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Insulin-secreting pancreatic beta cells are central to the proper 
maintenance of whole-body glucose homeostasis. Normal gly-
caemic control requires an adequate number of functional beta 

cells; consequently, beta-cell death is a pathological hallmark of 
type 1 diabetes and advanced type 2 diabetes1,2. The ability of func-
tional beta cells to regulate real-time glycaemic control, and thus 
the avoidance of chronic organ damage, far exceeds the capabil-
ity of exogenous insulin treatment. Therefore, there is an increas-
ing demand for therapeutic approaches that restore functional and 
effective beta-cell mass in patients with severe beta-cell deficiency3. 
Understanding how endogenous beta cells are generated dur-
ing homeostasis and potentially in disease conditions would pro-
vide clinically relevant information for designing new therapeutic 
approaches to treat diabetes. Regarding the identification of the cel-
lular sources for generating new beta cells in the adult pancreas, to 
date, two distinct mechanisms have been reported: self-replication 
of pre-existing beta cells and generation of new beta cells from 
non-beta cells4. In support of the first mechanism, several pioneer-
ing studies using genetic lineage tracing elegantly demonstrated that 
beta-cell replication is the predominant means by which new beta 
cells are generated after birth and in response to injury in vivo5–8. 
The second proposed mechanism regarding the generation of new 
beta cells in the adult could occur by either transdifferentiation of 
differentiated non-beta cells or differentiation of pancreatic stem or 
progenitor cells (termed neogenesis).

Non-beta cells of the adult human pancreas are capable of 
beta-cell differentiation when co-transplanted with fetal pancreatic 
cells under the mouse kidney capsule9. Adult glucagon-producing 
alpha cells and somatostatin-producing delta cells can transdif-
ferentiate into new beta cells after extreme beta-cell loss (>99%) 
mediated by diphtheria toxin (DT)-based genetic ablation10,11. 
Forced overexpression of the transcription factor Pax4 or selective 

inhibition of Arx in mouse alpha cells is sufficient to promote their 
conversion to beta cells12,13. Expression of Pdx1 and Mafa endows 
human alpha cells with beta-cell characteristics14. Beyond this trans-
differentiation of endocrine cells, expression of the key beta-cell 
developmental regulators neurogenin 3 (Neurog3), Pdx1 and Mafa, 
can reprogramme adult mouse exocrine cells into cells that closely 
resemble beta cells15. Similarly, the acinar-cell-specific expression 
of Pdx1 also converts adult exocrine cells into insulin-expressing 
beta cells16. Notably, many of the above studies supporting trans-
differentiation utilized forced gene expression and used genetic 
tracing to demonstrate direct conversion of differentiated cells into 
insulin-producing beta cells. Under these specific non-physiological 
conditions, as mentioned above, new beta cells could be derived 
from other non-beta-cell lineages.

While there is a consensus regarding the transdifferentiation 
pathway for adult beta-cell regeneration, whether beta-cell neo-
genesis exists in the adult pancreas under physiological conditions 
remains controversial. Several lineage-tracing studies have sup-
ported the existence of facultative beta-cell progenitors or stem cells 
that differentiate into beta cells after pancreatic injury. For instance, 
adult ductal Neurog3-expressing cells, which have been reported as 
progenitors of beta cells, can be reactivated autonomously to prolif-
erate and differentiate into beta cells after injury in a pancreatic duct 
ligation (PDL) model17. Adult carbonic anhydrase II–positive cells 
of the pancreatic duct may also serve as progenitors and give rise 
to beta cells after PDL18. Similarly, a small number of adult Ptf1a+ 
acinar cells could undergo rapid reprogramming to generate duct 
cells and produce a small number of insulin-positive beta cells after 
PDL19. Additional studies have also suggested the existence of pan-
creatic stem cells or progenitors, including CD133+ cells20, Aldh1a1+ 
cells21, Pdx1+ cells22, Sox9+ ductal cells23 and the recently reported 
Procr+ cells24. Contrary to these studies, a large body of evidence 
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from lineage-tracing studies that relied on a variety of exocrine and 
endocrine markers does not support the stem cell hypothesis for 
beta-cell neogenesis25–29. Due to the conflicting nature of these stud-
ies, there remains much debate and contention over the role of stem 
cells in beta-cell neogenesis.

In this study, we reassessed the stem cell hypothesis by developing 
a dual-recombinase-mediated genetic system, in which pre-existing 
insulin-positive beta cells and all insulin-negative non-beta cells, 
including putative stem and progenitor cells, are simultaneously 
labelled by distinct surrogate markers that enable indelible tracing. 
With this dual fate-mapping approach, we found that non-beta cells 
generate new beta cells in the adult pancreas during embryogenesis 
but not during homeostasis, pregnancy or after various forms of 
injuries, including partial pancreatectomy (PPX), PDL and beta-cell 
ablation with streptozotocin (STZ). However, formation of new 
insulin-positive cells from insulin-negative cells was observed after 
DT-mediated extreme beta-cell loss, consistent with direct transdif-
ferentiation from alpha and delta cells. Thus, while our study sup-
ports the idea that beta-cell self-replication is the dominant pathway 
for beta-cell regeneration in the adult mouse pancreas, there is no 
evidence for beta-cell neogenesis.

results
Generation of fate-mapping system to track beta and non-beta 
cells. To genetically label all putative beta-cell progenitors and stem 
cells without relying on prior knowledge of specific markers, we 
developed a dual genetic-fate-mapping system for simultaneous 
labelling of insulin-producing beta cells and all non-beta cells (Fig. 
1a). In the construct design, we used two orthogonal site-specific 
recombination systems, Cre-loxP and Dre-rox, with an interleaved 
reporter, IR1 (refs. 30–33). In the IR1 reporter, two pairs of recombi-
nation recognition sites (rox and loxP) were interleaved, such that 
one successful recombination resulted in expression of one distinct 
genetic reporter and prevented any further event from another type 
of recombination. For example, Dre-rox recombination in beta cells 
first removes the rox-flanked segment that contains one loxP site 
and ZsGreen from IR1, such that this allele would then express 
tdTomato (tdT) and would no longer be responsive to Cre-loxP 
recombination (Fig. 1a). Likewise, Cre-loxP recombination in 
non-beta cells removes the loxP-flanked segment that contains one 
rox site and the transcriptional stop cassette for ZsGreen expres-
sion, preventing subsequent Dre-rox-mediated recombination. 
Recombination is prevented even if this non-beta cell (for example, 
a stem cell) could later differentiate into an insulin-producing beta 
cell. This design would thus simultaneously label beta cells and 
non-beta cells with two distinct permanent surrogate markers, tdT 
and ZsGreen, respectively (Fig. 1a). If authentic beta-cell progeni-
tors or stem cells exist and contribute to new beta cells, the newly 
differentiated insulin-producing beta cells would be genetically 
traced by ZsGreen expression.

To label insulin-producing beta cells, we first generated the 
Ins2-Dre knock-in line by targeting the Dre recombinase cDNA 
located directly after the endogenous insulin gene promoter. The 
ATG start codon was replaced by homologous recombination using 
CRISPR–Cas9 (Extended Data Fig. 1a). By crossing the mouse line 
with IR1, Ins2-Dre efficiently labelled insulin-expressing beta cells, 
rendering virtually all beta cells positive for tdT in the adult islets 
(Extended Data Fig. 1), and thus demonstrated the high efficiency 
of genetic targeting to insulin-expressing beta cells. We next gener-
ated an inducible Cre system, R26-iCre, consisting of R26-rtTA and 
TRE-Cre alleles. In this system, doxycycline (Dox)-mediated rtTA 
binding to TRE leads to Cre expression, which recombines with 
the IR1 allele and yields constitutively active expression of ZsGreen 
(Fig. 1b).

We treated 6-week-old Ins2-Dre;R26-iCre;IR1 mice with  
Dox for 1 week and analysed non-beta-cell labelling a week later  

(Fig. 1c). Whole-mount fluorescence imaging of the pancreas from 
the 7-week-old Dox-treated mice showed tdT+ islets peppered within 
ZsGreen+ signal (Fig. 1d), while no ZsGreen+ signal was observed 
in the pancreas without Dox treatment (Fig. 1e). Immunostaining 
for tdT, ZsGreen and insulin (Ins) on pancreatic sections derived 
from the Dox-treated Ins2-Dre;R26-iCre;IR1 mice showed that vir-
tually all Ins+ beta cells were positive for tdT (Fig. 1f,h). For exami-
nation of ZsGreen+ cells in dual lineage-tracing models, multiple 
regions of immunostained pancreatic tissue sections were randomly 
selected for image collection and quantification of the percentage 
of labelled cells. In the whole-pancreas sections with magnifica-
tion of multiple regions, we found all regions randomly selected 
were highly efficient in ZsGreen labelling (Extended Data Fig. 2). 
Examination of the different endocrine cell lineages of islets showed 
broad ZsGreen expression in non-beta-cell lineages, such as alpha 
cells (94.95% ± 1.22%), delta cells (92.52% ± 0.86%) and pancreatic 
polypeptide cells (97.79% ± 0.36%; Extended Data Fig. 3). In the 
exocrine tissues, ZsGreen were also broadly expressed in multiple 
non-beta cells, such as acinar cells (98.58% ± 0.28%), ductal cells 
(97.20% ± 0.57%), endothelial cells (95.72% ± 1.08%), lymphatic 
endothelial cells (94.58% ± 0.86%) and fibroblasts (93.26% ± 0.73%; 
Extended Data Fig. 4). Quantitatively, 96.30% ± 1.38% of non-beta 
cells expressed ZsGreen (ZsGreen+tdT−DAPI+/tdT−DAPI+), dem-
onstrating that the vast majority of non-beta cells were labelled by 
R26-iCre (Fig. 1f,h). In the control group lacking Dox treatment, 
beta cells were positive for tdT, and non-beta cells remained nega-
tive for ZsGreen (Fig. 1g,h). By these means, we developed a genetic 
system marked by tdT+ beta cells and ZsGreen+ non-beta cells in the 
mouse pancreas (Fig. 1i).

Assessment of beta-cell neogenesis during homeostasis. To test 
whether non-beta cells could contribute to beta-cell neogenesis 
during homeostasis, we treated 6-week-old Ins2-Dre;R26-iCre;IR1 
mice with Dox for 1 week, followed by analyses at 3 or 6 months 
after induction (Fig. 2a). We performed whole-mount fluorescence 
imaging of pancreas samples at these two time points and found 
a strong ZsGreen+ signal throughout the entire pancreas coupled 
with isolated speckles of tdT+ staining (Fig. 2b). Next, we immu-
nostained pancreatic tissue sections at these two time points for 
tdT, ZsGreen and Ins, and found that all beta cells maintained 
islet-specific tdT expression (Fig. 2c–e). We did not find any cells 
co-expressing ZsGreen and insulin in the pancreatic tissues at both 
time points (Fig. 2c–e). All Ins+ cells exclusively expressed tdT, but 
none of them expressed ZsGreen (Fig. 2d,e). These fate-mapping 
data indicate that insulin-negative endocrine or exocrine cells did 
not give rise to new beta cells in the adult pancreas under homeo-
static conditions (Fig. 2f).

Prior studies have reported that multipotent endocrine progeni-
tors exist in the embryonic and fetal pancreas, which can give rise to 
insulin-producing beta cells25–27,34. To test if our system could track 
beta-cell generation during embryogenesis, we collected pancreas 
samples from Ins2-Dre;R26-iCre;IR1 mice at embryonic day (E) 14.5 
without Dox treatment and confirmed the presence of Ins+tdT+ cells 
(Extended Data Fig. 5a). We then performed pulse–chase experi-
ments by treating Ins2-Dre;R26-iCre;IR1 mice with Dox at E14.5 
and collecting the pancreas at E16 and postnatal day (P) 21 to com-
pare the ZsGreen labelling rate of beta cells. By genetic design, the 
IR1 allele could be recombined by one type of recombinase only 
and then permanently expressed afterwards. The pre-existing beta 
cells would be labelled by Ins2-Dre (tdT), non-beta cells including 
stem cells or progenitors would be labelled by inducible Cre after 
Dox treatment (ZsGreen), and their descendants including beta 
cells would be permanently ZsGreen+. As more beta cells arise from 
ZsGreen+ progenitors or stem cells over time during embryonic 
development, the tdT labelling rate of beta cells would be expected 
to be diluted, while the ZsGreen labelling rate of beta cells would 
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be expected to increase over time. By examining the tissue sections 
stained with ZsGreen, tdT and Ins, we found the ZsGreen label-
ling rate of beta cells was 9.46% ± 0.52% at E16 and increased to 
27.14% ± 1.51% at P21 (P = 1.12 × 10−4; Extended Data Fig. 5b–e). 
However, we did not observe Ins+ZsGreen+ beta cells in the islets 
when Dox was administered postnatally after P7 (Extended Data 
Fig. 5f–j). These findings are consistent with previous studies show-
ing that endocrine progenitors give rise to new beta cells during 

embryogenesis, but not postnatally25–27,34. These data also provide 
technical controls supporting the ability of our dual genetic tracing 
strategy to detect the conversion of non-beta cells to beta cells, if 
any exists.

Non-beta cells do not convert to beta cells during partial pan-
createctomy or pregnancy. To test whether non-beta cells con-
tribute to adult beta cells under physiological conditions known 
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to stimulate beta-cell proliferation, we used a previously described 
PPX model to induce tissue regeneration29. We treated 6-week-old 
Ins2-Dre;R26-iCre;IR1 mice with Dox for 1 week, performed 50% 
PPX after 2 weeks of washout and collected pancreatic tissue at 1, 
2 and 4 weeks after injury (Fig. 3a and Extended Data Fig. 6a). We 
performed whole-mount fluorescence imaging and found read-
ily detectable tdT+ islets in the pancreas after PPX (Fig. 3b). The 
newly regenerated pancreatic tissues included both islets and exo-
crine cells (Fig. 3c). Immunostaining for tdT, ZsGreen and insulin 
on pancreatic sections also confirmed that all beta cells were posi-
tive for tdT, but none expressed ZsGreen in both the sham and PPX 
groups (Fig. 3d–f and Extended Data Fig. 6b,d). In line with previ-
ous studies5,7,35,36, we found increased incorporation of EdU in the 

islets of PPX samples compared with sham controls (1.99% ± 0.10% 
in PPX versus 0.45% ± 0.05% in controls; P = 1.22 × 10−5; Extended 
Data Fig. 6c). Of note, we found that a few tdT+ cells in the islets 
were negative for insulin, possibly indicating beta-cell dedifferentia-
tion as previous described37–39. These data demonstrate that PPX did 
not lead to beta-cell formation from non-beta cells (Fig. 3g).

We next asked if non-beta cells contribute to adult beta cells 
throughout pregnancy, during which a notable increase of beta-cell 
mass occurs40. We treated 6-week-old Ins2-Dre;R26-iCre;IR1 mice 
with Dox for 1 week, set up mating after 2 weeks of washout and 
examined pancreatic tissues at day 15.5 of pregnancy (Fig. 3h). We 
found that islets of pregnant dams exhibited a robust generation  
of new beta cells as demonstrated by a large number of 
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EdU-expressing beta cells during pregnancy (Fig. 3i and Extended 
Data Fig. 6e,f; 3.67% ± 0.14% in pregnancy versus 0.41% ± 0.05% 
in controls; P = 3.38 × 10−6). Immunostaining for tdT, ZsGreen and 
ins on pancreatic sections revealed that all beta cells expressed tdT, 
but not ZsGreen (Fig. 3j,k). The ZsGreen+ cells detected in the pan-
creas were exocrine cells and non-beta cells of the islets (Fig. 3j). 
Extrapolating from these findings, our data suggest that no beta-cell 
neogenesis occurs from progenitors or stem cells after PPX or dur-
ing pregnancy (Fig. 3l).

Non-beta cells do not contribute to adult beta cells after pancre-
atic duct ligation. As previous studies have reported that PDL trig-
gers Ins− progenitor cells to differentiate into new beta cells17–19, we 

next induced PDL in 9-week-old Ins2-Dre;R26-iCre;IR1 mice after 
1 week of Dox treatment that started at 6 weeks of age and was fol-
lowed by a 2-week washout period (Fig. 4a). Loss of acinar cells in 
the ligated tail of the pancreas gave the region a more translucent 
appearance within 1 week after PDL (Fig. 4b). The islets in the tail 
section of the pancreas could be seen clearly with the naked eye  
(Fig. 4b). H&E staining also showed severe inflammation and atro-
phy in the exocrine tissues of the tail section, but not the head, of 
the pancreas (Fig. 4c), with a marked increase of CK19+ ductal cells 
in the injured tail (Fig. 4d). Immunostaining for tdT, ZsGreen and 
insulin revealed that ZsGreen+ cells did not express insulin, and all 
Ins+ beta cells in both the head and tail of the pancreas were positive 
for tdT within 1, 2 and 4 weeks after PDL (Fig. 4e and Extended Data 
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Fig. 7). In the model of PDL-induced injuries, we did not detect a 
significant increase in beta-cell generation compared with that of 
controls (Extended Data Fig. 7c; P = 0.63). Of note, the expression 
levels of insulin among these tdT+ cells were not homogeneous; 
some cells expressed a weak level of insulin in the islets (Fig. 4e). 
We did not detect any ZsGreen+ cells expressing insulin in the sham 
group, similarly to the PDL group (Fig. 4f,g). Altogether, our results 
showed no obvious beta-cell neogenesis after PDL, consistent with 
previous works27,36 (Fig. 4h).

No evidence of beta-cell neogenesis after streptozotocin-mediated 
injury. To test whether beta-cell loss as a result of diabetes 
may trigger the conversion of non-beta cells to beta cells, we 
treated Ins2-Dre;R26-iCre;IR1 mice with a single injection of 
beta-cell-specific toxin STZ intraperitoneally following 1 week of 
Dox administration and then analysed the pancreas samples from 
these mice at 1, 2 or 4 weeks after depletion (Fig. 5a). As expected, 
STZ-treated mice exhibited significantly higher fasting blood glu-
cose levels (5.50 ± 0.43 mmol l−1 versus 12.14 ± 0.33 mmol l−1; 
P = 3.32 × 10−6; Fig. 5b), and they displayed reduced tdT expres-
sion in the islets compared with that in controls, as demonstrated 
by whole-mount fluorescence imaging (Fig. 5c). Immunostaining 
for tdT, ZsGreen and insulin on the pancreatic sections showed 
a striking loss of Ins+ beta cells 1 week after STZ treatment com-
pared to those in the controls (Fig. 5d,e). In samples collected 2 and 
4 weeks after STZ treatment, we observed more Ins+ beta cells in 
the islets compared with the samples collected 1 week after STZ 
treatment (Fig. 5g,h), possibly indicating a slow recovery of beta  
cells after a severe degree of beta-cell death (Fig. 5f; P = 0.69). 
However, these Ins+ cells did not express ZsGreen (Fig. 5i), exclud-
ing their non-beta-cell origins. These data show lack of beta-cell 
neogenesis in the adult pancreas following STZ-induced beta-cell 
injury (Fig. 5j).

Non-beta cells generate insulin-positive cells after extreme 
beta-cell loss. To provide a further technical control to demonstrate 
the capability of the dual-tracing system in detecting the conversion 
of non-beta cells to beta cells, we developed an iterated version of the 
IR1 mouse line with the diphtheria toxin receptor (DTR), IR1-DTR 
(Extended Data Fig. 8a). Immunostaining on pancreatic sections of 
Ins2-Dre;IR1-DTR mice for ZsGreen, tdT, insulin and DTR showed 
specific expression of tdT and DTR, but not ZsGreen, in Ins+ beta 
cells (Extended Data Fig. 8b–d). DT (10 μg g−1 daily × 2 d) treatment 
led to a significant reduction of tdT+ beta cells compared to those in 
the control group without DT (Extended Data Fig. 8e–h). However, 
there were some cells that expressed DTR but not tdT, which could 
be due to variation in the protein degradation rate of tdT and DTR 
in these cells within 2 d after DT treatment. We confirmed that 
the tdT and DTR were colocalized in beta cells without DT treat-
ment (Extended Data Fig. 8g,h). After we successfully generated 
the IR1-DTR line, we crossed it with Ins2-Dre and R26-iCre mice to 

trace beta cells and non-beta cells after genetic ablation of beta cells 
by treatment with DT (10 μg g−1 daily × 5 d) after Dox-mediated 
labelling for 1 week followed by a washout period of 2 weeks  
(Fig. 6a,b). Immunostaining for ZsGreen, tdT and insulin of  
pancreatic sections showed a notably lower number of tdT+  
beta cells in the DT treatment group compared to that in the control 
(Fig. 6c). Over 99% of tdT+ beta cells were genetically ablated, which 
was also confirmed by immunostaining for DTR+ beta cells (Fig. 
6d). The remaining cells of the islets were largely non-beta cells, 
such as glucagon-producing alpha cells and somatostatin-producing 
delta cells (Fig. 6e).

We next analysed the pancreas 4 weeks after DT treatment to 
determine whether new beta cells could be regenerated from 
non-beta cells over time. Immunostained pancreatic sections for 
ZsGreen, tdT and insulin showed reappearance of Ins+ beta cells at 4 
weeks after DT treatment (Fig. 6f). Most of these newly formed Ins+ 
beta cells were positive for ZsGreen, indicating that they originated 
from pre-labelled ZsGreen+ non-beta cells (917 Ins+ beta cells from 
191 islets in sections; n = 5; Fig. 6f). Quantification of the percent-
age of Ins+ beta cells expressing tdT or ZsGreen showed that while 
all Ins+ beta cells in the control mice were tdT+ZsGreen− cells, the 
majority of Ins+ beta cells were positive for ZsGreen with a minority 
expressing dT after DT treatment (Fig. 6f). To further evaluate these 
newly generated insulin-positive cells, we performed immunostain-
ing of other beta-cell markers with tdT and ZsGreen and found 
that some ZsGreen+tdT− cells in the islet expressed other hallmarks 
of beta cells, including Pdx1, GLUT2 and Nkx6.1 (Fig. 6g). While 
~80% of Ins+tdT−ZsGreen+ cells expressed glucagon and somatosta-
tin, ~20% of Ins+tdT−ZsGreen+ cells lost glucagon and somatostatin 
expression at 4 weeks after DT treatment, suggesting both existence 
of bi-hormonal cells and formation of mono-hormonal beta cells in 
this genetic system. (Fig. 6h). The results from the mice at 4 weeks 
after DT treatment demonstrated that our dual-tracing genetic sys-
tem was able to detect the conversion of non-beta cells to beta cells 
in the adult pancreas, if any exist (Fig. 6i).

Inducible saturated tracing of beta cells reveals no neogenesis. 
It is possible that Ins2-Dre could unexpectedly label very few puta-
tive stem cells that transiently express insulin at the fetal stage. In 
this case, these rare putative stem cells would be labelled as tdT+ 
by Ins2-Dre;IR1, escaping non-beta-cell labelling as ZsGreen+ by 
R26-iCre;IR1. Labelling beta cells at a specific time window with 
an inducible method avoids the caveat caused by the constitutive 
activation of Dre. We adopted the elegant strategy of lineage tracing 
at saturation of cell labelling, as reported previously41, to reassess 
beta-cell regeneration in the adult pancreas. In this design, almost 
every single Ins+ beta cell is genetically labelled by insulin-inducible 
recombinase at a given time after tamoxifen treatment. When Ins+ 
beta cells express a reporter, such as tdT, other non-beta cells that 
contain the putative beta-cell progenitors do not express insulin and 
become negative for tdT. After the pulse–chase period, if tdT− stem 

Fig. 6 | Non-beta cells contribute to insulin-positive cells after genetic ablation of beta cells. a, Schematic illustrating the experimental strategy to test 
for beta-cell neogenesis after severe loss of beta-cell mass. Male and female mice aged 6 weeks were treated with Dox for 1 week. After washout for 2 
weeks and DT injury for 2 weeks and 4 weeks, mice were euthanized (+2 weeks, n = 5; +2 weeks sham, n = 5; +4 weeks, n = 5; +4 weeks sham, n = 5). 
b, Whole-mount bright-field and fluorescence images of pancreas from Ins2-Dre;R26-iCre;IR1-DTR mice at 2 weeks after DT or no DT. c, Immunostaining 
of pancreatic sections for tdT, ZsGreen and Ins at 2 weeks after DT or no DT. Right, quantification of insulin-positive beta-cell number per islet sections. 
Numbers of mice examined were: no DT, n = 5; DT, n = 5. Data are the mean ± s.e.m. d, Immunostaining of pancreatic sections for tdT, ZsGreen and 
DTR at 2 weeks after DT or no DT. e, Immunostaining of pancreatic sections for tdT, ZsGreen, glucagon (GCG) and somatostatin (Stt) at 2 weeks after 
DT or no DT. f, Immunostaining of pancreatic sections for tdT, ZsGreen and Ins at 4 weeks after DT or no DT. Right, quantification of the percentage of 
insulin-positive cells expressing tdT or ZsGreen in DT or no DT groups. Numbers of examined mice in each group were: no DT, n = 5; DT, n = 5. Data are  
the mean ± s.e.m. Arrowheads indicate ZsGreen+Ins+ beta cells. g, Immunostaining for tdT, ZsGreen, Pdx1, GLUT2 and Nkx6.1 on pancreatic sections  
at 4 weeks after DT. h, Immunostaining for tdT, ZsGreen, GCG, Stt and Ins on pancreatic sections at 4 weeks after DT. i, Schematic showing that non-beta 
cells can contribute to Ins+ cells after genetic ablation of beta cells. Scale bars: 1 mm (yellow); 100 μm (white). Each image is representative of five 
individual samples.
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cells differentiate into new beta cells, they would start to express 
insulin. However, these newly formed Ins+ beta cells would remain 
as tdT− cells, as there is no tamoxifen at this stage to activate the 
insulin-specific inducible recombinase. The efficacy of this strategy 
in addressing beta-cell sources largely depends on the efficiency of 
labelling beta cells by the inducible recombinase. In theory, every 
pre-existing beta cell is labelled if the efficiency is 100%; therefore, 
any new beta cell differentiated from a putative stem cell would 
be observed as an Ins+tdT− beta cell. If the efficiency of beta-cell 

labelling is not 100% but very close to 100% (for example, >99.9%), 
the newly formed Ins+tdT− beta cells differentiated from putative 
stem cells could be recorded when the percentage of tdT− beta cells 
increases significantly over 0.1%. Therefore, the accuracy in inter-
pretation using this system requires an insulin-specific inducible 
recombinase line with super efficiency.

To address this requirement, we first tested the labelling effi-
ciency of a previously reported inducible Cre line, Rip-CreER5,  
and found that it labelled a substantial portion of beta cells after 

+Pdx1

100

50

0
No DT DT

f

g h i

+2 +4 weeks

a b tdTZsGreen ZsGreen tdT

Magnification

Magnification

DT

No DT

c

ZsGreentdT

ZsGreen

tdT Ins

d

DAPI ZsGreen tdT Ins

DAPI ZsGreen tdT ZsGreen tdT GCG + Stt Ins
GCG + Stt

D
A

P
I Z

sG
re

en
 td

T
 In

s

No DT +DT

GCG + StttdTomato

ZsGreenDAPI
DAPI ZsGreen tdT GCG + stt

Ins

Extreme
beta-cell
ablation

Ins2-Dre

ZsGreen tdT-DTR

STOPZsGreenSTOP tdT-DTR

R26-iCre

STOP

STOP

ZsGreenSTOP tdT-DTR

tdT-DTR

loxProx

Beta cell Non-beta cell

6 7 8 9

Dox DT × 5 Analysis

e
DAPI ZsGreen tdT DTR

No DT

Split channels

+DT +DT

+
4 

w
ee

ks
+

2 
w

ee
ks

Reporter–

N
o.

 o
f b

et
a 

ce
lls

pe
r 

is
le

t s
ec

tio
n

Beta cell

Beta cell Ins+ cell

Non-beta cell

No DT DT

No DT +DT

tdT+ ZsGreen+

0

50

100

+DT

+DT+DT

B
et

a 
ce

lls
 (

%
)

+GLUT2 +Nkx6.1

Ins2-Dre;R26-iCre;IR1-DTR

Ins2-Dre;R26-iCre;IR1-DTR

Nature MetaBOLisM | www.nature.com/natmetab

http://www.nature.com/natmetab


Articles NaTurE METabolISM

tamoxifen induction. Although efficient, we aimed to reach even 
higher labelling saturation (that is, >99.9–100%). Consequently, 
we generated two new mouse lines: an insulin-specific inducible 
recombinase mouse line and a new responding reporter line, as 
both recombinase and reporter alleles influence the recombination 
efficiency42. We first generated a new Ins2-DreER knock-in line by 
inserting DreER into the insulin gene, replacing the endogenous 
start codon with a homologous recombination using CRISPR–
Cas9 (Fig. 7a). We also generated a new rox knock-in reporter, 
H11-rox-tdTomato (Fig. 7a) by targeting the rox-stop-rox-tdT 
cassette on the intergenic Hipp11 (H11) locus of mouse chro-
mosome 11 (ref. 43). By crossing Ins2-DreER with H11-rox-tdT, 
tamoxifen-induced Dre-rox recombination removed the stop  
cassette, resulting in constitutively active expression of tdT in Ins+ 
cells (Fig. 7b). New beta cells derived from stem cells at the chas-
ing stage would not express tdT due to the nature of the pulse–
chase strategy. We injected three doses of tamoxifen, and then 
analysed tissue samples at 1 week or 25 weeks afterwards (Fig. 7c). 
Surprisingly, the adult Ins2-Dre;H11-rox-tdTomato mice exhibited 
an unprecedentedly high labelling efficiency for beta cells, albeit 
with the use of an inducible recombinase. We examined Ins+ beta 
cells for >1,000 islets and found that virtually every Ins+ beta cell 
expressed tdT (Fig. 7d and Extended Data Fig. 9). These tdT+ cells 
were exclusively Ins+ beta cells (Fig. 7d,e and Extended Data Fig. 
9), demonstrating the specificity of this technique for lineage trac-
ing of beta cells. Examination of the pancreatic tissues after 25 
weeks revealed that virtually all Ins+ beta cells were tdT+ (>99.9%;  
Fig. 7f). This saturation of beta-cell labelling was not due to leaki-
ness of DreER activity, as all Ins+ beta cells were negative for tdT 
in the pancreas without tamoxifen treatment (Fig. 7g). Notably, we 
found no detectable dilution of tdT+ labelling in beta cells from 1 
week to 25 weeks (Fig. 7d,f), further suggesting that non-beta cells 
did not contribute to any detectable adult beta-cell biogenesis dur-
ing tissue homeostasis.

Given the super-efficient and highly specific properties of 
the Ins2-DreER line, we next used it to reassess the possible dif-
ferentiation of putative tdT− stem cells into beta cells after PPX  
(Fig. 7h). Whole-mount fluorescence images of the regenerated part 
of pancreas collected from Ins2-DreER;H11-rox-tdT mice showed 
tdT+ islets (Fig. 7i). Immunostaining of pancreatic sections for tdT 
and insulin showed virtually all Ins+ cells were tdT+ after PPX (Fig. 
7j). Indeed, quantification data revealed that >99.9% of Ins+ cells 
remained positive for tdT (Fig. 7j), indicating no beta-cell neogen-
esis at a detectable level after PPX. We also performed other models 
including during pregnancy and in PDL- and STZ-induced injuries 
on Ins2-DreER;H11-rox-tdT mice, and found no beta-cell neogen-
esis (Extended Data Fig. 10). Together, the above results based on 
tracing at saturation argue against beta-cell neogenesis in the adult 
pancreas during homeostasis or after injury (Fig. 7k).

Discussion
In this study, we developed a new genetic lineage-tracing system 
to simultaneously label both the beta and non-beta-cell popula-
tions with two distinct and irreversible genetic markers in the adult 
mouse pancreas. Using non-genetically manipulated injury models 
for inducing beta-cell death, cell growth, regeneration and inflam-
mation, we found that newly formed beta cells during repair and 
regeneration were derived from pre-existing beta cells, but not 
non-beta cells. Additionally, we adopted a strategy of lineage tracing 
at saturation by generating a super-efficient beta-cell labelling tool, 
and we confirmed that non-beta cells did not contribute to any new 
beta cells during homeostasis, pregnancy and after various injuries. 
These results suggest that stem cell differentiation is unlikely to be 
the mechanism for beta-cell regeneration, at least in the injury mod-
els tested in this study (Fig. 8).

The controversial conclusions regarding the existence of endog-
enous stem cells or progenitors for beta-cell conversion in the adult 
pancreas have also been drawn from genetic lineage-tracing studies. 
The main caveat of these lineage-tracing methods is the non-specific 
labelling by reporters that are supposed to be activated through Cre 
recombinase driven under the control of ‘cell-specific’ markers44,45. 
The discrepancy between studies supporting or refuting the stem 
cell hypothesis is at least partly due to the specificity and stability of 
the proposed stem cell markers used in these studies. For example, 
the evidence in support of Ngn3+ stem cells generating new beta 
cells is predicated on the notion that Ngn3 is not expressed in the 
pre-existing beta cells17. Lack of Ngn3 expression in beta cells was 
the linchpin of this study; however, subsequent follow-up studies 
have revealed that Ngn3 is actually expressed by both proliferating 
ducts and pre-existing beta cells29, possibly leading to data misinter-
pretation. Similarly, a handful of previous studies have recorded the 
cell fate commitment of facultative stem cells to beta cells by lineage 
tracing in mice, in which the data interpretation heavily relies on 
the specificity of the stem cell markers17–24. In theory, these ‘stem cell 
markers’ should not be expressed by the pre-existing Ins+ beta cells. 
It should also be noted that a weak expression of stem cell marker 
genes driving Cre below the sensitivity limit for antibody detection 
might still induce Cre-loxP recombination in some beta cells. The 
antecedent weak Cre expression in beta cells could thus result in 
unexpected labelling of pre-existing beta cells in subsequent studies, 
giving rise to false-positive results and misinterpretation. Therefore, 
the previous conclusions about the contribution of stem cells in 
beta-cell neogenesis require independent reassessments to more 
closely scrutinize whether a low level of beta cells were pre-labelled.

Previous studies that argue against the progenitor or stem cell 
hypothesis mainly used inducible lineage tracing of beta cells5, 
and found no statistically significant dilution of beta-cell labelling 
percentage in pulse–chase experiments (~30–40%), suggesting no 
differentiation of beta-cell progenitors. However, this strategy was 

Fig. 7 | Genetic tracing of beta cells by the inducible Ins2-DreER;H11-rox-tdT system during homeostasis and after injury. a, Schematic illustrating the 
generation of Ins2-DreER and H11-rox-tdT knock-in mouse lines by homologous recombination. b, Schematic illustrating genetic lineage tracing of Ins+ beta 
cells by Dre-rox recombination. c, Schematic illustrating the experimental strategy. Male and female mice aged 6–7 weeks were treated with tamoxifen 
(tam) three times. After 1 week and 25 weeks, mice were euthanized (+1 week: n = 5 (tam), n = 5 (no tam); +25 weeks: n = 5 (tam) and n = 5 (no tam)). 
d, Whole-mount fluorescence images of pancreas and immunostaining for tdT and insulin on sections from Ins2-DreER;H11-rox-tdT mice at 1 week after 
tamoxifen treatment. Right, quantification of labelling efficiency and specificity for beta cells. Data are the mean ± s.e.m.; n = 5 (tam). e, Immunostaining 
of pancreatic sections for tdT, GCG, Stt or PP, and the quantification of each (right) indicating the percentage of tdT+ cells expressing these markers. Data 
are the mean ± s.e.m.; n = 5 (tam). f,g, Immunostaining for tdT and insulin on pancreatic sections collected at 25 weeks after tamoxifen (f) or no tamoxifen 
(g). Quantification data of labelling efficiency for beta cells. Data are the mean ± s.e.m.; n = 5 (tam). h, Schematic illustrating the experimental design 
to test for beta-cell neogenesis after PPX in the inducible system. Male and female mice aged 6 weeks were treated with tamoxifen three times. After 
washout for 2 weeks and PPX injury for 2 weeks, mice were euthanized (PPX, n = 5; no tam, n = 5). i, Whole-mount fluorescence images of the regenerated 
pancreas (right side of the dotted line) after PPX. j, Immunostaining of pancreatic sections for tdT and insulin after PPX (left) and quantification of beta 
cells expressing tdT (right) in the groups treated with tamoxifen or no tamoxifen. Numbers of mice examined in each group were: tam, n = 5; no tam, n = 5. 
Data are the mean ± s.e.m. k, Illustration showing that non-beta cells do not contribute to beta cells during homeostasis and after injuries. Scale bars: 1 mm 
(yellow); 100 μm (white). Each image is representative of five individual samples.
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based on statistical evaluation and could not exclude small contri-
butions of beta cells from putative stem cells or progenitor cells. 
Another line of evidence used constitutive Cre driven by an insulin 
promoter and took advantage of an mTmG reporter for capturing 
the transient co-expression of GFP and mTomato during beta-cell 
neogenesis, and showed no double-fluorescence cells in adult pan-
creas after various models of beta-cell loss, growth and regenera-
tion29. However, it is technically difficult to capture the transient 
stage during beta-cell differentiation, especially when very few beta 

cells are derived from progenitors or stem cells. Due to the above 
reasons, it is possible that some undifferentiated stem cells or pro-
genitors, beyond detection by previous lineage-tracing studies, 
contribute to a small number of beta cells during homeostasis or 
injuries. In this study, we developed a dual-recombinase-mediated 
genetic system to label those non-beta cells and examine if they 
could contribute to beta cells during pancreas homeostasis and inju-
ries. Our work is not merely confirmatory. First, this dual genetic 
system differs from previous studies because it tracks non-beta cells 
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permanently with a fluorescence marker, and evaluating the con-
tribution of non-beta cells to beta cells does not rely on statistical 
significance, but on a single-cell basis. Even with little contribution 
from stem cells, if this occurs minimally (for example, <1%), we 
could readily detect it with positive-fluorescence lineage tracing. 
Second, our genetic system enables random labelling of non-beta 
cells using a ubiquitously active promoter, thus avoiding reliance 
on one particular stem cell marker. This is important as there may 
be putative progenitors with unknown markers residing in islets. 
Our genetic system allows us to examine the non-beta-cell contri-
bution without knowing markers for stem cells. The fate-mapping 
results showed that non-beta cells do not generate new beta cells 
in the pancreas during homeostasis, pregnancy or injury. Of note, 
if most beta cells were genetically ablated, we could detect a small 
number of new beta cells arising from non-beta cells, indicating that 
our dual-recombinase-mediated genetic tracing system is capable 
of detecting beta-cell neogenesis, even if it occurs at low frequency.

In our system, most of the non-beta cells are labelled with 
ZsGreen (>96%), which is more efficient than any other inducible 
tracing strategy that we know of. The promoter of Rosa26 used in our 
system is widely used in genetic lineage tracing and has been shown 
to be ubiquitously active in tissues. The genetic labelling strategy is 
therefore entirely random and does not exclude any particular cell 
populations. Thus, any potential stem cell population, if it exists, 
will be labelled and detected. We used the Ins2-Dre knock-in line to 
label all Ins+ beta cells as tdT+ cells, and non-beta cells as ZsGreen+ 
cells by the exclusive dual reporter IR1. Although all tdT+ cells were 
positive for insulin in the initial stage, we did observe a subset of 
tdT+ cells that expressed weak or non-existent levels of insulin after 
severe injuries. This was likely due to dedifferentiation of beta cells, 
which has been reported as a mechanism to compensate for the loss 
of proper beta-cell mass in different models of diabetes in mice37. 
Another possibility is that few non-beta cells at the adult stage 

were labelled as tdT+ cells as they may have transiently expressed 
insulin and as such were labelled during early development by con-
stitutive Dre. To address this issue of constitutive Dre, we used a 
strategy called inducible lineage tracing at saturation41. We unex-
pectedly found an inducible Ins2-DreER mouse line that provided 
a super-efficient tool after it was crossed with H11-rox-tdTomato 
to label virtually all Ins+ beta cells at the adult stage. We did not see 
any flux or dilution of the tdT surrogate marker in beta-cell label-
ling during pancreatic homeostasis or after injuries, demonstrating 
that there was no beta-cell progenitor accounting for any detectable 
beta-cell neogenesis. Furthermore, transdifferentiation of non-beta 
cells such as alpha, delta or exocrine cells, did not contribute to adult 
beta cells in our non-genetically manipulated injury models. Taken 
together, our findings leverage the recent advances in dual-tracing 
genetic technology coupled with inducible lineage tracing at satu-
ration to show that adult beta-cell regeneration is predominantly 
mediated by self-replication, rather than by stem or progenitor cell 
differentiation.

Methods
Mice. All mouse experiments were carried out in accordance with the guidelines of 
the Institutional Animal Care and Use Committee of the Institute of Biochemistry 
and Cell Biology, and the Institute for Nutritional Sciences, Shanghai Institutes 
for Biological Sciences, Chinese Academy of Science. Mice were maintained on 
a C57BL6/ICR mixed background, housed in standard cages and maintained on 
a 12-h light/dark cycle and fed a normal diet (Jiangsu Xietong Pharmaceutical 
Bioengineering, 1010085). Unless otherwise stated, both male and female 
heterozygote mice (6–8 weeks old) were randomly allocated to control and 
experimental groups. Littermate controls were used when appropriate. Only 
female mice were used in the pregnancy group and the sham group. R26-rtTA, 
TRE-Cre and IR1 mouse lines were described previously5,33,46–50. Ins2-Dre and 
Ins2-DreER were generated using the CRISPR–Cas9 technology by Shanghai 
Biomodel Organism. A cDNA encoding Dre or DreER was targeted to the 
translational start codon ATG of the Ins gene by homologous recombination, 
replacing the endogenous translational start codon ATG, followed by woodchuck 
post-transcriptional regulatory element and poly(A). PCR primers, spanning 
the genomic DNA, were designed to test the correctly targeted allele (Ins2-Dre, 
5′mut-F: AAGATACTAGGTCCCCAACTGCAAC, 5′mut-R: TTCAGCATGGCG 
TAGTGCTTGTCG, 5′WT-F: AAACAGCAAAGTCCAGGGGG, 5′WT-R: ATGG 
GTGTGTAGAAGAAGCCACGC; Ins2-DreER, 5′mut-F: GATCCGCTACAATCA 
AAAACCATCAGC, 5′mut-R: TCCCGGGCCTCCACC, 5′WT-F: CCTCTCTTA 
CGTGAAACTTTTGCTATCCTC, 5′WT-R: TCAGACAGAGGAGGCAGGCCA). 
H11-rox-tdTomato was generated using the CRISPR–Cas9 technology by Shanghai 
Biomodel Organism. A cDNA encoding rox-Stop-rox-tdTomato was targeted to 
the Hipp11 site by homologous recombination, followed by post-transcriptional 
regulatory element and poly(A). PCR primers spanning the genomic DNA 
were designed to test the correctly targeted allele (H11-rox-tdTomato, 5′mut-F: 
CACTCTACTGGAGGAGGACAAACTG, 5′mut-R: ACAACGAGGACTACA 
CCATCGTG, 5′WT-F: TGGAGGAGGACAAACTGGTCAC, 5′WT-R: TTCCC 
TTTCTGCTTCATCTTGC). IR1-DTR was generated using the CRISPR–Cas9  
technology by Shanghai Biomodel Organism. A cDNA encoding CAG-loxP-rox- 
Stop-loxP-ZsGreen-Stop-rox-tdTomato-P2A-DTR cassette was targeted to the  
Rosa26 site by homologous recombination. PCR primers spanning the genomic  
DNA were designed to test the correctly targeted allele (IR1-DTR, 3′mut-F: GGC 
ACGCTGATCTACAAGGTGAA, 3′mut-R: GTGCTTGTGGCTTGGAGGATAA, 
5′WT-F: TTGGAGGCAGGAAGCACTTG, 5′WT-R: CCGACAAAACCGAAA 
ATCTGTG). Genomic DNA was extracted from a mouse tail snip and prepared 
for genotyping by proteinase K lysis, isopropanol precipitation and 70% ethanol 
washing. The starting points for each experiment involved 6- to 8-week-old adult 
mice. For adult mouse treatment, Dox was dissolved in ddH2O (2 mg ml−1) and 
used to feed mice for 1 week. For embryo mouse treatment, Dox was dissolved in 
ddH2O (20 mg ml−1) and introduced by gavage (0.1 mg g−1) to pregnant mice twice 
in 3 d. For postnatal mouse treatment, Dox was dissolved in ddH2O (20 mg ml−1) 
and introduced by gavage (0.1 mg g−1) twice. To assess cell proliferation, mice were 
injected subcutaneously with EdU (Invitrogen, C10338; 10 μg g−1) dissolved in PBS 
24 h or 12 h before euthanization. Tamoxifen was dissolved in corn oil (20 mg ml−1) 
and introduced by gavage (0.1 mg g−1) at the indicated time points. The beta-cell 
toxin STZ was dissolved as previously described3 and introduced by intraperitoneal 
injection (150 mg per kg body weight). Blood glucose levels of different groups 
of mice were measured after a 12-h fasting period. DT was dissolved in PBS (1 μg 
μl−1) and introduced by intraperitoneal injection (10 μg g−1) per mouse, twice each 
to induce some beta-cell loss, and five times each to induce extreme beta-cell loss.

Partial pancreatectomy. PPX was performed as previously described29,35. Briefly, 
adult mice were anaesthetized with isoflurane gas and a midline abdominal 

Beta cell

Alpha cell

Delta cell

PP cell

Ins+ cells

Alpha cell

Delta cell

PP cell

Duct cell

Acinar cell

Non-beta-cell
conversion

Duct cell

Acinar cell

Beta-cell
replication 

• Extreme beta-cell loss

• Adult homeostasis

• PPX

• Pregnancy

• PDL

• STZ

Fig. 8 | Non-beta cells do not generate new beta cells in adults under 
pathological conditions. Cartoon showing labelling of beta cells and 
non-beta cells simultaneously. Non-beta cells, including alpha cells, delta 
cells, PP cells, acinar cells and duct cells, do not generate new beta cells 
under homeostatic and pathological conditions (top). Non-beta cells do 
generate new Ins+ cells in adults after extreme loss of existing beta cells 
(bottom).

Nature MetaBOLisM | www.nature.com/natmetab

http://www.nature.com/natmetab


ArticlesNaTurE METabolISM

incision was made. The mesenteric connections to the stomach, small intestine 
and retroperitoneum were partially broken. The splenic lobe of the pancreas 
was moved and then the pancreatic tissue, bordered by the spleen and stomach, 
excluding the small flap of pancreatic tissue attached to the pylorus, was removed. 
The sham group underwent laparotomy. All mice received a standard laboratory 
chow diet and tap water post-operatively.

Pancreatic duct ligation. PDL was performed as previously described29. Briefly, 
adult mice were anesthetized with isoflurane gas and a midline abdominal 
incision was made. The duodenum and the head of the pancreas were lifted off 
the retroperitoneum. The pancreatic duct at the left side of the portal vein, which 
separates the splenic and gastro-duodenal lobes were carefully ligated. Sham group 
underwent laparotomy. All mice received a standard laboratory chow diet and tap 
water post-operatively.

Whole-mount microscopy. The collected tissues at the indicated time points were 
washed in PBS (pH 7.4) twice and set down gently on an agar gel in a petri dish. 
The whole-mount bright-field and fluorescence images were taken using the Zeiss 
stereo microscope (AxioZoom V16), and automated z-stack images were acquired 
to determine magnification of the boxed regions.

Immunofluorescence staining. Immunofluorescence staining was performed 
as previously described51. Briefly, tissues were collected in PBS, fixed in 4% 
paraformaldehyde for 0.5–1 h at 4 °C, washed in PBS three times at room 
temperature and dehydrated in 30% sucrose overnight at 4 °C. The tissues were 
then embedded in optimum cutting tissue for 1 h at 4 °C, and frozen in block  
with optimum cutting tissue and sectioned (Thermo HM525 cryosection  
machine) or stored at −80 °C. Cryosections at a thickness of 10 μm were  
collected on slides, washed in PBS, incubated in 5% normal donkey serum in  
PBST (PBS with 0.1% Triton X-100) for 0.5 h at room temperature and incubated 
with primary antibodies diluted in 2.5% normal donkey serum in PBST  
overnight at 4 °C. All primary antibodies were commercially available reagents  
as follows (including dilutions): ZsGreen (Clontech, 632474; 1:1,000), insulin 
(Dako, A0564; 1:500), glucagon (Sigma, SAB4501137; 1:500), somatostatin  
(Santa Cruz, sc-47707; 1:500), somatostatin (Abcam, ab-111912; 1:500), pancreatic 
polypeptide (Abcam, ab77192; 1:500), pancreatic polypeptide (Abcam,  
ab255827; 1:500), E-cadherin (Cell Signaling, 3195; 1:500), amylase (Sigma,  
A8273; 1:500), cytokeratin 19 (Developmental Studies Hybridoma Bank, 
TROMA-III; 1:200), PDGFRa (R&D, AF1062; 1:500), VE-cadherin (R&D,  
AF1002; 1:100), lymphatic vessel endothelial hyaluronan receptor 1 (Abcam, 
ab14917; 1:500), EdU (Invitrogen, C10338; 1:400), DTR (R&D, AF-259-NA; 
1:200), GLUT2 (Abcam, ab54460; 1:500), Nkx6.1 (Abcam, ab221549; 1:500) and 
Pdx1 (Abcam, ab47267; 1:500). After washing, signals were developed with the 
secondary Alexa Fluor-conjugated antibodies (Invitrogen, 1:1,000) for 0.5 h at 
room temperature, and cell nuclei were counterstained with DAPI. After, slides 
were rinsed with PBS and mounted with fluorescence-protecting mounting 
medium (Vector Labs). Images were obtained with a confocal microscopy system 
(Nikon A1), and imaging data were analysed using the National Institutes of Health 
ImageJ software.

H&E staining. H&E staining was performed as previously described52. Briefly, 
10-μm-thick cryosections were incubated in haematoxylin A solution for 3 mins, 
washed with tap water three times, rinsed in 1% concentrated hydrochloric acid 
diluted in 70% ethanol for 1 min and washed with water three times. The slides 
were then incubated in a 1% ammonia water solution for 1 min, washed three 
times, stained with eosin Y solution for 8–10 s, dehydrated in a series of ethanol 
and xylene, and lastly, mounted with neural balsam. All imaging data were 
acquired using an Olympus microscope (DP72).

Statistical analysis. All mice were randomly assigned to different groups, and all 
data were obtained from five individual samples, as indicated in each experiment. 
For all experimental data, calculations were performed in Prism (GraphPad). 
Unpaired, two-tailed Student’s t-tests were performed to analyse the P value for 
single comparisons between two groups. Significance was accepted when P < 0.05. 
All data are presented as the mean ± s.e.m. All experiments were performed 
blinded, and no predetermination was done for sample size.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Newly generated mouse lines will be deposited in a commercial animal repository 
and will be available, together with data that support the plots and findings within 
this paper, from the corresponding author upon reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Generation and characterization of Ins2-Dre mouse allele. a, A Schematic diagram illustrating knock-in strategy for Ins2-Dre 
by homologous recombination using CRISPR/Cas9. b, A Schematic diagram illustrating the strategy for labeling pancreatic β cells by Ins2-Dre using 
interleaved reporter 1 (IR1). c, A Schematic diagram illustrating the experimental strategy. 4 weeks old mice (both male and female mice were used) were 
euthanized for analysis (n = 5). d, Whole-mount bright-field and fluorescent images of pancreas from Ins2-Dre;IR1. e, Immunostaining for tdT, zsGreen, and 
Ins on pancreatic slides collected from Ins2-Dre;IR1. Arrows indicate tdT+Ins+ β cells. Scale bars, yellow, 1 mm; white, 100 μm. Each image is representative 
of 5 individual biological samples.
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Extended Data Fig. 2 | Ins2-Dre;R26-iCre;IR1 efficiently labels most of cells in pancreas. (a-b) Immunostaining for tdT and zsGreen on slides collected 
from Ins2-Dre;R26-iCre;IR1 mice at 7 weeks old after Dox treatment (both male and female mice were used, n = 5). Boxed regions in (a) are magnified in 
(b). Scale bars, yellow, 1mm; white, 100 μm. Each image is representative of 5 individual biological samples.
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Extended Data Fig. 3 | R26-iCre efficiently labels most of cell lineages in pancreatic endocrine glands. (a-c) Immunostaining for tdT, zsGreen, Glucagon 
(GCG, a), Somatostatin (Stt, b) and Pancreatic Polypeptide (PP, c) on slides collected from Ins2-Dre;R26-iCre;IR1 mice at 7 weeks old after Dox treatment 
(both male and female mice were used, n = 5). Arrows indicate zsGreen+ cell lineages. Right panel is the quantification of the percentage of indicated 
non-β cell lineages expressing zsGreen. Data are mean ± SEM, n = 5. Scale bars, 100 μm. Each image is representative of 5 individual biological samples.
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Extended Data Fig. 4 | R26-iCre efficiently labels most of cell lineages in pancreatic exocrine gland. (a-f) Immunostaining for tdT, zsGreen and 
E-cadherin (E-cad), or Amylase (Amy), Cytokeratin 19 (CK19), Vascular endothelial cadherin (VE-cad), Lymphatic vessel endothelial hyaluronan receptor 1 
(Lyve1) and Platelet derived growth factor receptor a (Pdgfra) on slides collected from Ins2-Dre;R26-iCre;IR1 mice at 7 weeks old after Dox treatment (both 
male and female mice were used, n = 5). Right panel is the quantification of the percentage of indicated non-β cell lineages expressing zsGreen. Data are 
mean ± SEM, n = 5 (Dox group). Scale bars, 100 μm. Each image is representative of 5 individual biological samples.
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Extended Data Fig. 5 | Non-β cells contribute to β cells in embryonic stage. a, Immunostaining for tdT, zsGreen, and Ins on pancreatic sections of 
Ins-Dre;R26-iCre;IR1 mice without Dox treatment at E14.5 (both male and female mice were used, n = 5). b, A schematic figure showing experimental 
strategy of Dox injection and analysis. c, Immunostaining for tdT, zsGreen, and Ins on pancreatic sections of Ins-Dre;R26-iCre;IR1 mice at E16.0 (top) and 
P21 (bottom) treated with Dox at E14.5 (both male and female mice were used, E16.0 group, n = 5; P21 group, n = 5). White arrows indicate tdT+Ins+ 
β cells. Yellow arrowheads indicate zsGreen+Ins+ β cells. d, Quantification of the percentage of zsGreen+ β cells from indicated mice. Numbers of 
investigated mice were as follows: E14.5>E16.0 group, n = 5; E14.5>P21 group, n = 5, Data are mean ± SEM, P=1.12 × 10–4, *P<0.05 (unpaired, two-sided, 
Student’s t-test). e, Illustration showing contribution of non-β cells to β cells in embryonic stage. f, A schematic figure showing experimental strategy 
of Dox injection and analysis (both male and female mice were used, n = 5). g, Whole-mount bright-field and fluorescent images of pancreas from 
Ins-Dre;R26-iCre;IR1 mice with Dox treatment. h, Immunostaining for tdT, zsGreen, and Ins on pancreatic sections of Ins-Dre;R26-iCre;IR1 mice at P21 
with Dox treatment at P7. Arrows indicate tdT+Ins+ β cells. Arrowheads indicate zsGreen+Ins– non-β cells. i, Quantification of the percentage of β cells 
expressing tdT or zsGreen from indicated mice. Data are mean ± SEM, n=5 (P7>P21 group). (j) Illustration showing no contribution of non-β cells to β cells 
in postnatal stage. Scale bars, yellow, 1 mm; white, 100 μm. Each image is representative of 5 individual samples.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | β cells proliferate after partial pancreatectomy and during pregnancy. a, A schematic diagram illustrating the experimental 
strategy for Dox induction, partial pancreatectomy (PPX) and analysis. 6 weeks old mice (both male and female mice were used) were treated with Dox 
for 1 week. After washout for 2 weeks and PPX injury for 2 and 4 weeks, mice were euthanized (PPX group: n = 5; Sham group: n = 5). b, Immunostaining 
for tdT, ZsGreen and Ins on pancreatic sections collected after PPX 2 weeks. Arrows indicate tdT+Ins+ β cells. Arrowheads indicate zsGreen+Ins– non-β 
cells. c, Immunostaining on pancreatic sections for tdT, ZsGreen and EdU collected after PPX 2 weeks. Arrows indicate EdU+tdT+ cells. EdU was injected 
12 hours before sacrifice. Right panel shows quantification of the percentage of tdT+ cells with incorporated EdU. Numbers of investigated mice were as 
follows: PPX group, n = 5; Sham group, n = 5, Data are mean ± SEM, P=1.22×10–5, *P<0.05 (unpaired, two-sided, Student’s t-test). d, Immunostaining for 
tdT, ZsGreen and Ins on pancreatic sections collected after PPX 4 weeks. Arrows indicate tdT+Ins+ β cells. Arrowheads indicate zsGreen+Ins– non-β cells. 
e, A schematic diagram illustrating experimental strategy of Dox induction, pregnancy and analysis. 6 weeks old mice (only female mice were used) were 
treated with Dox for 1 week. After washout for 2 weeks and Pregnancy for 15.5 d, mice were euthanized (Pregnancy group: n = 5; Sham group: n = 5). f, 
Immunostaining for tdT, ZsGreen and EdU on pancreatic sections collected after pregnancy. Arrows indicate EdU+tdT+ cells. EdU was injected 12 hours 
before sacrifice. Right panel shows quantification of the percentage of tdT+ cells with incorporated EdU. Numbers of investigated mice were as follows: 
Pregnancy group, n = 5; Sham group, n = 5, Data are mean ± SEM, P=3.38×10–6, *P<0.05 (unpaired, two-sided, Student’s t-test). Scale bars, 100 μm. Each 
image is representative of 5 individual samples.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | β cells are not generated from non-β cells after pancreatic ductal ligation. a, A schematic diagram illustrating experimental 
strategy of Dox induction, pancreatic ductal ligation (PDL) and analysis. 6 weeks old mice (both male and female mice were used) were treated with Dox 
for 1 week. After washout for 2 weeks and PDL injury for 2 and 4 weeks, mice were euthanized (PDL group: n = 5; Sham group: n = 5). b, Immunostaining 
for tdT, ZsGreen and Ins on pancreatic tail (left) and head (right) sections collected after PDL 2 weeks. Arrows indicate tdT+Ins+ β cells. Arrowheads 
indicate zsGreen+Ins– non-β cells. c, Immunostaining for tdT, ZsGreen and EdU collected after PDL. Arrowheads indicate EdU+tdT+ cells. EdU was injected 
12 hours before sacrifice. Right panel shows quantification of the percentage of tdT+ cells with incorporated EdU. Numbers of investigated mice were as 
follows: PDL group, n = 5; Sham group, n = 5, Data are mean ± SEM, n.s., not significant (unpaired, two-sided, Student’s t-test). d, Immunostaining for tdT, 
ZsGreen and Ins on pancreatic tail (left) and head (right) sections collected after PDL 4 weeks. Arrows indicate tdT+Ins+ β cells. Arrowheads indicate 
zsGreen+Ins– non-β cells. Scale bars, 100 μm. Each image is representative of 5 individual samples.
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Extended Data Fig. 8 | Generation and characterization of IR1-DTR. a, A schematic diagram illustrating knock-in strategy for generation of IR1-DTR by 
homologous recombination using CRISPR/Cas9. b, Strategy for labeling pancreatic β cells by Ins2-Dre;IR1-DTR mouse line. c, Immunostaining for tdT, 
zsGreen and Ins on pancreatic slides collected from 8 weeks old Ins2-Dre;IR1-DTR (both male and female mice were used, n = 5). d, Immunostaining 
for tdT, zsGreen, and DTR on pancreatic slides collected from 8 weeks old Ins2-Dre;IR1-DTR. e, A schematic figure showing experimental strategy of DT 
injection and analysis. 7–8 weeks old mice (both male and female mice were used) were treated with DT for 2 times. After 3 days, mice were euthanized 
(DT group: n = 5; no DT group: n = 5). f, Whole-mount bright-field and fluorescent images of pancreas from Ins2-Dre;IR1-DTR mice. g, Immunostaining 
for tdT, zsGreen, and Ins on pancreatic sections of Ins2-Dre;IR1-DTR mice. h, Immunostaining for tdT, zsGreen, and DTR on pancreatic sections of 
Ins2-Dre;IR1-DTR mice. Scale bars, yellow, 1 mm; white, 100 μm. Each image is representative of 5 individual biological samples.
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Extended Data Fig. 9 | Ins2-DreER specifically and efficiently labels β cells in the adult pancreas. Immunostaining for tdT and Insulin on consecutive 
sections (section 1–23) of pancreatic islets of 8 weeks old Ins2-DreER;H11-rox-tdT mice treated with Tam (both male and female mice were used, n = 5). 
Scale bars, 100 μm. This data is representative of 5 individual biological samples.

Nature MetaBOLisM | www.nature.com/natmetab

http://www.nature.com/natmetab


Articles NaTurE METabolISMArticles NaTurE METabolISM

Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | analysis of β cells after injuries by inducible Ins2-DreER;H11-rox-tdT system. a, A schematic diagram illustrating the experimental 
design to test for β cell neogenesis during pregnancy in the inducible system. 6 weeks old mice (only female mice were used) were treated with Tamoxifen 
for 3 times. After washout for 2 weeks and Pregnancy for 15.5 days, mice were euthanized (Pregnancy group, n = 5; Sham group, n = 5). b, Immunostaining 
for tdT and Ins on pancreatic slides collected from Ins2-DreER;H11-rox-tdT during pregnancy (Preg15.5). c, Quantification of β cells expressing tdT in the 
indicated mice. Numbers of investigated mice were as follows: Pregnancy group, n = 5; Sham group, n = 5, Data are mean ± SEM, n.s., not significant 
(unpaired, two-sided, Student’s t-test). d, A schematic diagram illustrating the experimental design to test for β cell neogenesis after pancreatic ductal 
ligation (PDL). 6 weeks old mice (both male and female mice were used) were treated with Tamoxifen for 3 times. After washout for 2 weeks and PDL 
injury for 2 weeks, mice were euthanized (PDL group, n = 5; Sham group, n = 5). e, Immunostaining for tdT and Ins on pancreatic slides collected from 
Ins2-DreER;H11-rox-tdT after PDL. f, Quantification of β cells expressing tdT in the indicated mice. Numbers of investigated mice were as follows: PDL 
group, n = 5; Sham group, n = 5, Data are mean ± SEM, n.s., not significant (unpaired, two-sided, Student’s t-test). g, A schematic diagram illustrating the 
experimental design to test for β cell neogenesis after streptozocin (STZ)-induced injury. 6 weeks old mice (both male and female mice were used) were 
treated with Tamoxifen for 3 times. After washout for 2 weeks and STZ injury for 2 weeks, mice were euthanized (STZ group, n = 5; Sham group, n = 5). 
h, Immunostaining for tdT and Ins on pancreatic slides collected from Ins2-DreER;H11-rox-tdT after streptozocin (STZ)-induced injury. (i) Quantification 
of β cells expressing tdT in the indicated mice. Numbers of investigated mice were as follows: STZ group, n = 5; Sham group, n = 5, Data are mean ± SEM, 
n.s., not significant (unpaired, two-sided, Student’s t-test). Scale bars, yellow, 1 mm; white, 100 μm. Each image is representative of 5 individual biological 
samples.
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