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ABSTRACT

The Hnf1b-CreER™ BAC transgenic (Tg(Hnf1b-cre/ERT2)1Jfer) has been used extensively to trace the
progeny of pancreatic ducts in developmental, regeneration, or cancer models. Hnf1b-CreER"™
transgenics have been used to show that cells from that form a duct-like plexus in the embryonic
pancreas are bipotent duct-endocrine progenitors, whereas adult mouse duct cells are not
a common source of (3 cells in various regenerative settings. The interpretation of such genetic
lineage tracing studies is critically dependent on a correct understanding of the cell type specificity
of recombinase activity with each reporter system. We have reexamined the performance of Hnf1b-
CreER™ with a Rosa26-RFP reporter transgene. This showed inducible recombination of up to 96%
adult duct cells, a much higher efficiency than previously used reporter transgenes. Despite this
high duct-cell excision, recombination in a and B cells remained very low, similar to previously used
reporters. However, nearly half of somatostatin-expressing & cells showed reporter activation,
which was due to Cre expression in & cells rather than to duct to 6 cell conversions. The high
recombination efficiency in duct cells indicates that the Hnf1b-CreER™ model can be useful for both
ductal fate mapping and genetic inactivation studies. The recombination in & cells does not modify
the interpretation of studies that failed to show duct conversions to other cell types, but needs to
be considered if this model is used in studies that aim to modify the plasticity of pancreatic duct
cells.
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Understanding the lineage relationships of adult
cell types has important implications in defining
regenerative strategies for human diseases. If adult
pancreatic progenitors or differentiated cells have
the capacity to generate new insulin-producing f
cells, this could be harnessed to stimulate B cell
formation in type 1 diabetes. Likewise, insights
into the cellular origin of different types of pancrea-
tic cancer have major implications to understand
and target early oncogenic processes.

Genetic lineage tracing can provide unequivocal
evidence for lineage relationships. This can be car-
ried out with a mouse allele that achieves specific
expression of a Cre recombinase in a candidate
progenitor cell type (Cre driver), combined with

a second allele that undergoes Cre-based excision
of a STOP cassette flanked by LoxP sites. Cre-
mediated activation of the reporter (Cre responder)
in the putative progenitor allows tracing all of its
cellular progeny.

In several instances, genetic lineage tracing has
challenged preexisting conceptions that are rooted
on the assumption that whenever a cell co-
expresses markers from two different lineages it
must be transitioning between both lineages, or
represent some form of progenitor that can differ-
entiate to different lineages. For example, the co-
expression of insulin and glucagon in embryonic
pancreatic cells was initially thought to indicate
that B cells originate from common bi-hormonal
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cells, but lineage tracing studies later disproved
this notion, showing that insulin and glucagon-
expressing cells arise as separate lineages.'
Likewise, insulin-expressing cells that reside in
the adult pancreatic ductal epithelium and co-
express cytokeratin have often been referred to as
duct-derived neogenic B cells. Such a putative
postnatal source of adult B cells aligns well with
the fact that duct-like cells from the embryonic
plexus are bipotent progenitors of endocrine and
duct cells.”” The hypothesis that adult duct cells
are facultative progenitors was tested using a BAC
transgenic that contains ~190 Kb of the Hnflb
locus and drives an inducible Cre recombinase in
pancreatic duct cells (Hnflb-CreER">, or Tg
(Hnflb-cre/ERT2)1Jfer).>  These experiments,
which used a Rosa26-p galactosidase (Pgal) repor-
ter, concluded that — contrary to earlier beliefs —
mouse adult pancreatic duct cells are not
a common source of B cells during the normal
lifespan of mice, or under several regenerative
settings that have been proposed to result in duct
to endocrine transdifferentiation.” Similar results
were obtained with other duct Cre lines - includ-
ing Hes1,° Sox9> and Mucinl,” and are compatible
with f cell or dual  cell/non f cell lineage tracing
in regeneration models.*” Thus, with the excep-
tion of studies using the CAII promoter,'® genetic
lineage studies have suggested that duct-like cells
give rise to endocrine cells throughout develop-
ment but are not a common pool of endocrine
progenitors in the adult pancreas. It is nevertheless
possible that pancreatic duct cells can be manipu-
lated to transdifferentiate into [ cells as
a replacement therapy for diabetes.

Genetic lineage tracing is critically dependent on
careful design and precise knowledge of which cell
types are labeled at the outset of the labeling experi-
ment. Failure to define this parameter can lead to
erroneous conclusions concerning the cellular ori-
gins of cells being examined. Incomplete knowl-
edge of cell types marked by various Cre models
could, for example, have contributed to some dis-
cordances with different duct Cre tracer models.
The anlb-CreERT2 BAC transgenic line, in parti-
cular, has been used by numerous publications to
study the progeny of HNF1B-expressing cells in
a wide range of experimental models, including
cancer, dynamics of cellular differentiation, or

regeneration.' ' This underscores a need for
a more exhaustive analysis of its performance.

In the current study we have extended the char-
acterization of Hnflb-CreER'> BAC transgenic
model using Rosa26-RFP instead of two previously
employed reporter lines, Rosa26YFP and Rosa26-
Bgal. With the Rosa26-RFP reporter, Cre-based
excision of a stop cassette leads to expression of
a concatemerized red fluorescent protein (RFP)
that displays high brightness and can thus be used
for live imaging."

Hnf1b-CreER"® - Rosa26-Pgal 8-12 week old
mice were treated with tamoxifen (three doses of
tamoxifen — 20 mg, 20 mg, and 10 mg - by gavage
every other day), and analyzed one week later
typically showed ~20% recombination efficiency
in Cytokeratin 19-labeled pancreatic duct cells
(Solar et al.? and Figure 1(a)). The same treatment
in Hnflb-CreER" - Rosa26-RFP mice led to 55-
95% recombination efficiency in duct cells
(73.6 + 6.3) (Figure 1(b,e)). Thus, the Rosa26-
RFP reporter enabled much higher recombination
efficiency in adult duct cells than previously
reported with the same Cre allele. We believe
that this was likely caused by differences in the
recombination efficiency of the Rosa26-RFP
reporter, rather than by differences in the sensi-
tivity to detect the RFP reporter because duct cell
labeling with Rosa26-RFP was also substantially
higher than with a Rosa26-YFP reporter system
that uses the similarly sensitive immunodetection
method.”

This increased recombination efficiency when
using a different reporter line led us to reexamine
the pancreatic cell type specificity of Hnflb-
CreER"?-Rosa26-RFP mice with the same tamoxi-
fen treatment. We found that  and a cell labeling
with Rosa26-RFP was not substantially higher than
previously reported; 1.82% =+ 0.44 of B cells were
RFP+ and 2.28% + 0.5 of a cells were RFP+
(Figure 1(e)). For comparison, with Rosa26-Pgal
we found that 1.04% + 0.48 of B cells were Pgal+,
and 1.22% + 0.69 of a cells were Bgal+, which was
similar to 1-2% labeling rates previously reported
with Hnflb-CreER"?-Rosa26-Bgal.”> We observed
a similar very low recombination of insulin+ and
glucagon+ cells amongst rare hormone producing
cells that line the ductal epithelium. Thus, despite
the marked increase in labeling efficiency of adult
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Figure 1. Efficient recombination in pancreatic ducts and labeling specificity in endocrine lineages. (a) Immunofluorescence for [3-
galactosidase (green), Cytokeratin 19 (CK19, red) and DAPI (blue) in adult mouse pancreas shows moderate efficiency of recombination
of the Hnf1b-CreER™; Rosa26-B-gal transgenics in duct cells. (b) Immunofluorescence for RFP (green), Cytokeratin 19 (CK19, red) and
DAPI (blue) in adult mouse pancreas shows high efficiency of recombination of the Hnf1b-CreER"?; Rosa26-RFP transgenics in duct cells.
(c) Immunofluorescence for RFP (red), somatostatin (Som, green) and DAPI (blue) in adult mouse pancreas shows recombination in
somatostatin positive & cells in Hnf1b-CreER™; Rosa26-RFP transgenics. (d) Immunofluorescence for RFP (red), pancreatic polypeptide
(PP, green) and DAPI (blue) in adult mouse pancreas shows very low recombination of PP-expressing cells in Hnf1b-CreER™; Rosa26-
RFP transgenics. White arrowheads indicate double positive cells while empty arrow heads indicate single positive cells. (e) Percentage
of RFP positive cells in duct (n = 6 mice), B (n =4 mice), a (n =4 mice), 6 (n =4 mice) and PP (n =4 mice) positive cells. Antibodies used
in the study: RFP (Rockland #600-401-379S, 1:500), CK19 (Hybridoma Bank #Troma-lll, 1:50), Insulin (Linco #4011-01F, 1:1000),
Glucagon (Sigma #4031-01F, 1:1000), Somatostatin (Santa Cruz #sc-7819, 1:50), PP (Novus #NB100-1793, 1:200). Scale Bar = 100 pm.
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ducts with the new reporter, there was no increase
in the number of a and f cells carrying the label.

Our original studies focused on labeling of B and
a cells because they are by far the most prevalent
islet endocrine cells, and because those studies
needed to ensure if the model was valid for testing
the hypothesis that duct cells give rise to B cells.
Analysis of tamoxifen-treated Hnflb-CreER"*-
Rosa26-RFP mice, however, revealed conspicuous
RFP+ cells in the mantle of some pancreatic islets,
and were glucagon/insulin-negative, which led us
to examine other hormones. Somatostatin-
expressing 0 cells make up 1-5% of islet endocrine
cells.'® We found that on average 49.5% + 4.1 of &
cells were RFP+ in Hnflb-CreER"% Rosa26-RFP
islets (see Figure 1(c), showing an islet with multi-
ple & cells, and quantifications in Figure 1(e)). By
contrast, only 1.45% + 0.6 of pancreatic polypeptide
cells were RFP+ (Figure 1(d,e)).
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Labeling of § cells by the Hnflb-CreER" model
could mean that Cre recombination took place in §
cells at the outset of tamoxifen treatment because
CreER is expressed in these cells, or else that
recombination occurred in HNFI1B-expressing
duct cells which later gave rise to § cells. We thus
analyzed Cre expression after a short (24 hour)
tamoxifen treatment pulse. Tamoxifen induces
nuclear translocation of Cre. We observed wide-
spread nuclear Cre protein expression in cells that
line the duct epithelium (Figure 2(a)) as well as
unequivocal expression of Cre protein in § cells,
but not in other islet cells (Figure 2(b)). Because
Hnf1b-CreER™ is a large ~190 Kb BAC transgenic
model that is expected to recapitulate endogenous
expression of Hnflb, we next examined if Cre
expression reflected the expression pattern of the
endogenous HNF1B protein in § cells. HNF1B
immunostaining was not clearly detected in

DBA Cre

Som Cre

Figure 2. Cre is expressed in 6 cells. (@) Immunofluorescence for Cre (red), Dolichos Biflorus Agglutinin (DBA, green) and DAPI (blue) in
adult mouse Hnf1b-CreER™; Rosa26-RFP pancreas upon 24 hours of tamoxifen treatment shows high Cre expression in duct cells. (b)
Immunofluorescence for Cre (red), somatostatin (Som, green) and DAPI (blue) in adult transgenic mouse pancreas upon 24 hours of
tamoxifen treatment shows Cre expression in several § cells. (c) Immunofluorescence for HNF1B (red), somatostatin (Som, green) and
DAPI (blue) in adult transgenic mouse pancreas upon 24 hours of tamoxifen treatment shows strong expression of HNF1B in ductal
cells but not in somatostatin positive cells. White arrowheads indicate doble positive cells while empty arrow heads indicate single
positive cells. Antibodies used in the study: DBA (vector laboratories #FL-1031, 1:200), Hnf1b (Santa Cruz #sc-22840, 1:200), Cre
(Novagen #69050-3, 1:1000), Somatostatin (Santa Cruz #sc-7819, 1:50). Scale bar = 100 pum.



endocrine cells including & cells, in sharp contrast
with HNF1B-expressing duct cells (Figure 2(c)).

These findings, therefore, indicate that Hnf1b-
CreER"® marks adult pancreatic § cells, and this
can be ascribed to expression of Cre in these cells.
The expression of Cre, but not HNF1B, could be
due to higher transcriptional activity of Hnf1b in §
cells that is not reflected by immunofluorescence
due to cell-specific post-transcriptional regulation
of protein levels, or to cell-specific cis-acting silen-
cing sequences that are not included in the 190 Kb
transgenic BAC.

The high labeling efficiency in § cells contrasts
with a very low recombination frequency and lack
of visible Cre expression in a and P cells. Of note,
the rare labeling of a and P cells is also ascribed to
direct recombination in these cells because it is
present immediately after Tamoxifen treatment
and does not change over the course of months or
experimental perturbations.” Plausibly, a and {
recombination obeys to very weak transcriptional
activity of the Hnflb fragment in a and [ cells,
leading to Cre expression that is too low for immu-
nodetection but can cause occasional excision of
reporter alleles. This background recombination
rate needs to be monitored in studies that use this
model.

The new findings reported here should be con-
sidered to interpret lineage tracing studies of adult
duct cells and their progenitor potential. For stu-
dies that have not observed duct to B cell transitions
in various settings, this does not influence conclu-
sions, except that they extend the intepretation in
that neither duct cells nor any & cells that might
have been labeled in adult mice give rise to other
cells examined under those conditions. However,
studies that aim to elicit cellular conversions from
ductal epithelium and use this model need to con-
sider this alternate source of excised cells.

The results also show higher ductal excision rates
than previously reported with the same Cre line.
The efficiency of Cre-based excision can vary con-
siderably for different LoxP alleles, which is often
influenced by easier excision of shorter LoxP-
flanked fragments. Our results indicate that the
Hnf1b-CreER" model can be used to ablate genes
in the pancreatic duct epithelium provided that the
target locus allows for high recombination, keeping
in mind that § cells are also expected to recombine.
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The findings also indicate that Rosa26-RFP repor-
ter can be used when higher efficiency of duct cell
labeling is desired.

Finally, it is interesting to note that the wide-
spread, sometimes nearly exhaustive, ductal exci-
sion did not increase the proportion of labeled
cells, including those that reside in ducts, showing
that the ductal location of an islet cell should not be
taken as evidence of a recent duct to P cell
conversion.
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