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Extended Data Fig. 6 | Lumen hydrostatic pressure inference of branching 
organoids under forskolin treatment and organoid permeability. (a) Schematic 
showing the experimental design of forskolin treatment from day 4 to day 6. Scale 
bar = 10 µm. (b) Immunofluorescence images of branching organoids expressing 
membrane-tdTomato and stained for Ezrin under DMSO and forskolin treatment 
at day 6. Scale bar = 20 µm. (c) 2D quantification of lumen number per organoid 
of DMSO- and forskolin-treated branching organoids on day 6. Boxplot (median, 
25th–75th percentiles, and whiskers to 1.5× interquartile range) pooled from three 
independent experiments (n = 35 DMSO-treated and n = 40 forskolin-treated 
branching organoids). (d) 2D quantification of lumen occupancy per organoid 
of DMSO- and forskolin-treated branching organoids on day 6. Boxplot (median, 
25th–75th percentiles, and whiskers to 1.5× interquartile range) of data pooled from 
three independent experiments (n = 27 DMSO-treated and n = 31 forskolin-treated 
branching organoids). (e) Schematic of experimental design for forskolin treatment 
from day 2 to day 6 and monitoring lumen morphogenesis during growth (day 3, 
5, and 6). (f ) Live images of branching organoids expressing GFP-LifeAct at day 3 
and day 5 under DMSO and forskolin (1 µM) treatment, and immunofluorescence 
images at day 6 stained for Ezrin. Dashed green lines outline organoid surfaces. 
Scale bar = 10 µm. (g) 3D quantification of lumen volume in branching organoids 
treated with DMSO and forskolin before laser ablation. Boxplot (median, 25th–75th 

percentiles, and whiskers to 1.5× interquartile range). Data pooled from three 
independent experiments (n = 20 DMSO-treated and n = 39 forskolin-treated 
branching organoids). (h) Inference of lumen hydrostatic pressure (∆P) of DMSO- 
and forskolin-treated branching organoid lumina on day 6 of culture. Red dots 
indicate mean values (DMSO = 2.89 Pa; forskolin = 4.58 Pa). Boxplot (median, 
25th–75th percentiles, and whiskers to 1.5× interquartile range) of data pooled from 
three independent experiments (n = 20 DMSO-treated and n = 39 forskolin-treated 
branching organoids). (i) Quantification showing the relationship between lumen 
hydrostatic pressure and pre-ablation lumen volume of branching organoids under 
DMSO and forskolin treatment. Linear-fit plot with ±95% confidence interval. Data 
pooled from three independent experiments (n = 20 DMSO-treated and n = 39 
forskolin-treated branching organoids). ( j) Live images of spherical and branching 
organoids expressing membrane-tdTomato treated with 10 kDa Dextran-647 at day 
2 and day 7 of culture. Scale bar = 20 µm. (k) Quantification of luminal dextran levels 
(normalized to dextran levels in the Matrigel) in branching and spherical organoids 
at day 2 and day 7 of culture. Mean ± 95% confidence interval, pooled from three 
independent experiments (n = 12 and n = 24 branching organoids; n = 16 and n = 7 
spherical organoids for day 2 and day 7, respectively). P values were determined by 
two-sided Mann-Whitney test (c, d, g, h).
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Extended Data Fig. 7 | Claudin expression in branching and spherical 
organoids. (a) Microarray transcriptomics data showing claudin expression 
levels (log2) in branching organoids (blue) and spherical organoids (orange) on 
day 7 of culture. (b) Scatter plot with linear regression (±95% confidence interval) 
showing the relationship between claudin gene expression (log2) in branching 

and spherical organoids on day 7 of culture. Top 10 genes deviating from the 
regression are annotated, with red points marking the top 3 deviating genes. (c) 
Scatter plot showing the residuals of the linear regression model (from b). The 
gray dashed horizontal line at y = 0 indicates where residuals would lie if there 
were no deviation from the model.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 8 | Lumen morphogenesis under permeabilization with 
cCPE-647 and capsaicin. (a) Schematic diagrams showing the full CPE (top) 
and truncated cCPE (bottom) linear structures, their cytotoxic and claudin-
binding domains, and the ATTO-647 label site. (b) Live images of day 4 spherical 
organoids treated with cCPE-647 at 0.5 hours and 2 hours of incubation. 
Fluorescent signals indicate cCPE-647 in the Matrigel and paracellular spaces; 
red arrowheads mark cytoplasmic cCPE-647 puncta. Scale bar = 20 µm. (c) 
Line-profile quantification of cCPE-647 (normalized to Matrigel signal) across 
paracellular spaces at various time points of treatment. (d) Left: Montage 
of live spherical organoids co-treated with Dextran 10 kDa-647 and 100 µM 
capsaicin at various time points of treatment. Right: Live images of different 
spherical organoids after 24 hours capsaicin-treatment; expressing membrane-
tdTomato (top) and 10 kDa Dextran-647 co-treated (bottom). Scale bar = 10 µm. 
(e) Quantification of normalized levels of 10 kDa Dextran-647 in the lumen 
(lumen-to-Matrigel intensity ratios) and the mean normalized 2D lumen area 
(normalized to the lumen area at the timepoint before collapse) at various time 
points of capsaicin treatment. Data are presented as mean ± 95% confidence 
interval, pooled from two independent experiments (n = 12 spherical organoids). 
(f ) Phase-contrast images of spherical organoids treated with cCPE-647 from day 
2 to day 4 (top) and from day 2 to day 6 (bottom) of culture. (g) Quantification 
of the percentage of organoids showing a multi-lumen phenotype in control 
and cCPE-647-treated spherical organoids from day 2 and analyzed at day 4 and 
6. Boxplot (median, 25th–75th percentiles, and whiskers showing minimum 

and maximum values) pooled from three independent experiments. (h) 3D 
quantification of the number of nuclei in control and cCPE-647-treated spherical 
organoids on culture day 6. Boxplot (median, 25th–75th percentiles, and 
whiskers to 1.5× interquartile range) pooled from two and three independent 
experiments (n = 21 control; n = 22 cCPE-647) for control and cCPE-treated 
conditions, respectively. (i) 3D quantification of sphericity in control and  
cCPE-647-treated spherical organoids on culture day 6. Boxplot (median, 
25th–75th percentiles, and whiskers to 1.5× interquartile range). Data pooled 
from three independent experiments (n = 41 control; n = 25 cCPE-647).  
( j) Schematic of experimental design and representative phase-contrast 
images of live spherical organoids at day 6 and day 9 under three conditions: (i) 
untreated, (ii) continuous cCPE-647 treatment from day 2 to day 9, (iii) cCPE-647 
treatment from day 0 to day 6 followed by washout from day 6 to day 9. Scale bar 
= 40 µm. (k) Quantification of pre-ablation lumen volume of spherical organoids 
under control and cCPE-647 treatment conditions. Boxplot (median, 25th–75th 
percentiles, and whiskers to 1.5× interquartile range) pooled from three 
independent experiments (n = 34 control; n = 20 cCPE-647). (l) Quantification 
showing the relationship between lumen hydrostatic pressure and pre-ablation 
lumen volume of spherical organoids under control and cCPE-647 treatment. 
Linear-fit plot with ±95% confidence interval error bars of data pooled from 
three independent experiments (n = 34 control; n = 20 cCPE-647). P values were 
determined by two-sided Mann-Whitney test (h, i, k).
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Extended Data Fig. 9 | Lumen morphogenesis in pancreatic explants under cCPE-
647 treatment. (a) Left: Schematic showing pancreas dissection and closure of the 
main duct during explant culturing. Right: Phase-contrast image of a pancreatic 
explant; the red box indicates the closed main duct region. Scale bar = 200 µm. 
(b) Histogram showing the distribution of segmented duct volumes (log scale). 
The red line and text indicate the threshold set to remove segmentation errors; 
the green line and text indicate the median value used to identify isolated lumina/
duct. Data pooled from 2,271 segmented ductal volumes from 4 control and 5 
cCPE-647–treated explants. (c) Left: Quantification showing the total volume of 

Mucin-1-positive ductal lumina per explant. Right: Quantification of the number 
of isolated ductal lumina per explant in control and cCPE-647–treated conditions. 
Mean ± standard deviation error bars of data pooled from 4 control and 5 cCPE-
647–treated explants. (d) Left: Maximum-projected immunofluorescence images of 
E15.5 pancreatic explants stained with Mucin-1, after 2 days of DMSO and capsaicin 
(500 µM) treatment. Scale bar = 100 µm. Right: high-magnification image and 
3D segmentation of ductal structures. P values were determined by two-sided 
Mann-Whitney test (c).
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