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BACKGROUND & AIMS: There have been conflicting
esults on a cell of origin in pancreatic regeneration. These
iscrepancies predominantly stem from lack of specific
arkers for the pancreatic precursors/stem cells, as well as

ifferences in the targeted cells and severity of tissue
njury in the experimental models so far proposed.

e attempted to create a model that used diphtheria
oxin receptor (DTR) to ablate specific cell populations,
ontrol the extent of injury, and avoid induction of the
nflammatory response. METHODS: To target specific
ypes of pancreatic cells, we crossed R26DTR or R26DTR/lacZ

mice with transgenic mice that express the Cre recom-
binase in the pancreas, under control of the Pdx1
(global pancreatic) or elastase (acinar-specific) promoters.
RESULTS: Exposure of PdxCre;R26DTR mice to diphthe-
ia toxin resulted in extensive ablation of acinar and
ndocrine tissues but not ductal cells. Surviving cells
ithin the ductal compartment contributed to regenera-

ion of endocrine and acinar cells via recapitulation of the
mbryonic pancreatic developmental program. However,
ollowing selective ablation of acinar tissue in ElaCre-
RT2;R26DTR mice, regeneration likely occurred by repro-
ramming of ductal cells to acinar lineage. CONCLU-
IONS: In the pancreas of adult mice, epithelial cells
ithin the ductal compartment contribute to regener-
tion of endocrine and acinar cells. The severity of
njury determines the regenerative mechanisms and
ell types that contribute to this process.

eywords: Tissue Repair; Mouse Model; Organogenesis;
�-Cell.

Unraveling the mechanisms involved in the mainte-
nance of the pancreatic cell mass in both physiologic

and pathologic conditions has important clinical reper-
cussions. Different models have been used to address the
question of whether the pancreas possesses the ability to
regenerate after injury, and several “cells of origin” have
been proposed to account for this process.1,2 Variation
between different studies is likely due to the disparities
among the animal species used, as well as the type and
extent of injury, which may affect pancreatic cells in

different ways. A solution could be cell type–specific ab-
lation, which may be a better method for analyzing the in
vivo function of cells during regeneration. This type of
injury can be achieved by using streptozotocin (for �-cells)
or cerulein (for acinar cells). However, the massive inflam-
matory response, often accompanying some of the injury
models, may act as a confounding factor.

Several studies have suggested that, under physiologic
conditions, adult �-cells predominantly arise from already
xisting �-cells via replication, implying that regeneration
ight not involve specialized progenitors.3–5 However,

during pancreatic organogenesis, progenitors within the
pancreatic ductal epithelium give rise to both endocrine
and acinar cells.6 Therefore, it seems reasonable to assume
hat the regeneration process in the adult pancreas fol-
owing injury would involve ductal cells.1,2,7 In addition, a

recent report has argued for the existence of a rare mul-
tipotent subpopulation of insulin-expressing cells within
the adult human and mouse islets with the capacity to
give rise to neuronal and pancreatic cell type lineages.8

These results strongly suggest that while maintenance of
the �-cell mass during adult life may primarily involve cell
eplication, following insult the adult mouse pancreas is
apable of robust regeneration by the recruitment of dif-
erent cell types, including non-�-cells. In particular, the

echanisms involved in �-cell regeneration seem to be
determined by the nature and the extent of tissue damage,
which apparently dictates whether new �-cells may be

enerated by replication of existing �-cells,9 differentia-
ion of progenitor cells residing within or in proximity to
ucts,7,10,11 or, as recently reported, from transdifferentia-
ion of �-cells.9,10

The regeneration of exocrine pancreas has also been
reported following several injury models, including partial

Abbreviations used in this paper: �-gal, �-galactosidase; BrdU, bro-
odeoxyuridine; CAC, centroacinar cell; DBA, Dolichos biflorus aggluti-

in; DT, diphtheria toxin; DTR, diphtheria toxin receptor; HB-EGF pre-
ursor, heparin-binding epidermal growth factor–like precursor; qRT-
CR, quantitative reverse-transcription polymerase chain reaction
nalysis; TUNEL, terminal deoxynucleotidyl transferase–mediated de-
xyuridine triphosphate nick-end labeling assay.

© 2011 by the AGA Institute
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pancreatectomy and cerulein treatment. Lineage tracing
studies indicated that the recovery of acinar mass in these
models occurs not via differentiation of new acini from
ductal or other progenitors, but by expansion of those
acinar cells that survived injury.12–15

In an effort to determine a potential link between the
extent and type of tissue damage and the nature of the
regenerative response, we have studied pancreatic re-
generation following ablation of different pancreatic
cell lineages using the diphtheria toxin receptor (DTR)-
mediated conditional targeted cell ablation model. The
DTR is a membrane-anchored form of the heparin-
binding epidermal growth factor–like precursor (HB-
EGF precursor).16 While the human and simian HB-

GF precursors function as receptors for diphtheria
oxin (DT), the HB-EGF from mice and rats does not
ind the toxin and therefore remains insensitive to
T.17 Thus, transgenic expression of simian or human

DTR in mice renders DT sensitive the otherwise natu-
rally DT-resistant mouse cells.18 –20 Recently, a mouse
strain was generated (R26DTR) in which a loxP-flanked
STOP cassette and the open reading frame of simian
DTR has been introduced into the ROSA26 locus.21 In
the R26DTR strain, the gene encoding DTR is under the
control of the Rosa promoter, but its expression is
dependent on Cre-recombinase removal of the STOP
cassette21; hence, only Cre-expressing cells and their

rogeny will transcribe DTR. Although viable and nor-
ally functioning, the DTR-expressing cells are rapidly

illed up on DT administration, allowing control over
he extent of injury based on the targeted cells.

Specifically, in our PdxCre;R26DTR transgenic line, all
ancreatic epithelial cells are killed via DT administration
ith the exception of ductal cells, which are serendipitously

pared. This represents the most severe (but still survivable)
ancreatic injury model of regeneration yet reported. We
how that following extensive ablation of both acinar and
ndocrine tissue, surviving cells within the ductal compart-
ent contribute to regeneration of new endocrine and aci-

ar populations through a process that seems to recapitulate
he embryonic pancreatic developmental program. By con-
rast, following selective ablation of only acinar cells (thus in

less severe type of damage) in the ElacreERT2;R26DTR

transgenic line, regeneration occurs through differentiation
of ductal cells to acinar lineage.

Materials and Methods
Mice and DT Treatment
Mice used in these studies were maintained according

to protocols approved by the University of Pittsburgh Insti-
tutional Animal Care and Use Committee. The Rosa26DTR21

and ElaCreERT222 strains were generated in the laboratories of
rs Ari Waisman (Johannes-Gutenberg-University, Mainz, Ger-
any) and Craig Logsdon (University of Texas MD Anderson
ancer Center), respectively, whereas the PdxCre23 mice were ob-

ained from the Mouse Models of Human Cancer Consortium. The
osa26lacZ mice were purchased from The Jackson Laboratory (Bar

arbor, ME). i
Description of additional methods and details for reagents
re provided in Supplementary Materials and Methods.

Results
Cell Ablation and Regeneration of Adult
Pancreatic Endocrine and Acinar Cells in
PdxCre;R26DTR Mice

Eight-week-old PdxCre;R26DTR mice were in-
ected with DT and killed at different time points
Supplementary Figure 1A). Within 1 week after the last

T injection (early stage), the pancreas had sustained a
assive loss of the epithelial cell population, quantifi-

ble in a 97% reduction of acinar tissue and a 96%
eduction of insulin- or glucagon-expressing cells. In-
erestingly, ductal epithelial cells were serendipitously
pared (Figure 1A and B). Immunostaining for insulin,
lucagon, and amylase (Figure 1C) documented the ini-
ial loss and the subsequent recovery of the endocrine and
cinar cells. Terminal deoxynucleotidyl transferase–mediated
eoxyuridine triphosphate nick-end labeling (TUNEL) assay
nalysis showed that the majority of �-cells and the nonduc-

tal DBA�/E-cadherin� epithelial cells surrounding the
DBA� structures were apoptotic 1 day after the injections
(Supplementary Figure 2A). The apoptotic rate among the
nonductal epithelial cells was almost 50% in the early stage,
significantly declined during the following days, and by day
10 it was less than 1% (Figure 1D and Supplementary Figure

B). The pancreas regained 60% of its original acinar mass
nd regenerated the endocrine compartment in 3 to 4 weeks
late stage; Figure 1E). Mice exhibited hyperglycemia during
he regeneration process for up to 3 weeks (nonfasting blood
lucose level �600 mg/dL), after which blood glucose levels
ventually declined to approximately basal values (�200
g/dL) in 63% of mice. Notably, all mice killed at late time

oints showed recovered acinar tissue, and 80% showed islets
haracterized by MafA and Glut2 staining, suggesting the
resence of functional �-cells. By contrast, 20% of late-stage
ancreata exhibited only scattered small hormone� cell clus-

ters with no �-cells expressing MafA or Glut2 (data not
shown).

Survival of the Pancreatic Duct Cells in
DT-Treated PdxCre;R26DTR Mice

Based on the widespread positivity (85%–90% of total
pancreatic cells) for X-gal staining in the PdxCreR26lacZ pan-
reas (Supplementary Figure 2C), the apparent resistance
f duct cells to DT was a surprising result. To ensure that
urvival of the duct cells was not due to lack of DTR
xpression, we stained wild-type and mid stage (post-DT
reatment) PdxCre;R26DTR pancreata with antibodies spe-

cifically recognizing DTR (simian HB-EGF) (Supplemen-
tary Figure 2D–F). As shown in Supplementary Figure 2E,
DTR is clearly expressed in surviving DBA� duct-like
tructures, but for unknown reasons duct cells remain

nsensitive to DT.
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Lineage Tracing Analysis in the Regenerating
Pancreas of PdxCre;R26DTR/lacZ Mice
To study more rigorously the contribution of cells

within the ductal compartment to the regeneration pro-
cess, 8-week-old PdxCre;R26DTR/lacZ mice were treated with

T and then killed during early, mid, or late stages after
T injection. Shortly after DT treatment, the only X-gal�

structures detectable in the pancreas were the surviving
duct cells (Figure 2), whereas during mid and late stages
staining revealed extensive contribution of X-gal� cells to

arenchymal restoration, including acinar and endocrine
ells (Figure 2A and B). In addition, no cells coexpressing

�-galactosidase (�-gal) and insulin, or �-gal and amylase,

Figure 1. Loss and regeneration of pancreatic mass in DT-treated Pdx
stage. (A) Macroscopic appearance shows progressive rescue of pancre
at the same time points. Notably, upon DT treatment, all epithelial cells
amylase, insulin, and glucagon confirmed the initial loss and subsequen
age-matched adult control pancreas. (D) Quantification of apoptotic cells
massive cell loss after DT treatment. (E) Quantification (percent) of amy
cells. S, spleen; d, duct; v, vessel. Scale bars � 20 �m.
ould be found during early stage (Figure 2C), while
�-gal� cells expressing insulin (Figure 2D) or amylase
Figure 2E) were detected during mid stage. Notably, our
nalyses also revealed that some segments within the
uctal network did not express the Cre recombinase, and
s a result ductal branches originating from those areas
ontained X-gal� cells (inset in Figure 2A).

Cells Within the Ductal Compartment Are
Highly Proliferative During Regeneration
To identify the proliferating cells within each

compartment that may give rise to the regenerated
endocrine and acinar cells, representative tissues from
different time points were stained for the proliferation

;R26DTR mice. After DT treatment, mice were killed at early, mid, or late
mass during regeneration. (B) Representative H&E staining of pancreata
re killed but ducts (insets). Arrows show islets. (C) Immunostaining for
generation of both exocrine and endocrine tissues. Wild type (WT) is an
ercent) among the nonductal epithelial (DBA�/E�) population shows the
�, insulin�, and glucagon� cells normalized by number of E-cadherin�
Cre
atic
we

t re
(p

lase
marker phospho-histone-H3. Cells within the ductal
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compartment, as well as surviving acinar cells, were
found to be the main proliferating cells during early
and mid stages. In particular, the peak of proliferation
in acinar tissue was reached during mid stage, whereas
ductal cells kept proliferating consistently throughout
late stage. Phospho-histone-H3�/endocrine� cells were de-
tected only from the end of mid stage onward and peaked in
late stage (Figure 3A). To better analyze the fate of prolifer-
ating cells, we performed a pulse-chase approach. Bromode-
oxyuridine (BrdU) was administrated via the drinking water
on the final day of DT injections and on the following day;
subsequently, pancreata were harvested later on day 1 (Fig-
ure 3B), day 10 (Figure 3C and D), or day 30 after last DT
injection (Supplementary Figure 3). On day 1 (pulse), the
duct-like structures were the main epithelial cells incorpo-
rating BrdU (Figure 3B). On day 10 (chase), the presence of
insulin�/BrdU� cells (Figure 3C) and amylase�/BrdU� cells
Figure 3D) suggested that these cells or their precursors

ust have been proliferating immediately after injury. Inter-
stingly, at this time point, abundant amylase�/BrdU� cells

were found within both the small and large duct-like struc-

Figure 2. Lineage tracing analyses in the regenerating PdxCre;R26DTR

regenerating pancreata. Shortly after DT treatment, the only X-gal� stru
staining revealed extensive contribution of X-gal� cells to parenchymal re
stained pancreata, counterstained with hematoxylin. Dashed line highlig
pancreas early after injury showed no �-gal expression in insulin� or a
�-gal/amylase staining of mid stage PdxCre;R26DTR/lacZ pancreata show
tures (inset in Figure 3E), further supporting the hypothesis
that the main source of regenerating acinar cells, which peak
during mid stage, resides in the ducts rather than in prolif-
erating residual Cre� acinar cells. On day 30, some �-cells,
acinar cells, and cells within the larger ducts (but not the
smaller ducts) still retained the BrdU labeling (Supplemen-
tary Figure 3).

Regeneration Process Recapitulates the
Pancreatic Developmental Program in
PdxCre;R26DTR/lacZ Mice
To further characterize the cells within the ductal

compartment during regeneration, pancreata from DT-
treated PdxCre;R26DTR mice were immunostained for
markers of committed endocrine progenitors and differ-
entiated acinar, endocrine, or duct cells. Mature duct cells
are generally identified as DBA�/SOX9�/PDX1�.24 –26 In-
terestingly, after DT injection, the surviving ductal cells
re-expressed PDX1 (Supplementary Figure 4A and B). No-
tably, once regeneration was completed, Pdx1 expression
was once again restricted to the �-cells (Supplementary
Figure 4C). These regenerating ductal structures retained

model. (A) Whole-mount X-gal staining of early-, mid-, and late-stage
res detectable were the surviving ducts, whereas mid- and late-stage

ration. (Inset) X-gal� segment within the ductal network (arrow). (B) X-gal
an islet. (C) �-gal/insulin/amylase immunostaining of PdxCre;R26DTR/lacZ

lase� cells. Inset shows higher magnification. (D) �-gal/insulin and (E)
double� cells. Scale bars � 20 �m.
/lacZ

ctu
sto
hts
my
Sox9 expression, resembling the DBA�/SOX9�/PDX1�
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October 2011 DYNAMICS OF TISSUE REGENERATION IN THE PANCREAS 1455
Figure 3. Cells within the ductal compartment are highly proliferative in regenerating PdxCre;R26DTR pancreata. (A) Quantification (percent) of
proliferating DBA�, amylase�, or insulin� cells. PHH3, phospho-histone H3. Wild type (WT) is an age-matched adult control pancreas. (B)

ulse-chase BrdU experiments. On day 1 (pulse), the duct-like structures were the main epithelial cells incorporating BrdU. On day 10 (chase),
resence of (C) insulin�/BrdU� cells and (D) amylase�/BrdU� cells suggested that these cells or their precursors must have been proliferating

mmediately after injury. (E) Several amylase�/BrdU� cells were found within both the small and large duct-like structures, further supporting
he hypothesis that the main source of regenerating acinar cells resides in the ducts rather than in proliferating residual Cre� acinar cells. Scale
bars � 20 �m.
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1456 CRISCIMANNA ET AL GASTROENTEROLOGY Vol. 141, No. 4
undifferentiated epithelial cells in the developing pan-
creas (Supplementary Figure 4D–F).

The presence of NGN3� (Figure 4A), insulin� (Figure
4B), amylase� (Figure 4C), or glucagon� (Figure 4D) cells
within the duct-like structures further supports that in
this severe injury model, cells within the ductal network
contribute to formation of both endocrine and acinar
cells by recapitulation of the pancreatic developmental
program. Surprisingly, a subpopulation of PDX1�/gluca-
gon� cells was also detected in the ducts of regenerating
pancreas during mid stage (Figure 4D, arrows), perhaps
suggesting �- to �-cell transdifferentiation.

Although duct cells in the control pancreas were all
DBA�/cytokeratin� (Figure 4E), in the regenerating
PdxCre;R26DTR pancreas a significant number of DBA�

cells had lost cytokeratin expression (Figure 4F, arrows).
This phenomenon was more commonly found in the

Figure 4. Recapitulation of pancreatic developmental program in reg
showed presence of endocrine progenitor marker (A) Ngn3�, (B) PDX1�

lation of PDX1�/glucagon� cells was also detected during mid stage (arr
(F) In the regenerating pancreas, a significant number of DBA� cells ha
control pancreas. Scale bars � 20 �m.
epithelial buds arising from bigger ducts, thus suggest- c
ing these cells were undergoing dedifferentiation
and/or transdifferentiation into other cytotypes. Dur-
ing late stage of regeneration, all DBA� ducts once
again expressed cytokeratin (data not shown).

The hypothesis that the regeneration process mirrors
the pancreatic developmental program was further sup-
ported by quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) analysis of tissues from ear-
ly-, mid-, and late-stage PdxCre;R26DTR pancreata (Fig-

re 5). Throughout early and mid stages, we found
xpression of genes that are normally transcribed dur-
ng embryonic pancreatic organogenesis, such as

otch1 and Hes1, and genes that are expressed in
ndocrine progenitors, such as Ngn3. Parallel to their
ecrease in the late stage, from mid stage onward we
ound up-regulation of both genes associated with exo-
rine acinar tissue (Mist1, Ptf1a) and mature endocrine

rating PdxCre;R26DTR pancreata. During mid stage, ductal structures
ulin�, (C) amylase� (AMY)�, or (D) glucagon� (GCG) cells. A subpopu-

s). (E) Duct cells in wild-type pancreas were all DBA�/cytokeratin� (CK).
st cytokeratin expression (arrows). Wild type is an age-matched adult
ene
/ins
ow
d lo
ells (Ins2, Gcg, Gck, Beta2NeuroD, Glut2). Pdx1,
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October 2011 DYNAMICS OF TISSUE REGENERATION IN THE PANCREAS 1457
which is normally expressed in both early pancreatic
precursors and mature �-cells, was indeed found to be
expressed already during early stage and then consis-
tently up-regulated in mid and late stages.

Acinar-Specific Cell Ablation and
Regeneration in the ElaCreERT2;R26DTR

Mouse Model
DT treatment in PdxCre;R26DTR mice results in

blation of all pancreatic cells derived from Pdx1� pro-
genitor cells (cells that had expressed the Cre recombinase
and thereby activated the DTR gene). To evaluate
whether the mechanisms involved in regeneration are
different when the extent of cell ablation is more lim-
ited, we selectively targeted acinar cells by using mice

Figure 5. Expression (qRT-PCR) of embryonic and adult pancreatic m
expression (mean � SE) of mice killed at early, mid, or late stage (n � 5
(n � 5); E13 is pooled pancreata from WT litters (n � 8 embryos).
expressing a tamoxifen-sensitive Cre under the acinar-
specific elastase promoter (ElaCreERT2),22 in combina-
ion with the Rosa26DTR construct. In this transgenic

line (ElaCreERT2;R26DTR), expression of the DT receptor
is restricted to acinar cells, and only after tamoxifen treat-
ment. Mice were then killed 1, 3, 5, 7, and 8 days after DT
injection (Supplementary Figure 1B). The peak of injury,
identifiable by massive acinar destruction, was reached on
day 1 after DT treatment, when sections showed the
pancreas consisted mainly of islets, ducts, blood vessels,
and adipose tissue (Figure 6A). Remarkably, and pre-
sumably due to the apoptotic nature of acinar cell
ablation, pancreas did not exhibit significant local in-
flammation. By day 3, acinar cells were significantly
regenerating (Figure 6B), and from days 5 (Figure 6C)

rs in the regenerating PdxCre;R26DTR pancreata. Bars represent gene
ach time point). Wild type (WT) is age-matched adult control pancreata
arke
for e
to 8 (data not shown) the regeneration process was
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1458 CRISCIMANNA ET AL GASTROENTEROLOGY Vol. 141, No. 4
almost complete. In addition to intact islets (Supple-
mentary Figure 5), the ElaCreERT2;R26DTR mice also
displayed normal blood glucose levels throughout the
regeneration process (data not shown), further con-
firming the sparing of endocrine cells. Interestingly, by
day 3, we could detect the presence of numerous
SOX9�/DBA� duct-like structures (Figure 6C), which
were found to be highly proliferating (60%) (Figure 6D).
The proliferation rate among these duct-like structures
increased to 80% on day 5; however, due to the con-
comitant decrease in their total number, the main pro-
liferative compartment on day 5 was represented by
acinar cells.

It has been shown that following cerulein treatment,

Figure 6. Acinar-specific cell ablation and regeneration in DT-trea
observed on day 1 after DT treatment, peaked on day 3, and was n
pancreata at the same time points. Arrows highlight islets. (C) Immuno
pancreas showed several SOX9�/DBA� duct-like structures during pe
X-gal staining showed minimal contribution of preexisting acinar c
amylase� and SOX9�/DBA� cells. Arrows highlight X-gal� acinar cel
preexisting acinar cells in the adult pancreas are the a
main source for regeneration of new acinar cells.12,13 To
etermine whether preexisting acinar cells were the
rigin of newly regenerated acinar cells in DT-treated
laCreERT2;R26DTR pancreas, we used the ElaCreERT2;

R26lacZ/DTR transgenic line. Following tamoxifen and
hen DT treatment, the pancreata were harvested on
ay 7 and analyzed by X-gal staining. As shown in
igure 6E, the vast majority of regenerated acinar tissue
as X-gal negative.
qRT-PCR on ElaCreERT2;R26DTR pancreata harvested

t different time points revealed the expression of em-
ryonic pancreatic markers, such as Notch1 and Hes1,

n the first phase of regeneration (peak at day 3) and the
p-regulation of acinar-related genes, such as Mist1

ElaCreERT2;R26DTR pancreata. (A) Massive acinar cell loss was
ly complete on day 5. S, spleen. (B) Representative H&E staining of
ining for DBA/SOX9/amylase in the regenerating ElaCreERT2;R26DTR

of regeneration. By contrast, ducts in wild type are DBA�/SOX9�. (D)
to acinar regeneration. (E) Quantification (percent) of proliferating
cale bars � 20 �m.
ted
ear
sta
ak

ells
nd Ptf1a, in the late phase of regeneration (peak at day
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8) (Figure 7A). Collectively, these data further support
the hypothesis that a mechanism other than replication
of preexisting acinar cells is involved in acinar regener-
ation.

Regeneration Occurs Through Different
Mechanisms in PdxCre;R26DTR and
ElaCreERT2;R26DTR Models

Comparison of the regenerative processes in the
PdxCre;R26DTR and ElaCreERT2;R26DTR pancreata re-
vealed important differences between the 2 models. Per-
haps the most impressive difference was the absence of
PDX1 in the ductal structures of the regenerating ElaCre-

Figure 7. (A) Expression (qRT-PCR) of embryonic and adult exocrine m
gene expression (mean � SE) of mice killed at different time points (n �
n � 5); E13 is pooled pancreata from WT litters (n � 8 embryos). (B a
mmunostaining analysis of SOX9 and PDX1 on R26DTR control pancre
PdxCre;R26DTR pancreata showed coexpression of these markers only
xpression in the regenerating PdxCre;R26DTR pancreas displayed strik
ERT2;R26DTR pancreas compared with the DBA�/PDX1�/
SOX9� duct-like structures seen in the PdxCre;R26DTR

pancreas (Figure 7B). Interestingly, during early stages of
regeneration in the PdxCre;R26DTR pancreas, not all
SOX9� cells expressed Pdx1, whereas during mid stage
almost all SOX9� cells also expressed PDX1 (Figure 7A).
In addition, the duct-like structures in the regenerating
PdxCre;R26DTR pancreata exhibited morphologic resem-
blance to embryonic pancreatic epithelium (Figure 7C).

Discussion
A number of different animal models have been

used to investigate pancreatic plasticity, including duct

ers in the regenerating ElaCreERT2;R26DTR pancreata. Bars represent
or each group). Wild type (WT) is age-matched adult control pancreata
) The regeneration mechanism is dictated by the severity of injury. (B)

day 3 ElaCreERT2;R26DTR, and early-stage or mid-stage regenerating
DT-treated PdxCre;R26DTR pancreas. Arrows highlight islets. (C) SOX9
similarities to an E13.5 embryonic pancreas. Scale bars � 20 �m.
ark
5 f

nd C
as,
in
ligation, partial resection, and chemical ablation. How-
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ever, there is no firm conclusion as to the origin of the
cells destined to become acinar, ductal, or endocrine.

In an attempt to overcome the discrepancies among the
different studies, we used a DTR-mediated conditional
and targeted cell ablation model, which enabled us to
evaluate the extent of injury (ie, the cell type that is
damaged) on the regenerative response. In our PdxCre;
R26DTR transgenic line, which represents the most severe

ancreatic injury model of regeneration yet reported, all
ancreatic cells are killed via DT administration, with the
xception of ductal cells, which are serendipitously
pared. Notably, in this model, cell death is quickly
chieved after DT administration via massive apoptosis.
ecause no relevant local inflammation response is gen-
rated during this process, the numerous confounding
ariables incurred with other models are ruled out.

Lineage tracing studies have shown that all pancreatic
pithelial cells originate from a pool of PDX1� progeni-
ors.27 Thus, our initial assumption was that in PdxCre;
26DTR double-transgenic mice all descendents (endo-
rine, acinar, and ductal) of Cre�/PDX1� progenitors
ould express DTR and therefore should be killed by DT.
owever, the surprising persistence of numerous DBA�

ductal structures seen after DT injection indicated that
cells within the ductal compartment somehow survived
the insult. In our rigorous search for the cell(s) of origin,
we used PdxCre;R26DTR/lacZ mice in which cells with Cre
activity will become DTR� and lacZ� double positive. The
regenerated PdxCre;R26DTR/lacZ pancreata consisted of
mixed populations of X-gal� and X-gal� cells, indicating a
contribution from both preexisting differentiated cells
(X-gal�) and ductal cells (X-gal� or X-gal� as shown in
Figure 2D). Our analysis showed a 30% proliferation rate
among acinar cells at early stage. However, given the 97%
loss of acinar tissue and the actual low number of amy-
lase� cells immediately after injury, these cells most likely
did not contribute significantly to overall acinar regener-
ation. Taken together, these data strongly suggest that the
ductal compartment is a potential source of new cells.
However, it cannot distinguish whether mature duct cells
or putative progenitors residing within ducts were the
source of regeneration. Furthermore, it is possible that in
some cells, due to low Cre-recombinase activity, only 1 of
the 2 floxed genes (the STOP cassette flanking either the
DTR or lacZ genes) would be excised. Because it would
seem unlikely that any nonductal pancreatic epithelial cell
with DTR on its surface would survive the toxin treat-
ment, the main concern would be that some endocrine or
acinar cells might express lacZ but not DTR. However,
because we could not detect any differentiated X-gal� cells
immediately after injury, it is unlikely that their contri-
bution to regeneration is significant. In a recent report,
Solar et al showed that postnatal duct cells do not con-
tribute to new acinar or endocrine cells during normal
growth or after injury, based on HNF1b expression as a
ductal marker.28 Nevertheless, the injury models used in
hat report were pancreatic duct ligation or alloxan treat-
ent for �-cell ablation, neither of which is as severe as
he injury induced in the PdxCre;RosaDTR pancreas follow-
ng DT treatment.

Further evidence of ductal involvement during regen-
ration comes from the BrdU pulse-chase experiments.
ecause our analysis showed that DBA� duct-like struc-

tures were the main epithelial cells that were proliferating
after injury, the presence of several BrdU�/insulin� or

rdU�/amylase� cells during chase phase in the mid stage
f regenerating pancreas further suggested a progenitor-
rogeny relationship between the proliferating DBA�

duct-like structures immediately after injury and the re-
generated endocrine and acinar cells in subsequent stages.
Notably, a few BrdU� cells could be found within the
larger ducts after 30 days from pulse phase. We speculate
that this retention of BrdU may reflect their “stemness.”
One of the main features of adult stem cells is indeed
their ability to divide asymmetrically, ie, to give rise to one
daughter stem cell and another daughter cell that under-
goes differentiation. Thus, we believe these BrdU� ductal
ells represent the result of perhaps 1 or 2 rounds of
symmetric division, whereas the differentiating cells that
nderwent extensive proliferation to give rise to the re-
enerated pancreas eventually became BrdU�.

So far, our data indicate that in this severe ablation
odel the regeneration process involves proliferation and

ifferentiation of ductal progenitors, mirroring the pan-
reatic developmental program. This hypothesis is
urther supported by the finding that, shortly after DT
reatment, the surviving ductal cells re-expressed PDX1,
esembling the DBA�/SOX9�/PDX1� undifferentiated
pithelial cells in the developing pancreas, and the
ndocrine progenitor marker Ngn3. In addition, in the
pithelial buds arising from bigger ducts during mid stage, a
ubset of DBA� cells had lost cytokeratin expression, imply-
ng that these cells may be differentiating and/or transdif-
erentiating into other cytotypes. This would also explain the
resence of a subpopulation of PDX1�/glucagon� cells not

only within the ducts, but also in the forming endocrine
clusters. Because �-cells typically do not express PDX1, it is
empting to speculate that these PDX1�/glucagon� cells

ay represent �-cells converting to �-cells, as recently re-
ported.29,30 Notably, during late stage of regeneration, all
DBA� ducts once again expressed cytokeratin, and PDX1
xpression was restricted to �-cells. In addition, qRT-PCR

analysis of tissues from early-, mid-, and late-stage PdxCre;
R26DTR pancreata confirmed expression of genes that are
normally transcribed during embryonic pancreatic organo-
genesis.

In the PdxCre;R26DTR mice, we saw a consistent level of
cell ablation and subsequent regeneration for all pancre-
atic cell types in the early stage and mid stage pancreata,
respectively. The acinar cell recovery then consistently
continued through late stage to form normal-appearing
acinar tissue. By contrast, only 80% of mice regenerated
enough endocrine tissue by the late stage to reverse the
diabetic state caused by DT treatment. In light of recent
studies reporting that glucose metabolism influences beta

cell replication,31 it would be interesting to determine
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whether in our model maintaining normoglycemia or
moderate hyperglycemia affects regeneration.

In response to injury, the exocrine pancreas also acti-
vates regenerative processes to maintain tissue homeosta-
sis. We thus investigated whether regeneration would oc-
cur through the same mechanisms following selective
ablation of acinar tissue. It has been shown that in ceru-
lein-induced acinar cell death, surviving acinar cells can
serve as the main source for acinar regeneration.12,13 Nev-
ertheless, in our DT-treated ElacreERT2;R26DTR pancreas,
where virtually all acinar cells were killed, the acinar com-
partment still regenerated rapidly. In particular, regener-
ation coincided with the expansion of DBA�/SOX9� cells,
while proliferation of amylase� cells was detected only in

subsequent stage. A recent lineage-tracing study has
eported that, under normal conditions, SOX9� cells
ithin the ductal compartment contribute to the main-

enance of acinar mass in the adult pancreas.32 Therefore,
e speculate that in the absence of a significant number
f surviving acinar cells, the regenerative mechanism taps

nto these SOX9� cells, as in an accelerated version of a
hysiological process.
The identity of the cells of origin in our acinar regen-

ration model is still to be determined as they may be
ature duct cells, unidentified progenitors, terminal duct

ells, or centroacinar cells (CACs). In the adult pancreas,
OX9 is expressed in duct cells (which are also DBA�) and
ACs. To our knowledge, it has not been established
hether or not CACs are DBA�. If they do, then the

DBA�/SOX9� cells observed in DT-treated ElaCreERT2;
26DTR pancreas likely do not derive from CACs and may

be either dedifferentiated duct cells that lost their ability
to bind DBA or another unidentified cell type residing
within the ducts. By contrast, if CACs are DBA�, it seems
likely that the DBA�/SOX9� cells derive from CACs. Fur-
thermore, in the adult pancreas, Notch-Hes1 signaling
appears particularly high in terminal duct and/or CACs,
which can give rise to acinar cells following isolation and
culture.33–35 Therefore, reactivation of Notch and Hes1

uring acinar regeneration in ElaCreERT2;R26DTR pan-
creas would argue for terminal duct cells and/or CACs to
be the source for this process. Although these data do not
provide irrefutable proof of the cell of origin, the lineage
tracing studies in ElaCreERT2;R26DTR/lacZ model strongly
uggest that preexisting acinar cells are not the major
ontributor to acinar regeneration in this model.

In conclusion, our findings show that following exten-
ive ablation of acinar and endocrine cells in the PdxCre;
26DTR mice, or acinar-specific ablation in the
laCreERT2;R26DTR mice, epithelial cells within the ductal
etwork are capable of contributing to both endocrine and
cinar regeneration, although through different mecha-
isms and perhaps through different cell types. However,
uct cells might not be the “preferred” regenerative source

n physiologic conditions but could be hierarchically re-
ruited based on the severity of injury. During embryonic
ancreatic organogenesis, stem cells within the duct pan-

reatic epithelium give rise to both the endocrine and
cinar cells. Therefore, it seems reasonable to assume that
he regeneration process in our extremely severe PdxCre;
26DTR injury model would recapitulate the embryonic
rogram. By contrast, in a less severe injury model (exclu-
ive acinar ablation in ElaCreERT2;R26DTR pancreas), re-
rogramming of ductal cells to acinar lineage is sufficient.
his could explain why acinar cell recovery is completed
ithin a week in the ElaCreERT2;R26DTR model, whereas

it requires from 3 to 4 weeks to complete in PdxCre;
R26DTR model. Identifying signals that may initiate these
different responses may provide a key understanding of
how new pancreatic cells in general, and �-cells in partic-
ular, can be generated.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2011.07.003.

References

1. Puri S, Hebrok M. Cellular plasticity within the pancreas—lessons
learned from development. Dev Cell 2010;18:342–356.

2. Bonner-Weir S, Li WC, Ouziel-Yahalom L, et al. Beta-cell growth and
regeneration: replication is only part of the story. Diabetes 2010;
59:2340–2348.

3. Dor Y, Brown J, Martinez OI, et al. Adult pancreatic beta-cells are
formed by self-duplication rather than stem-cell differentiation.
Nature 2004;429:41–46.

4. Teta M, Rankin MM, Long SY, et al. Growth and regeneration of
adult beta cells does not involve specialized progenitors. Dev Cell
2007;12:817–826.

5. Brennand K, Huangfu D, Melton D. All beta cells contribute equally
to islet growth and maintenance. PLoS Biol 2007;5:e163.

6. Gittes GK. Developmental biology of the pancreas: a comprehen-
sive review. Dev Biol 2009;326:4–35.

7. Inada A, Nienaber C, Katsuta H, et al. Carbonic anhydrase II-
positive pancreatic cells are progenitors for both endocrine and
exocrine pancreas after birth. Proc Natl Acad Sci U S A 2008;105:
19915–19919.

8. Smukler SR, Arntfield ME, Razavi R, et al. The adult mouse and
human pancreas contain rare multipotent stem cells that express
insulin. Cell Stem Cell 2011;8:281–293.

9. Nir T, Melton DA, Dor Y. Recovery from diabetes in mice by beta
cell regeneration. J Clin Invest 2007;117:2553–2561.

0. Collombat P, Xu X, Ravassard P, et al. The ectopic expression of
Pax4 in the mouse pancreas converts progenitor cells into alpha
and subsequently beta cells. Cell 2009;138:449–462.

1. Xu X, D’Hoker J, Stange G, et al. Beta cells can be generated from
endogenous progenitors in injured adult mouse pancreas. Cell
2008;132:197–207.

2. Fendrich V, Esni F, Garay MV, et al. Hedgehog signaling is required
for effective regeneration of exocrine pancreas. Gastroenterology
2008;135:621–631.

3. Morris JPt, Cano DA, Sekine S, et al. Beta-catenin blocks Kras-
dependent reprogramming of acini into pancreatic cancer precur-
sor lesions in mice. J Clin Invest 2010;120:508–520.

4. Desai BM, Oliver-Krasinski J, De Leon DD, et al. Preexisting pan-
creatic acinar cells contribute to acinar cell, but not islet beta cell,
regeneration. J Clin Invest 2007;117:971–977.

5. Jensen JN, Cameron E, Garay MV, et al. Recapitulation of ele-
ments of embryonic development in adult mouse pancreatic re-

generation. Gastroenterology 2005;128:728–741.

http://www.gastrojournal.org
http://dx.doi.org/10.1053/j.gastro.2011.07.003
http://dx.doi.org/10.1053/j.gastro.2011.07.003


1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

B
A

SIC
A

N
D

TR
A

N
SLA

TIO
N

A
L

P
A

N
C
R
EA

S

1462 CRISCIMANNA ET AL GASTROENTEROLOGY Vol. 141, No. 4
16. Naglich JG, Metherall JE, Russell DW, et al. Expression cloning of
a diphtheria toxin receptor: identity with a heparin-binding EGF-like
growth factor precursor. Cell 1992;69:1051–1061.

7. Mitamura T, Higashiyama S, Taniguchi N, et al. Diphtheria toxin
binds to the epidermal growth factor (EGF)-like domain of human
heparin-binding EGF-like growth factor/diphtheria toxin receptor
and inhibits specifically its mitogenic activity. J Biol Chem 1995;
270:1015–1019.

8. Saito M, Iwawaki T, Taya C, et al. Diphtheria toxin receptor-
mediated conditional and targeted cell ablation in transgenic
mice. Nat Biotechnol 2001;19:746–750.

9. Jung S, Unutmaz D, Wong P, et al. In vivo depletion of CD11c(�)
dendritic cells abrogates priming of CD8(�) T cells by exogenous
cell-associated antigens. Immunity 2002;17:211–220.

0. Cha JH, Chang MY, Richardson JA, et al. Transgenic mice express-
ing the diphtheria toxin receptor are sensitive to the toxin. Mol
Microbiol 2003;49:235–240.

1. Buch T, Heppner FL, Tertilt C, et al. A Cre-inducible diphtheria toxin
receptor mediates cell lineage ablation after toxin administration.
Nat Methods 2005;2:419–426.

2. Ji B, Song J, Tsou L, et al. Robust acinar cell transgene expression
of CreErT via BAC recombineering. Genesis 2008;46:390–395.

3. Wells JM, Esni F, Boivin GP, et al. Wnt/beta-catenin signaling is
required for development of the exocrine pancreas. BMC Dev Biol
2007;7:4.

4. Kobayashi H, Spilde TL, Li Z, et al. Lectin as a marker for staining
and purification of embryonic pancreatic epithelium. Biochem Bio-
phys Res Commun 2002;293:691–697.

5. Greenwood AL, Li S, Jones K, et al. Notch signaling reveals
developmental plasticity of Pax4(�) pancreatic endocrine progen-
itors and shunts them to a duct fate. Mech Dev 2007;124:97–
107.

6. Seymour PA, Freude KK, Tran MN, et al. SOX9 is required for
maintenance of the pancreatic progenitor cell pool. Proc Natl Acad
Sci U S A 2007;104:1865–1870.

7. Gu G, Dubauskaite J, Melton DA. Direct evidence for the pancre-
atic lineage: NGN3� cells are islet progenitors and are distinct
from duct progenitors. Development 2002;129:2447–2457.

8. Solar M, Cardalda C, Houbracken I, et al. Pancreatic exocrine duct
cells give rise to insulin-producing beta cells during embryogene-

sis but not after birth. Dev Cell 2009;17:849–860.
9. Thorel F, Nepote V, Avril I, et al. Conversion of adult pancreatic
alpha-cells to beta-cells after extreme beta-cell loss. Nature 2010;
464:1149–1154.

0. Chung CH, Hao E, Piran R, et al. Pancreatic beta-cell neogenesis
by direct conversion from mature alpha-cells. Stem Cells 2010;
28:1630–1638.

1. Porat S, Weinberg-Corem N, Tornovsky-Babaey S, et al. Control of
pancreatic beta cell regeneration by glucose metabolism. Cell
Metab 2011;13:440–449.

2. Furuyama K, Kawaguchi Y, Akiyama H, et al. Continuous cell
supply from a Sox9-expressing progenitor zone in adult liver,
exocrine pancreas and intestine. Nat Genet 2011;43:34–41.

3. Miyamoto Y, Maitra A, Ghosh B, et al. Notch mediates TGF alpha-
induced changes in epithelial differentiation during pancreatic
tumorigenesis. Cancer Cell 2003;3:565–576.

4. Kopinke D, Brailsford M, Shea JE, et al. Lineage tracing reveals
the dynamic contribution of Hes1� cells to the developing and
adult pancreas. Development 2011;138:431–441.

5. Rovira M, Scott SG, Liss AS, et al. Isolation and characterization
of centroacinar/terminal ductal progenitor cells in adult mouse
pancreas. Proc Natl Acad Sci U S A 2010;107:75–80.

Received December 6, 2010. Accepted July 5, 2011.

Reprint requests
Address requests for reprints to: Farzad Esni, PhD, Department of

Surgery, John G. Rangos Research Center, University of Pittsburgh,
One Children’s Hospital Drive, Rangos Floor 6, Room 6119,
Pittsburgh, Pennsylvania 15224. e-mail: farzad.esni@chp.edu; fax:
(412) 692-3466.

Acknowledgments
The authors thank Dr Ari Waisman for providing the Rosa26DTR

strain and Dr Maike Sander for providing the antibody against NGN3.
A.C. and J.A.S. contributed equally to this work.

Conflicts of interest
The authors disclose no conflicts.

Funding
Supported by the Concern Foundation (F.E.) and the Children’s
Hospital of Pittsburgh.

mailto:farzad.esni@chp.edu


E
w
w
w
M
t

l
p
i
q
p
s

K
u
Q
l
f
u
N
i
i
w
w

October 2011 DYNAMICS OF TISSUE REGENERATION IN THE PANCREAS 1462.e1
Supplementary Materials and Methods

DT Treatment

To induce DTR expression globally in the pan-
creas, we crossed R26DTR or R26DTR/lacZ with PdxCre mice.
Eight-week-old mice were injected intraperitoneally daily
for 5 days with 0.5 ng/g body wt DT (Sigma-Aldrich, St
Louis, MO) and killed at different time points up to 45
days after DT administration (Supplementary Figure 1A).
Throughout this report, days 1 to 7, 8 to 25, and 26 to 45
after last DT injections are referred to as early, mid, and
late stages, respectively, because of variable progression of
the phenotype after ablation.

To allow DTR expression selectively in acinar cells, we
crossed R26DTR or R26DTR/lacZ with ElaCreERT2 mice.

ight-week-old mice were first injected intraperitoneally
ith tamoxifen for 5 days to activate Cre. After a 7-day
ait to allow for Cre-recombinase action, 0.5 ng/g body
t DT injections were performed for 5 consecutive days.
ice were killed 1, 3, 5, 7, or 8 days after DT adminis-

ration (Supplementary Figure 1B).

Tamoxifen Treatment

Tamoxifen (Sigma-Aldrich) was dissolved in
100% ethanol at 100 mg/mL and subsequently resus-
pended in corn oil (Sigma-Aldrich) at a concentration
of 10 mg/mL. Six-week-old mice were injected intra-
peritoneally with 2 mg tamoxifen for 5 consecutive
days, for a total of 10 mg.

Immunofluorescence

For immunolabeling on cryopreserved sections,
harvested pancreata were fixed overnight at 4°C in 4%
paraformaldehyde, incubated in 30% sucrose solution
overnight at 4°C, and subsequently embedded with OCT
compound. Cryosections (5– 6 �m) were collected serially
so that each slide would contain semiadjacent sections
across the entire tissue. Sections were permeabilized with
0.1% phosphate-buffered saline (PBS)/Triton X-100,
washed in PBS, and blocked for 30 minutes in 10%
normal donkey serum in 0.1% PBS/Tween. For BrdU
staining, slides were pretreated with 2 mol/L HCl for 30
minutes at room temperature before permeabilization
and blocking. For cytokeratin-19 staining, tissues were
snap frozen in OCT and sections were subsequently fixed
in 4% paraformaldehyde at room temperature for 10
minutes before permeabilization and blocking. Primary
antibodies were incubated overnight at 4°C, whereas
secondary antibodies were incubated for 1 hour at room
temperature. Images were acquired on a Zeiss Imager
Z1 microscope with a Zeiss AxioCam driven by Zeiss
AxioVision Rel.4.7 software (Zeiss, Thornwood, NY).

For quantification analysis, marker� cells were counted

using ImageJ software. w
The sources of antibodies and dilutions used are sum-
marized in Supplementary Table 1.

H&E Staining
For H&E staining, tissues were fixed in 4% para-

formaldehyde, dehydrated in ethanol, and paraffin em-
bedded. H&E staining was performed on 5-�m-thick
sections according to standard protocol.

X-gal Staining
For �-galactosidase staining (X-gal staining), tis-

sues were fixed at room temperature for 2 hours in 2%
paraformaldehyde, washed in PBS and Rinse Buffer (2
mmol/L MgCl2, 0.01% sodium deoxycholate, 0.02% Non-
idet P-40 in PBS), and then incubated overnight at 37°C
with X-gal solution (1 mg/mL X-gal [Research Products
International Corp, Mount Prospect, IL], 5 mmol/L
K4Fe(CN)6, 5 mmol/L K3Fe(CN)6 in Rinse Buffer). Fol-
owing washes in PBS, tissues were postfixed in 4%
araformaldehyde at room temperature for 10 minutes,

ncubated in 30% sucrose solution overnight, and subse-
uently embedded with OCT compound. Cryosections were
repared as described for immunolabeling and counter-
tained with hematoxylin.

BrdU Labeling (Pulse-Chase) and Terminal
Deoxynucleotidyl Transferase–Mediated
Deoxyuridine Triphosphate Nick-End
Labeling Assay
BrdU labeling was performed by injecting BrdU

intraperitoneally (0.2 mg/g body wt) (Sigma) daily for
2 consecutive days before the mice were killed. Alter-
natively, BrdU (0.8 g/L) was provided in drinking water
for 2 days, with water changed daily. Apoptotic cells
were recognized by TUNEL assay with a TUNEL Apo-
ptosis Detection Kit (Millipore, Billerica, MA), follow-
ing the manufacturer’s instructions.

Real-Time Quantitative Polymerase Chain
Reaction
After harvesting, tissues were preserved in RNAl-

ater (Ambion, Austin, TX) and stored until use. Messen-
ger RNA isolation and subsequent complementary DNA
synthesis were performed using �MACS One-step cDNA

it (Miltenyi Biotec, Auburn, CA) according to the man-
facturer’s instructions. Primers were purchased from
iagen (QuantiTect Primer Assays; Valencia, CA) and are

isted in Supplementary Table 2. Reactions were per-
ormed with QuantiTect SYBR Green PCR Kit (Qiagen)
sing a LightCycler 1.5 Instrument (Roche, Branchburg,
J). Reactions were performed at least in triplicate. Spec-

ficity of the amplified products was determined by melt-
ng peak analysis. Quantification for each gene of interest
as performed with the 2���Ct method. Quantified values
ere normalized against the housekeeping gene GAPDH,

hich proved to be stable across the samples.
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Supplementary Figure 2. (A) TUNEL assay in PdxCre;R26DTR mice. DBA/TUNEL/insulin triple staining showed a high level of apoptosis among
on-DBA� epithelial cells (A) early after insult but (B) not during mid stage regeneration. (C) X-gal staining of PdxCre;R26lacZ pancreas revealed high
enetrance of Cre-transgene in all pancreatic epithelial cell lineages in the PdxCre strain. Immunofluorescent analyses of sections obtained from (D)
26;DTR control and (E and F) mid stage regenerating PdxCre;R26DTR pancreas for detection of DBA and DTR revealed expression of DTR in DBA�

cells. (F) Higher magnification of E. Arrow in E highlights a regenerated acinus. Arrows in F mark cytoplasmic and membrane localization of DTR in

BA� cells within the duct-like structures. Scale bars � 20 �m.



1462.e4 CRISCIMANNA ET AL GASTROENTEROLOGY Vol. 141, No. 4
Supplementary Figure 3. Pulse-chase BrdU experiments. Immunofluorescent analyses of (A) R26DTR control or (B–D) day 30 after DT treatment
regenerating PdxCre;R26DTR pancreas using antibodies against (A, C, and D) BrdU/amylase or (B) BrdU/insulin. BrdU was administrated for 2 days
on the day of last DT injection and the following day via the drinking water, and the pancreas was harvested on day 30 after BrdU withdrawal. Arrow
in C marks a large duct with retained BrdU. Arrowheads in D highlight smaller ducts with no retained BrdU. Dotted lines highlight an islet. Scale bars �

20 �m.
Supplementary Figure 4. Immunofluorescent analyses of sections obtained from (A and D) early-stage, (B and E) mid stage, or (C and F) late-stage
regenerating DT-treated PdxCre;R26DTR pancreas for detection of (A–C) DBA/PDX1/insulin or (D–F) DBA/SOX9/E-cadherin. (A and B) In DT-treated
PdxCre;R26DTR pancreata, surviving ductal cells re-expressed PDX1 in early and mid stages. (C) Notably, once regeneration was completed, Pdx1

expression was once again restricted to �-cells. Scale bars � 20 �m.
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Supplementary Figure 5. Acinar-specific cell ablation in tamoxifen-
induced DT-treated ElaCreERT2;R26DTR pancreas. Double immuno-
staining of tissues obtained from (A) control ElaCreERT2 or (B) regen-
erating ElaCreERT2;R26DTR pancreas using antibodies recognizing
nsulin or glucagon showed the survival of nonacinar cells. Scale bar �

0 �m.
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Supplementary Table 1. List of Antibodies Used for Immunofluorescence Analysis

Antigen Species Company Catalog no. Dilution

E-cadherin Goat R&D AF748 1:200
E-cadherin Rat Invitrogen 13–1900 1:200
panCK Rabbit DAKO Z0622 1:100
CK19 Rat DSHB TROMA III 1:100
CD31 (PECAM) Rat BD Pharmingen BD550274 1:50
Insulin Guinea pig Linco/Millipore 4011–01 1:1000
Insulin Mouse Abcam Ab8305–100 1:500
Glucagon Guinea pig Linco/Millipore 4031–01F 1:1000
Glucagon Rabbit Linco/Millipore 4030–01F 1:2000
Pdx-1 Rabbit Abcam AB47267 1:2000
Pdx-1 Goat Abcam AB47383 1:10,000
Sox9 Rabbit Millipore AB5535 1:1000
Ngn3 Guinea pig Dr Maike Sander 1:500
Amylase Rabbit Sigma A8273 1:300
Amylase Goat Santa Cruz Biotech Sc-12821 1:250
FITC-DBA Vector Laboratories FL1031-2 1:100
BrdU Rat Abcam AB6326 1:100
�-gal Chicken Abcam 9361 1:1000

B-EGF Goat R&D Systems AF-259-NA 1:500

OTE. All secondary antibodies were purchased from Jackson ImmunoResearch Laboratories: biotin-conjugated anti-rabbit (1:500), biotin-
onjugated anti-rat (1:500), biotin-conjugated anti-guinea pig (1:500), biotin-conjugated anti-goat (1:250); Cy2-conjugated streptavidin 1:500;
y3-conjugated streptavidin 1:500; Cy5-conjugated streptavidin 1:100; and Cy2- and Cy3-conjugated donkey anti-guinea pig, anti-rabbit, anti-rat,

nti-mouse, anti-goat (all 1:300).
Supplementary Table 2. List of Primers Used for qRT-PCR

Gene
Qiagen QuantiTect

Primer Assay Catalog no.

otch1 Mm_Notch1_1_SG QT00156982
es1 Mm_Hes1_1_SG QT00313537
ist1 Mm_Bhlha15_1_SG QT00315182
tf1a Mm_Ptf1a_1_SG QT00124187
DX1 Mm_Pdx1_1_SG QT00102235
GN3 Mm_Neurog3_1_SG QT00262850
euroD Mm_Neurod2_1_SG QT00248892
AFA Mm_Mafa_2_SG QT01037638

NS2 Mm_Ins2_1_SG QT00114289
CK Mm_Gck_1_SG QT00140007

LUT2 Mm_Slc2a2_1_SG QT00103537
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