  hour testing period. In contrast, Tg animals had dramatically
is necessary for their normal morphogenesis and function. Theevated blood glucose levels (350 to >600 mg/dl) over controls
pdxlislet enhancer was used to mainteiNF6 expression in  within 15 minutes of injection. With increasing age, there was
islet endocrine cells past 18.5 d.p.c and into adulthood (Fig progressive increase in the inability of blood glucose levels
1D). Eight founder animals were obtained, four males and foun Tg animals to return to baseline levels — they remained
females, with various transgene copy numbers. Three malesthin the diabetic range during the entire GTT. Both the
(17, 2 copies; F5, 10 copies; and H1, 50 copies) were used &xternal phenotype and glucose intolerance were consistently
generate transgenic lines. All three of these lines presentadore severe in H than L transgenics.
with a similar diabetic phenotype (discussed below); H1 was The diabetic phenotype became exacerbated in the F
the most severe, F5 the weakest and 17 intermediate. Althougieneration from all three founder males (Fig. 3B and data not
some founders (one male and all four females) failed to shoshown), manifesting as an earlier age of onset and a more
any externally obvious signs of diabetes, histological analysidramatic impairment in glucose clearance. Even at an age
of pancreata from all transgenics analyzed revealed sonweéhere founder transgenics were able to return to baseline, F
degree of islet dysmorphogenesis (data not shown) consistdransgenic females from line H remained in the diabetic range
with the pdxPB-HNF6 transgenic phenotype described below.2 hours after glucose injection (Fig. 3B). As these animals
The variability in phenotype in some founders is likelyaged, blood glucose measurements following injection
connected to transgene insertion position effects. With thexceeded the glucometer detection limit (>600 mg/dl). One 2-
exception noted (Fig. 4G), the data presented below are fromonth-old female began the GTT with a fasting blood glucose
lines I7 and H1, hereafter referred to as L (low copy numbeigvel greater than 600 mg/dl. This animal subsequently
and H (high copy number) for brevity. displayed seizure activity consistent with osmotic coma, and
died during the test period.
pdx1PB-HNF6 transgenics are diabetic
pdxPB-HNF6 transgenics appeared identical to wild-typePdx1 PB-HNF6 transgenics have disrupted islet
littermates until 3 weeks after birth. At this age, when mice wergorphology
weaned to mouse chow, H line Tg animals began to displajo ensure that the Tg phenotype correlated with expression of
several characteristics consistent with diabetes in humans; mase pdxPB-HNF6 transgene in islets, we analyzed HNF6
notably, transgenics had polydipsia and polyuria (frequent anekpression in pancreata. WhHNF6 transcripts are no longer
excessive water intake and urination, respectively). In additiometectable in islets at 18.5 d.p.c. (Landry et al., 1997; Rausa et
they were highly touch-sensitive, their fur appeared dry andl., 1997), immunohisochemical analysis of wild-type nuclei at
unhealthy, and they squinted continuously, suggestinthis stage reveals low levels of residual protein (Fig. 4A). Tg
photosensitivity (Fig. 2C,D). Histological examination of theislet nuclei showed much increased HNF6 immunostaining at
eyes from H transgenics suggested an increase in intraocul8.5 d.p.c. (Fig. 4B). HNF6 expression within acinar tissue was
volume associated with an oblong shape along the longitudinehchanged (data not shown), consistent with the cell type-
axis, as well as thickening of the neural retina in some areas (da&ecific expression from thpix P8 regulatory element.
not shown). Beginning at 8 weeks, both H and L transgenics The overall appearance of the pancreas was similar in control
were noticeably smaller than wild-type littermates and gainednd Tg animals; Tg pancreata displayed no evidence of necrosis
weight more slowly.pdxIPB-HNF6 transgenics consistently or fibrosis. HNF6 misexpression caused no alterations in
weighed 20-40% less than age- and sex- matched wild-type migastric, duodenal, acinar or ductal development. Any observed
(Fig. 2B). In addition, Tg males showed reduced fecundityeffects were specific to the expected expression domain of this
producing litters of 2-6 pups instead of 8-12, the normal humbéransgene in islets. Pancreata from Tg and age-matched controls
expected for the B6D2 hybrid strain. were then analyzed histologically to determinedkPB-HNF6
Since some of the aforementioned characteristickkansgenics had obvious defects in pancreatic islet
(polydipsia, polyuria, eye and skin defects) are reminiscent ahorphogenesis. Lymphocyte infiltration, a characteristic of
secondary complications of untreated diabetes in humans, Wgpe | autoimmune diabetes, was not observed.
tested for abnormal glucose homeostasis by measuring fastinglslet size was estimated by measuring the longest axis of 30
blood glucose and performing glucose tolerance tests (GTT) imild-type and 30 Tg randomly selected sectioned islets that
wild-type andpdxIPB-HNF6 transgenics. In wild-type mice, were at least 10 cells wide. The majority (approx. 70%) of
blood glucose measurements between 70 and 150 mg/dl astets in Tg animals were 1.5 to 2-fold larger than wild-type
consistent with normoglycemia, while 150-250 mg/dl isislets (compare Fig. 4E and F); although some (3%) (Fig. 5H)
indicative of mild diabetes, and >250 mg/dl indicates severeould be up to 3-fold larger. This linear difference represents
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A 600 rarely found within ducts in wild-type adult pancreata (7.5%
Founders of ducts contained single positive cetis67; multiple positive
500 cells were not observed). In addition, Tg islets appeared

hypervascularized compared to control islets; in some cases

this was evident as gaps in the islet core filled with red blood
—O0— HTg cells (Fig. 4F_). Analysis_ with an endothel_ial _CeII marker,

PECAM, confirmed the increased vascularization (data not
--4--- | Tg  shown).

——A— W . . . . .
i Abnormal islet architecture in transgenic animals

Since diabetes is caused by insulin deficiency, we assayed for
the presence of insulin in Tg islets. In both wild-type and Tg
islets, high levels of insulin were detected within cells of the
islet core (Fig. 4E,F), with no obvious differences in levels of
expression between wild-type and Tg animals. Thus, despite a
_ decreased ability to clear blood glucose, the level of
Minutes intracellular insulin perf cell appears unchanged in Tg
animals.
F We tested for the presence of peripheral endocrine cell types
1 within transgenic pancreata by immunostaining for glucagon

YD\%/\ (a cells), somatostatid(cells), and pancreatic polypeptide (PP

Glucose (mg/dl)

0
50
100
150

o

cells). Islets from wild-type pancreata had the expected
D\n peripheral distribution (Fig. 5A,E,G), with the occasional cell
lying more internally than the outer two cell layers. In
examining over twenty sections of similarly sized islets, wild-

——A—— Wt type islets contained, on average, 13 glucagon cells per islet
section, 10% (range: 0-27%) of which were within the islet

core (ie., deeper than the two outermost cell layers). Similar

DN A distributions were observed for somatostatin- (14%) and PP-

""" ~A——-A producing (5%) cells within the islet core (Fig. 5; Table 1).

In contrast,a cells in Tg islets were highly scattered and
more than tripled in number (Fig. 5B-D; Table 1). Consistent

—T— HTyg

Glucose (mg/dl)

° B gl 2 with the GTT data, the degree of disturbance in islet
Minutes - - architecture correlated with transgene copy number (compare

L line in Fig. 5B with H line in C and D). The average number

Fig. 3. pdxPE-HNF6 transgenic mice have impaired glucose of glucagon-posn_lve c_ells in 11 randomly selected islet
tolerance and are diabetic. Blood glucose levels were measured afté€ctions from H line mice was 47, 27% (range: 26-40%) of
16 hours fasting (time 0) and after glucose injection. (A) Founders. Which were located within the islet core (Table 1). Islets
(B) F1 generation. >250 mg/dl = diabetic. Blood glucose levels selected for the highest degree of scattering contained greater
beyond the meter detection limit (30 and 60 minute data points) arethan 50% ofa cells within the islet core, including one
indicated by broken lines. H, 50 copy transgenic line; L, 2copy ~ example where 67% of the glucadocells were scattered.
transgenic line; Wt, wild type; Tg, transgenic. Similar to the effects of HNF6 overexpression on glucagon
cells, PP cells were also scattered and increased in number,
while somatostatin cells showed increased core invasion, but
a much larger increase in islet volume. In many cases, Tg islat® increase in cell number in transgenic islets (Fig. 5F,H; Table
were irregularly formed, (e.g. dumbbell shaped), or appearet). The increased number of peripheral cell types is larger than
to be composed of multiple, fused islets (Figs 4D,G, 5C,D,H)}the 1.5- to 2-fold increase in islet size:and PP cells were
in contrast to the roughly spherical and uniformly sized isletincreased 3.5 and 3 fold, respectively. Interminglingt @nd
in wild-type pancreatic tissue (Fig. 4A,C,E). In addition, Tgp cells within the islet core has been observed in several
islets were more often found adjacent to and partially enfoldinransgenic and mutant mouse models, and been termed a
the pancreatic ducts (Fig. 4D,G), whereas wild-type islets werenixed islet’ phenotype (Esni et al., 1999; also see Discussion).
well separated from ducts and embedded within acinar tissue.In agreement with the increased blood glucose seen in the
Regardless of their shape and size, Tg islets had well-defin€d generation of all Tg lines, endocrine cell clustering and
borders; endocrine cells were not scattered throughout thlerganization was more profoundly affected in offspring from
pancreas but organized into islet-like clusters. the founders, and was disrupted in offsrping from the H line.
A striking difference between control and Tg islets was aThe pancreas from the 2 month-old ¥ line female, which
increased number of islet hormone-positive cells within théiad fasting blood glucose levels greater than 600 mg/dl and
pancreatic ductal epithelium. Examination ofufh sections died during GTT, did not contain well-organized endocrine cell
through ductal epithelium revealed that 20.3% of dust3g)  clusters resembling islets. Very low numbers of glucagon- or
had at least one positive cell, and 5.7% had two or mor&sulin-positive cells were observed, and these were dispersed
positive cells (e.g. Fig. 4H). Islet hormone-expressing cells aramong exocrine cells, or located in small clusters at the
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Fig. 4. Abnormal islet morphology ipdx1PB-HNF6 transgenics. 1 _ Ins Gluc
(A,B) HNF6 expression (dark brown) in L line at 18.5 d.p.c. 1 : 1
(A) Wild-type islet nuclei (arrowheads: nuclei with background . 4 \
levels of HNF6 labeling). (B) Tg islet nuclei. (D,F,G) Transgenic X V'
islets are larger, show altered morphology and are closely associatef X -
with the ductal epithelium compared to (C,E) typical wild-type islets.
(E) Wild-type (Wt) and (F,G) transgenic (Tg), insulin (brown). Tg 100X 100X

(F) Transgenic islets were also more highly vascularized

(arrowheads) than in control animals (E). (H) Insulin in Tg ducts. insFig. 5. Disrupted islet architecture prix1°B-HNF6 mice.

insulin; d, duct. (C,D) Hematoxylin stained, (G) hematoxylin (A,E,G) Wild-type (W) islets. (B-D,F,H-J) Transgenic (Tg) islets.

counterstained. Immunolabelling of islet hormones shown in brown.

(A-D) Glucagon. (E,F) Somatostatin. (G,H) PP. (B) 2 copy L line.

(C,D, F,H-J) 50 copy H line. (1,J) Islets in H ling female.

. . . . . . . 1) Insulin-positive cells scattered among acinar cells. (J) Glucagon

perlphery of ‘holes’ lined with epithelial cells (Fig. 51,J). It E:t)ells close‘I)y associated with ductal stru%tures. gluc, gl(ut):agon; gom,

is currently unclear whether these holes represent afmatostatin; PP, pancreatic polypeptide. Sections were

overproliferation of duct-like structures or spaces previouslyounterstained with eosin (A-H) or hematoxylin (1,J).

occupied by islets that degenerated due to the severe diabetes.

They do, however, resemble the ductal hyperplasia and

reversed budding of islets seen in transgenic micand H lines (data not shown). Glucagon-positive cells in Tg

overexpressing either IFNor TGFx (Gu and Sarvetnick, animals are therefore scattered among insulin-expressing cells.

1993; Song et al., 1999). We next analyzed late gestation embryos to determine if
Given the large increase in peripheral islet cell types withiralterations in early stages of islet morphogenesis could be seen

the islet core, we tested whether core cells might co-exprefisat prefigured the severe islet defects and diabetes seen in

insulin and a peripheral islet cell hormone, e.g. glucagoradults. As mentioned above, propagating the Tg lines has been

Precedent for this comes from mice specifically lackidgl challenging due to reduced fecundity. We committed two litters

in B cells, in which adult onset diabetes was associated withf embryos from the L Tg line, and three litters containing F

the appearance of many islet cells co-expressing these twiansient transgenics to analysis at 18.5 d.p.c., the time at which

hormones (Ahlgren et al., 1998). Confocal fluorescenc&lNF6 expression is normally downregulated in islets. In seven

microscopy detected insulin/glucagon co-expression in onlyild-type embryos at 18.5 d.p.c., the majority of endocrine cell

one cell within 12 wild-type islet sections examined, and irclusters were observed close to pancreatic ducts (Fig. 6A-E).

only a single cell among 23 islet sections analyzed from the Bome clusters were recognizable as developing islet-like
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Fig. 7. Transgenic livers accumulate large glycogen stores. PAS
staining of stored liver glycogen (magenta). (A,C,E) Wild-type.
(B,D,F) Transgenic livers. (B,F) H line, (D) L line. v, central vein; p,
portal system. Sections were hematoxylin counterstained.

Fig. 6. HNF6 overexpression affects early islet morphogenesis.
Insulin (green) and glucagon expression (brown or red) in wild type

Table 1. Increased numbers and scattering of peripheral

(Wt; A-E) and transgenic (Tg; F-J) islets at 18.5 d.p.c. Differentiating islet cell types inpdx-1"NFbtransgenics
endocrine cells and forming islets are found close to ducts Islet Avg. Avg.
(arrowheads). (C) Small clusters of glucagon-positive cells are seen. sections if) total/section  within core (%)
(G,1,J) Transgenic embryos have larger islet-like structures and Iarge\p\ﬁld_tyloe
clusters ofx cells (H,l) compared to wild-type. Brackets indicate a cells 20 12.9 1.3 (10)
clusters of glucagon cells containing ten or more cells. Sections in 5 cells 12 18.4 25 (14)
A-C and F-H were hematoxylin counterstained. PP cells 9 7.4 0.4 (5)
Transgenic

a cells 11 47.4 13.0 27)

structures (Fig. 6A,C,D), while others consisted of only a few 2;‘?(':';'3 55 223282 1%% (é%))

cells (Fig. 6B,C). Glucagon-producing cells were detected at the
periphery in all forming wild-type islets. Small groups of Islets were selected at random and the total number of cells expressing
approximately 5-10 g|ucag¢§me||s were observed as isolated glucagon ), sor_natostatin{i), or p_ancreatic ponpeptide_(PP) were counted.
clusters (Fig. 6C) or adjacent to a subset (35%) of forming W”dgells were considered to lie within the core of the islet if they were located
. . . . ore internally than the outer two cell layers. All wild-type islets were
type islets (Fig. 6B,E). The six Tg embryos obtained ha(g]pproximatewme same size.
two characteristics distinguishing them from wild type. First,
aggregating endocrine cells formed larger islet-like structures
running along the ducts, with somecells located internally and increased gluconeogenesis (liver glycogen breakdown).
(Fig. 6F,G,1,J). Second, clusters of glucagon-positive cells wergince gluconeogenesis is stimulated by increased plasma
larger, containing up to 30 cells (Fig. 6F,H). 75% of Tg isletglucagon levels, the increased number of gluchgoells
exhibited one or both of these characteristics; only 25% couldithin Tg islets led us to ask whether increased
be classified as similar in appearance to wild-type isletgluconeogenesis could contribute to the observed increase in
Thus, pdxPB-HNF6 transgenics exhibit alterations in islet fasting blood glucose levels. We analyzed both fastisg (
development, including an abnormal number and distribution aéxperiments) and ad lib feeding=( experiment) plasma
a cells that are evident even during early stages of islet ontogermgiucagon levels in several animals and observed no significant
difference between wild type and Tg (data not shown).
Excessive glycogen storage in  pdx1 PB-HNF6 Rather than increased glycogen breakdown in Tg animals,
transgenics histological analysis detected increased glycogen storage in Tg
The elevated blood glucose in Tg mice could be due to sevedalers. On gross examination, Tg livers were lighter in color
factors including defective insulin production and/or secretionthan controls (data not shown), reminiscent of glycogen
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storage disease. PAS staining of wild-type livers revealed 4000
characteristic gradient of glycogen deposition, predominantl
in hepatocytes near the periportal region and declining towal
the pericentral zone, reflecting the normal preferential uptak
of glucose by periportal hepatocytes (Fig. 7A). In contrast, T
livers reproducibly contained abundant glycogen-containin
hepatocytes throughout the entire organ (Fig. 7B,D,F). Th
excess storage of glycogen Ipgx1PB-HNF6 livers further
argues that the increased blood glucose levels in transgen
are not due to increased gluconeogenesis.

3000 -

2000
Wt

1000

Plasmainsulin pg/ml

pdx1PB-HNFE6 islets have impaired physiological
response to glucose

The severe glucose intolerance and diabetgsxi”B-HNF6 Tg
transgenic animals indicated alterations in the differentiate
state or function of th@ cells. We therefore examingticell
function and expression of additiorflatell markers to analyze Minutes
more fully the defects in these cells.

100 -
150

Fig. 8.Glucose fails to stimulate insulin secretion in transgenic

As discussed above, defects in insulin production and/qg PN ; )
. ’ ) - lets. PI | I RIA. Wt, wild type;
secretion would be expected to result in diabetes. Oufgetsransagsemn%msu in (pg/mi) was measured by wild type

immunostaining data indicated that intracellular insulin
production is relatively normal ipdx1B-HNF6 mice (Fig.
4F). We therefore tested whether Tg animals could releasee analyzed three markers associated with mature functional
insulin into the bloodstream in response to glucose challengB, cells: the transcription factors Pdx1 and Nkx6.1, and the
since glucose-stimulated insulin release (GSIR) is a primarglucose transporter GLUT2. Expression of Pdx1pircell
physiological indicator of normdd cell function. While basal nuclei ofpdx1"B-HNF6transgenics was indistinguishable from
insulin levels were similar in wild-type and Tg mice, control animals (Fig. 9A,B). The Nkx6.1 homeodomain
transgenics did not secrete additional insulin in response fwrotein is a marker of certain neurons and mafureells
glucose (Fig. 8). Wild-type animals showed the typical firs{Madsen et al., 1997; Oster et al., 1998), and is genetically
phase response of 2.5- to 3-fold increase in plasma insulslownstream opdxlin pancreatic development (Ahlgren et al.,
levels within 15 minutes of glucose administration; as a resulf,998). In islets in whiclpdx1has been inactivated infacell-
within 30 minutes, blood glucose levels had already begun tspecific manner, Nkx6.1 is almost completely absent, and it has
decline in these mice (data not shown). The continued increabeen suggested that the many insudjlucagori cells in these
in plasma insulin concentration in wild type is most likely dueislets indicate that Nkx6.1 normally repressgkicagon
to the stress caused by the bleeding procedure. In strikinganscription inf3 cells (Ahlgren et al., 1998). Nkx6.1 was
contrast, the H line showed plasma insulin levels remaining &xpressed i cells of pdxIPB-HNF6 Tg islets (Fig. 9C,D),
basal levels throughout the 2-hour test period (Fig. 8). lconsistent with the lack of insulin/glucagon co-expression in
transgenics also failed to show a first phase insulin responsettwese cells (see above). Thus, we conclude that core cells in
glucose within 15 minutes, but did show a moderate butransgenic islets have retained at least three markers
variable elevation (605 or 720 pg/ml) in insulin levels towardsharacteristic of tru@ cells: insulin, Pdx1, and Nkx6.1.
the end of the 2-hour test. The continued increase in blood GLUT2 is the high kg glucose transporter expressed within
glucose levels in both Tg lines (from approx. 170 mg/dl td3 cells (Orci et al., 1989; Thorens et al., 1988). Intracellular
>600 mg/dl in the H line) demonstrates that the level of insuliglucose transport is the first step in the glucose-sensing
released from Tg islets is insufficient to eliminate the excessiechanism of th@ cell, and is critical for insulin secretion. In
glucose load in the bloodstream. wild-type islets, GLUT2 is localized to tH& cell membrane

In preliminary experiments to test whether[Igells could (Fig. 9E,F). In striking contrast, GLUT2 expression was
secrete insulin in response to a more aggressive stimulus, GTiisdetectable in 58%"€20) of H and L Tg islet sections (Fig.
were performed on animals co-injected with glucose and L9G), while 42% contained small clusters of core cells
arginine. Transport of arginine into islet endocrine cells causesxpressing GLUT2 at low levels. The H line Tg islet shown in
rapid membrane depolarization and endocrine hormonEig. 9H contained the greatest number of GLUT2Ils
release, and glucose specifically potentiates the effect dfetected; the remaining GLUT&lets contained many fewer
arginine on insulin secretion (Henquin, 1987). Arginine/expressing cells (data not shown). If, as in several animal
glucose co-injection failed to raise insulin levels above baselinmodels of diabetes, the loss of GLUT2 palx1PB-HNF6
in transgenics (data not shown), and blood glucose remainénsgenics was secondary to prolonged hyperglycemia, then
in the diabetic range. Thus, we conclude that there is &g islets would be expected to contain large glycogen stores
fundamental defect in the ability ptixJ"B-HNF6 Tg islets to  (Jansson et al., 1995; Leahy et al., 1992; Marynissen et al.,

release stored insulin. 1990). Analysis by PAS staining, however, revealed little to no
. ) intracellular glycogen in islets from two wild-type and three
Loss of GLUTZ in transgenic (3 cells Tg animals (data not shown), indicating that loss of GLUT2 is

To test whether the abnormal physiological response of islefgobably not dependent on longstanding prior hyperglycemia.
to secretagogs indicated a partial los§ okll characteristics, To determine whether loss of GLUT2 was an early response
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to the HNF6 misexpression during embryonic pancreasnumbers of glucagon-positive cell clusters) and reduced GLUT2
formation, we also examined wild-type and Tg embryos at 18.Bxpression. Although we interpret these results cautiously in
d.p.c. In wild-type embryos, GLUT2 was readily detected inlight of the currently small sample size, they suggesthéi6
developing islets (Fig. 9l1). The majority of Tg islet clustersoverexpression in the embryo begins to affect morphogenesis
(81%) contained undetectable levels of GLUT2 (e.g. Fig. 9Jand gene expression at the earliest stages of islet ontogeny.
In the remaining 19% of forming Tg islets, low levels of _ ) _
GLUT2 expression were observed (data not shown). Etiology of the diabetic phenotype in  pdx1 PB-HNF6

transgenics

How might HNF6 overexpression disrupt islet morphology and
DISCUSSION cause diabetes? It is unlikely that misexpression of HNF6

affects the expression of only a single gene, resulting in the
The timing of HNF6 downregulation at the onset of islet observed transgenic phenotype. HNF6 may act as a
ontogeny lead us to propose that transitiE6 expression in  transcriptional modulator of gene pathways regulating islet
endocrine cells is crucial for normal islet morphogenetianorphogenesis. In the liver, HNF6 activates transcription of
processes. We analyzed the significance HENF6  HNF3g (Landry et al.,, 1997; Samadani and Costa, 1996), a
downregulation during islet development by usimmalgene factor previously linked to endoderm/pancreatic differentiation
enhancer to extend the normal time frame of HNF6 expressiand function (Ang and Rossant, 1994; Weinstein et al., 1994;
in pancreatic endocrine cellpdxIPB-HNF6 transgenic mice Wu et al., 1997). It is unlikely, however, that the effect in
are diabetic, and show dramatic alterations in islepdxIPB-HNF6 transgenics is mediated by HNFK3since its
morphogenesis, final architecture, and function. While thexpression appears grossly unaffected in Tg islets (M. G. and
phenotype of Tg animals is ultimately diabetes, our studie€. V. E. W., unpublished observations). At present, the target
trace this ‘disease state’ back to a chain of events initiategkenes for HNF6 in endocrine development are not known. We
during embryogenesis, at the time when HNF6 is normallare, however, investigating the possibility that HNF6 alters
silenced in developing islets. In general, our results suggest thextpression of cell adhesion molecules in pancreatic endocrine
downregulation of HNF6 expression at late gestation is cells (see discussion below).
essential for the establishment of appropriate numbers of the Prior to its downregulatiorbINF6 is expressed in cells that
different endocrine cell types, their proper sorting out andhave already committed to a specific endocrine cell fate and are
subsequent function. hormone monopositive (Rausa et al., 1997). One possibility is

The diabetic phenotype @idxIPB-HNF6 transgenics most that the precise level of HNF6, in combination with other

closely resembles human maturity-onset diabetes of the youffactors, plays an instructive role in periphewal&, PP) cell fate
(MODY): a Type Il (adult onset) form of diabetes characterizedletermination. A potential outcome of maintainiktNF6
by a generally younger age of onset (<25 years) and axpression beyond 18.5 d.p.c. would be the activatian, &f
autosomal dominant mode of inheritance (Tattersall, 199&r PP markers within cells already committed tofifeell fate,
1974). ThepdxPB-HNF6 transgenics show diabetic symptoms thereby leading to the establishment of cells with intermediate
soon after weaning, prior to the onset of sexual maturity, andr indeterminate fates. The lack of glucagon expression in Tg
like MODY diabetics, show a decreased or absent GSIR. Tmsulin* cells, however, suggests that HNF6 does not simply
date, most of the genetic lesions resulting in MODY arectivate the glucagon genefircells. Alternatively, maintaining
associated with mutations in transcription factors expressed HNF6 within fully committed islet endocrine cells might
B cells, includingHNF1a, HNF16, HNF4a, andpdxl Our  specifically stimulate overproliferation of peripheral endocrine
studies suggest that abnormal upregulatiotdNF6 in islet  cell types relative t@ cells. Testing for increased peripheral
endocrine cells in humans could also contribute to the MODell-type proliferation inpdx1PB-HNF6 transgenics awaits the
phenotype. This transgenic model provides a system favailability of embryos for BrdU incorporation studies.
dissecting early events of islet morphogenesis, as well as At the current level of analysis, we cannot eliminate the
studying secondary complications of prolonged, untreategossibility thatpdx1PB-HNF6 results inHNF6 overexpression

diabetes on organs such as the eye and kidney. within early, uncommitted or multipotential endocrine
. ) ] precursors. Increased HNF6 in such cells might favor the
Maintenance of islet HNF6 expression development of a peripheral cell type, altering the balance of

The 1 kbpdx1 promoter/enhancer fragment used here directslifferentiated endocrine cell types. Regardless of the
expression of reporter genes specifically to islet cell lineagesechanism, abnormal proportions of islet cell types might
both in vitro and in vivo (Wu et al., 1997; this study). Theaffect their ability to organize into proper islets.

detection of pancreatic endocrine-specific expression of the o

pdxPB-lacZ reporter as early as 11.5 d.p.c. (M. G. and C. V. EGLUT2 levels may affect glucose homeostasis in

W., unpublished observations), suggests strongly that expressiBfx1 PB-HNF6 transgenics

of the pdxPB-HNF6 transgene is likely to initiate at the time The lack of GLUT2 expression in T@ cells might result
when the first endocrine cells are emerging from the pancreatitirectly from cell-autonomous transcriptional repression by
epithelium. The reduced litter sizes from Tg animals limit ouroverexpressed HNF6. HNF6 has been shown in some cases to
ability to perform embryonic analyses that address issues suabt as a repressor of transcription (Pierreux et al., 1999), and
as the early proliferation of peripheral endocrine cell typeshe GLUT2 promoter contains a potential HNF6 binding site
Nevertheless, analysis of pancreata from litters obtained at eaflR. H. C., unpublished observations). Alternatively, a partial
stages of endocrine cell clustering (18.5 d.p.c.) showed obviolsss of 3 cell identity resulting fromrHNF6 misexpression in
dysmorphogenesis (larger coalescing islets and increaséliese cells could secondarily affect GLUT2 expression.
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3 PDX-1] [B A PDX-1 loss of GLUT2 expression is observed prior to overt effects of
- . S the toxin, i.e. hyperglycemia and islet inflammation (Wang and

$ Pro Gleichmann, 1995), suggesting that reduced GLUT2
- ATARER ) expression is a primary defect leading to diabetes. This idea is

B - supported by the hyperglycemia and inability to clear blood

glucose in transgenic mice expressing antisense GLUP2 in
cells (Valera et al., 1994), and the diabetes and reduced insulin
secretion observed in mice homozygous for a null mutation in
GLUT2 (Guillam et al., 1997). The role of reductions in
GLUT2 levels as a causative factor in diabetes remains
controversial, however, as even dramatic reductions in GLUT2
may not be rate-limiting for glucose transport and induction of
B cell-specific physiological responses (Tal et al., 1992;
Zangen et al., 1997). Thus, observations of decreased GLUT2
do not necessarily account entirely for a decreased GSIR.

In some glucose toxicity animal models, intracellular
accumulations of glycogen in affected islets have been
interpreted as evidence for a massive upregulation of glucose
uptake prior to the loss of GLUT2, in an attempt to compensate
for the overabundant circulating glucose (Gepts and Lecompte,
1981; Inoue et al., 1994; Jansson et al.,, 1995). The loss of
GLUT2 expression in Tg islets at 18.5 d.p.c. and the absence
of significant glycogen storage in adult Tg islet supports our
hypothesis that loss of GLUT2 is a causative factor in the
diabetes seen in these animals. Nevertheless, the dramatic
reductions in GLUT2 expression and failure to release insulin
in response to glucose, indicate a partial loss offttezll
phenotype in Tg islets, and suggest that defects in glucose
sensing contribute to the observed diabetic phenotype.

Islet morphogenesis and endocrine cell function

In addition to cell-autonomous alterations in endocrine cell
function, inappropriate physiological interactions of c@re
cells with intermingled peripheral cell types could severely
perturb islet physiology and contribute to the diabetes in
pdxIPB-HNF6 transgenics. The intimate associatiorBafells
with one another in normal islets is highlighted by gap
junctional communication and electrical coupling betwBen
cells (Bennett and Goodenough, 1978; Meissner, 1976). In
addition to affecting the expression of GLUT2 (discussed
Fig. 9. Partial loss of th@ cell phenotype in transgenic islets. above), minimal alterations i cell-B cell contact markedly
(A,C,E,F) Adult wild type (W1). (B,D,G,H) Adult transgenics (Tg).  affect insulin output; in vitro, basal insulin secretion in single
(A,B) Pdx1 expression (brown). (C,D) Nkx6.1 expression (brown). g cells from dispersed islets is normal, but GSIR is absent
(0 1053p oWt (5 1854pc Ta SectormADwere | (505c0 et ol 1989). Basal nsuli secretion s synergisiclly
R . UL - enhanced an is re-establishe ealls contact eac
counterstained with eosin. Dotted lines outline islets. other, but not nof- cells (Bosco et al., 1989; Halban et al.,
1982). Both the mixing of islet cell types and increased
Another factor potentially contributing to GLUT2 vascularization in Tg islets may contribute to decregseell
downregulation in Tg islets may be the abrogatioff oéll-3  contacts in pdxPB-HNF6 transgenics. The basal insulin
cell contacts in the mixed islets. In normal islets, GLUT2 issecretion and lack of GSIR ipdx®B-HNF6 transgenics
found on microvilli at the site g8 cell-B cell contacts, and is indicates that T cells behave similarly to physically isolated
absent from surfaces facing peripheral islet endocrine cell§, cells.
blood vessels, or spaces between cells (Orci et al., 1989). AsThe vascular organization and directional blood flow within
discussed below, the intercalation of peripheral islet cell typeslets from the core to the mantle (3e- a - d) is also critical
and increased vascularization in Tg islets would effectiveljor normal islet cell interactions and regulated hormone
reduce the sites @ cell-B cell contact that would normally secretion (Samols et al., 1988). The lack of a distinct
express GLUT2. core/mantle structure, and the increased vascularization in
In animal models of both Type | and Type Il diabetespdx1B-HNF6 transgenics might therefore disrupt hormonal
reduced GLUT2 expression is correlated with hyperglycemi@ommunication between islet cell types. A net reduction in
and loss of glucose-stimulated insulin release (GSIR). Fdunctionalf3 cell-3 cell interactions would abrogate the ability
example, in mice treated with tifiecell toxin streptozotocin, of (3 cells to respond to external glucose in a concerted manner.
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The importance of local environment on islet architecture anédlund, 1998; Gannon and Wright, 1999). These studies have
the correlation of morphology with function was underscoregarticularly focussed on transcription factors expressed in
in the analysis of p48 homozygous mutants, where loss of theature endocrine or exocrine cells that are known to activate
endocrine pancreaas resulted in individual islet endocrine celtell-type-specific genes. The emerging paradigm is that
scattered throughout the spleen. Consistent with results froramporally regulated expression of different combinations of
cultured, dispersed islets, the isolafecklls within the spleen these factors controls the differentiation pathway of islet or

secrete very low levels of insulin (Krapp et al., 1998) acinar precursors. In such a model, not only the loss but the
) ) . ) reduction of a critical component can alter the balance of
Endocrine cell adhesion and islet morphogenesis pancreatic lineages. For example, mice with only a single

Altered cell-cell or cell-substratum interactions pax1PB-  functionalpdxlallele have twice as mamycells as wild-type
HNF6 transgenics could explain many of the aspects of thmice, although the core/mantle organization is not disturbed
transgenic phenotype: the lack of migration of endocrine cellfDutta et al., 1998). In addition, complete los$Pak4results
away from the ductal epithelium, the failure of these cells tan loss of both3 andd cell compartments, and an associated
separate into islets of typical size and shape, the scatteringiotrease in the number af cells. In contrast to studies
peripheral cell types within the islet, and, as mentioned abovdemonstrating that the presence of a factor is required for
the reduction in GLUT2. For example, there is some evidenaeormal pancreatic development, here we show that the
that regulated expression of CAM and cadherin families of cefprogrammed downregulation of a particular factor, HNF®6, is
adhesion molecules is critical for budding of endocrineessential for normal cell fate allocation, gene expression,
precursors from the pancreatic ducts and islet morphogenesi®rphogenesis and function of pancreatic islets.

(Cirulli et al., 1994, 1998; Dahl et al., 1996; Esni et al., 1999;

Rouiller et al., 1990). During islet development in humans, We thank Mark Magnuson, Roland Stein, Steven Leach, and Anna
epithelial cell adhesion molecule (EpCAM) is downregulated\"eans for critical reading of the manuscript, and Masa Shiota, Al
in forming islet clusters and mature islets compared to th%owers and Tom Daniel for helpful discussions. We also thank
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ductal epithelium and newly budding endocrine cells (C'ru".land Mark Magnuson for providing reagents, Wendell Nicholson and
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budding of these cells from the ductal epithelium is delayed byssistance, and Jonathan Sheehan for help with confocal analysis.
HNF6 expression, possibly due to persistent expression of Experiments were performed in part through the use of the VUMC
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