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SUMMARY

To analyze cell lineage in the pancreatic islets, we have the homeodomain gene PDX1, which is expressed by
irreversibly tagged all the progeny of cells through the adult B-cells, is also expressed hy-cell progenitors. Thus
activity of Cre recombinase. Adult glucagon ¢) and the islet a- and p-cell lineages appear to arise
insulin (B) cells are shown to derive from cells that have independently during ontogeny, probably from a common
never transcribed insulin or glucagon, respectively. Also, precursor.

the pB-cell progenitors, but not a-cell progenitors,

transcribe the pancreatic polypeptide (PP) gene. Finally, Key words: Mouse, Transgenic, Cre, Pancreas, Cell lineage

INTRODUCTION GlucPr-loxP-STOP-loxP-hGH

RIP of InsPr-loxP-STOP-loxP-hGH was excised withd, blunted
The pancreatic islets of Langerhans contain four different typesnd replaced with a bluntétba-Acd 2.1 kb rat glucagon promoter
of endocrine cells: insulinBj, glucagon- @), somatostatin- fragment (kind gift of Dr J. Philippe, Geneva).
(8) and pancreatic polypeptide- (PP) producing cells (OrCiPPPr—hGH
1982). Given the early presenceelike cells in the pancreatic ) _
primordia (Rall et al., 1973), and the reported colocalizatior Nis construct was described elsewhere (Herrera et al., 1994).
of glucagon and other hormones in cell subsets during eparation of Cre-encoding transgenes
development (Alpert et al., 1988; Herrera et al., 1991; Rall %lsPr—Cre

al., 1973; Teitelman et al., 1993), it has been proposed that gj Miul(blunted)Xba 1 Kb fragment of pBS185 (GibcoBRL, no.

|§Iet cell types arise from a common precursor, probably 10347-011) containing Cre was clonedCél(blunted)Xbd sites of

like. . . ) a pBS-KS containing a rabltglobinl intron and polyadenylation
To determine cell lineages conclusively, we used a targetegynal (plasmid pB®globin-Cre). The 0.6 kb insulin promoter

somatic gene rearrangement catalyzed by the Cre recombinagggment (Hanahan, 1985), obtained from plasmid RIPfFBGH

a technique allowing a permanent labeling of all cells arisingsee above) with Bglli(blunted)Sad, was inserted at sites

from a given progenitor. Thus, to irreversibly tag cells thaiNot(blunted)Sad of pBS{3globin-Cre.

transcribe the insulin, glucagon or PP genes, or the earlie

pancreatic stem cells characterized to date, which expre lucPr-Cre _ _

PDX1 (pancreatic and duodenal homeobox factor 1), wé Sad fragment with the glucagon promoter was inserteSaat of

employed the Cre/loxP system (Sauer, 1994, 1998). Adult is|@FSBglobin-Cre.

B- anda-cells were then examined to determine whether thepppr-cre

are derived from these ‘tagged’ cells. The 0.6 kb rat PP promoter fragment contained iBad-EcoRV
fragment was ligated to pBSglobin-Cre atNotl(blunted)-Sad.
MATERIALS AND METHODS PDX1Pr-Cre
) ) A Sad(blunted)Xba 4.5 kb fragment containing the PDX1 promoter
Preparation of hGH-encoding transgenes (kind gift of Dr C. Wright, Nashville) was inserted>d(blunted)-
InsPr-loxP-STOP-loxP-hGH Xbd of a plasmid containing the Cre-coding region endowed with a

An EcoRI-Msd 1.5 kb fragment from pBS302 (GibcoBRL, no. huclear localizing signal, upstream of a hGH minigene (kind gift of
10349-017) containing the loxP-STOP-loxP cassette was cloned [r T. Hennet, Zurich).

EcoRI-EcaRV of pBS-KS; it was then cropped wiBanHI(partial)- . . )

Acd and inserted aBgll(partial)-Clal of plasmid RIP-TGB-hGH  Generation and analysis of mice

(Sanvito et al., 1995) (RIPat insulin2_gomoter), which results in a Transgenic mice were produced by pronuclear microinjection of
replacement of the TGFcDNA by the loxP-STOP-loxP sequence. B6/CBAJ-FIxB6/CBAJ-R zygotes as described (Hogan et al., 1994),
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using DNA solutions at 5-10 ng/in a 0.1 mM EDTA-containing cannot be expressed [ or a-cells because of the STOP
buffer. Minimums of three different families were established persequence; its expression requires the deletion of this sequence,
transgene. As is usual with this technique, some of the founder migghich can be obtained in the presence of Cre recombinase.
obtained were not germline; among the transmitters, for everyGh js a good marker for immunohistochemical detection of
transgene, those families in which Cre activity was either undetectab ne expression and has been used in a number of transgenic

or mosaic were eliminated (see Table 1). . . . . .
Mice were genotyped by performing different PCRs with genomicstUd'eS (Liang etal., 1994; Lopez et al., 1995; Roth et al., 1990;

DNAs extracted from tail biopsies. The PCR profile was a 30 times>2ab0 et al., 1995). A second, or ‘tagger’ transgene, consists
repeated standard cycle, either with or without DMSO (less than 5%f the Cre recombinase gene placed under the control of a
final): 94°C, 30 seconds, 55°C, 30 seconds, 72°C 1 minutoromoter active in putative progenitor cells; its expression
Alternatively, a ‘touch-down’ program was also used: 10 initial cyclegesults in the deletion of the STOP site of the reporter
were then added with a starting annealing temperature of 65°C thansgenes, thus allowing hGH synthesis. This approach has
was decreased by 1°C per cycle. The primers used were: InsPr-logeen ysed by others to activate the transcription of either the
STOP-loxP-hGH "and GlucPr-loxP-STOP-loxP-hGH: stopD): (5 gy40 T antigen, thiacZ or the placental alkaline phosphatase

gﬁ??gfgccéﬁ &nggT(ASJJ gpcf?a%;%:g (I?\)S:F?rﬁic:g éﬁﬁpr- genes in transgenic mice (Jacob and Baltimore, 1999; Lakso et

Cre and PPPr-Cre: ag2&CTG CTA ACC ATG TTC ATG cCT3 &l 1992; Tsien et al,, 1996). ,

crel (3): 5CCT GTT TTG CAC GTT CAC CG3600 bp fragment).  We prepared mice carrying the following tagger transgenes:
PDX1Pr-Cre (750 bp fragment): cre2)(55'CGG TGA ACG TGC insulin2 gene promoter-Cre (InsPr-Cre), glucagon gene
AAA ACA GG3'; hGH1 (3, see above). In addition, all strains of promoter-Cre (GlucPr-Cre), PP gene promoter-Cre (PPPr-Cre)
mice were screened using a f@imer specific for each hormone and PDX1 gene promoter-Cre (PDX1Pr-Cre).

promoter and, for Cre mice, with a couple of internal oligonucleotides For each of these transgenes, either reporter or tagger,
for Cre: cre3 (3: SATG CTT CTG TCC GTT TGC CG3and crel  gevera| families were established from no less than three
(3, see above), the amplified fragment being 270 bp. independent founders and analyzed for transgene expression

Single and double transgenic mice of the two sexes were analyz . .
for pancreatiax- or B-cell expression of hGH. Animals were killed ?see the legend of Table 1). These first screenings were

either at the 7-10 days, or alternatively after weaning (i.e., when yourlggcessary for selecting mouse families with stable and
adults). Pancreata were dissected, fixed in 2.5% glutaraldehyde ag@Mmplete transgene expression (i.e. in about 100% of targeted
embedded in Epon 812 as described (Herrera et al., 1991, 1992ells), independently of both transgene copy number and
Higuchi et al., 1992). Jum consecutive semithin sections were genomic integration site.
fluorescence-stained with anti-hormone antibodies (insulin, glucagon Therefore, mouse strains with complete and stable transgene
and hGH) as previously reported (Herrera et al., 1994). expression (Cre activity) were selected by crossings with the
appropriate silenced reporter transgene-bearing strain of mice
(see ‘controls’ in Table 1). Adult doubly transgenic mice from
RESULTS AND DISCUSSION such mating schemes were analyzed for reporter gene
expression (hGH) in islet cells by immunofluorescence on
The experimental design resulted in the generation of migeancreatic sections (summarized in Table 1). As expected,
bearing two transgenes (summarized in Fig. 1). The firghere was no hGH expression in single transgenic mice (Figs
transgene, ‘reporter’, placed under the control of either thgA,B, 3A,B; Table 1), i.e. those bearing only either a reporter
insulin2 (InsPrB-specific) or the glucagon (GluRr;specific)  or a tagger transgene. On the contrary, and also as expected,
gene promoter, contains a hGH-coding region placelGH was expressed bf-cells in doubly transgenic mice
downstream of a loxP-flanked transcription termination sitdearing thef-specific reporter gene arfiiexpressed tagger
(STOP sequence) (Sauer, 1993). The native reporter transgegenes (either InsPr-Cre or PDX1Pr-Cre; PDX1 is an insulin

Table 1. hGH expression in islets of transgenic mice

Reporter transgene

Wild-type INSPr GLUCPTr PPPr-hGH
mouse loxP-STOP-loxP- loxP-STOP-loxP-  no(STOP
Tagger transgene né reportej hGH hGH sequence
Wild-type mouserfo Cre - - - [PP cells: +}
INSPr-Cre - [B-cells: +4 - N.A.
GLUCPTr-Cre - - [a-cells: +4] N.A.
PPPr-Cre - B-cells: ++ - N.A.
PDX1Pr-Cre - [B-cells: +4 a-cells: ++ N.A

++, good staining with anti-GH antibodies;no staining at all; N.A., not applicable (the PPPr-hGH reporter gene is not modifiable by any tagger gene).

Brackets indicate the mice and cell types in which staining with anti-hGH is taken as positive control of transgeneraitity, romoter driving the
expression of both tagger and reporter transgenes is the same, i. e. fsPlidrand GluPr im-cells (PDX1Pr is also active frcells). Cells using the
corresponding promoter appear evenly stained for hGH in mice bearing these transgenes, allowing the conclusion thartbe¢pgger transgenes selected
for the experiments work efficiently and reproducibly.

Promoter activity in th@- anda-cell progenitors can be compared using the same tagger gene, PPPr-Cre, whose promoter is not used incargr frature
cell, but only in mature PP cells. This is shown in the far right column with mice bearing a PPPr reporter transgenettielaxdP 8 TOP-loxP sequence: hGH
staining was detected only in PP cells but neither-inor 3-cells (Fig. 21,J). In mice bearing the PPPr-Cre transgene, expression of the reporter transgene
occurred uniformly ir-cells but not at all imt-cells. This indicates that good PP promoter activity is present ofilgéli progenitors, demonstrating that they
belong to a lineage different from thatetell progenitors.
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Fig. 1.General Cre/loxP-based strategy to genetically label islet
endocrine cell precursors. For simplicity, only one example is

illustrated: the experiment is designed to assess whetheBacklls
descend from glucagon- and/or PP-producing progenitors. The
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suggest that most insulin cells formed between E15.5 and
E18.5 must appear from proliferating hormone-negative
precursors (Herrera et al., 1991; Larsson, 1998).

Our previous results suggested that the PP gene promoter is
used either iB-cell progenitors or in cells that are necessary
(through a paracrine effect on unidentified progenitorspfor
cells to differentiate, since mice with a diphtheria toxin (DT-
A) transgene driven by this promoter fail to devefdpells
(Herrera et al., 1994). Isl@tcells do not produce PP; this is
also shown here in adult mice bearing only a PPPr-hGH
reporter gene (without a STOP sequence), which produce hGH
only in their PP cells and not in thddrcells (Fig. 2I,J; Table
1). Therefore, in order to determine whether:{tells derive
from PP-expressing progenitors, and (@) and a-cell
progenitors are also distinct by a different use of the PP gene
promoter, double transgenic mice bearing both a PPPr tagger
gene (i.e. PPPr-Cre) and either feor a-specific reporter
genes were produced. We thus explored 35 juvenile and adult
double transgenic mice bearing both the PPPr tagger gene and
the B-specific reporter gene. In all cases, all ifetells
contained hGH (Fig. 2G,H; Table 1). On the contrary, 6 double
transgenic mice bearing both the same PPPr tagger and the
specific reporter gene did not show any expression of hGH in
their islet a-cells (Fig. 3G,H; Table 1). These contrasting
findings are of special interest since they deal with a tagger
gene (PPPr-Cre) whose promoter appears to be used in neither

reverse experiment, planned to determine whether there is insulin, RRaturea- nor p-cells, in contrast to the glucagon or insulin
or PDX1 production in thea-cell lineage, was also performed (see  promoters.
text). It could be argued that, in doubly transgenic mice bearing
the GluPr tagger arspecific reporter transgenes, the failure
to activate the3-specific reporter gene, and thus to express
gene transcription factor and is thus expressed in Badglis;  hGH in adultB-cells, does not completely rule out the use of
Figs 2C,D, 4A,B; Table 1). Similarly, almost alicells from the glucagon promoter in their progenitors, and vice versa,
mice bearing both the-expressed tagger gene (GluPr-Cre)since a transient and minimal expression of Cre may be
and thex-specific reporter gene were hGH positive (Fig. 3C,Djinsufficient to remove the STOP segment of the reporter gene.
Table 1). This pitfall requires three considerations. First, the threshold
As a final control, we verified that permanent expression off the effect of Cre expression, at the cellular levelalisor-
hGH in a- or (-cells does not alter the differentiation and noné: if partial deletion of the STOP sequence was achieved,
function of endocrine cells in a detectable way. To this endhen a patchy or mosaic phenotype would be expected. This
double transgenic mice bearifigspecific, om-specific, tagger was not the case. Second, we must recall the results obtained
and reporter genes were kept alive for one year: these migéth the DT-A-encoding toxigenes (Herrera et al., 1994) that
were always normoglycemic and their islets appearednly one molecule of the toxin is required to kill a cell
histologically normal at death (not shown). (Yamaizumi et al., 1978). Hence, a transient and minimal use
To explore whethef-cell precursors synthesize glucagon of the glucagon promoter in cells in GluPr-DTA mice should
prior to or together with insulin, 15 mice bearing both thebe sufficient to kill those cells, yet in such migecell
GluPr tagger gene and thgspecific reporter gene were differentiation occurs normally (Herrera et al., 1994).
produced: in no case was hGH detected in dtloklls (Fig.  Similarly, an InsPr-DTA toxigene does not alter noraalell
2E,F; Table 1), demonstrating that there is no glucagon gemtifferentiation (Herrera et al., 1994), thus proving the exquisite
expression in their precursors. For the exploration ofcthe specificity of these two promoters. Third, the results obtained
lineage, five mice bearing the InsPr tagger gene andithe with the PPPr-Cre tagger transgene, and with the PPPr-DTA
specific reporter gene were obtained; no hGH presence wasxigene (Herrera et al., 1994), demonstrate in a fully
detected in adulti-cells (Fig. 3E,F; Table 1), demonstrating reciprocal and controlled way th@t anda-cell progenitors
the absence of insulin gene expression in their progenitordiffer in their use of the PP promoter, and independently
Thus, the glucagon and insulin coexpressing cells reported gonfirm that adulta- and B-cells belong to distinct cell
early pancreatic buds (Larsson, 1998) are unlikely to be tHneages.
progenitors of either maturen- or f-cells. Hormone It is noticeable that detection of PP immunoreactivity occurs
coexpression patterns have been presented as evidence fordhty late in ontogeny, from embryonic day 16 (E16) in the
identification of common stem cells; however, cellsmouse (Jackerott et al., 1996, and unpublished observations of
coexpressing multiple hormones may be, at least in somthe author; reviewed by Larsson, 1998); however, PP mRNA
instances, ‘terminal’ (i.e. differentiated) rather than ‘stem’is detected in pancreatic buds by RT-PCR, a much more
cells. This is in accordance with kinetic studies, which stronglgensitive technique, from E10-10.5 (Gittes and Rutter, 1992;
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anti-GH
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InsulinPr-loxP-STOP-loxP-hGH
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PPPr-Cre

PPPr-hGH

Fig. 2. TheB-cell lineage. Jum-thick consecutive semi-thin sections
of pancreata from InsPr-loxP-STOP-loxP-hGH mice, either single
(A,B) or double transgenic (C-H), and PPPr-hGH mice (1,J). The
sections were stained by indirect immunofluorescence with anti-
insulin (A,C,E,G,I) or anti-hGH (B,D,F,H,J) antibodies. (A,B) The
native InsPr-loxP-STOP-loxP-hGH transgene is inactive, so that
there is no hGH production Brcells (B). (C,D) An InsPr-Cre

transgene, as expected, activates hGH expression, whereas (E,F) a

GlucPr-Cre transgene fails to label adiltells. On the contrary, in
PPPr-Cre transgenics, there is hGH staining (G,H) even though the
PP promoter is inactive in ad@tcells, as demonstrated in PPPr-

hGH transgenic mice (1,J; arrowheads show two PP cells, which lack

insulin and contain GH). Bar, 20m (A-H); 13um (1,J).

Fig. 4. Thea-cell lineagen-cells derive from PDX1-expressing
precursors. um consecutive semithin sections of pancreata from
double transgenic PDX1Pr-Cre mice, also bearing either the InsPr-
loxP-STOP-loxP-hGH (A,B) or the GlucPr-loxP-STOP-loxP-hGH
(C,D) reporter transgene. The sections were stained by indirect
immunofluorescence with anti-insulin (A), anti-glucagon (C) or anti-
hGH (B,D) antibodies. (A,B) Positive control for a PDX1 promoter-
dependent Cre activity; (C,@)-cells (C) are also hGH positive (D).
Bar, 20pm.

anti-GH

anti-glucagon

GlucagonPr-Cre

GlucagonPr-loxP-STOP-loxP-hGH

InsulinPr-Cre

PPPr-Cre

Fig. 3. Thea-cell lineage. Jum-thick consecutive semi-thin sections
of pancreata from GlucPr-loxP-STOP-loxP-hGH mice, either single
(A,B) or double transgenic (C-H). The sections were stained with
either anti-glucagon (A,C,E,G) or anti-hGH (B,D,F,H) antibodies.
(A,B) The native GlucPr-loxP-STOP-loxP-hGH transgene is inactive,
thus there is no hGH production in aduitells (B). (C,D) A
GlucPr-Cre transgene, as expected, activates hGH expression,
whereas (E,F) an InsPr-Cre transgene fails to lakmllls. (G,H)
Similarly, PPPr-Cre transgenics have no hGH productiondslls.

Bar, 20pum.
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Herrera et al., 1991), at a time when the first insulin transcriptwhether the progenitors gfcells also express the PDX1 gene,
are also detected (Herrera et al., 1991; Szabo et al., 1995) since it is required by aduB-cells (Fig. 4A,B; Table 1), it is

It has been proposed, on the basis of the Glut2 gene fetalasonable to presume that all differentiated pancreatic cells
expression pattern (Pang et al., 1994), that there might be tvamise from common stem cells expressing this gene (Fig. 5).
separatg-cell lineages. Since gh-cells were hGH positive in As a final consideration, the ontogenic relationship
the double transgenic mice using the PP-taggeiBespkcific  described here between different islet endocrine cells, in
reporter genes, the two putatifcell lineages would be particular between PP- and insulin-secreting cells, may also be
characterized by their common use of the PP promoter. viewed from an evolutionary perspective. In the course of

Expression of PDX1 is the earliest and most specifievolution, the endocrine pancreas has taken up, the task of
‘endoderm marker’ of the developing pancreas. The greatarticipating in the control of homeostasis of metabolic
majority of maturen-cells do not express this gene and, usingparameters, in particular with respect to nutrients. In early
a 4.5 kb PDX1 promoter/enhancer with l&Z reporter Protostomians, this might have been achieved by subsets of
sequence as a transgene, only 3-5% ofialells from adult nerve cells and mediated by the secretion of neuropeptides, for
transgenic mice were found to haeeZ activity (C. Wright  instance from the PP-fold family (Falkmer et al., 1985). In
and M. Gannon, Vanderbilt University, Nashville, personaldeveloped forms of Protostomians, like Insects, the four
communication). It has been suggested that matucells ‘classical’ islet hormones are present in brain nerve cells
derive from early epithelial precursors in which the PDX1(Falkmer et al., 1985); these may be the evolutionary
gene is not expressed either (Edlund, 1998), since earfjescendants of the putative earlier PP-family neuropeptide-
differentiation of glucagon-containing cells has been observesecreting cells. According to this view, expression of the PP
in pancreatic primordia of PDXT mice (Offield et al., 1996). gene family would be a hallmark of the brain insulin cell
Nevertheless, colocalization of PDX1 and glucagon early iprecursors during evolution, as it appears to be for[istetlls
development has been detected (Guz et al., 1995). Five youimgthe pancreas during ontogeny.
adult mice bearing both a 4.5 kb PDX1 promoter-driven tagger
transgene and the-specific reporter transgene were studied; | am most gratefgl to Mr Jordi Ritz, Mrs _Gissela Flo_res, Mr Nicolas
virtually all adulta-cells expressed hGH (Fig. 4C,D; Table 1). Steiner, Ms Caroline Raveraud, Ms Eliane Dubois, Mr Gregory
Taken together, these observations suggest that the progenitf@chtry. Mrs Danielle Ben-Nashr, Dr Anthony Nichols, Dr Beate
of adulta-cells express PDX1 and that embryonic glucagon: itz-Laser and Dr Maria Vazquez for their help; to Professor Jean-

containing cells differ in nature from mature istetcells Dominique Vassalli for fruitful discussions and criticism, and
ining ! : u ure 1 : Professor Pierre Vassalli for carefully reading the manuscript. This

Although it is not possible to explore with this technique,york was possible thanks to the financial support provided to the
author by the Juvenile Diabetes Foundation International (Research
Grant) and the Fonds National Suisse pour la Recherche Scientifique.

COMMON ENDODERMAL
PANCREATIC STEM CELL ?
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