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Mechanosignalling via integrins directs fate 
decisions of pancreatic progenitors
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The pancreas originates from two epithelial evaginations of the 
foregut, which consist of multipotent epithelial progenitors that 
organize into a complex tubular epithelial network. The trunk domain 
of each epithelial branch consists of bipotent pancreatic progenitors 
(bi-PPs) that give rise to both duct and endocrine lineages, whereas 
the tips give rise to acinar cells1. Here we identify the extrinsic and 
intrinsic signalling mechanisms that coordinate the fate-determining 
transcriptional events underlying these lineage decisions1,2. Single-
cell analysis of pancreatic bipotent pancreatic progenitors derived 
from human embryonic stem cells reveal that cell confinement is a 
prerequisite for endocrine specification, whereas spreading drives 
the progenitors towards a ductal fate. Mechanistic studies identify 
the interaction of extracellular matrix (ECM) with integrin α5 
as the extracellular cue that cell-autonomously, via the F-actin–
YAP1–Notch mechanosignalling axis, controls the fate of bipotent 
pancreatic progenitors. Whereas ECM–integrin α5 signalling 
promotes differentiation towards the duct lineage, endocrinogenesis 
is stimulated when this signalling cascade is disrupted. This cascade 
can be disrupted pharmacologically or genetically to convert bipotent 
pancreatic progenitors derived from human embryonic stem cells 
to hormone-producing islet cells. Our findings identify the cell-
extrinsic and intrinsic mechanotransduction pathway that acts as 
gatekeeper in the fate decisions of bipotent pancreatic progenitors 
in the developing pancreas.

To investigate whether cell-autonomous or non-autonomous mecha-
nisms regulate the expression of the fate-determining transcription factor 
PDX1, we differentiated human embryonic stem cells (hESCs) express-
ing PDX1–GFP into pancreatic progenitors including bipotent pancre-
atic progenitors (bi-PPs)3,4 (Extended Data Fig. 1a–e). Sorted GFPhigh 
cells were able to attach as single cells and self-aggregate (Extended Data 
Fig. 2a). Whereas cells in the central region of the cell clusters main-
tain high PDX1 expression (Extended Data Fig. 2b, c), spread cells at 
the periphery of the aggregates and spread single cells downregulate 
PDX1 expression (Extended Data Fig. 2b–d). Notably, single confined 
cells maintained high PDX1 expression, suggesting that cell shape may 
govern expression of PDX1 in a cell-autonomous manner. Numerous 
studies have demonstrated that changes in cell geometry and spreading 
have profound effects on cell fate decisions5–7. To study the effect of cell 
geometry and spreading on fate decisions of single PDX1high pancre-
atic progenitors, we made use of micropatterned glass slides (Fig. 1a). 
Consistent with the self-aggregation data, physical restraint of spreading 
(confinement) maintained PDX1high expression, whereas cell spreading 
resulted in reduced PDX1 expression (Fig. 1a, Extended Data Fig. 2e, f).  
Cell geometry (disc or square) had no effect on PDX1 expression 
(Extended Data Fig. 2g). Analysis of other pancreatic transcription 
factors showed a similar response for NKX6.1 expression, whereas the 
expression of SOX9, FOXA2 and HNF6 were unaffected by the size of 
the adhesion area (Fig. 1a, Extended Data Fig. 2g).

Endocrinogenesis in the developing human and mouse pancreas 
is accompanied by a gradual reduction of the mechanoresponsive 

transcription factor YAP18–10. Cell spreading maintains nuclear 
YAP1 activity, whereas cell confinement (below 500 µm2) leads to loss 
of YAP1 expression (Fig. 1a, b Extended Data Fig. 2i, j) and induc-
tion of the endocrine progenitor marker NEUROG3 (also known as 
NGN3) (Fig. 1a). YAP1 levels are significantly reduced at both mRNA 
and protein level in hESC-derived NGN3+ cells (Extended Data 
Fig. 3e). On the basis of these data, we proposed that YAP1-mediated 
mechanical influences transcriptionally regulate the fate choice of 
bi-PPs (YAP1+PDX1high) into duct (YAP1+PDX1low) or endocrine 
(YAP1−NGN3+) lineages (Fig. 1c).

YAP1 and its DNA-binding co-factors TEAD1–TEAD4, and their 
target HES1, are highly expressed during early stages of mouse pancreas 
development9 (embryonic day (E)9–12.5), whereas their expression 
decreases when differentiation of the endocrine lineages is peak-
ing9,10 (Extended Data Fig. 3a–d). These data support and extend the 
previous findings that endocrinogenesis is associated with reduced 
expression of YAP1 and TEAD1–TEAD49,10. To validate the findings 
from single cells in vivo, we deleted YAP1 in the pancreatic epithelium 
using Pdx1-cre;Yap1fl/fl mice11,12. This leads to hypoplasia and hypo-
glycaemia (Fig. 2a, Extended Data Fig. 3f), which can be explained 
by increased endocrinogenesis (Fig. 2a, b, Extended Data Fig. 3h). 
Using a tamoxifen-inducible Cre driver (Sox9-creERT2;Yap1fl/fl)13 we 
corroborated these results (Extended Data Fig. 3g, i) and also showed 
that the increase in endocrinogenesis is associated with a depletion of 
bi-PPs (Extended Data Fig. 3i). Notably, no compensatory increased 
expression of Taz was observed upon Yap1 ablation (Extended Data 
Fig. 3i). A corresponding increase in endocrinogenesis was observed 
when mouse E11.5 explants were treated with verteporfin, an inhibi-
tor of YAP1–TEAD complex formation14 (Extended Data Figs. 3j, 4d). 
These results indicate that loss of YAP1 in vivo directs bi-PPs to the 
endocrine lineage. Inhibiting YAP1 function (using short interfering 
RNA (siRNA) or verteporfin) in pancreatic progenitors derived from 
hESCs resulted in increased NGN3 and insulin protein levels together 
with increased levels of NEUROG3, NEUROD1, ISL1, GCG, INS and 
MAFB mRNAs (Fig. 2c, d and Extended Data Fig. 4a–c). This showed 
that YAP1 has a conserved role as a repressor of endocrinogenesis in 
humans. In sum, these results indicate that YAP1 maintains bi-PPs by 
inhibiting their differentiation into the endocrine lineage, suggesting 
that the extracellular cue that inactivates YAP1 may also be the trigger 
of endocrinogenesis.

The results of single-cell analysis suggest that maintenance of 
YAP1 expression in spread cells correlates with a duct phenotype 
(Extended Data Fig. 2d, e, h), which is consistent with the expanded 
ductal compartment that is observed upon constitutive (Rosa26-
promoter driven) expression of YAP1 in pancreatic progenitors15 
(at E17.5). We confirmed and extended these findings by expressing  
constitutively active human YAP1(S127A) in mouse embryos at an 
earlier time-point (E12.5, tet-YAP1S127A;Pdx1tTA/+, hereafter referred 
to as YAP1tg mice16,17). Control experiments showed that expression 
of YAP1(S127A) upregulated expression of known downstream YAP1 
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target genes, such as Cdc20, Ctgf (also known as Ccn2), Birc5 (also 
known as baculoviral IAP repeat containing 5) and Snai2 (Extended 
Data Fig. 4f, g). Whereas the size of the early YAP1tg pancreas (E12.5) 
does not appear changed compared to controls, perturbed branch-
ing and tip and trunk patterning defects were apparent, as indicated 
by expression of SOX9, HNF1β, MUC1 and E-cadherin, and stain-
ing with the duct-specific lectin DBA (Dolichos biflorus agglutinin), 
throughout the unbranched epithelium at E12.5 and E15.5 (Fig. 3c, 
Extended Data Fig. 5b, Supplementary Video 1). Furthermore, the 
reduced expression of pancreatic progenitor (Pdx1 and Nkx6-1), acinar  
(Cpa1 and Amy2a5) and endocrine (Ngn3 (also known as Neurog3) 
and Ins1) markers (Extended Data Figs. 4h, 5a, c) and upregulation 
of ductal genes such as Sox9 and Hnf1b (Extended Data Fig. 5b, c) 
show that progenitor maintenance and differentiation are also aberrant 
in the YAP1tg embryos. Subsequently, the YAP1tg embryos exhibit 
severe pancreas agenesis (E18.5), and newborn pups die as a result of 
severe hyperglycaemia within a week of birth (Extended Data Fig. 4e). 
Together with the single-cell analysis (Extended Data Fig. 2h), these 
results indicate that sustained or increased expression of YAP1 within 
bi-PPs triggers specification to the duct lineage (Fig. 3c, Extended Data 
Fig. 5b, Supplementary Video 1).

Several signal transduction pathways have been identified as tran-
scriptional targets of YAP1, including Notch, TGFβ, BMP, MAPK, 
canonical Wnt and mTOR pathways9,18. HES1 and Notch1 are 
upregulated in YAP1tg pancreata at E15.5 (Extended Data Fig. 5c), 
and YAP1tg phenocopies overexpression of the Notch1 intracellular 
domain (N1ICD) in the developing pancreas19,20, strongly suggest-
ing that in the developing pancreas YAP1 acts upstream of Notch1. 
This is unlike its activity in epidermal stem cells, in which YAP1 is 
regulated by active Notch signalling21. Blocking Notch signalling 
(using a γ-secretase inhibitor) in YAP1tg explants reduces expres-
sion of Hes1 mRNA and partially restores expression of both acinar  
(Ptf1a, Cpa1 and Amy2a5) and endocrine (Ngn3, Ins1 and Gcg) 

markers (Fig. 3d, Extended Data Fig. 5d). Consistent with previous 
results from chromatin immunoprecipitation followed by sequencing 
(ChIP–seq) using TEAD19, we also show that YAP1 and TEAD4 bind 
specifically to HES1 and NOTCH1 loci in hESC-derived pancreatic 
progenitors (Fig. 3a). Together, these data suggest that YAP1-mediated 
transcriptional repression of Ngn3 is mediated by its transcriptional 
activation of Hes1. Furthermore, ENCODE ChIP–seq data22, together 
with analysis by chromatin immunoprecipitation followed by quan-
titative PCR, demonstrate that YAP1, TEAD4 and HES1 specifi-
cally bind to the NGN3 promoter in pancreatic progenitors (Fig. 3b, 
Extended Data Fig. 6a). To assess the potential co-repressor role of 
YAP1–TEAD423,24 on the NGN3 promoter (800 bp upstream of the 
promoter), we carried out luciferase assays in hESC-derived pancre-
atic progenitors. Reduced expression of YAP1 activates the human 
NGN3 promoter, whereas constitutive expression of either YAP1, rat 
HES1 or rat N1ICD partially restores YAP1-mediated transcriptional 
repression of NGN3 (Extended Data Fig. 6b). Furthermore, YAP1 
expression partially prevents the transcriptional activation of NGN3 
upon siRNA-mediated knockdown of HES1 mRNA (Extended Data 
Fig. 6b). As expected, mutating the HES1 binding sites on the NGN3 
promoter leads to increased NGN3 transcription, whereas mutational 
inactivation of the TEAD binding site failed to affect NGN3 transcrip-
tion (Extended Data Fig. 6b). Of note, co-immunoprecipitation exper-
iments demonstrate that YAP1, HES1 and TEAD4 physically interact 
with each other in pancreatic progenitors (Extended Data Fig. 6c). To 
exclude the possibility that YAP1 acts downstream of Notch, we show 
that nuclear localization of YAP1 is maintained in SOX9+ pancreatic 
progenitors of Foxa2T2Aicre;Rosa26dnMaml1-eGFP mutant25 mice, in which 
Notch signal transduction is blocked, at E10.5 and E15.5 (Extended 
Data Fig. 5e, f). Collectively, these data implicate a dual role of YAP1 
in endocrinogenesis, both as an activator of HES1 transcription and 
as a co-repressor of NGN3 transcription through chromatin looping 
of distant YAP1–TEAD binding sites (Extended Data Fig. 6c).
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Fig. 1 | Cell spreading determines cell 
specification and gene expression in 
pancreatic progenitors. a, Single pancreatic 
progenitor cells derived from hESCs sorted 
on micropatterned slides 24 h after adhesion. 
Top, schematic of single pancreatic progenitor 
cells sorted on a micropatterned slide. Middle, 
each micropattern contains a single pancreatic 
progenitor cell. Representation of circular 
and square confined pancreatic progenitor 
cells (top two micropatterns, respectively) and 
spread pancreatic progenitor cells (bottom 
two micropatterns, respectively). DAPI, blue; 
CellMask, green; SOX9, grey; PDX1, red. 
Scale bar, 20 µm. Bottom, nuclear intensity of 
pancreatic markers plotted against cell area. 
Each data point corresponds to an individual 
cell. PDX1, n = 369; SOX9, n = 593; YAP1, 
n = 906; NGN3, n = 906; 3 independent 
experiments. Spearman’s correlation coefficient 
(r) is calculated between cell area and nuclear 
intensity for: PDX1, r = −0.8 (P ≤ 0.0001); 
SOX9, r = −0.1; YAP1, r = 0.5 (P ≤ 0.0001); 
NGN3, r = −0.5 (P ≤ 0.0001). AU, arbitrary 
units. b, Correlation of expression (r) between 
NGN3 and YAP1. DAPI, blue; NGN3, red; 
YAP1, grey; CellMask, green. Scale bar, 20 µm. 
NGN3 and YAP1 are negatively correlated; 
r = −0.5 (P ≤ 0.0001). Each data point 
corresponds to an individual cell; n = 906 
(NGN3, YAP1); 3 independent experiments. 
c, Model of progression of single pancreatic 
progenitor cell fate specification during 
spreading or confinement over 24 h.

6  D e C e M B e r  2 0 1 8  |  V O L  5 6 4  |  N A t U r e  |  1 1 5
© 2018 Springer Nature Limited. All rights reserved.



LetterreSeArCH

Cell spreading positively regulates YAP1 activity through the for-
mation of actin bundles, whereas cell confinement negatively regulates 
YAP1 activity by promoting dissociation of actin bundles26. Similarly, 
highly confined single NGN3+ cells (less than 500 µm2) exhibited 
reduced stress fibre formation (Fig. 4a). This observation was substan-
tiated by the reduced levels of F-actin observed in NGN3+ endocrine 
precursor cells compared to pancreatic progenitors in vivo and in vitro 
(Fig. 4b, Extended Data Fig. 7a). Treatment with latrunculin B (latB), a 
small-molecule inhibitor that blocks YAP1 activity27 by disassembling 
F-actin bundles through sequestering G-actin28, reduced cell spreading 
and nuclear localization of YAP1 with a concomitant upregulation of 
NGN3 expression in single pancreatic progenitors (Fig. 4c, Extended 
Data Fig. 8a). Moreover, treating unsorted hESC-derived pancreatic 
progenitors and mouse pancreatic explants with latB reduced expres-
sion of YAP1, whereas expression of endocrine markers—including INS 
and GCG—increased (Fig. 4d, Extended Data Figs. 7b, c, 8b). Pancreatic 
progenitor cells plated on soft hydrogel to reduce stress fibre forma-
tion showed enhanced endocrinogenesis in comparison to similar 
cells plated on a stiff surface (Extended Data Fig. 8e). Finally, western 
blot analysis showed that latB treatment reduced expression of HES1, 

suggesting that F-actin-mediated regulation of endocrinogenesis via 
YAP1 involves Notch signalling (Extended Data Fig. 7d).

Next, we studied whether ECM proteins differentially affect pan-
creatic cell fate by influencing cell spreading. Although the ability of 
laminin to inhibit spreading resulted in a higher proportion of confined 
YAP1−NGN3+ cells compared to fibronectin (Fig. 4e, Extended Data 
Fig. 9e, f), spread cells on either fibronectin or laminin failed to induce 
expression of NGN3 (Extended Data Fig. 9e, f). Furthermore, vitronec-
tin and collagen recapitulated the effects observed with fibronectin and 
laminin, respectively (Extended Data Fig. 9a–e, g). In vivo, deposition 
of laminin—but not of fibronectin—in the central epithelium increased 
at E13.5 and E15.5 compared to E11.5. Whereas fibronectin is mainly 
deposited around the lumen on the basal side of the epithelium, laminin 
is distributed on the basal side of the epithelium and as speckles within 
the epithelium. This means that bi-PPs are more likely to encounter 
laminin than fibronectin at the secondary transition (Extended Data 
Figs. 8f, 9i). Consistently, the total number of NGN3+ cells in contact 
with laminin (~69%) was higher than the number of NGN3+ cells in 
contact with fibronectin (~58%) (Extended Data Fig. 9h). The change 
in the number of cells that contact laminin during the progression to 
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the endocrine precursor stage suggests that laminin acts as an inducer 
of endocrine differentiation. Together with the observation that inhi-
bition of focal adhesion kinase (FAK) activity reduces YAP1 activity 
and promotes endocrine specification29 (Extended Data Figs. 7b–d, 
8c, d), these findings suggest that ECM-mediated induction of endo-
crinogenesis via YAP1 is mediated by reduced integrin–FAK signalling.

Next, we screened for integrin α subunits that were expressed in  
pancreatic progenitors and expressed at a lower level in NGN3+ endo-
crine precursors. Of the tested integrins, only integrin α5 exhibited 

lower expression in isolated NGN3+ cells (Extended Data Fig. 9j–n). 
Notably, plating cells on laminin reduced expression of integrin α5, 
total FAK, phosphorylated FAK (pFAK) and YAP1, and increased that 
of NGN3 (Fig. 5a, Extended Data Fig. 10a). These data are consistent 
with the role of integrin α5β1 as a canonical fibronectin receptor that 
promotes cell spreading30. Most importantly, these data suggest that 
exposure to certain ECM proteins, such as laminin and collagen, pro-
motes endocrine specification via reduced expression of integrin α5 
in pancreatic progenitors. Indeed, treating single pancreatic progen-
itors with a function-blocking antibody against integrin α5 reduced 
spreading and expression of pFAK and YAP1, whereas NGN3 expres-
sion and the number of NGN3+ cells increased (Fig. 5b, Extended Data 
Fig. 10b). Using unsorted hESC-derived pancreatic progenitors, we 
extend this data by showing that treatment with an inhibitory anti-
body against integrin α5 or an siRNA against ITGA5 not only results 
in enhanced expression of NGN3 (also validated by increased NGN3 
promoter activity), but also enhances expression of mature endocrine 
markers, including INS and GCG (Fig. 5c, Extended Data Fig. 10c). 
To verify the relevance of these results in vivo, we found that at E14.5 
NGN3+ endocrine precursors display diminished integrin α5 expres-
sion compared to nearby cells in the trunk (Extended Data Fig. 10d), 
and that Itga5 and Yap1 mRNA expression is reduced in isolated E15.5 
endocrine cells compared to isolated bi-PPs (Extended Data Fig. 10e, f).  
Furthermore, inhibiting integrin–fibronectin interactions in the human 
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Fig. 4 | Actin dynamics as upstream regulators of endocrinogenesis.  
a, Single pancreatic progenitor cells prepared and sorted as in Fig. 1a and 
stained with DAPI (blue) and for F-actin (phalloidin, red) and NGN3 
(grey). The confined (NGN3+) cell (top) has few stress fibres, whereas the 
spread (NGN3−) cell (bottom) has abundant stress fibres. Scale bar, 20 µm: 
representative images of three independent experiments are shown.  
b, Immunofluorescence analysis for SOX9 (white), NGN3 (red) and 
F-actin (phalloidin, green) on sections of E15.5 mouse pancreas. Scale 
bar, 5 µm. Phalloidin mean fluorescence intensity (arbitrary units) was 
determined for SOX9+ or NGN3+ cells in 10-µm sections of E15.5 wild-
type pancreas using Fiji. n = 100 cells from each of three independent 
pancreata were quantified for phalloidin quantification for each 
population (SOX9+ and NGN3+). **P = 0.0099 by two-tailed unpaired 
t-test; data are mean ± s.d. c, PDX1–GFP+ pancreatic progenitor cells 
sorted on a dish at a single-cell density treated with 1 µM F-actin inhibitor 
latB or control (DMSO). Single cells were stained for YAP1 and NGN3 
and quantified as in Fig. 1a. Each data point representing area, YAP1 
signal intensity or NGN3 signal intensity corresponds to an individual 
cell. n = 436 cells (control); n = 452 cells (latB); n = 3 experiments; 
****P ≤ 0.0001. d, Gene expression analysis for insulin (Ins1) and 
glucagon (Gcg) in unsorted pancreatic precursor culture treated with 
DMSO or latB on day 13 for 24 or 72 h. Each data point corresponds to one 
experiment. n = 4 independent experiments. **P ≤ 0.01, ****P ≤ 0.0001; 
ordinary one-way ANOVA; data are shown as mean ± s.e.m. e, PDX1–
GFP+ pancreatic progenitors sorted at single-cell density on dishes coated 
with fibronectin or laminin, fixed after 24 h and stained for NGN3. Each 
data point corresponds to an individual cell. Fibronectin, n = 284; laminin, 
n = 286; n = 3 independent experiments. Blue boxes indicate the NGN3+ 
cell population.
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Fig. 5 | Fibronectin–integrin α5β1–YAP1 signalling axis inhibits 
endocrinogenesis. a, Pancreatic progenitor cells prepared and sorted 
as in Fig. 4c and analysed after 24-h plating on fibronectin or laminin. 
Top, immunofluorescence for integrin α5 (red) and NGN3 (grey). 
DAPI, blue; CellMask, green. Scale bar, 10 µm. Bottom, expression of 
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tailed unpaired t-test; data are mean ± s.e.m. b, Pancreatic progenitors 
sorted on a dish at a single-cell density treated with function-blocking 
integrin α5 antibody or isotype antibody (control) for 24 h. Single cells 
stained for YAP1 and NGN3 and quantified as in Fig. 1a. Each data point 
representing area (isotype, n = 549; integrin α5, n = 426), YAP1 (isotype, 
n = 549; integrin α5, n = 426), and NGN3 corresponds to an individual 
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independent experiments; **P ≤ 0.01, ****P ≤ 0.0001. Right, percentage 
of NGN3+ cells was calculated as in Extended Data Fig. 9f. Each data point 
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c, Unsorted hESC-derived pancreatic progenitor cell culture treated 
with control or inhibiting integrin α5 antibody for 48 h. Expression 
of endocrine genes NGN3, INS1 and GCG. **P ≤ 0.01 by two-tailed 
unpaired t-test; data are shown as mean expression ± s.e.m; 3 independent 
experiments.
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fetal pancreas (using arginylglycylaspartic acid (RGD) peptides) 
increased the number of endocrine cells31, suggesting that collagen- 
and laminin-binding integrins stimulate endocrinogenesis in vivo.

Our results provide new insights into how changes in integrin α5β1 
expression cell-autonomously determine YAP1-mediated fate choices 
in bi-PPs (Extended Data Fig. 10g). ECM deposition and positions of 
cells are in continuous flux in vivo, implying a dynamic ECM exposure 
at the single-cell level. Therefore, we do not consider cell spreading per 
se, but rather the corresponding mechanical influences mediated by 
integrin α5β1-triggered actin cytoskeletal remodelling, to be relevant 
to cell fate decisions in vivo. This scenario suggests that the ultimate fate 
of each bi-PP during pancreas development is governed by its unique 
history of ECM exposure, which ultimately controls the expression level 
of integrin α5β1. Bi-PPs that encounter a laminin- or collagen-enriched 
milieu fail to maintain integrin α5β1 expression, leading to activation 
of NGN3 (reduced repression by YAP1–TEAD4–HES1) and eventu-
ally endocrine differentiation. By contrast, bi-PPs that are exposed to 
fibronectin- or vitronectin-enriched ECM maintain integrin α5β1-
expression and fail to activate the endocrine program (NGN3 repres-
sion is maintained by YAP1–TEAD4–HES19,10). As a consequence, 
bi-PPs maintain their progenitor state, which eventually leads to the 
default commitment to the duct lineage32. Furthermore, we identify 
YAP1 as the main transcriptional gatekeeper that responds to integrin 
α5β1-mediated cellular tension via F-actin bundling.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
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https://doi.org/10.1038/s41586-018-0762-2.
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MEthodS
No statistical methods were used to predetermine sample size. The experiments 
were not randomized. The investigators were not blinded to allocation during 
experiments and outcome assessment.
Mice. Mice were housed at the University of Copenhagen and all experiments were 
performed according to guidelines and ethics approved by the Danish Animal 
Experiments Inspectorate (Dyreforsøgstilsynet). Pdx1-tTA17, tetO-Yap116, Pdx1-
Cre11, Sox9-CreERT213,33, Yap1fl/fl12, Foxa2T2AiCre25, Rosa26dnMaml1-eGFP25, Ngn3-
tRFP34 and Hes1-eGFP35 mouse strains were used. Data were collected from both 
male and female embryos.
Immunoblotting. Explants, embryonic pancreata or differentiated hESC were 
lysed in RIPA buffer containing 1× phosphatase inhibitor cocktail (Sigma P5726) 
and 1× protease inhibitor (Thermo Scientific). All cellular material was sonicated 
at 4 °C and spun down at full speed for 5 min on a tabletop centrifuge at 4 °C. 
Samples were boiled in sample loading buffer (Novex) and separated by SDS–
PAGE (Novex) before transfer onto a nitrocellulose membrane (GE Healthcare). 
Membranes were blocked for 1 h in 1% bovine serum albumin (BSA) in TBS-tween 
(Novex) and incubated with primary antibodies overnight at 4 °C in blocking solu-
tion. Blots were washed and incubated with HRP-conjugated secondary antibod-
ies for 1 h and proteins were visualized by chemiluminescence (GE Healthcare). 
Relative band intensities were analysed using Fiji and normalized to housekeeping 
genes. Primary antibodies used for blotting are as follows: YAP1 (CS-4912), HES1 
(CS-11988), FAK (CS-13009), pFAK Y397 (CS-8556), GAPDH (ab-8245), PDX1 
(BCBC-2028), integrin α5 (ab150361), α-tubulin (Sigma-9026-clone DM1A) and 
vinculin (Sigma-V9131).
Blood glucose measurements. Random fed blood glucose was measured using a 
hand-held glucometer (OneTouch Ultra; Lifescan). Blood was obtained from the 
pups after they were killed.
Sorting E15.5 bipotent and endocrine progenitors for gene expression. Pools 
of 5 E15.5 pancreata from Hes1–eGFP;Ngn3–tRFP mice were dissected in PBS, 
dissociated using Liberase TL (117 U/ml, Roche) with shaking for 20 min at 37 °C 
and subsequently with 0.125% Trypsin-EDTA (Gibco), for 10 min at 37 °C, both 
with DNase I (300 U/µl; Invitrogen). Dissociation was stopped with 10% FBS in 
PBS. Dissociated cells were incubated with 1:200 DBA-biotin (Vector Labs) for  
10 min at 4 °C, washed in fetal bovine serum (FBS) in PBS, and incubated with 
1:1,000 streptavidin-APC-Alexa Fluor 750 for 15 min at 4 °C. Cells were sorted 
on a Sony SH800 directly into RLT buffer for immediate RNA purification using 
a Qiagen microElute RNA purification kit according to the manufacturer’s 
instructions. Quality and quantity of RNA was checked using a Bioanalyser Pico 
kit (Agilent) and 25 ng RNA from each sample was loaded on Agilent SurePrint 
8x60k Mouse microarrays according to the manufacturer’s instructions. Results 
were analysed for differential expression using the Limma package36.
Cell culture, differentiation and FACS sorting of pancreatic progenitor cells for 
re-culture and analysis. Undifferentiated PDX1–EGFP hESC3 reporter cells were 
maintained in DEF-CS culture system (Takara) and passaged with TrypLE (Life 
Technologies)3. All hESC-derived pancreatic progenitors (hESC-PP) were differen-
tiated using PDX1–EGFP hESC reporters unless mentioned otherwise. At 80–90% 
confluency, undifferentiated hESCs were differentiated into pancreatic endoderm 
(PE) stage following a modified Rezania 2D protocol3,37. Differentiated cells were 
dissociated at PE stage with Accutase for 15–20 min at 37 °C and washed with 
FACS buffer (EDTA 3 µM, BSA 0.1%, HBSS (Gibco 14185-052)). Cell sorting was 
performed using a Sony SH800. EGFP flow cytometer calibration beads (Clontech) 
were used as a reference to gate for GFPhigh, GFPlow and GFP− populations. The 
beads gave six distinct fluorescence intensity peaks and provided consistent gating 
and sorting of GFPhigh pancreatic progenitor cells between different experiments. 
For NKX6.1 single-cell analysis, GP2 markers were used for sorting as previously 
described3. 7AAD or DAPI were used as a live/dead cell markers. For re-culturing 
of single pancreatic progentors, cells were sorted into post-sort medium (PE stage 
medium + 10 µM Y27632 + penicillin–streptomycin), centrifuged, re-strained 
with post-sort medium and plated at low density. The NGN3–GFP reporter line38 
was differentiated into pancreatic endoderm stage following the Rezania proto-
col on Matrigel-coated dishes39 until S5 stage and dissociated with TrypLE and 
resuspended in PBS + 0.5% BSA. Cells were sorted by FACS to obtain fractions of 
GFPhigh, GFPlow and GFP− populations using the same gating for all experiments. 
Antibodies used for FACS analysis in Extended Data Fig. 9m are Biolegend NKI-
SAM1 (328002) mouse anti-integrin α5 and Biolegend purified mouse IgG2b, k 
isotype control antibody (400302). All the cell lines tested negative for mycoplasma.
Cell treatment and transfections. Small molecule inhibition was performed 
using verteporfin (Sigma SML0534; 1µg/ml), latrunculin B (Sigma; 0.5–1 µM) 
and PF-573228 FAK inhibitor (Sigma; 5 µM). Integrin α5 inhibition assays were  
performed using function-blocking NKI-SAM-1 CD49e antibody (Biolegend 
10 µg/ml). For single-cell treatment, approximately 2.5 × 104 sorted pancreatic pro-
genitor cells were seeded on fibronectin-coated 35-mm µ-Dish (Corning). Small 
molecule inhibition started after adhesion of post-sorted cells, whereas integrin α5 

function-blocking antibody was incubated with post-sorted cells before adhesion. 
Treatments lasted 24 h. Unsorted hESC pancreatic progenitor cultures were treated 
at the PE stage for the indicated period of time (24–72 h).

Unsorted hESC-pancreatic progenitor cultures were transfected with siRNAs 
at day 13 using Lipofectamine RNAiMAX (Thermo Fisher), and with plasmid 
DNA with Lipofectamine 2000 (Thermo Fisher), according to the manufacturer’s 
instructions and collected after 72 h for further analysis. A pool of 2 Ambion 
silencer select validated siRNAs were used for each gene: YAP1 (s20366 and 
s20368), HES1 (s6921 and s6922) and ITGA5 (s7548 and s7549).

For luciferase assays, hESC-pancreatic progenitor culture was transfected at day 
13 with siRNA (first day) and with plasmid DNA (second day), and collected 24 h 
after DNA transfection. Cells were collected in 1× PLB buffer (Promega E1910 
Dual Luciferase Assay Kit) and luciferase activity was analysed using LUMIstar 
Omega. Normalization was carried out based on co-transfected Renilla activity. 
Each experiment was repeated at least three times.
Explant culture and inhibition assays. E11.5 mouse embryonic dorsal pancreata 
were microdissected and cultured on fibronectin-coated (Life Technologies 33010-
018) 24-well plates as previously described40,41. The culture medium contained 
M199, 10% fetal bovine serum, 1% penicillin–streptomycin and 0.5% Fungizone. 
Medium was changed every second day. Inhibitors were added according to 
experiment and the explants were processed for qRT–PCR, whole-mount stain-
ing or western blot analysis. Inhibitors used were Gamma Secretase Inhibitor XXI, 
CompoundE (565790-MERCK; 25 µM), verteporfin (Sigma SML0534; 1 µg/ml), 
latrunculin B (Sigma; 1 µM) and PF-573228 FAK inhibitor (Sigma; 3 µM).
NGN3 promoter assay construct design and mutagenesis. A genomic region 
800 bp upstream of the human NGN3 coding region was amplified with restric-
tion-site-overhang oligonucleotides based on genomic DNA and cloned in the 
multiple cloning site region of the pGL3 vector using Kpn1 and Pst1 sites. TEAD 
and HES1 binding-site mutations of the 800-bp region were inserted using DNA 
synthesized from IDT and cloned using same restriction sites in the pGL3 vector 
backbone. Sequences of all constructs were verified, and constructs were used 
for transient transfections on hESC-pancreatic progenitor day 13 cells in 12 or 
24-well plates.
Micropatterned substrate preparation and experimental setup. Micropatterned 
glass slides were purchased from CYTOO. Disc and square islands of different 
sizes were printed on the slides with sufficient gap in between islands to ensure no 
cell–cell contact. ECM coating was performed according to the manufacturer’s pro-
tocol. In brief, the micropatterned substrates were incubated at room temperature 
for 2 h or at 4 °C overnight with fibronectin (Sigma F0895; 100 µg/ml). Seeding of 
sorted PDX1high pancreatic progenitor cells at 100,000 cells/chip resulted in low 
(<0.1%) attachment efficiency, but produced a high rate of single-cell attachment. 
Increasing the number of cells led to doublets or multiple cells in each island, 
which were excluded from quantification during analysis. Cells were incubated 
in post-sort medium and fixed with 4% PFA for end-point analysis after 24 h. 
For experiments on substrate compliance, fibronectin-coated hydrogels (10 kPa) 
and glass slides (≥2,000,000 kPa) were prepared by CYTOO. For self-aggregation  
experiments, low concentration (2%) Matrigel42 was added in the post-sort 
medium to trigger clumping of sorted PDX1high pancreatic progenitor cells.
Immunostaining, imaging and image analysis. Samples were carefully washed 
and fixed with either 4% PFA or formaldehyde solution for 10–20 min at room 
temperature. Actin and DNA were stained using phalloidin (Sigma) and DAPI, 
respectively. Primary antibody incubation was performed overnight at 4 °C with the 
following antibodies: PDX1 (R&D Systems; 1:500), NKX6.1 (DSHB; 1:200), SOX9 
(Millipore; 1:500), NGN3 (R&D Systems; 1:400), FOXA2 (Santa Cruz; 1:500), 
HNF6 (Santa Cruz; 1:200), YAP1 (Santa Cruz; 1:200), GFP (Abcam; 1:500), insu-
lin (Dako; 1:1,000), glucagon (Linco Research; 1:1,000), biotinylated DBA (Vector 
Labs, cat # B-1035; 1:500). Secondary antibody incubation was carried out for 60 
min at room temperature or overnight at 4 °C. Images were acquired using a confo-
cal microscope with Zeiss LSM 780 ×20 (0.8 NA) and ×40 (1.3 NA), or Leica SP8 
20× (0.75 NA) and ×40 (1.3 NA) objectives. For fluorescence intensity quantifi-
cation, Volocity 6.2 (PerkinElmer) or Imaris 9.0.2 (Bitplane) software were used. 
For single-cell experiments, individual cell areas were segmented using CellMask 
green stain (ThermoFisher), a nonspecific marker which produced better signal 
than actin in low-tensioned cells. Nuclei were segmented using the DAPI signal. 
Only nuclear signal was used for quantifications of transcription factor immuno-
fluorescence, such as for PDX1, NGN3, YAP1, SOX9, FOXA2 and HNF6. Live-cell 
imaging presented in Extended Data Fig. 2a was performed using a Leica AF6000 
Widefield Screening platform x20 (0.40 NA) in an environmental chamber (5% 
CO2, 37 °C). The NGN3+ and insulin+ fractions in hESC differentiated cultures 
were measured in Fiji (ImageJ 1.50f) as the number of NGN3+/insulin+ cells per 
DAPI+ area.

Mouse pancreatic dissection, fixation, embedding, sectioning and immuno-
fluorescence analysis was performed as described40. Ten-micrometre sections, 
mounted in Vectashield with or without DAPI (Vector Labs), were imaged on a 
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Leica SP8 confocal laser-scanning microscope. The following antibodies and stains 
were used: rabbit monoclonal antibody against YAP1 (D8H1X) (Cell Signaling 
Technology 14074; 1:200); guinea-pig anti-Sox9 (BCBC, a gift from O. Madsen, 
Novo Nordisk; 1:2,000); guinea-pig anti-Pdx1 (BCBC AB2028; 1:1,000); guinea- 
pig anti-insulin (DAKO A0564; 1:800); rat anti-E-cadherin (Takara M108-clone 
ECCD-2; 1:400); mouse anti-Nkx6.1 (DSHB F55A12; 1:500); mouse monoclonal 
anti-glucagon (Sigma Aldrich G2654; 1:500); chicken polyclonal anti-GFP (Abcam 
ab13970; 1:1,000); rabbit anti-Ngn3 (BCBC AB2011; 1:4,000); rabbit anti-Hnf1β 
(Santa Cruz Biotechnology sc-22840; 1:2,000); Armenian hamster anti-Muc1 
(Thermo Fisher MA5-11202; 1:200); rat anti-laminin (Acris BM6046P; 1:200); 
rabbit anti-fibronectin (Abcam ab2413; 1:200); biotinylated DBA (Vector Labs 
B-1035; 1:500); DAPI (Life Tech D1306; 1:1,000); F-actin was detected with Acti-
stain 488/phalloidin (Cytoskeleton, PHDG1; 1:200). All secondary antibodies were 
donkey-raised (Jackson Immuno): DyLight 405 was used at 1:200; Cy3 and A488 
were used at 1:1,000 and Cy5 was used at 1:500. The ratio of insulin+ or NGN3+ 
cells was estimated by counting the number of NGN3+ or insulin+ cells per mm2 
of E-cadherin+ pancreas area or DAPI+ pancreas area on 8-µm sections from 
the embryos or from whole-mount immunostained and imaged explant optical 
sections.
Gene expression analysis. Total RNA was extracted using a RNeasy Micro Kit for 
small samples and Mini Kit for larger samples (Qiagen) followed by removal of 
genomic DNA (DNase I Qiagen) and cDNA synthesis using SuperScript III and oli-
go(dT) (Invitrogen), according to the manufacturer’s instructions. Transcript levels 
were measured using Taqman assays (Life Technologies) or power SYBR green 
(Applied Biosystems 4367659) on a StepOnePlus system (Applied Biosystems). For 
all hESC samples, relative mRNA expression was normalized to GAPDH expres-
sion. For all mouse samples, relative mRNA expression was normalized to the 
expression of HPRT. Data are shown as mean expression ± s.e.m. When indicated, 
fold change was shown for the treated sample in comparison to control sample.

Taqman human primers used include: Hs00371734_g1 (YAP1), 
Hs00371735_m1 (YAP1), Hs01127536_m1 (ITGB1), Hs01547673_m1 (ITGA5), 
Hs00232764_m1 (FOXA2), Hs00413554_m1 (HNF6), Hs00236830_m1 (PDX1), 
Hs00165814_m1 (SOX9), Hs00232355_m1 (NKX6.1), Hs00603586_g1 (PTF1A), 
Hs04260396_g1 (KI67), Hs00159598_m1 (NEUROD1), Hs00172878_m1 (HES1), 
Hs00173014_m1 (PAX4), Hs00534343_s1 (MAFB), Hs00357871_s1 (INSM1), 
HS00158126_M1 (ISL1), HS02758991_G1 (GAPDH), HS01056157_M1 (CPA1), 
and HS01875204_S1 (NGN3).

Taqman mouse primers used include: Mm00494236_m1 (Yap1), 
Mm00446968_m1 (Hprt), Mm00731595_gH (Insulin2), Mm01269055_m1 
(Glucagon), Mm00439797_m1 (Integrin α5), Mm01253230_m1 (Integrin 
beta1), Mm00437606_s1 (Ngn3), Mm00493507_m1 (Tead1), Mm00449004_m1 
(Tead2), Mm00449013_m1 (Tead3), Mm01189836_m1 (Tead4), Mm01289583_
m1 (Taz), Mm00513560_m1 (Taz), Mm01250509_g1 (pancreatic polypeptide), 
Mm00445450_m1 (Ghrelin), Mm00436671_m1 (Somatostatin), Mm00448840_
m1 (Sox9), Mm01976556_s1 (FoxA2), Mm00479622_m1 (Ptf1a).

Mouse sequences of SYBR green oligonucleotides used include: Birc5 forward 
GAGGCTGGCTTCATCCACTG, reverse CTTTTTGCTTGTTGTTGGTCTCC; 
Cdc20 forward GGCACATTCGCATTTGGAACG, reverse TAGTGGGG 
AGACCAGAGGATGGAG; Snai2 forward TGTGTCTGCAAGATCTGTGG, 
reverse TGGAGAAGGTTTTGGAGCAG; Ctgf (also known as Ccn2) forward 
GGGCCTCTTCTGCGATTTC, reverse ATCCAGGCAAGTGCATTGGTA; 
Hnf1b forward CGGCAAAAGAATCCCAGCAA, reverse AGACCCCTCGTT 
GCAAACA; Hprt forward AGCCCCAAAATGGTTAAGGT, reverse CAAGG 
GCATATCCAACAACA; Pdx1 forward CCCAGTTTACAAGCTCGCTG, 
reverse CTCGGGTTCCGCTGTGTAAG; Nkx6-1 forward ACTTGGCAGG 
ACCAGAGAGA, reverse AGAGTTCGGGTCCAGAGGTT; Sox9 forward 
CCACGGAACAGACTCACATC, reverse CTGCTCAGTTCACCGATGTC; Cpa1  
forward GACGAGGAGAAGCAGCAGAT, reverse GATGCCAGTGTCAATCC 
AGA; Amy2a5 forward AGGTCATTGATCTGGGTGGTG, reverse GACATCTT 
CTCGCCATTCCAC; Ptf1a forward CTTGCAGGGCACTCTCTTTC, reverse CG 
ATGTGAGCTGTCTCAGGA; Insm1 forward TGTCTGTAGCGTACGGGTTGT, 
reverse AAAGCCAGACTCCAGCAGTTC; Isl1 forward CGGAGAGACATGA 
TGGTGGTT, reverse GGCTGATCTATGTCGCTTTGC; Neurod1forward 
CCAGGGTTATGAGATCGTCAC, reverse TCGTCCTGAGAACTGAGACA; 
Hes1 forward ATAGCTCCCGGCATTCCAAG, reverse GCGCGGTA 
TTTCCCCAACA.
Co-immunoprecipitation. For endogenous protein–protein interaction stud-
ies, hESC-pancreatic progenitor cells were differentiated until day 13 in 75 cm2 
flasks, washed with 1× PBS and lysed by sonication in lysis buffer (25 mM HEPES 
pH7.8, 400 mM KCL, 5 mM EDTA, 5% glycerol, 0.4% NP-40 supplemented with 
1 mM dithiothreitol, protease inhibitor cocktail (Roche) and phosphatase inhibi-
tor cocktail (Sigma)). Protein extracts were diluted eightfold with binding buffer 
(25 mM HEPES pH7.8, 50 mM KCL, 5% glycerol, 0.05% NP40, 2.5 mM MgCl2) 
to bring final KCl concentration to 50 mM and NP40 to 0.05%, and subjected to 

antibody-bound protein-A sepharose immunoprecipitation for 4 h at 4 °C followed 
by three washes with binding buffer43,44. Antibodies (2 µg each) for IgG control 
and/or HES1 (Cell Signaling 11988), YAP1 (Cell Signaling 4912) were used for 
co-immunoprecipitations.
Chromatin immunoprecipitation. Day13 differentiated PDX1–GFP hESC cells 
were collected from a T75cm2 flask, washed with PBS and collected in tubes. Cells 
were fixed with 1% formaldehyde (Rockland KHF001) at room temperature for 
10 min. Fixation was stopped by addition of glycine to a final concentration of 
0.125 M and incubation for 5 min. Cells were washed twice with 1× PBS at room 
temperature and collected in 1 ml 0.5% SDS lysis buffer (100 mM NaCl, 50 mM 
Tris-HCl pH8.1, 5 mM EDTA pH8.0, 0.2% NaN3, 0.5% SDS) and diluted 2:1 with 
Triton buffer (100 mM Tris-HCl pH8.0, 100 mM NaCl, 5 mM EDTA pH 8.0, 
0.2% NaN3, 5%Triton X-100). Lysates were sonicated 10×30 s with a Diagenode 
Bioruptor, centrifuged for 20 min at full speed at 4 °C in a benchtop centrifuge 
and DNA concentration was measured using Q-bit on de-crosslinked DNA45. 
Chromatin (7.5 µg) was diluted to 1 ml in RIPA buffer with protease inhibitors 
(Roche), tumbled overnight at 4 °C with the following antibodies: YAP1 (ab52771), 
TEAD4 (sc-101184), HES1 (sc-H-140), rabbit IgG (Cell Signaling), mouse IgG  
(sc-2025). Samples were incubated with 30 µl Protein-G Dynabeads (Thermo) for 
3 h at 4 °C and washed twice in RIPA on a magnet. Precipitates were un-crosslinked 
and eluted from beads using 1%SDS, 0.1M NaHCO3 and proteinase K at 65 °C with 
shaking. DNA was purified with Zymo ChIP DNA kit according to the manufac-
turer’s instructions. Quantitative PCR was performed using Applied BioSystems 
FAST reagents on a Lightcycler 480II according to the manufacturer’s instructions 
using the following primer sets: NGN3 (120 bp upstream of the ATG start) forward  
AGCTGGATTCCGGACAAAGG, reverse ATAGGCTAGGAGCAAAGCCG; 
HES1 (23 kb upstream of start site)9 forward GAGTCGCTGACAGACAGTGC, 
reverse GAGTCGCCTCATTTCTGGTT; NOTCH1 (26.5 kb upstream of start 
site)9 forward ATTCTTGGGATGCCTGTGTC, reverse GTCTCTGCCTCC 
TGGCTATG; control Chr14(66894932–66895059)46 forward GTGGGCCTTTGG 
AATATCCT, reverse GACCTTGGCTGTGTTGTCCT.
Analysis of F/G-actin protein levels. NGN3–GFP hESCs were differentiated in 
T75 cm2 flasks until S5 stage39 and similar numbers of cells (200,000) were sorted 
by FACS for GFP− and GFPhigh cells in FACS buffer (1× PBS, 0.5% BSA), and 
pelleted at 800g for 3 min. Cells were resuspended in 100 µl PBS, 0.1% Triton (with 
protease inhibitors) and incubated for 5 min at 4 °C with rocking. Cells were centri-
fuged at 15,000g at 4 °C for 5 min. The soluble portion (supernatant, globular actin) 
was boiled with NuPAGE 4× LDS (Invitrogen NP0007). The Triton-insoluble por-
tion (pellet, predominantly filamentous actin) was resuspended in 100 µl RIPA 
buffer and boiled with 4× LDS47. Equal amounts of GFP− and GFPhigh fractions 
were separated by SDS–PAGE and western blotted for actin (C4-ab14128). Protein 
bands were quantified by densitometry using ImageJ software.
Statistical analysis. Statistically significant differences between two or more con-
ditions were analysed by two-tail Student’s t-test or by multivariate comparison 
(one-way ANOVA) using GraphPad Prism 7 software. Single-cell experiments 
were analysed as previously published48. Correlation between cell area and nuclear 
fluorescence intensity were represented with the Spearman correlation coefficient 
r; |r| ≥ 0.7 indicates strongly correlated, 0.5 ≤ |r| < 0.7 indicates moderately corre-
lated, and r = 0 means not related. Correlation significance (P value) was calculated 
when |r| ≤ 0.5. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Bar graphs 
and dot plots were generated by GraphPad PRISM and show mean ± s.e.m. unless 
otherwise indicated.
Reporting Summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this paper.

Data availability
The gene expression datasets generated from sorting E15.5 bipotent and endocrine 
progenitors (Extended Data Fig. 10e, f) have been deposited in the ArrayExpress 
database under accession code E-MTAB-6891.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Validation of hESC-derived pancreatic 
progenitor differentiation. a, Schematic of pancreatic progenitor 
differentiation protocol using the HUES4 hESC PDX1–GFP reporter line. 
Pancreatic progenitors start to appear from day 10 (D10). b, Expression 
of endodermal and pancreatic genes from day 0 until day 14. FOXA2 
was upregulated early during the definitive endoderm (DE) stage and 
expression was maintained throughout; this was followed by expression of 
PDX1 and SOX9, and subsequently NKX6-1. Data from two independent 
experiments are shown as mean expression ± s.e.m. c, Unsorted 
pancreatic progenitor culture at day 13 was stained for PDX1 (red), DAPI 
(blue), GFP (green) and either SOX9, FOXA2, NKX6.1 or YAP1 (grey). 
Representative images from 4 independent experiments are shown. Scale 
bar, 200 µm. d, FACS analysis of GFP signal shows transition from GFP− 

to GFPlow to GFPhigh between days 0 and 17. The red bar represents gating 
of GFP− (left), GFPlow (middle) and GFPhigh (right). Gating consistency 
was ensured by the use of flow cytometer calibration beads for EGFP. 
GFPhigh percentage reached saturation after day 13. Representative 
FACS plots from 4 independent experiments are shown. e, At day 13, the 
three populations in d were sorted and analysed by qRT–PCR for gene 
expression relative to GAPDH. GFPhigh cells were enriched for expression 
of pancreatic progenitor genes (PDX1, SOX9, NKX6-1, PTF1A and HNF6 
(also known as ONECUT1)). There was no change in expression of YAP1 
or MKI67. EGFP (n = 5), PDX1 (n = 3), SOX9 (n = 3), FOXA2 (n = 4), 
NKX6-1 (n = 4), PTF1A (n = 5), HNF6 (n = 3), YAP1 (n = 2), MKI67 
(n = 3). Data are mean expression ± s.e.m.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Confinement of single pancreatic progenitor 
cells is associated with YAP1 downregulation, PDX1 maintenance and 
endocrine commitment. a, Time lapse of self-aggregation after adhesion 
of sorted pancreatic progenitors derived from hESCs. GFP represents 
PDX1 expression. Representative results from three independent 
experiments are shown. Scale bar, 100 µm. b, Self-aggregation of 
sorted human in vitro pancreatic progenitors after 48 h analysed by 
immunostaining for β-catenin (green) and PDX1 (red), and DAPI staining 
(blue). Images are representative of three independent experiments. Top 
left, schematic of self-aggregation experiments to obtain bi-PPs. Top right, 
illustration of in vivo bi-PPs within trunk epithelium. Bottom left, cluster 
formed after self-aggregation of sorted bi-PPs. Scale bar, 10 µm. Bottom 
right, representation of non-spread (PDX1high) and spread (PDX1low) 
single cells outside the cluster lacking cell–cell contact. Scale bar, 10 µm. 
c, Cluster from sorted self-aggregated pancreatic progenitor cells stained 
for pancreatic progenitor markers PDX1 (red), SOX9 or NKX6.1 (grey). 
β-catenin (green, cell membrane marker), and DAPI (blue). Scale bar, 
20 µm. Images are representative of three independent experiments. d, 
Single cells that are not incorporated into clusters during self-aggregation 
experiments. Representation of PDX1high confined cells (top row of each 
pair) and PDX1low spread cells (bottom row of each pair) stained for PDX1 
(red), SOX9 (grey), β-catenin (green) and DAPI (blue). Scale bar, 20 µm. 
Images representative of three independent experiments. e, Sorted single 
pancreatic progenitor cells adhered on CYTOO chip, stained for F-actin 
(red) to mark stress fibres and with CellMask (green) to mask cytoplasm, 
and immunofluorescence for PDX1 (yellow) and SOX9 (grey). Scale bar, 
10 µm. Images representative of three independent experiments. f, As 
in e, but stained for PDX1 (red), NKX6.1 (grey), with CellMask (green), 

and DAPI (blue). Scale bar, 10 µm. Confined cell (top) and spread cell 
(bottom). Images representative of three independent experiments.  
g, Single pancreatic progenitor cells on CYTOO chip 24 h after sorting 
were analysed by immunostaining and quantified as in Fig. 1a. Nuclear 
intensity of each pancreatic progenitor marker was quantified and 
plotted against cell area. Each data point corresponds to an individual 
cell (PDX1-DISC, n = 309; PDX1-SQUARE, n = 366; NKX6.1, n = 322; 
HNF6, n = 561; FOXA2, n = 344). Data aggregated from three 
independent experiments. Spearman’s correlation coefficient (r) is 
calculated for cell area versus nuclear intensity of staining. PDX1, r = −0.8 
(****P ≤ 0.0001); NKX6.1, r = −0.8 (****P ≤ 0.0001); FOXA2, r = −0.1; 
HNF6, r = −0.2. h, Co-immunofluorescence analysis of 500,000 sorted 
PDX1–GFPhigh hESC-derived pancreatic progenitor cells, plated and 
cultured for 72 h on 2-well chamber slides, coated with either fibronectin 
or laminin, in pancreatic progenitor medium. Cells were immunostained 
for the ductal markers DBA (white) and SOX9 (red), with DAPI staining 
(blue). Scale bar, 35 µm. Representative images from three independent 
experiments are shown. i, Nuclear intensities of YAP1 and NGN3 in 
individual cells with low spreading (<500 µm2) and high spreading 
(>500 µm2). <500 µm2, n = 365; >500 µm2, n = 541; 3 independent 
experiments. Data are shown as mean ± s.e.m.; two-tailed unpaired t-test. 
j, Expression correlation (r) between PDX1 and YAP1. Top, staining for 
DAPI (blue), PDX1 (red), YAP1 (grey) and CellMask (green). Scale bar, 
20 µm. Nuclear intensity of PDX1 and YAP1 are negatively correlated; 
r = −0.6 (****P ≤ 0.0001). Each data point corresponds to an individual 
cell. PDX1/YAP1, n = 460; data aggregated from at least three independent 
experiments.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Loss of YAP1 in pancreatic progenitors 
promotes endocrinogenesis in vivo. a, qRT–PCR analysis of Yap1 mRNA 
expression during developmental and early postnatal stages of pancreas 
organogenesis. Data represented are compared to E11.5 and normalized 
to HPRT expression. Ordinary one-way ANOVA from three independent 
embryonic pancreata for each developmental stage; mean ± s.e.m.  
b, Top, immunofluorescence for YAP1 (red), SOX9 (green) and glucagon 
(blue) reveals YAP1 expression in SOX9+ pancreatic progenitors but not 
in glucagon+ endocrine cells at E10.5, supporting western blot analysis in 
c. Scale bar, 25 µm. Bottom, co-immunofluorescence analysis for SOX9 
(white), NGN3 (green), YAP1 (red) and E-cadherin (E-Cad, blue) on 
sections of E15.5 pancreas. Nuclear YAP1 expression is seen in SOX9+ 
cells. By contrast, NGN3+ endocrine progenitors (arrows) are either 
YAP1− or YAP1low with nuclear expression. Scale bar, 5 µm. Images are  
representative of three embryonic pancreata analysed. c, Western blot 
of E11.5 pancreatic epithelium (epi.) microdissected from mesenchyme 
(mes.) and analysed for YAP1 protein expression. Mouse adult islets 
represent mature endocrine tissue. PDX1 served as control for epithelium 
and islet expression. YAP1 band intensities were normalized to vinculin. 
Ordinary one-way ANOVA from three independent experiments; 
mean ± s.e.m. d, qRT–PCR analysis of TEAD isoforms 1–4 and insulin 
transcripts from mouse embryonic and early postnatal pancreata. 
Data represented are compared to E11.5 values and normalized to 
HPRT expression. Ordinary one-way ANOVA from three independent 
embryonic pancreata for each developmental stage; *P ≤ 0.1; 
mean ± s.e.m. e, qRT–PCR and western blot analysis of differentiated, 
sorted hESCs expressing Ngn3–GFP. Data analysed by ordinary one- 
way ANOVA; data are mean ± s.e.m. for 3 independent experiments.  
f, Images of dissected gastrointestinal tracts from P4 control (right), and 
Pdx1-cre;Yap1fl/fl (left) littermates. Scale bar, 200 µm. Image representative 
of 10 pups per genotype analysed. Pancreas weight of control and Yap1 

KO pups at P4. n = 3 pups analysed. g, Scheme depicting the culture of 
pancreatic explants ex vivo and representative explants whole-mounted 
and immunostained for E-cadherin (Ecad, grey) and insulin (red). 
Images represent 3D reconstructions of confocal images using IMARIS. 
The ratio of insulin+ area to total epithelial (Ecad+) area was quantified 
using IMARIS. Explants analysed: wild type, n = 4; Yap1 KO, n = 7; 
**P = 0.0038. Scale bar, 30 µm. qRT–PCR analysis for Ngn3. Explants 
analysed: wild type, n = 5; Yap1 KO, n = 5; *P = 0.0364 by two-tailed 
unpaired t-test. h, Relative gene expression analysis of P4 pancreata 
for glucagon (Gcg) (wild type, n = 5; Yap1 KO, n = 6; *P = 0.0434), 
somatostatin (Sst) (wild type, n = 5; Yap1 KO, n = 6; **P = 0.0033), 
pancreatic polypeptide (Ppy) (wild type, n = 9; Yap1 KO, n = 11; 
***P = 0.0008) and ghrelin (Ghrl) (wild type, n = 6; Yap1 KO, n = 7; 
***P = 0.0005) by qRT–PCR. Two-tailed unpaired t-test; mean ± s.d.  
i, qRT–PCR analysis of Sox9-creERT2;Yap1fl/fl explants from g for Yap1 
(wild type, n = 5; Yap1 KO, n = 11; ****P = 0.0001), the endocrine  
genes insulin (wild type, n = 8; Yap1 KO, n = 9; *P = 0.0100), glucagon 
(wild type, n = 7; Yap1 KO, n = 9; ***P = 0.004), somatostatin (wild  
type, n = 9; Yap1 KO, n = 8; *P = 0.0023), pancreatic polypeptide (wild 
type, n = 8; Yap1 KO, n = 9; **P = 0.0013) and Ghrl (wild type, n = 7; 
Yap1 KO, n = 7; *P = 0.0361) and pancreatic progenitor genes Foxa2  
(wild type, n = 7; Yap1 KO, n = 9; **P = 0.0030), Sox9 (wild type, n = 7; 
Yap1 KO, n = 9; *P = 0.0206), Ptf1a (wild type, n = 8; Yap1 KO, n = 8; 
**P = 0.0013) and Taz (wild type, n = 9; Yap1 KO, n = 11). Two-tailed 
unpaired t-test; data are mean ± s.d. j, Wild-type E11.5 pancreata cultured 
on fibronectin-coated dishes for 5 days, treated during the middle 2 days 
with 1 µg ml−1 verteporfin (see experimental scheme in g) and analysed 
for endocrine gene expression. Expression represented relative to HPRT 
expression levels compared to DMSO-treated explants. n = 4 explants; 
*P ≤ 0.05; two-tailed unpaired t-test; mean ± s.d.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | YAP1 expression levels are critical in governing 
mouse and human pancreatic progenitor maintenance. a, Human 
in vitro pancreatic progenitor cells were transfected with control (Co) 
or YAP1 siRNA on day 13 and fixed after 72 h, then immunostained 
for NGN3 (grey), insulin (Ins; red) and DAPI (blue). Scale bar, 42 µm. 
Images and quantifications of NGN3+ area/DAPI+ area and insulin+ 
area/DAPI+ area represent four independent experiments. Two-tailed 
unpaired t-test; mean ± s.e.m. b, hESCs expressing NGN3–GFP, 
differentiated until S4 stage using the Kieffer protocol and treated with 
either 1 µg ml−1 verteporfin or DMSO for 2 days and left untreated for 
another 2 days. Immunostaining for NKX6.1 (grey) and GFP (for NGN3) 
(green), and stained with DAPI (blue). Scale bar, 70 µm. Images are 
representative of three independent experiments. NKX6.1+ area/DAPI+ 
area was quantified using IMARIS. Pooled data from three independent 
experiments; two-tailed unpaired t-test; mean ± s.d. c, Cells prepared as 
in b, immunostained for glucagon (grey) and C-peptide (red) with DAPI 
(blue). Scale bar, 70 µm. Images are representative of three independent 
experiments. DAPI+ area was quantified using IMARIS. Not significant 
by two-tailed unpaired t-test; mean ± s.d. d, Wild-type E11.5 mouse 

pancreatic explants cultured for 5 days ex vivo with 1 µg ml−1 verteporfin 
or DMSO treatment over days 1–3 and analysed for gene expression after 
5 days (Extended Data Fig. 3j). Confocal images of representative explants 
treated with DMSO (n = 5) or verteporfin (n = 5), immunostained for 
E-cadherin (Ecad; grey), insulin and glucagon (red), and NGN3 (green) 
with DAPI (blue). Scale bar, 100 µm. e, E18.5 viscera of control and 
tet-YAP1S127A;Pdx1tTA/+ (YAP1tg) embryos showing a severe pancreatic 
agenesis phenotype. YAP1tg P4 pups exhibit severe hyperglycaemia. 
n = 3; two-tailed unpaired t-test; mean ± s.d. f, Confocal images of 
E12.5 pancreata from control and YAP1tg littermates immunostained for 
E-cadherin (Ecad; grey) and YAP1 (green) with DAPI (blue). Scale bar, 
33 µm. Images are representative of three pancreata for each genotype. 
g, qRT–PCR analysis of E12.5 pancreata for known downstream targets 
of YAP1. Expression is shown relative to HPRT expression. Mean ± s.d.; 
n = 6 embryos each; two-tailed unpaired t-test (*P ≤ 0.05, **P ≤ 0.01). 
h, Whole-mount immunostaining for PDX1 (grey) and NKX6.1 (red) 
of E11.5 control and YAP1tg pancreata. Scale bar, 30 µm. Images are 
representative of three control and YAP1tg pancreata.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Enforced YAP1 expression promotes acquisition 
of ductal fate upstream of Notch signalling. a, qRT–PCR for the 
pancreatic progenitor markers Pdx1, Sox9, Nkx6-1, Hnf1b, Ngn3 and Cpa1 
in E12.5 control and YAP1tg pancreata. Pdx1, Nkx6-1, Ngn3 and Cpa1 
are significantly downregulated, but expression of the ductal progenitors 
Sox9 and Hnf1b is unchanged. Expression is displayed relative to Hprt 
expression. Mean ± s.e.m.; n = 6 embryos each for control and YAP1tg; 
two-tailed unpaired t-test. b, Co-immunofluorescence analysis for Muc1 
(green), Hnf1β (red) and DBA (grey) with DAPI (blue) on sections of 
E15.5 pancreata from control or YAP1tg littermates. Insets reveal the 
boxed regions at higher magnification with the channels separated 
for clarity below. Ducts, as marked by HNF1β, MUC1 and DBA, are 
expanded in the YAP1tg (right) compared with control pancreas (left). 
Scale bar, 100 µm (main panels) or 25 µm (insets). c, qRT–PCR analysis 
of E15.5 control (Co.) and YAP1tg pancreata reveals upregulation of Sox9 
(control, n = 5; YAP1tg, n = 4), Hes1 (control, n = 6; YAP1tg, n = 4) 
and Notch1 (control, n = 6; YAP1tg, n = 4) transcripts and significant 
downregulation of endocrine markers Ngn3 (control, n = 6; YAP1tg, 
n = 4) and Ins1 (control, n = 5; YAP1tg, n = 4) and exocrine genes Cpa1 
(control, n = 6; YAP1tg, n = 6) and Amy2a5 (control, n = 5; YAP1tg, 
n = 4). *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001; two-tailed unpaired t-test; 
mean ± s.e.m. d, Whole-mount immunostaining of E11.5 + 4 day control 

and YAP1tg explants cultured and treated with DMSO (control and 
YAP1tg) or 25 µM γ-secretase inhibitor (YAP1tg). Immunostaining with 
antibodies against E-cadherin (Ecad; white), insulin (ins) and glucagon 
(glu) (red) to indicate endocrine differentiation, and CPA1 (green) for 
acinar differentiation, with DAPI (blue). Scale bar, 60 µm. Note that there 
is non-specific background with the CPA1 (green) staining outside the 
epithelium (especially in YAP1tg). Images are representative of n = 5 
explants analysed for each condition. e, Confocal optical sections of E10.5 
pancreata from Foxa2T2AiCre/+;Rosa26YFP/+ control and Notch signalling 
mutant (Foxa2T2AiCre/+;Rosa26dnMaml1-eGFP/+) embryos stained for SOX9 
(blue), glucagon (grey), GFP (green: shows recombination efficiency 
in epithelium) and YAP1 (red). Scale bar, 50 µm (main panels), 25 µm 
(insets). dnMaml1-induced Notch blockade in the pancreatic endoderm 
did not affect YAP1 expression in SOX9+ progenitors. Images are 
representative of three pancreata analysed from each genotype. f, YAP1 is 
normally expressed in the epithelium (GFP+, green) and mesenchyme of 
E15.5 secondary transition control (Foxa2T2AiCre/+;Rosa26YFP/+) pancreas 
and its expression in SOX9+ progenitors is unaffected in Notch signalling 
mutants (Foxa2T2Aicre/+;Rosa26dnMaml1-eGFP/+). SOX9 (grey), YAP1 (red) 
and GFP (green, shows recombination efficiency in epithelium). Scale bar, 
50 µm. Images are representative of three pancreata analysed from each 
genotype.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | YAP1 is an essential mediator of Notch-
dependent NGN3 repression a, ChIP–qPCR of a site 250 bp upstream 
of the ATG start site of the human NGN3 locus using HES1 antibody. 
HES1 is specifically enriched at the NGN3 promoter in human in vitro 
pancreatic progenitor cells, in which NGN3 is repressed. Data represent 
fold-enrichment over IgG pull-down. Chr14 is used as genomic negative 
control. Data are mean ± s.e.m. of three independent experiments.  
b, NGN3 promoter luciferase assay. Left, knockdown of endogenous 
YAP1 in in vitro pancreatic progenitor cells upregulates NGN3 promoter-
driven luciferase activity and the overexpression of exogenous wild-type 
YAP1, wild-type rat NICD1 or wild-type rat HES1 partially rescues the 
effects of YAP1 knockdown. n = 3 experiments; *P ≤ 0.05, **P ≤ 0.01, 
****P ≤ 0.0001; ordinary one-way ANOVA; data are mean ± s.e.m. 
Middle, western blot analysis of siRNA-treated samples for YAP1 and 
vinculin loading control. Top right, loss of HES1 results in upregulation 

of luciferase activity and is partially rescued by overexpression of wild-
type YAP1. n = 2 experiments; data are mean ± s.e.m. Bottom right, 
point mutation of TEAD binding site does not affect luciferase activity, 
indicating that the binding of YAP1–TEAD repressor complex is not 
mediated through this site, but the 3× HES1 binding-site mutation 
significantly upregulates promoter activity. Ordinary one-way ANOVA; 
n.s, not significant; data are mean ± s.e.m.; n = 6 experiments.  
c, Co-immunoprecipitation in in vitro pancreatic progenitors. YAP1 forms 
an endogenous protein complex with TEAD4 and HES1. Likewise, HES1 
forms a protein complex with TEAD4 and YAP1, supporting ChIP data on 
the NGN3 promoter in the pancreatic progenitors. Arrowhead indicates 
non-specific IgG band. Cartoon depicting a possible YAP1–TEAD–HES1-
based transcriptional repressor complex at the NGN3 locus. Representative 
blots from three independent co-immunoprecipitations performed.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Actin and FAK signalling modulate pancreatic 
progenitor cell fate via YAP1. a, Representative western blots for F-actin 
and G-actin from hESC-derived NGN3+ (representing endocrine 
precursor cells) and NGN3− (representing pancreatic progenitor cells) 
sorted at the endocrine precursor stage. *P ≤ 0.05; two-tailed unpaired 
t-test; data are mean ± s.e.m.; n = 4 independent experiments. b, 
Scheme depicting timeline of pancreas explant culture and treatments. 
Immunoblots and quantifications of tubulin, FAK, pFAK Thr397 and 
YAP1 proteins in explants treated with DMSO, latB or FAK inhibitor 
after 24 h. YAP1 and pFAK band intensities are normalized to tubulin. 
Representative images of 3 independent western blot analyses. *P ≤ 0.05, 
**P ≤ 0.01; two-tailed unpaired t-test; data are mean ± s.e.m. c, Schematic 
of explant culture timeline. Single-plane optical section confocal images 

of whole-mount immunostaining for E-cadherin (Ecad, grey) and insulin 
and glucagon (red) with DAPI (blue). Scale bar, 100 µm. Images are 
representative of 5 explants analysed for each condition. Gene expression 
analysis from similar experiments for glucagon and insulin expression. 
Expression is shown relative to HPRT expression; *P ≤ 0.05, ***P ≤ 0.001;  
ordinary one-way ANOVA; mean ± s.e.m. Insulin control, n = 4;  
latB, n = 4; FAK inhibitor, n = 5; glucagon control, n = 3; latB, n = 4; 
FAK inhibitor, n = 5. d, Western blot analysis of cells represented in 
(Extended Data Fig. 8b). Cells treated with latB (1 µM) or FAK inhibitor 
(3 µM) for 24 h. YAP1 band intensity is normalized to tubulin of control 
cells. *P ≤ 0.05; two-tailed unpaired t-test; data are mean ± s.e.m.; n = 3 
independent experiments.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Endocrine differentiation is negatively 
influenced by FAK and actin signalling, and is associated with 
increased laminin expression in vivo. a, Pancreatic progenitors sorted 
on a dish at single-cell density treated (as in Fig. 4c) with the F-actin 
inhibitor latB (1 µM) or control (DMSO). Single cells stained for YAP1 and 
NGN3 and quantified as in Fig. 1a. Each data point representing NGN3+ 
cells and density corresponds to one experiment. Percentage of NGN3+ 
cell number represents the number of NGN3+ cells divided by the total 
number of DAPI+ cells. n.s., non-significant. Two-tailed unpaired t-test; 
***P ≤ 0.001; data are mean ± s.e.m. b, Unsorted pancreatic progenitor 
culture treated with DMSO (control) or latB for 24 h and stained for YAP1 
(red), NGN3 (grey) and GFP–PDX1 (green) with DAPI (blue). Scale 
bar, 20 µm. Representative images of three independent experiments. 
Image quantification of NGN3 protein is a measure of NGN3+/DAPI+ 
per cent area. Each data point representing NGN3+ cells and density 
corresponds to one experiment. **P ≤ 0.01; ***P ≤ 0.001; two-tailed 
unpaired t-test; data are mean ± s.e.m. Gene expression of NGN3. Each 
data point corresponds to one experiment. Ordinary one-way ANOVA; 

mean ± s.e.m. c, Unsorted pancreatic progenitor cultures treated with 
DMSO (control) or FAK inhibitor for 24 h then stained for YAP1 (red), 
NGN3 (grey), GFP–PDX1 (green) with DAPI (blue). Scale bar, 20 µm. 
Images are representative of three independent experiments.  
d, Quantification of c. NGN3 protein quantification following FAK 
inhibitor treatment calculated as NGN3+ area/DAPI+ per cent area. 
Two-tailed unpaired t-test; **P ≤ 0.01; mean ± s.e.m. Each data point 
corresponds to one experiment. e, Sorted single pancreatic progenitor 
cells plated on soft substrate (10 kPa) versus glass (≥2,000,000 kPa) coated 
with fibronectin for 24 h and analysed for percentage NGN3 expression 
as calculated in a. Percentage of NGN3+ cell number is calculated as the 
number of NGN3+ cells divided by total number of DAPI+ cells. Data are 
mean ± s.e.m. of n = 3 experiments; two-tailed unpaired t-test; **P ≤ 
0.01. f, Co-immunofluorescence analysis of 30-µm sections from E11.5, 
E13.5 and E15.5 pancreata for laminin (grey), fibronectin (red) and SOX9 
(green) with DAPI (blue). Scale bar, 53 µm. Images are representative of 
three wild-type pancreata analysed.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Endocrine differentiation is modulated by 
ECM composition-mediated integrin signalling. a–e, Pancreatic 
progenitors sorted at single-cell density on dishes coated with fibronectin, 
laminin, vitronectin or collagen, fixed after 24 h and stained for PDX1 
(fibronectin, n = 436; laminin, n = 252; vitronectin, n = 133; collagen, 
n = 227 cells), YAP1 (vitronectin, n = 430; collagen, n = 316 cells), NGN3 
(vitronectin, n = 300; collagen, n = 205 cells) or YAP1–NGN3 nuclear 
intensity (vitronectin, n = 300; collagen, n = 216 cells) were quantified 
as in Fig. 1a. Small blue boxes in e show the YAP1− cell population 
quantified. Graphs present plots of individual cell data aggregated 
from three independent experiments. f, Comparison quantification, as 
shown in Fig. 4c. Each data point representing YAP1+, NGN3+ cells and 
density corresponds to mean ± s.e.m. of three independent experiments. 
Percentage of NGN3+ cell number was determined as in Extended Data 
Fig. 8a. Two-tailed unpaired t-test; ****P ≤ 0.0001, n.s., non-significant; 
data are mean ± s.e.m. g, Pancreatic progenitor cells sorted as in Fig. 4c 
and analysed after 24 h culture on vitronectin or collagen. Cell area 
and nuclear intensities of YAP1+ and NGN3+ cells were measured 
for cells plated on both ECMs. Two-tailed unpaired t-test; ****P ≤ 
0.0001, mean ± s.e.m. of cell data aggregated from three independent 
experiments. h, i, Co-immunofluorescence and quantification from 30-µm 
sections from E15.5 wild-type pancreata co-stained for NGN3, fibronectin 
and laminin (h). NGN3+ cells were segmented using IMARIS surface 
module. Identification of cells in contact with either laminin only or 
fibronectin only or both was computed using percentage intensity  
overlap. The threshold for the intensity overlap was selected manually  
by examining individual cells. Pie chart showing the percentage of 
segmented NGN3+ cells in contact with fibronectin or laminin or both. 
Shown is the mean percentage and confidence interval data of 1,390 
NGN3+ cells from 4 independent wild-type E15.5 embryos analysed.  

i, Pie chart showing the percentage of segmented Sox9+ cells in contact 
with fibronectin or laminin or both. Shown is the mean percentage and 
confidence interval data of 2,637 Sox9+ cells from 4 independent wild-
type E15.5 embryos analysed. j, Sorted single pancreatic progenitor 
cells confined (top) or spread (bottom), stained for integrin α5 (ITGa5; 
red) and NGN3 (grey), with CellMask (green) and DAPI (blue). Scale 
bar, 10 µm. Representative images from three independent experiments 
are shown. k, Western blots from sorted hESC-derived cells expressing 
NGN3–GFP as in Extended Data Fig. 3e. Pancreatic progenitor 
differentiation performed with the NGN3–GFP reporter line. NGN3high 
and NGN3low cells (endocrine precursors) express significantly lower 
levels of integrin α5 (ITGa5) and YAP1 protein than NGN3− cells 
(pancreatic progenitors). Representative blots from two independent 
experiments shown. l, Integrin α5 (ITGA5) mRNA expression analysis 
of NGN3−, NGN3low and NGN3high populations derived from Extended 
Data Fig. 3e. ITGA5 expression mirrors YAP1 expression during endocrine 
differentiation (Extended Data Fig. 3e). Expression is presented relative 
to GAPDH expression. Data are mean ± s.e.m. from two independent 
differentiation experiments. m, IgG or integrin α5 (ITGa5) antibody 
staining and flow cytometric analysis of differentiated hESC NGN3–GFP 
reporter cells. Left, histogram overlay and mean fluorescence intensities 
(MFI) of IgG-stained (MFI = 100), NGN3–GFP+ endocrine precursor 
(MFI = 310) and NGN3–GFP− pancreatic progenitor cell (MFI = 704) 
fractions. Right, staining distribution and MFI of each cell population. 
NGN3+ endocrine precursors display lower protein expression levels of 
integrin α5 compared to NGN3− pancreatic progenitors. Data represent 
three independent experiments. n, mRNA expression analysis of other α 
integrins (as in l) that remain unchanged during differentiation of NGN3+ 
cells from pancreatic progenitors. Expression is shown relative to GAPDH 
expression; n = 1 experiment.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Pancreatic progenitor cell fate specification is 
regulated via an ECM–integrin–FAK–actin–YAP1–Notch signalling 
cascade. a, Western blot of sorted pancreatic progenitor cells after 24 h 
adhesion on fibronectin (FN) or laminin (LN). Band intensities were 
normalized against tubulin. n = 3 independent experiments. pFAK and 
FAK protein levels are reduced by a similar extent on laminin, indicating 
that the fraction of pFAK remains constant. Two-tailed unpaired t-tests; 
*P ≤ 0.05; **P ≤ 0.01, ***P ≤ 0.001; mean ± s.e.m. b, Western blot of 
sorted pancreatic progenitor cells after 24 h adhesion with control or 
integrin α5 (ITGa5) inhibition. Band intensities were normalized against 
GAPDH intensity of control antibody-treated cells. n = 3 independent 
experiments. pFAK and FAK protein levels are reduced by a similar 
extent by laminin treatment, indicating that the fraction of pFAK 
remains constant. Two-tailed unpaired t-tests; *P ≤ 0.05, ***P ≤ 0.001; 
mean ± s.e.m. c, Unsorted pancreatic progenitor culture transiently 
transfected with integrin α5 (ITGA5) or control siRNA and analysed 
after 72 h. Top, NGN3 promoter luciferase assay. Right, gene expression 
of ITGA5, NGN3, INS and GCG. Each data point corresponds to one 

experiment. Two-tailed t-tests, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; 
mean ± s.e.m. d, Expression of integrin α5 in vivo during secondary 
transition of mouse embryonic pancreas development. Wild-type E14.5 
pancreas stained for integrin α5 (ITGa5; grey) and NGN3 (red) with 
DAPI (blue). Scale bar, 20 µm. Images are representative of three wild-
type pancreata analysed. e, Schematic of sorting mouse E15.5 bi-PPs 
and endocrine cell populations: Hes1-eGFP;Ngn3-tRFP double reporter 
mice were dissected and dissociated, stained with DBA and sorted by 
FACS. Bi-PPs were represented by the DBA+NGN3–tRFP−HES1–EGFP+ 
population and endocrine precursors were represented by the DBA+ 
NGN3–tRFP+ HES1–EGFP+ population. All NGN3–tRFP+ cells  
were also HES1–EGFP+ owing to the long half-life of EGFP. f, Gene 
expression from microarray analysis of E15.5 FACS-sorted bi-PPs, as in 
Extended Data Fig. 10e. White bar, DBA+NGN3–tRFP−HES1–EGFP+; 
grey bar, DBA+NGN3–tRFP+HES1–EGFP+. Shown are all significant 
differentially expressed (adjusted P values <0.01); n = 4; pools of 5 
pancreata. g, Model for bi-PP cell fate specification regulated via  
ECM–integrin–FAK–actin– YAP1–Notch signalling cascade.
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Antibodies
Antibodies used Below is a summary of commercially available antibodies used in this study:  or as cited in the results/Methods section.  

Antibodies used for human PPs are as follows: 
anti-PDX1 Goat polyclonal - R&D systems (AF2419) 1:500 
anti-SOX9 - Millipore (AB5535) 1:500 
anti-NGN3 - R&D systems (AF2419) 1:400 
anti-FOXA2 - Santa Cruz (sc6554) 1:500 
anti-SOX17 goat - R&D systems (AF1924) 
anti- HNF6 Rabbit - Santa Cruz (sc13050) 1:200 
anti-YAP mouse monoclonal - Santa Cruz (sc-101199) 1:200 
anti-YAP rabbit polyclonal - Cell Signaling Technologies (4912) 1:200 
anti-GFP Goat polyclonal - Abcam (ab5450) 1:500 
anti-INSULIN - DAKO 1:1000 
anti-GLUCAGON- Linco Research (4031-01) 1:1000 
Biotinylated DBA - vector Labs (B-1035 1:500) 
anti-YAP rabbit mAb - Cell Signaling Technology  (D8H1X) (14074) 1:200 
anti-Sox9 guinea-pig -  BCBC (kind gift from Ole Madsen, Novo Nordisk) 1:2000 
anti-Pdx1 guinea-pig - BCBC (AB2028); 1:1000 
anti-Insulin guinea-pig - DAKO  (A0564) 1:800 
anti-Ecadherin rat polyclonal - Takara (M108-clone ECCD-2) 1:400  
anti-Nkx6.1 mouse monoclonal - DSHB 1:500 (F55A12) 
anti-pFAK (Tyr397) Rabbit monoclonal - Cell Signaling Technologies (8556) 1:1000 
anti-FAK Rabbit monoclonal - Cell Signaling Technologies (13009) 1:1000 
DAPI - life Tech (D1306) 1:1000  
anti-glucagon mouse monoclonal - Sigma Aldrich (G2654) 1:500 
anti-GFP chicken polyclonal - Abcam (ab13970) 1:1,000 
Biotinylated DBA - Vector Labs (B-1035)  1:500 
anti-Ngn3 Rabbit polyclonal - NIH BCBC (AB2011) 1:4000,  
anti-Hnf1b Rabbit polyclonal - Santa Cruz Biotechnology (sc-22840)1:2000  
anti-Muc1 Armenian Hamster - Thermo Fisher (MA5-11202) 1:200 
anti-GFP Chicken polyclonal - Abcam (ab13970) 1;1000  
Acti-stainTM 488/Phalloidin Cytoskeleton (PHDG1) 1:200  
anti-Integrin alpha 5 Rabbit monoclonal - Abcam (ab150361) 1:1000 
anti-Laminin Rat polyclonal - Acris (BM6046P) 1:200 
anti-Fibronectin Rabbit polyclonal - Abcam (ab2413) 1;200 
Alexa Fluor (AF) 488 Donkey anti-goat - Jackson ImmunoResearch (705-545-147) 1:500 
Alexa Fluor (AF) 488 Donkey anti-mouse- Jackson ImmunoResearch (715-545-150) 1:500 
Alexa Fluor (AF) 488 Donkey anti-guinea-pig - Jackson ImmunoResearch (715-545-148) 1:500 
Alexa Fluor (AF) 594 Donkey anti-Goat IgG - Jackson ImmunoResearch (705-585-147) 1:500 
Alexa Flour (AF) 647 Donkey anti-Rabbit IgG - Life Technologies (A-31573) 1:500 
Cy5 Donkey anti-mouse IgG - Jackson ImmunoResearch (715-175-151) 1:500

Validation Antibodies were validated as noted on manufacturer's website. Additional validation was done by the use of negative control 
and control tissue samples.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Human embryonic stem cell lines used in this study were published: 
1. PDX1-eGFP (Ameri et al Cell Reports, 2017 vo.19 (1) pp.36-49. Undifferentiated HUES4, obtained from D.A. Melton, 
Howard Hughes Medical Institute (Harvard University, Cambridge, MA). 
2. NGN3-eGFP reporter (Zaah M Lof-Ohlin et al Nature Cell Biology 2017, vol.127 pp. 1313-1325). The targeted NGN3-
reporter cell line was generated using DEF-SA121 cells (human embryonic stem cells from source cell line SA121- Cellartis by 
Takara Bio), using BAC recombineering.

Authentication The cell lines were not authenticated

Mycoplasma contamination The cell line has been tested negative for mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

No cell lines used in this study were found in the database of commonly misidentified cell lines that is maintained by ICLAC 
and NCBI Biosample. 

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Species: Mus musculus. Strains: C57BL/6 and other genetically modified animals on a mixed background:  Pdx1-tTA, tetO-Yap1, 
Pdx1Cre, Sox9CreERT2, Yap1fl/fl, Foxa2T2AiCre, Rosa26dnMaml1-eGFP, Ngn3-tRFP, Hes1-eGFP, ROSA26YFP. Gender was mixed 
and unknown as experiments were performed on embryos.
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Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the fields.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Differentiated human ES cell or E15.5 mouse pancreata were dissociated with Accutase or Liberase/0. 125% Trypsin, and then 
resuspended in FACS buffer to stop dissociation (PBS/BSA). 

Instrument Sony SH800, LSR Fortessa and BD FACS Aria III cell sorter

Software Cells were sorted on a 4 laser (488nm, 561nm, 375nm and 633nm). Acquisition was done using BD FACSDiva for the Aria III and 
the Sony White Rose software for the SH800. Data was analysed using FCS Express 6. 

Cell population abundance For differentiated human ES cells, about 20-70% of the live cells. Purity of post-sort fractions were checked by briefly re-running 
a small amount of sample as well as QPCR form reporter marker (e.g. EGFP) and other signature genes (provided in the 
supplement). Additionally, eGFP beads (Clontech) were used to control consistent gating between experiments. For mice 
pancreata, due to extremely low numbers on the sorted populations, it was not possible to check purity on the cells after the 
sort. However, the flow cytometry core facility routinely does purity and Rmax measurements on the cell sorters using beads to 
ensure that the right populations are being sorted. E15.5 pancreata were sorted on a Sony SH800 directly into RLT buffer for 
immediate Qiagen microElute RNA purification according to manufacturer's instructions. 

Gating strategy Cells were first gated based on similar light scatter properties, doublets gated out using the width parameter on forward scatter, 
and then live cells gated based on 7AAD or DAPI. The gating for High, Low, or negative eGFP population were consistently set 
based on 6-peaks eGFP beads (Clontech). For conjugated Ab cell surface marker staining, negative (isotype control)  cells were 
used as gating parameter. For E15.5 pancreata, negative fluorescent cells were used as gating for double reporter mice (GFP+/
RFP+).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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