
Nature Genetics | Volume 56 | October 2024 | 2158–2173 2158

nature genetics

Article https://doi.org/10.1038/s41588-024-01875-8

Self-sustaining long-term 3D epithelioid 
cultures reveal drivers of clonal expansion  
in esophageal epithelium
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Aging epithelia are colonized by somatic mutations, which are subjected 
to selection influenced by intrinsic and extrinsic factors. The lack 
of suitable culture systems has slowed the study of this and other 
long-term biological processes. Here, we describe epithelioids, a facile, 
cost-effective method of culturing multiple mouse and human epithelia. 
Esophageal epithelioids self-maintain without passaging for at least 
1 year, maintaining a three-dimensional structure with proliferative 
basal cells that differentiate into suprabasal cells, which eventually 
shed and retain genomic stability. Live imaging over 5 months showed 
that epithelioids replicate in vivo cell dynamics. Epithelioids support 
genetic manipulation and enable the study of mutant cell competition 
and selection in three-dimensional epithelia, and show how anti-cancer 
treatments modulate competition between transformed and wild-type 
cells. Finally, a targeted CRISPR–Cas9 screen shows that epithelioids 
recapitulate mutant gene selection in aging human esophagus and 
identifies additional drivers of clonal expansion, resolving the genetic 
networks underpinning competitive fitness.

In recent years multiple methods have been developed for culturing 
primary epithelial cells. These differ in their suitability for specific tis-
sues, the extent to which tissue samples may be expanded in culture, 
the degree to which cultures reflect tissue organization and differ-
entiation, the length of time that cultures may be maintained before 
passage and the cost of the required media (Fig. 1). Such factors limit 
the application of each system.

Submerged cultures on tissue culture plastics are cheap but have a 
short lifespan and may achieve limited expansion in cell numbers from 
a tissue sample (Fig. 1)1–3. These limitations may be partially overcome 

by ‘conditional reprogramming’ with the Rho associated coiled-coil 
containing protein kinase inhibitor, Y27632, or bone morphogenetic 
protein/transforming growth factor, beta 1 antagonists that repress 
differentiation and extend culture life. However, passaging is typically 
required every 7–10 days4,5.

A second culture type is organotypic culture, initially developed by 
growing epithelial cells on collagen gels placed on a permeable mem-
brane (Fig. 1)6,7. Such cultures give excellent differentiation. However, 
other than for airway epithelia, they last only few weeks at most6–9. 
More recently, complex, bioengineered tissue substitutes have been 
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screen identifying 49 additional regulators of cell fitness in adult 
esophageal epithelium.

Results
Generation of mouse esophageal epithelioid cultures
We describe the culture protocol for epithelioids in detail in the Meth-
ods, Supplementary Note and Supplementary Video 1. Briefly, we began 
by culturing mouse esophageal epithelial explants on permeable mem-
brane inserts in complete FAD medium (cFAD), supplemented with 
growth factors (Fig. 2a)39. Epithelial cells generated cellular outgrowths 
from the explants with high efficiency (Fig. 2b). Explants were removed 
after 1 week. The outgrowing cells expanded until the cultures reached 
confluence (Extended Data Fig. 1a–e and Supplementary Video 2). 
Cell numbers from a small tissue sample (1/32 of the esophagus) were 
amplified 57-fold in 15 days (Extended Data Fig. 1f). Greater amplifica-
tion was obtained using larger inserts (Extended Data Fig. 1g,h and 
Supplementary Table 1). The confluent cultures comprised stratified 
layers of keratinocytes (Fig. 2c) without contaminating fibroblasts or 
immune cells and were thereafter maintained in minimal FAD medium 
(mFAD), reduced in growth factors (Fig. 2a and Extended Data Fig. 1i,j).

To expand the primary cultures, we transferred portions of the 
confluent culture with the underlying membrane to a fresh culture 
insert using a biopsy punch. This ‘punch plating’ method efficiently 
amplifies the initial culture, so that a single mouse esophagus could 
potentially be expanded 3.7 × 106-fold in 100 days (Methods, Extended 
Data Fig. 2a–e and Supplementary Table 1). Epithelioids are cost effec-
tive, with the cFAD medium being 78-fold cheaper than esophageal 
organoid media (Supplementary Table 1).

produced in advanced bioreactors with the aim of replicating tissue 
for transplantation and therapy10,11. The complexity and cost of these 
methods puts them beyond the reach of nonspecialized laboratories.

Many normal tissues can be cultured as organoids, which are effec-
tive at expanding tissue samples but typically require passaging every 
14 days12–16. Epithelial organoids have been highly successful in a wide 
range of applications from developmental biology to therapeutics17–22. 
However, for squamous epithelia and urothelium, the spheroidal struc-
ture of organoids is quite different from the continuous sheet of the 
tissue, and differentiated cells are not shed but accumulate in the center 
of the organoid23–26 (Fig. 1). Another drawback is cost, because organoid 
media require expensive additives.

No primary cultures have been reported to last for sufficient time 
without passaging to allow the study of long-term processes such 
as colonization by somatic mutants. In vivo, mutant clones expand 
over a period of months to years, to multi-millimeter sizes competing 
for the limited space available in homeostatic epithelia27–32. Lineage 
tracing in transgenic mouse models captures many of the features of 
mutant clonal dynamics in human epithelia but is slow and unsuitable 
for genetic screens to uncover the genes that regulate competitive 
fitness27,33–38.

To address the need for self-sustaining cultures that do not 
require passaging, we have developed ‘epithelioids’, long-term, 
centimeter-scale epithelial models. Here, we characterize epithe-
lioid cultures and demonstrate that they self-maintain for at least 
1 year. This allows the study of competition between somatic mutant 
clones. Epithelioid cultures also allow high-efficiency gene editing, 
and we have exploited this to perform a CRISPR–Cas9 cell competition 
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We also confirmed that confluent epithelioid cultures can be 
successfully reconstituted on a fresh insert after trypsinization. Epi-
thelioids generated from single-cell suspensions, punch passaging 
or explant culture show similar proliferation, differentiation and cell 
density (Extended Data Fig. 2f–h). Cells amplified via epithelioids can 
also be used to generate organoid cultures with a similar efficiency to 
tissue (Extended Data Fig. 2i–k).

The long-term expansion of primary normal human esophagus 
cells has been challenging40. Using the same method, we generated 
epithelioid cultures of human esophageal epithelium from trans-
plant donors aged 36–76 years (Fig. 3a,b). Cultures grown in cFAD 
reached confluence efficiently and had had a basal layer of proliferating 
ITGA6+ keratinocytes with suprabasal layers of KRT4+ differentiated 
keratinocytes (Fig. 3c–e). Thus, epithelioid cultures amplify small 
human esophageal samples from normal adult tissue and provide a 
robust platform for studying esophageal biology. Further studies are 
needed to functionally validate human epithelioids.

We also applied the protocol to mouse oral mucosa and bladder 
urothelium (Fig. 3f). Although less efficient than for mouse esophagus, 
the protocol generated confluent cultures (Fig. 3g–k). Tongue cultures 
contain a basal cell subpopulation of proliferative TP63+ITGA6+ cells 
and suprabasal KRT4+ cells typical of the basal and suprabasal cell 
populations of the interpapillary zone and anterior papillae of the dor-
sal tongue (Fig. 3g,h)41. Bladder cultures formed a basal layer of KRT5+ 
cells including a subpopulation of KRT14+ progenitor cells and KRT20+ 
umbrella cells (Fig. 3i)42. Therefore, although further characterization 
is required, the epithelioid system may be extended to culture multiple 
types of epithelia.

Characterization of esophageal epithelioid cultures
We went on to characterize mouse esophageal epithelioid cultures in 
depth. Once a confluent stratified culture was obtained, we maintained 
it in reduced growth factor media (mFAD) (Methods), refreshed two or 

three times a week (Fig. 2a). Unless specified, all experiments were per-
formed after changing the medium to mFAD for at least 1 week. Under 
these conditions, epithelioids maintained a stable morphology with a 
basal layer of TRP63+ epithelial progenitor cells43, and expressed the 
hemidesmosome protein ITGA6 exclusively on the basal aspect of the 
cell membrane as in vivo33. Two to four suprabasal cell layers expressing 
the differentiation markers KRT4, KRT13, KLF4, FABP5 and LOR were 
seen44. Quantification showed that 100% of KI67+ cells were ITGA6+ 
basal cells both in vivo and in vitro, confirming that proliferation was 
restricted to the basal layer (Fig. 2d–g and Extended Data Fig. 1k–n). 
The proportion of S-phase basal cells was similar to the esophagus 
(Extended Data Fig. 3a–c). Cell tracking with 5-ethynyl-2′-deoxyuridine 
(EdU) and confocal live imaging showed that in epithelioids, as in vivo, 
some cells exit the basal layer, migrate through the suprabasal layers 
and are eventually shed (Fig. 2h–k, Supplementary Videos 3–5 and 
Extended Data Fig. 3d–g).

RNA sequencing (RNA-seq) analysis showed that gene expression 
of confluent epithelioids in mFAD correlated with that in esophageal 
epithelium with the exception of genes related to late differentia-
tion (Extended Data Fig. 3h,i)21,37,45–51. Differential expression analysis 
confirmed decreased expression of keratinization-related genes and 
increased expression of basal cell layer genes (Extended Data Fig. 3j,k). 
Bulk RNA-seq deconvolution suggests that these differences may 
reflect the increased proportion of suprabasal cells in vivo (Fig. 2d,e, 
Methods and Extended Data Fig. 3l). An air–liquid interface culture, 
which enhances terminal differentiation, can be used to enhance dif-
ferentiation (Extended Data Fig. 3m)6,9.

Epithelioids form an epithelial barrier with repair capacity
Next, we investigated whether esophageal epithelioids formed a func-
tional epithelial barrier. Staining for CDH1 and TJP1 (ZO-1) (Fig. 4a–c) 
suggested the presence of adherens and tight junctions typical of 
stratified epithelia52,53. Consistent with this observation, confluent 

Fig. 3 | Generation of human esophageal epithelioids and mouse oral and 
bladder epithelioids. a, Epithelioid generation from human esophagus. b, Age 
distribution of human donors expanded as epithelioids. Each dot represents one 
donor. c, Proportion of explants that form cellular outgrowth and contribute 
to epithelioid generation. The total number of explants plated per donor is 
indicated. n = 480 explants from 2 donors. d,e, Rendered confocal z-stack (d) 
and basal plane optical section with orthogonal views (e) of a typical human 
esophageal epithelioid stained for KRT4 (red), ITGA6 (gray), KI67 (green) 
and DAPI (blue). Scale bar, 38 μm (top down view, x–y) and 15 μm (inset, side 
view, z). f, Mouse epithelioid generation from mouse oral mucosa and bladder 
urothelium. g, Rendered confocal z-stack (upper) and basal layer optical section 
with orthogonal views (lower) of a typical mouse oral mucosa epithelioid stained 
for WGA (gray), TRP63 (green) and DAPI (blue). Scale bar, 38 μm (x–y) and 17 μm 
(z). h, Basal layer optical section (upper) and lateral view 15 μm width projection 

(lower) of a typical mouse oral mucosa epithelioid stained for KI67 (red), KRT4 
(green), ITGA6 (gray) and DAPI (blue). Scale bar, 20 μm. i, Rendered confocal 
z-stack (upper) and basal plane section with orthogonal views (lower) of a typical 
mouse bladder epithelioid stained for KRT20 (gray), KRT5 (green), KRT14 (red) 
and DAPI (blue). Scale bar, 28 μm (x–y) and 11 μm (z). j, Outgrowth expansion 
velocity at day 6 post-plating for mouse oral epithelium (mOrE), esophageal 
epithelium (mEsE) and bladder epithelium (mBlE) explants. Unpaired two-tailed 
Student’s t-test. n = 9, 29 and 33 explants from 3, 6 and 10 mice, respectively.  
P values: mOrE versus mEsE, 0.0049; mOrE versus mBlE, 2.7 × 10−9; mBlE versus 
mEsE, 1.4 × 10−7. Red lines represent mean values. k, Proportion of explants that 
form a cellular outgrowth and contribute to epithelioid generation from oral 
mucosa and bladder epithelium. The proportion of explants generating cell 
growth, the number of explants and mice is indicated.

Fig. 2 | Characterization of mouse esophageal epithelioids. a, Protocol. The 
mouse esophagus is opened longitudinally, cut into 32 pieces and 4 pieces are 
plated per insert. Once large cellular outgrowths are formed (day 7), the explants 
are removed. Once the culture is confluent, the medium is changed to mFAD. 
One week later cultures are ready for experimental use and are maintained 
by changing the medium two or three times a week. b, Proportion of explants 
that form epithelioids (n = 538 explants from 33 mice plated in 175 inserts by 
5 different researchers). c, Rendered confocal z-stack of a typical confluent 
epithelioid after 1 h incubation with EdU and stained for KRT4 (red, suprabasal 
cells), WGA (gray), EdU (green, proliferating cells) and DAPI (blue). d,e, Rendered 
confocal z-stack (upper) and basal layer optical section with orthogonal views 
(lower) of typical esophagus whole-mount (d) (scale bar, 41 μm (x–y, main panel, 
top down view) and 32 μm (z, inset, side view)) and esophageal epithelioid (e) 
(scale bar, 38 μm (x–y) and 16 μm (z)) stained for ITGA6 (gray), KI67 (green), 
WGA (red) and DAPI (blue). f,g, Basal layer optical section with orthogonal views 
(lower) of a typical esophagus whole-mount (f) (scale bar, 40 μm (x–y) 24 μm 

(z)) and esophageal epithelioid (g), scale bar, 38 μm (x–y) and 15 μm (z), stained 
for TP63 (green), KRT4 (red) and DAPI (blue). Images typical of esophagi from 
three mice and three epithelioid cultures derived from three mice. h–k, Confocal 
live imaging of H2BGFP-expressing epithelioids showing multiple z-projection 
time frames labeled with a rainbow color scale, where color indicates the cell 
position in the z plane. h, Scheme of the esophageal epithelioid structure with 
the z-scale color labeling used in i–k, with basal cells (blue), suprabasal cells 
(green) and shedding cells (red). Selected live images showing cells undergoing 
mitosis (i), differentiation (j) and shedding (k) from Supplementary Videos 
3–5, respectively. Time is indicated in each frame. Scale bar, 20 μm. The cells 
shown are representative examples of four imaged regions each from two 
independent epithelioid cultures. l, RNA-seq comparing gene expression from 
mouse esophageal epithelium (in vivo) and esophageal epithelioids 1 week post 
confluence and cultured in mFAD (in vitro). n = 4 animals and 4 epithelioids from 
4 different animals. Heatmap shows selected basal cell, differentiation, cell cycle 
and cell fate modulator transcripts45.
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epithelioids efficiently stopped the flow of Lucifer yellow (Fig. 4d) 
indicating that they possess functional barrier activity38.

To test the regeneration capacity of confluent epithelioids we 
generated excisional wounds in the cultures. After 15 days the wounds 
had closed (Fig. 4e–g). Cells adjacent to the wound formed a migrating 
front with reduced proliferation and stratification with a surrounding 
area of highly proliferative cells, reproducing changes seen following 
excisional wounding of the esophagus in vivo (Fig. 4h–j)24.

Myeloid cells from the bone marrow are recruited to promote 
re-epithelization of skin wounds54. To determine whether similar inter-
actions occur in esophageal epithelioid cultures, we added green 
fluorescent protein-positive (GFP+) myeloid cells from the bone mar-
row of Rosa26mito-roGFP2-Orp1 animals to wounded Rosa26mTmG (membrane 
Tomato membrane green fluorescent protein) epithelioids that express 
the red Tomato fluorescent reporter (Fig. 4k)55. Confocal microscopy 
showed CD11b+ immune cells invading epithelial layers and extending 
projections to keratinocytes (Fig. 4l,m). The presence of myeloid cells 
increased the wound healing velocity (Fig. 4n). We conclude that epi-
thelioids retain the physiological barrier function and wound healing 
capacity of esophageal epithelium, and have potential use in studies 
of keratinocyte–immune cell interactions.

Long-term epithelioids retain genome stability
To model adult esophageal tissue, epithelioid cultures should be able 
to self-maintain in the long term without passaging. We found that 
epithelioids kept in mFAD that was refreshed twice a week remained 
in a steady-state for 1 year, with approximately constant levels of cell 
density and cell proliferation (Fig. 5a–d). Cells retained the capacity 
to differentiate into KRT4+ suprabasal cells, although this was reduced 
at 12 months (Fig. 5b). Because epithelial cells may also develop copy 
number alterations (CNA) when expanded ex vivo56, we performed 
whole-genome sequencing, finding only a subpopulation of cells 

(17–29%) with detectable CNA after 8 months in continuous culture, 
mostly amplifications affecting chromosome 10 (Fig. 5e,f and Extended 
Data Fig. 4a–c).

Long-term cell dynamics in epithelioids
We next analyzed long-term cell behavior in epithelioids by lineage 
tracing. Epithelioids were generated from R26confetti mice, multicolor 
heritable cell labeling was induced with adenoviral Cre recombinase, 
and the labeled cells were placed in epithelioid culture for 6 months 
without passaging (Methods). The cultures were imaged weekly using 
an Incucyte live imaging system (Essen Bioscience) (Fig. 5g,h). Initially, 
the culture was formed of a mixture of differentially colored individual 
cells. However, after 1 month, single-colored areas (SCA) appeared, 
generated from a single cell or neighboring cells of the same color. 
We followed the behavior of 351 SCA from 9 cultures coming from 6 
different animals starting 5 weeks after plating, observing different 
patterns of behavior. Most SCA became smaller (80%), others grew 
and then shrank (12%), a minority remained constant in area (1%) and 
some SCA grew progressively (7%) (Extended Data Fig. 4d–f and Sup-
plementary Videos 6–11). Furthermore, after 8 weeks, the number of 
SCA declined, but the average size of the remaining SCA increased, so 
that the total labeled area remained approximately constant (Fig. 5i–k). 
These features are hallmarks of neutral drift, observed in clones labeled 
with a neutral reporter in squamous epithelia in vivo24,57. Two simple 
quantitative models of cell behavior in esophageal epithelium gave a 
good fit to the data (Methods and Fig. 5i–k)58. We conclude that progeni-
tor dynamics in epithelioids resemble those of the mouse esophagus 
in vivo24,58.

As animals age, they accumulate somatic mutations that may 
result in clonal expansions if they affect genes that regulate progeni-
tor cell fate59. This process occurs at a low rate in the esophagus of 
aging wild-type mice27,33. To determine whether somatic mutations 

Fig. 4 | Epithelioids have barrier function and repair capacity. a,b, Esophageal 
epithelioids grown in mFAD immunostained with TJP1 (ZO-1) antibody (tight 
junctions, green), phalloidin (actin, red) and DAPI (nuclei, blue). Suprabasal (a) 
and basal layer (b) planes selected from the same culture area. Scale bar, 20 µm. 
Images are representative of three biological replicates. c, mFAD-grown esophageal 
epithelioids immunostained for CDH1 (adherens junctions, green) and DAPI (nuclei, 
blue); the basal layer plane is shown. Scale bar, 20 µm. d, Lucifer yellow permeability 
assay. Lucifer yellow is added for 30 min to the upper culture compartment of 
esophageal epithelioids and its transference to the lower compartment is quantified 
and compared with inserts without cells (100% permeability). n = 8 inserts from 4 
mice. Each dot represents the average permeability of the inserts from each mouse. 
e–g, Esophageal epithelioids established from Rosa26mTmG mice and incubated 
in mFAD were wounded using a microscalpel (e). Daily images were taken in an 
Incucyte system (f) and the wound area was quantified (g). Each dot corresponds  
to a different culture, their color indicates the mouse of origin. Lines connect  
means of cultures from the same mouse. n = 6 inserts from 3 mice. Scale bar,  
5 mm. h–j, Immunostaining of a Rosa26mTmG insert during the wound healing  

process using KRT4 (green), membrane Tomato (red) and DAPI (blue). h, Rendered  
confocal z-stack of a portion of the wound healing culture. 3D scale bar, 200 µm.  
i, Left: basal layer plane of a z-stack with white squares selecting a front area and a rear 
area of the wound. Orthogonal sections of the front (i, middle) and rear (j, right) 
areas selected from the left-hand panel. k–n, Rosa26mTmG esophageal epithelioids 
cultured in mFAD were wounded as in e, with the addition of bone marrow cells 
extracted from Rosa26mito-roGFP2-Orp1 mice (green) to the upper compartment right 
after wounding. k, Protocol scheme. l, Confocal live imaging images showing cell 
front and immune cells during wound healing (upper) and magnification of the cell 
front to follow immune cell internalization in the membrane Tomato membrane 
GFP (mTmG) epithelial cell layer (lower). Scale bar, 20 µm. m, Immunostaining of 
CD11b (gray) in an esophageal epithelioid co-cultured with bone marrow derived 
Rosa26mito-roGFP2-Orp1 cells (green), DAPI (blue). Scale bar, 14 µm. n, Quantification of 
the proportion of wound closed per day. Unpaired two-tailed Student’s t-test. Lines 
represent mean values. n = 3 biological replicates for each condition. BM, bone 
marrow; CTL, control; roGFP2, reduction-oxidation sensitive green fluorescent 
protein 2; SB, supra basal.

Fig. 5 | Long-term maintenance and tissue dynamics of esophageal 
epithelioids. a–d, Esophageal epithelioids generated from Rosa26mTmG mice 
maintained without passaging for up to 12 months and stained for KI67 (gray, 
proliferating cells), KRT4 (green, differentiated cells) and DAPI (blue). Protocol 
(a) and optical confocal section (b) of the basal cell layer (upper), lateral views 
(lower). Scale bar, 20 μm. Cell density (c) and the proportion of KI67+ basal 
cells (d). Lines indicate mean values, n = 3 inserts from different animals per 
time point. Page’s L test. e,f, Whole-genome sequencing of mouse esophageal 
epithelium and epithelioids after 4 and 8 months in culture. n = 3 animals and 3 
esophageal epithelioids from different animals per time point. Summary plot 
showing all gain and loss of chromosome regions that affect more than 20% of 
cells (e) and copy number profile (f). g–k, Epithelioids from Rosa26confetti/confetti  
mice cultured for 24 weeks after in vitro Cre recombination (Methods).  
g, Representative images of the same region of an epithelioid at the indicated 

time points. Scale bar, 1 mm. Red arrows indicate shrinking SCA, yellow arrows 
indicate SCA with biphasic growth and green arrows indicate growing SCA. 
h, Experimental protocol for g and l–n. i–k, Average SCA size (i), SCA number 
(j) and total labeled area (k) with experimental values (blue, mean ± s.d.) and 
a theoretical, single-parameter fit (black) as well as lattice-based simulations 
(orange) of a single-progenitor model. n = 351 SCA from 9 epithelioids from 6 
different animals. l–n, Thirty-eight surviving SCA were collected by laser-capture 
microdissection and DNA was sequenced. The estimated mutation burden of 
the collected SCA (in vitro) and three control mice samples (in vivo) (l), average 
VAF of nonsynonymous mutations in different SCA (m) and SCA ordered by the 
maximum VAF of its mutations, mutations represented in more than one sample 
are highlighted in the specified colors shown (n). Orange bars indicate mean 
values, and dashed lines indicate a VAF threshold for clonal mutations in the 
sample. Unpaired two-sided Student’s t-test.
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impact the growth of SCA, 46 samples from 38 surviving SCA at the 
9-month time point were isolated by laser-capture microdissection 
and targeted sequencing was performed for 192 genes implicated in 
driving clonal expansions and/or squamous cancer27. Median coverage 
was 106-fold. The estimated mutational burden was similar to that in 
age-matched mouse esophagus27, arguing that the mutation rate is not 
substantially increased in epithelioid culture (Fig. 5l). The low variant 
allele frequency (VAF) of most mutations, 71% mutations had VAF < 0.1 
(Fig. 5m), indicates that these were unlikely to have altered SCA dynam-
ics. In total, 26% of SCA had a mutant VAF close to 0.5 indicating that 
they were clonal (Fig. 5n), but 80% of these mutations were shared with 
other SCA, suggesting that they were already present before labeling 
and were not a result of the culture. Interestingly, the commonest 
mutation shared by SCA was a Notch1 frameshift mutation. This is 
consistent with the development of spontaneous Notch1 mutations 
that drive clonal expansions in aging mice27,33. Therefore, most of the 
SCA behavior can be explained by neutral drift and was not caused by 
the acquisition of driver mutations in vitro.

Using epithelioids to study cell competition
The properties of epithelioids led us to speculate that they may be 
suitable for studying clonal competition. We first investigated neutral 
competition between two populations of equal fitness. We established 
esophageal epithelioids from conditional R26-EYFP mice in which cells 
and their descendants express enhanced yellow fluorescent protein 
(EYFP) after genetic recombination by Cre recombinase24. Cells were 
infected with adenovirus encoding Cre achieving a 90 ± 1% recom-
bination rate (Extended Data Fig. 5a). RNA-seq showed that the only 
transcript significantly altered by recombination was Rosa26 mes-
senger RNA (5.2-fold change, adjusted P value 1.5 × 10−72) (Extended 
Data Fig. 5b). Thus, Cre-mediated loxP excision can be performed 
at high efficiency without altering overall gene expression. We then 
generated epithelioid cultures with a mixture of EYFP+ recombined 

and unrecombined cells from the same esophagus and measured the 
proportion of each subpopulation over time (Fig. 6a,b and Extended 
Data Fig. 5c). The proportion of EYFP+ cells remained constant over 
2 months (Fig. 6c). This recapitulates the neutral behavior of the same 
reporter allele in the esophagus in vivo24.

Next, we studied a nonneutral competition. We selected a con-
ditional dominant negative mutant of Maml1 (Dominant Negative 
Mastermind like 1 (DNM)) that has a strong advantage over wild-type 
cells in vivo60. Epithelioids were generated from Rosa26-DNM mice 
and infected with either null or Cre-encoding adenovirus to generate 
wild-type or DNM-expressing keratinocytes from the same mice. These 
cells were mixed with EYFP-expressing cells as described above form-
ing 3D epithelioids, and the proportions of cells were analyzed after 
4 weeks (Fig. 6d). DNM-expressing cells outcompeted EYFP+ cells, 
showing a significant increase in fitness compared with uninduced 
DNM-negative cells (Fig. 6e,f and Extended Data Fig. 5d). Confocal 
microscopy of day 15 cultures showed that the ratio of suprabasal to 
basal cells was significantly lower for DNM-expressing compared with 
nonexpressing cells (Fig. 6e,g). This is consistent with the behavior of 
DNM-expressing clones in vivo, which gain a competitive advantage by 
progenitors generating fewer differentiating than progenitor daugh-
ters per average cell division60. We conclude that epithelioids are a 
suitable platform for studying mutant cell competition.

Effect of chemotherapy and radiotherapy on cell competition
Many cytotoxic cancer treatments cause substantial normal tissue dam-
age alongside tumor cell killing. We hypothesized that the longevity of 
epithelioids may allow mixed transformed and normal cell co-cultures 
to undergo a prolonged course of treatment.

We generated transformed cells (p53*-TC), expanding cells from 
a Trp53R245-T2A-GFP mutant mouse esophageal tumor (Methods)37. These 
cells carry substantial CNA and 55% were near tetraploid (Extended 
Data Fig. 5e,f). Epithelioid cultures with a mixture of GFP+ transformed 

Fig. 7 | CRISPR–Cas9 cell fitness screen identifies additional drivers of 
clonal expansion. a, Protocol for the CRISPR–Cas9 targeted cell fitness screen. 
n = 3 biological replicates from different animals. b, Violin plots showing the 
distribution of log2(fold change) of gRNAs targeting essential genes (red), known 
or putative clonal expansion drivers (orange) and NT gRNAs (green), between 
the 3 and 0 week time points. c, The z-score is plotted against gene rank with 
each dot corresponding to a gRNA. gRNAs targeting significantly depleted 
genes are shown in orange and those targeting significantly enriched genes are 
shown in blue. d, Proportion of significantly enriched (blue), depleted (orange) 
or unchanged (gray) genes for essential genes (left), known clonal expansion 
drivers (NE, middle) or putative esophageal cancer drivers (EC, right). Gene 
numbers and proportions are shown. e, Volcano plot of the log2(fold change) 
versus enrichment score for known positively selected mutant genes in normal 
esophagus. f, Schematic representation of positively selected mutant clones  
in normal human esophagus from donors aged between 44 and 75 years29. 
Depleted, unchanged and enriched targets in the screen are shown in orange, 

gray and blue, respectively. g,h, Protocol (g) and relative fitness over wild-
type cells (h) of Notch1+/+ YFP+ cells (wt) or Notch1−/− YFP+ cells competing with 
uninduced cells from the same animals (wild-type cells) for 4 weeks. Dots are 
epithelioids from different animals. Orange bars indicate mean values. Unpaired 
two-sided Student’s t-test. n = 4–6 epithelioids from different animals.  
i,j, Protocol (i) and relative fitness over YFP+ cells (j) of wild-type or Nfe2l2−/− cells 
competing with YFP+ cells for 4 weeks. Dots are epithelioids from different 
animals. Orange bars indicate mean values. Unpaired two-sided Student’s 
t-test. n = 3 epithelioids from different animals. k,l, Volcano plot of log2(fold 
change) versus enrichment score (k) and illustration (l) of candidate esophageal 
cancer drivers from ref. 64. The font size in l reflects the proportion of mutant 
samples from ref. 64. m,n, Protocol (m) and relative fitness over YFP+ cells (n) 
of uninduced (KRaswt/wt) or induced (KRasG12D/wt) cells from LSL Kras+/G12D mice 
competing with YFP+ cells for 4 weeks. Dots correspond to epithelioids from 
different animals. Orange bars indicate mean values. Unpaired two-sided 
Student’s t-test. n = 3–4 epithelioids from different animals.

Fig. 6 | Epithelioids as a tool to study clonal competition. a–c, Cell competition 
in mixed epithelioid cultures formed by induced (ind.; YFP+) and uninduced 
(unind.; YFP−) Rosa26YFP/YFP cells was maintained for 2 months. a, Protocol. 
b, Rendered confocal z-stack of a typical epithelioid with both competing 
subpopulations. c, Relative fitness of YFP− versus YFP+ cells at different time 
points. n = 4 inserts per time point from 4 mice. Unpaired two-sided Student’s 
t-test. d, Protocol for DNM and wild-type (WT) cell competition. Primary cells 
from R26flDNM mice epithelioids, uninduced (wild-type, DNM−) or induced (DNM+) 
in vitro, were mixed with YFP+ cells and kept in culture. e, Optical sections of 
basal and suprabasal cell planes at 2 weeks of competition of conditions shown 
in d. Scale bar, 20 μm. f,g, Relative fitness over YFP+ cells (f, n = 4) at 4 weeks 
and stratification ratio of DNM− and DNM+ cells at 2 weeks (g, n = 3). Replicates 
correspond to primary cultures from different animals. Orange lines show  
mean values. Unpaired two-sided Student’s t-test. h–p, Co-culture of transformed  

and wild-type cells. h, Protocol to generate Trp53 mutant transformed  
cells (p53*-TC). i–l, p53R245W mutant esophageal tumors were generated and 
expanded using the epithelioid protocol (Methods) to obtain p53*-TC. p53*-TC 
were mixed with primary wild-type cells from Rosa26nTnG (nuclear Tomato, 
nuclear green fluorescent protein) mice (20:80, respectively) (i) and exposed 
to 10 weeks of weekly dosing with 2 Gy gamma-irradiation (j), 1 µM epirubicin 
(k) or 5 µM 5FU (l). Orthogonal views of basal layer optical sections of z-stacks 
at 0, 4 and 10 weeks of treatment. Scale bar, 80 μm. m–p, Proportion of each 
subpopulation over time: control (m), 2 Gy gamma-irradiation (n), 1 µM 
epirubicin (o) and 5 µM 5FU (p). n = 3. Replicates and lines connecting mean 
values are shown. P values indicate comparison between subpopulations  
at the 10-week time point. Unpaired two-sided Student’s t-test. β-NAF,  
beta-naphthoflavone; TAM, tamoxifen.

http://www.nature.com/naturegenetics


Nature Genetics | Volume 56 | October 2024 | 2158–2173 2168

Article https://doi.org/10.1038/s41588-024-01875-8

0 500 1,000 1,500 2,000

–5

0

5

gRNA rank

z-
sc

or
e

Depleted
Unchanged
Enriched

P = 0.0030

–10 –5 0 5 10

Essential genes

Target genes

NT gRNAs

log2(fold change)

YFP+ Notch1+/+ or YFP+ Notch1–/–

versus wild-type
YFP+ wild-type cells versus
wild-type or Nfe2l2−/−

YFP+ wt cells versus
KRaswt/wt or KRasG12D/wt

Depleted
Unchanged
Enriched

–6 –4 –2 0 2 4
100

105

1010

1015

1020

1025

log2(fold change)

Zfp750
Bap1

Plxnb2
Crebbp

Chuk

Fbxw7
Myh9

Nipbl

Atp2a2
Trrap

Erbb2

Cdh11

Birc6

Smarca4

Zfp148

H2-D1

Abi1
Ncor2

Kras

Fat4

Apc

En
ric

hm
en

t s
co

re

Depleted
Unchanged
Enriched

–6 –4 –2 0 2 4 6
100

1010

1020

1030

log2(fold change)

En
ric

hm
en

t s
co

re

Tp63

Ppm1d

Cul3 Pik3ca

Ccnd1

Zfp36l2
Arid2

Kmt2dNfe2l2

Smad4

Ajuba
Chek2

Notch1

Irf6 Adam10

Fat1 Ripk4

Trp53

Depleted (50) Depleted (9)

Unchanged (5)

Enriched (9)

Depleted (44)

Unchanged (13)

Enriched (5)

39% 39%

22%

8%

71%

21%

P = 0.0165

0

0.5

1.0

1.5

2.0

Re
la

tiv
e 

fit
ne

ss
 o

ve
r w

ild
-t

yp
e

Notch
1+
/+

Notch
1–
/–

P = 7.0 × 10–7

0

0.2

0.4

0.6

0.8

1.0

Re
la

tiv
e 

fit
ne

ss
 o

ve
r Y

FP
+

Wild-type Nfe2l2–/–

1.0

1.2

1.4

1.6

1.8

2.0

Re
la

tiv
e 

fit
ne

ss
 o

ve
r Y

FP
+

KRas
wt/w

t

KRas
G12D

/w
t

Additional esophageal cancer
drivers from Intogen

Additional cancer drivers

Atp2a2, Chuk, PLXNB2, ZFP750

FAT1
NOTCH2

TP53 ARID1A

CUL3

AJUBA
CCND1
ARID2
KMT2D

NFE2L2

IRF6
SMAD4

NOTCH1
NOTCH3PIK3CA

TP63

CRISPR screening outcome of
drivers selected in human esophagus

Enriched 
gRNA

Depleted
gRNA

Not selected
gRNA

Depleted
Unchanged
Enriched

a

c

Time 3 weeks
collection

Time 0 weeks
collection

Identify gRNA enrichment 
or depletion using next- 
generation sequencing

Lentiviral 
gRNA library

1,000 NT gRNA

200 gRNA for 50 
essential genes

340 gRNA for 85
target genes

5 days

Cas9+ 
epithelioidsRosa26-Cas9 mice 

Cell competition against wild-type cells:
13% gene-edited cells
87% wild-type/unedited cells

b

e f

g i

k l m

Time 0

Time 4 weeks

Time 0

Time 4 weeks

j

Time 0

Time 4 weeks

Essential
genes

NE 
drivers

EC 
drivers

d

h

n

http://www.nature.com/naturegenetics


Nature Genetics | Volume 56 | October 2024 | 2158–2173 2169

Article https://doi.org/10.1038/s41588-024-01875-8

cells and tdTomato+ wild-type cells from a Rosa26nTnG mouse, which 
express the Tomato protein were generated. The transformed cells 
outcompeted the wild-type cells (Fig. 6i,m).

We then investigated the impact of exposing the cultures to 
intermittent doses of ionizing radiation, epirubicin or 5-fluorouracyl 
(5FU) (Fig. 6j–p and Extended Data Fig. 5g,h), all of which are used to 
treat esophageal cancer61. All three treatments showed toxicity and 
altered the competition between wild-type and transformed cells over 
10 weeks. Exposure to 2 Gy ionizing radiation halted the expansion of 
transformed cells and induced aberrant large nuclei, specifically in 
the transformed population (Fig. 6j,n and Extended Data Fig. 5g,h). 
Conversely, epirubicin showed substantial toxicity in both wild-type 
and transformed cells, although the effect on cell fitness was more 
pronounced in transformed cells, which were progressively depleted 
from the culture (Fig. 6k,o and Extended Data Fig. 5g,h). 5FU treat-
ment initially inhibited the expansion of transformed cells; however, 
transformed cells later recovered and overtook wild-type cells (Fig. 6l,p 
and Extended Data Fig. 5g,h), consistent with the development of 5FU 
resistance62. These results show the potential of epithelioids to study 
the differential effects of therapy on transformed and wild-type cells 
competing in a long-term continuous co-culture.

A CRISPR–Cas9 screen of esophageal progenitor fitness
The aging human esophagus is colonized by mutant clones under 
strong genetic selection. A similar landscape of competing mutants 
is seen in the esophagus of mutagenized mice27,29,31,33,35. Some mutants 
have been validated in mouse models, but for most mutant genes there 
is limited experimental evidence showing that they confer a competi-
tive advantage in the esophagus, other than the ratio of protein altering 
to silent mutations33,34,36,37. Additional methods are required to validate 
the mutant selection predicted by DNA sequencing and to uncover 
genetic networks that determine the competitive fitness of progenitor 
cells in adult tissues.

CRISPR–Cas9 gene deletion screens are highly effective in revealing 
the genetic dependencies of cellular phenotypes, but their application 
to primary epithelial cells in an organotypic environment has proved 
challenging. We developed a CRISPR–Cas9 screen based on esophageal 
epithelioids from Rosa26Cas9 mice constitutively expressing Cas9, to 
analyze the competitive fitness of targeted cells against wild-type cells 
over 3 weeks in competition (Methods)63. A guide RNA library was con-
structed against 23 genes whose mutants drive clonal expansion in nor-
mal human and mouse esophagus, 62 candidate drivers of esophageal 
cancer defined by the Intogen project and 50 essential genes27,29,31,35,64,65. 
Also included were control nontargeting (NT) gRNAs (Fig. 7a).

gRNA representation was maintained throughout transduc-
tion and cell plating (Extended Data Fig. 6a) and the proportion of 
gRNA-infected cells remained constant during the experiment 
(Extended Data Fig. 6b), indicating that genotoxic stress after DNA 
editing did not cause large-scale gRNA depletion. Replicate screens 
were well correlated, arguing that changes in gRNA abundance were 
robust (Extended Data Fig. 6c). A marginal level of selection of some 
gRNAs was observed during transduction and plating (comparing the 
gRNA library with the 0 week time point), which did not correlate with 
the selection occurring during the experiment (Extended Data Fig. 6d).

In this screening only 13% of cells were gene-targeted, therefore 
most competed with wild-type or NT gRNA-expressing neighbors 
(Methods and Fig. 7a). No enrichment or depletion of the NT gRNAs 
was observed, as expected for NT-expressing cells competing neutrally 
with wild-type cells. We observed the expected depletion of gRNAs 
targeting essential genes (Fig. 7b), and a slight general reduction in 
the fitness of the targeted genes likely because of the induction of 
DNA breaks not present in the NT controls. To evaluate library perfor-
mance we also performed an area under the curve (AUC) analysis for the 
cumulative fraction of ranked gRNAs66. The essential genes had an AUC 
value of 0.92, indicative of a strong depletion, whereas the NT gRNAs 

showed no evidence of depletion or enrichment over wild-type cells, 
with an AUC value of 0.39 (Extended Data Fig. 6e). We concluded that 
epithelioids are a suitable system for CRISPR–Cas9 fitness screens. We 
then analyzed enriched and depleted gRNAs to reveal genes regulat-
ing esophageal cell fitness (false discovery rate <0.1 and a >10% fold 
change difference) using MAGeCK67 (Fig. 7c,d, Extended Data Fig. 6e 
and Supplementary Table 1).

We first analyzed the 23 genes identified as drivers of clonal expan-
sion in normal esophagus in DNA sequencing studies. The gRNAs 
targeting nine of these genes (Trp53, Ripk4, Fat1, Adam10, Irf6, Notch1, 
Chek2, Ajuba and Smad4) were enriched between 0 and 3 weeks, indi-
cating that gene depletion provided a competitive advantage. The 
gRNAs targeting a further nine genes, Tp63, Ppm1d, Cul3, Pik3ca, Ccnd1, 
Zfp36l2, Arid2, Kmt2d and Nfe2l2 were depleted, indicating that loss of 
gene function resulted in negative selection. Finally, the abundance 
of gRNAs directed to Notch3, Pax9, Kdm6a, Arid1a and Notch2 was not 
significantly altered between 0 and 3 weeks, suggesting that deleting 
these genes alone in a wild-type epithelioid culture has a minimal 
effect on fitness (Fig. 7d–f and Supplementary Table 1). Therefore, 
most (78%) of the clonal drivers identified by analysis of the ratio of 
protein altering to silent mutations from sequencing human or mouse 
esophagus altered cell fitness in this CRISPR–Cas9 screen (Fig. 7d and 
Supplementary Table 1), confirming the potential of epithelioids to 
study mutational selection in normal esophagus.

Lineage-tracing studies performed in vivo in transgenic mice with 
conditional Cre/Lox alleles have shown that Notch1−/− and dominant 
negative Trp53 mutant (Trp53R245W) mutant clones have a competitive 
advantage in normal mouse esophagus33,37, correlating with the screen 
results. In addition, the gain-of-function Pik3caH1047R mutant outcom-
petes normal esophageal cells in vivo, consistent with Pik3ca deletion 
reducing cell fitness34. Gain-of-function CCND1 mutants are found in 
clonal expansions in human esophagus29 consistent with depletion 
of the corresponding gRNAs in the screen. These results suggest that 
loss-of-function mutations in the enriched targets and gain-of-function 
mutations in the depleted targets cause clonal expansion in normal 
esophagus.

To further validate the screening results, we selected an enriched 
target, Notch1. Cells null for Notch1 were derived from conditional 
Notch1fl/fl-Rosa26YFP mice33, recombined with adenoviral Cre recombi-
nase as above, and placed in mixed epithelioid culture with unrecom-
bined cells from the same animal. Notch1−/− outcompeted Notch1+/+ cells 
(Fig. 7g,h). We also examined a depleted target, Nfe2l2−/−, culturing cells 
from Nfe2l2−/− mice36 together with yellow fluorescent protein-positive 
(YFP+) wild-type cells. Nfe2l2−/− cells were depleted because they under-
went increased differentiation (Fig. 7i,j and Extended Data Fig. 6f,g).

Of the remaining 62 genes targeted in the screen, gRNAs against 
49 of them significantly altered cell fitness (Fig. 7d, k and l). Five genes 
drove clonal expansion when deleted (Chuk, Plxnb2, Crebbp, Bap1 and 
Zfp750). Consistently, Bap1 and Plxnb2 are involved in the regulation of 
stem cell fate and Chuk, Plxnb2, Zfp750 and Crebbp promote keratino-
cyte differentiation68–71. These observations argue that these depleted 
genes may drive clonal expansion in normal esophagus when targeted 
by loss-of-function mutations59.

The gRNAs targeting the other 44 genes were significantly 
depleted at 3 weeks, indicating that their targets positively regulate 
cell fitness (Fig. 7k,l). Of these genes, mutant KRasG12D or overexpres-
sion of Erbb2 causes esophageal hyperplasia in transgenic mice72,73, 
consistent with the screen results. To validate the screen findings, we 
generated epithelioids expressing KRasG12D from floxed Kras+/G12D mice 
and their uninduced counterparts, and tested their ability to compete 
with wild-type cells. Our results show that KRasG12D-expressing cells 
outcompeted wild-type cells, as predicted by the screen (Fig. 7m,n). 
Most of the clonal expansion drivers are depleted targets in the screen, 
reflecting the role of the gene product in promoting cell fitness, as is 
the case for Kras (Fig. 7l).
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In summary, we confirmed that most of the genes identified 
in sequencing studies of humans and mice esophagus as positively 
selected, do indeed regulate cell fitness. In addition, among proposed 
mutational drivers of esophageal cancer, the screen identified 49 genes 
that regulate the fitness of normal esophageal progenitor cells.

Examining the complete set of 67 fitness-regulating genes, we 
first looked for evidence of whether they were part of, or interacted 
with known negative (NOTCH, TRP53) or positive (phosphoinositide 
3-kinase (PI3K)) regulatory pathways of murine esophageal pro-
genitor fitness in vivo33,34,37. A review of the literature identified links 
between 13, 18 and 21 genes and the NOTCH, TRP53 or PI3K pathways 
respectively (Fig. 8a and Supplementary Table 1). The reported func-
tion of the gene (inhibitory or activating) was consistent in most 
cases with its depletion or enrichment in the screen (Fig. 8a). Dis-
crepancies are likely to reflect the multiple functions of the encoded 
protein in diverse pathways that may promote or inhibit fitness, 
and/or cell type differences between gene function reported in the 
literature and esophageal keratinocytes. Some additional targets 
directly affected progenitor cell proliferation or differentiation 
(Fig. 8b), including the Ripk4–Irf6 axis, which promotes keratinocyte 
differentiation downstream of Notch1 (refs. 74,75). This analysis left 
25 targets unassigned (Fig. 8c), where the fitness phenotype cannot 
be explained through the gene’s role in the above pathways in the 
literature. Finally, we noted that three enriched and nine depleted 
gRNAs target epigenetic regulators (Fig. 8d) pointing to a critical 
role for epigenetic modulation in progenitor cell fate76. Collectively, 
these findings begin to reveal the genetic networks that regulate 
progenitor fitness and demonstrate the potential of epithelioid 
cultures for such studies.

Discussion
The epithelioid system emerges as a facile and versatile method of 
generating 3D sheets of cultured primary epithelial tissue with multi-
ple applications. This technique allows the production and long-term 
maintenance of large amounts of primary 3D epithelium from a small 
initial sample without enzymatic digestion or feeder cells. It may be 
applied to human epithelia, allowing the amplification of small patient 
biopsies to study genetic or other disorders in an organotypic context. 
Murine esophageal epithelioids enable a wide range of transgenic tools 
and sensors to be leveraged. Progenitor cell dynamics may be imaged 
live, facilitated by growth on a flat transparent surface. Genetically 
manipulated cells may be followed by lineage tracing, paralleling in vivo 
studies but with substantial savings in time and cost.

A particular advantage of epithelioids over other 3D culture 
methods is their ability to self-sustain for weeks to months without 
passaging, allowing slow processes to be studied without perturba-
tion. These include competition between mutant or transformed cells 
versus wild-type cells, as shown above. Other potential applications 
are studying the effects of aging, tissue regeneration in a 3D culture, 
mutagenesis14,16, environmental exposures such as ionizing radiation36, 
long-term effects of drugs or metabolic alterations on cellular states 
and tissue function or analyzing cell–cell interactions. Such studies 
will be empowered by the ability to perform CRISPR–Cas9 screens to 
examine the genetic dependencies of phenotypes.

In this study, we explored the potential of epithelioids to investi-
gate the genes and pathways that regulate cellular fitness in a targeted 
CRISPR–Cas9 screen. Lineage tracing of selected transgenic mouse 
mutants has shown the NOTCH, PI3K, TRP53 pathways to be criti-
cal regulators of esophageal progenitors33,34,37. This approach offers 
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Fig. 8 | Effect of the identified drivers of cell competition on signaling 
pathways. a, For each pathway (NOTCH, TRP53 and PI3K/mTOR, respectively), 
diagrams indicate the effect of each pathway on esophageal progenitor cell 
fitness (enhancement in green and reduction in red), inferred from the selection 
outcome of their positive and negative regulators in the screen. Positive and 
negative regulators of each pathway (Supplementary Table 1) are placed in  
green and red boxes, respectively. b, Diagram similar to a, depicting the effect  
of genes known to regulate epithelial stemness (Supplementary Table 1).  

c, Esophageal cell fitness regulators identified in the screen that do not regulate 
the pathways shown in a. **Genes that are lethal or sub-viable when knocked 
out in mice. d, Epigenetic regulators that modulate progenitor cell fitness. For 
a–d, significantly enriched and depleted targets in the CRISPR–Cas9 screen are 
shown in blue and orange, respectively. Clonal drivers previously described are 
shown in italics and novel regulators of esophageal cell competition identified in 
the screen are shown in bold italics.
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exquisite resolution of cell dynamics, but each mutant takes years to 
study. By contrast, the CRISPR screen described here rapidly validated 
mutational drivers identified by sequencing human and mouse esopha-
gus and revealed additional regulators of cell fitness, many of which are 
linked to esophageal cancer27,29. Further investigation of these genes 
will give new insight into progenitor regulation.
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Methods
Animals
Ethical permission for mouse experiments was reviewed and approved 
by the Welcome Sanger Institute Ethics Committee and experiments 
conducted according to UK Government Home Office project licenses 
PPL22/2282, PPL70/7543 and PPL4639B40. Both male and female mice 
between 10 and 16 weeks of age at the start of the experiments were 
used. Animals were housed in individually ventilated cages and fed on 
standard chow. Mice were maintained at specific and opportunistic 
pathogen free health status.

Multiple strains were used as a tissue source. C57/Bl6 mice were 
used as wild-type, unless specified. In addition, we used the following 
genetically engineered mouse strains from the Jackson Laboratory: 
Rosa26mT/mG (RRID:IMSR_JAX:007676)83, Rosa26M2rtTA/TetO-H2BGFP 
mice84, doubly transgenic for a reverse tetracycline-controlled trans-
activator (rtTA-M2) targeted to the Rosa26 locus and a HIST1H2BJ/
EGFP fusion protein (H2BGFP) expressed from a tetracycline pro-
moter element (RRID:IMSR_JAX:005104)24,85, multicolor reporter 
line Rosa26tm1(CAG-Brainbow2.1)Cle (R26-confetti, RRID:IMSR_JAX:017492)86 
Rosa26flYFP/flYFP mice (R26-YFP, RRID:IMSR_JAX:006148)87, Rosa26nT/nG  
(RRID:IMSR_JAX:023035), Nfe2l2tm1Ywk (RRID:IMSR_JAX:017009), 
Rosa26Cas9-P2A-EGFP (RRID:IMSR_JAX:024858)63, Notch1fl/fl (RRID:IMSR_
JAX:007181)88, LSL Kras+/G12D (RRID:IMSR_JAX:019104)83 and 
Rosa26flDNM-GFP/wt (RRID:IMSR_JAX:032613R26-DNM)60,89. The other 
mouse strains used were Trp53flR245W-GFP/wt (European Mutant Mouse 
Archive, EM:13118)38, AhcreERT (ref. 90) and Rosa26mito-roGFP2-Orp1 (ref. 91).

Human esophageal epithelioid generation
Ethical approval for human cultures was obtained from the Cambridge 
South and Cambridge East Research Ethics Committees (Research 
Ethics Committee protocols 15/EE/0152 NRES Committee East of 
England—Cambridge South and 15/EE/0218 NRES Committee East 
of England—Cambridge East). Tissue was retrieved from organ trans-
plant donors with the informed consent of next-of-kin. A segment of 
mid-esophagus was excised within 60 min of circulatory arrest and 
preserved in PBS buffer until processing. Esophageal epithelium was 
peeled from the underlying muscle using forceps and most of the 
submucosa layer was scraped away using a scalpel. The sample was 
then cut into pieces (explants), placed on membrane inserts and cul-
tured as described above for mouse esophageal epithelioid cultures. 
Immunostaining was performed as described above. The efficiency was 
calculated from two donors as the proportion of explants generating 
a cellular outgrowth.

Epithelioid generation and maintenance
cFAD medium containing Dulbecco’s modified Eagle’s medium/Nutri-
ent Mixture F12 (DMEM/F12) at a ratio of 3:1 was made by mixing DMEM 
(Invitrogen, cat. no. 11971-025) and DMEM/F12 (Invitrogen, cat. no. 
31330-038), supplemented with 5% fetal calf serum (PAA Laboratories, 
cat. no. A15-041), 5% penicillin–streptomycin (Sigma-Aldrich, cat. no. 
P0781), 5 μg ml−1 insulin (Sigma-Aldrich, cat. no. I5500), 1.8 × 10−4 M 
adenine (Sigma-Aldrich, cat. no. A3159), 1 × 10−10 M cholera toxin 
(Sigma-Aldrich, cat. no. C8052), 10 ng ml−1 epidermal growth factor 
(PeproTech EC, cat. no. 100-15), 0.5 μg ml−1 hydrocortisone (Calbio-
chem, cat. no. 386698) and 5 μg ml−1 apo-transferrin (Sigma-Aldrich, 
cat. no. T2036).

Mice were euthanized, and esophagus, bladder or oral mucosa 
was collected and the muscle layer removed with forceps. Epithe-
lium was cut into pieces (up to 32 for a mouse esophagus) and placed 
on top of a transparent ThinCert 0.4 µm pore-size six-well insert of 
4.5 cm2 (Greiner Bio-One, cat. no. 657641) with the epithelium facing 
upward and the submucosa facing the membrane. Esophageal explant 
sizes ranged from 2 to 5 mm2 depending on the number of pieces into 
which the esophagus epithelium was cut. Unless otherwise specified, 
all experiments were done in 4.5-cm2 inserts with four explant pieces 

originally plated per insert. Where indicated, five explants were plated 
on top of 44-cm2 inserts (Corning, cat. no. 3419). cFAD was added to 
the top and bottom compartments (1 ml top and 2 ml bottom for the 
six-well inserts) of the inserts, which were then incubated at 37 °C 5% 
v/v CO2. During the first 48 h, epithelial cells begin migrating out of the 
explant forming a cellular outgrowth of keratinocytes that expands 
until it faces the insert walls or another cellular outgrowth. The pro-
portion of explants that formed a cell outgrowth after 7 days in culture 
is quantified to know the plating efficiency. Seven days after plating, 
when cell outgrowths had formed, explants were carefully removed 
by aspiration avoiding the outgrowing cells. Medium was changed 
every 3 or 4 days.

For esophageal epithelioids, cFAD was used to culture the cells only 
until the cultures reached confluence. Once confluent (at 15–18 days), 
mouse esophageal epithelioids were maintained in mFAD, contain-
ing DMEM (Invitrogen, cat. no. 11971-025) and DMEM/F12 (Invitro-
gen, cat. no. 31330-038) in a 1:1 ratio, supplemented with 5% fetal calf 
serum (PAA Laboratories, cat. no. A15-041), 5% penicillin–streptomycin 
(Sigma-Aldrich, cat. no. P0781), 5 μg ml−1 insulin (Sigma-Aldrich, cat. no. 
I5500) and 5 μg ml−1 apo-transferrin (Sigma-Aldrich, cat. no. T2036). 
Where indicated, epithelioids were lifted to the air–liquid interface 
by removing the media on top of the insert and were maintained for 
15 days. For bladder or oral mucosa epithelioids, confluence from 
four explants is achieved at around 15 and 20 days respectively and 
confluent cultures of these epithelioids were maintained in cFAD and 
not switched to mFAD.

A detailed protocol of epithelioid generation can be found in the 
Supplementary Note. Supplementary Video 1 shows the plating process 
used to obtain esophageal epithelioids.

To calculate cell amplification, esophageal epithelioids were trypsi-
nized 22 days after plating one explant of 1/32 part of the esophagus 
per insert. Cells were counted giving an average 2.0 × 106 ± 1.5 × 105 cells 
per culture. Basal cell density of tissue whole mounts was also quanti-
fied and the esophageal epithelium area was measured. From this, the 
average basal cell number in 1/32 of the esophagus was estimated to be 
36,000 ± 1,600 cells (Supplementary Table 1).

Explant outgrowth expansion quantification
Whole-well fluorescent images taken using an Incucyte live-cell imag-
ing system (Essen Bioscience) using its ×4 objective or phase contrast 
images taken with a ×5/0.12 numerical aperture (NA) dry objective 
in a Leica wide-field microscope AF6000 were quantified using the 
Fiji Image J software92. Explant outgrowths were manually outlined 
and areas quantified. The growth rate of cellular outgrowths at day 
6 was quantified measuring the outgrowth areas between days 5 and  
7 post-plating.

‘Punch passaging’
To further amplify primary epithelial cultures, we used a 5-mm diam-
eter biopsy punch (Kai Medical) to cut the insert membrane into 
16 pieces, each around 19 mm2 in area. Each piece was placed with 
cells facing upwards on top of a 5 μl drop of Rat tail collagen type-1 
(Sigma, cat. no. C3867-1VL) on a six-well insert. The drop was dried 
by aspiration using a vacuum pipette so that both membranes are 
closely attached. A drop of cFAD covering the attached membrane 
was added to cover the cells and 2 ml of cFAD was added to the bot-
tom compartment. Cultures were incubated at 37 °C 5% v/v CO2. 
After 3–4 days, when a cellular outgrowth began to form around the 
transplanted culture, 1 ml of cFAD was added to the upper compart-
ment of the culture insert. Cells from the transplanted membrane 
form a new confluent culture in around 20 days. We performed up 
to four consecutive rounds of punch passaging placing one 1/16 part 
of the membrane in a new insert. After reaching confluence (still in 
cFAD) a representative culture of each ‘generation’ was fixed and 
processed for immunofluorescence as explained below. To quantify 
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the efficiency, the proportion of membrane pieces that generate a 
cellular outgrowth was measured.

To analyze cell dynamics in punch-passaged cultures and compare 
it with epithelioids generated from explants or single-cell suspensions, 
six punch-passaged cultures were generated from one membrane por-
tion (cut as explained earlier) from three different mice and treated for 
2 weeks in mFAD after confluence. These cultures were compared with 
epithelioids generated from explants or single-cell suspensions and 
kept for 2 weeks in mFAD after confluence. The cells were then treated 
for 3 h in mFAD with 10 µM EdU and cultures collected immediately 
after treatment or 96 h after treatment. The proportion of EdU+ cells in 
the basal layer and the proportion of all EdU+ cells that are suprabasal 
versus the total number of EdU+ cells were quantified.

Immunofluorescence
For whole-mount staining, the mouse esophagus was opened lon-
gitudinally, the muscle layer was removed and the epithelium was 
incubated for 3 h in 5 mM EDTA–PBS buffer at 37 °C. The epithelium 
was peeled from submucosa and fixed in 4% paraformaldehyde in 
PBS for 30 min. For epithelioid staining, inserts were washed with 
PBS and fixed in 4% paraformaldehyde in PBS for 30 min. Tissue 
whole-mounts or membrane inserts were then blocked for 1 h in 
blocking buffer (0.5% BSA, 0.25% fish skin gelatin, 1% Triton X-100 
and 10% donkey serum) in PHEM buffer (60 mM PIPES, 25 mM HEPES, 
10 mM EGTA and 4 mM MgSO4·7H2O). All reagents were purchased 
from Sigma-Aldrich. Tissues were incubated with primary antibodies 
(Supplementary Table 1) overnight using blocking buffer, followed 
by four washes with 0.2% Tween-20 in PHEM buffer for a minimum 
of 15 min. When indicated, EdU incorporation was detected using 
a Click-iT chemistry kit following the manufacturer’s instructions 
(Life Technologies, cat. no. 23227). Next, whole-mounts or inserts 
were incubated overnight with 1 μg ml−1 DAPI (Sigma-Aldrich, cat. no. 
D9542) and secondary antibodies (1:500) in blocking buffer. When 
indicated, Alexa Fluor 647–wheatgerm agglutinin (WGA, 1:200; Inv-
itrogen, cat. no. W32466) was added, phalloidin–rhodamine (1:400; 
Invitrogen, cat. no. R415) was added or Alexa Fluor 647 anti-human/
mouse CD49f (1:250; BioLegend, cat. no. 313610) or CD11b (1:250; 
BioLegend, cat. no. 101218) were added. Afterwards, samples were 
washed four times for 15 min each wash with 0.2% Tween-20 in PHEM 
buffer and mounted in Vectashield (Vector Laboratories, cat. no. 
H-1000). Imaging was performed using an SP8 Leica confocal micro-
scope with a ×40 objective lens with ×1 digital zoom, optimal pinhole 
and line average, bidirectional scan, speed 400–600 Hz, resolution 
1,024 × 1,024. Three-dimensional stacks were generated including 
all the cell layers of the culture and where indicated, the basal layer 
plane was selected. Rendered confocal z-stacks were generated using 
Volocity v.6.3 (Perkin Elmer) and Imaris v.4.3 (Bitplane). Orthogonal 
views and individual planes were generated using Volocity v.6.3 
(Perkin Elmer) or Fiji ImageJ92.

Live imaging
The Incucyte live-cell imaging system (Essen Bioscience) was used 
for whole-well imaging once a day (Rosa26mTmG growth curve experi-
ments) or once a week (confetti lineage-tracing experiments) using its  
×4 objective. Images were analyzed using Fiji ImageJ software92.

To evaluate cell division and cell differentiation, epithelioids from 
Rosa26M2rtTA/TetO-H2BGFP mice93 were generated in six-well inserts. 
Confluent epithelioids in mFAD were treated with doxycycline for 5 days 
to induce H2BGFP expression. Inserts were placed in custom-made 
holders to adapt them to a Leica SP8 confocal microscope stage. Cells 
were imaged using an HC PL FLUOTAR ×40/0.6 NA dry objective taking 
images of 512 × 512 resolution at 700 Hz using a ×1.28 zoom, 0.5 Airy 
unit (AU) pinhole, and a line average of 2. Then 32-plane z-stacks were 
obtained every 25 min for up to 40 h. Time-lapses were analyzed using 
Fiji ImageJ software.

EdU proliferation and lineage tracing
For in vivo proliferation analysis, 10 μg of EdU in PBS was administered 
by intraperitoneal injection 1 h before culling. For in vitro proliferation 
analysis, epithelioids were incubated with 10 µM EdU for 1 h. For EdU 
in vitro lineage tracing, cells were incubated with EdU for 1 h, washed 
and kept in mFAD for up to 72 h. Esophageal epithelium whole-mounts 
and cultures were fixed and stained using an EdU–Click-iT kit and 
immunofluorescence as previously explained. EdU-positive basal cells 
were quantified from a minimum of 10 z-stack images using Fiji ImageJ.

Barrier formation assay
Eight epithelioids from four separate mice were incubated for 30 min 
with Lucifer yellow (1 mM; Sigma-Aldrich, cat. no. L0259) in HBSS on 
top with 2 ml HBSS in the bottom of the well. The bottom medium was 
collected in a separate plate and the fluorescence measured using a 
plate reader (BMG LABTECH 96) with excitation at 485 nm, collecting 
fluorescence at 520 nm. Bottom HBSS from an empty insert (without 
cells) treated only with HBSS was used as blank control to subtract 
basal fluorescence. One hundred percent permeability was calculated 
from the fluorescence of an empty insert (without cells) treated for 
30 min with 1 mM Lucifer yellow in HBSS on top with 2 ml HBSS in the 
bottom of the well. To measure the Lucifer yellow permeability, the 
percentage of blank-subtracted fluorescence that leaked in each well 
with cells versus the blank-subtracted fluorescence that leaked in the 
100% control was calculated.

Wound healing assay
Confluent esophageal epithelioids generated from Rosa26mTmG mice and 
cultivated with mFAD after confluence were wounded carefully using 
a microscalpel. Two vertical cuts separated by 5.5 mm were carefully 
made that correspond to the wound sides without damaging the insert 
membrane. Cells between the cuts were scraped using a microscalpel, 
and the cultures were then washed with PBS and incubated again with 
mFAD medium. Where indicated, Rosa26mito-roGFP2-Orp1 cells were added 
on top of recently wounded cultures. To extract Rosa26mito-roGFP2-Orp1 bone 
marrow cells from the bone marrow of Rosa26mito-roGFP2-Orp1 mice, leg 
bones were centrifuged at 10,000g for 15 s. The volume obtained was 
diluted in 1 ml of erythrocyte lysis buffer (8.3 g l−1 NH4Cl, 1 g l−1 KHCO3 
and 0.009% EDTA in H2O) and incubated for 5 min at 37 °C. Then 10 ml 
PBS was added and tubes were centrifuged at 300g for 5 min at 4 °C. 
The pellet was resuspended in 1 ml of mFAD and the cells were counted. 
In total, 106 bone marrow cells in 300 µl mFAD were added to the top 
compartment and after 24 h the wells were washed and 1 ml of mFAD 
placed in the top compartment. Where indicated, cultures were fixed 
during the wounding process and immunostained as above.

Daily whole-well imaging using an Incucyte live-cell imaging sys-
tem (Essen Bioscience) was performed to analyze wound closure and 
the area of the wound was measured using Fiji ImageJ software. Where 
indicated, confocal live imaging over 16 h was performed to analyze the 
incorporation of immune cells into the epithelial layers. To perform 
confocal live imaging, inserts were placed in custom-made holders 
to adapt them to a Leica SP8 confocal microscope stage. Cells were 
imaged using an HC PL FLUOTAR ×40/0.6 dry objective taking 2 × 2 
mosaic images every hour. Each image had a resolution of 4,096 × 4,096 
at 600 Hz using a ×1 zoom, 1 AU pinhole and a line average of 2. Projec-
tions of the z-stacks were generated using ImageJ.

Adenoviral infection
Cells from mice bearing Cre-inducible alleles were trypsinized (Supple-
mentary Note) and infected with Null adenovirus (Ad-CMV-Null; Vector 
Biolabs, cat. no. 1300) or Cre-expressing adenovirus (Ad-CMV-iCre; 
Vector Biolabs, cat. no. 1045), by incubating them at 37 °C and 5% CO2 
for 24 h in 0.5 ml of cFAD with 3.75 × 107 plaque-forming units per ml 
supplemented with 4 μg ml−1 polybrene (Sigma-Aldrich, cat. no. H9268) 
on top of the insert and 2 ml of cFAD on the bottom. Next, cells were 
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washed and fresh medium was added. Infection rates were >90% using 
the Rosa26-YFP mouse model.

SCA lineage tracing
Esophageal epithelioids from Rosa26confetti/confetti animals were induced 
in vitro using adenovirus-Cre as specified above. A week after induc-
tion, the medium was changed to mFAD and whole wells were imaged in 
an Incucyte system as specified before. Images obtained were analyzed 
using Fiji ImageJ.

Individual SCA that were recognizable at week 4 of imaging were 
followed until week 19 or until their small size made them undistin-
guishable from the background. Areas were quantified at the specified 
time points. The average area from week 4 to week 8 (A4–8), week 10 
to week 13 (A10–13) and week 15 to week 19 (A15–19) was used to clas-
sify the pattern of trajectory of each clone. SCA with A10–13 = 0 and  
A15–19 = 0 were classified as ‘Decay1’, SCA with A10–13 >0 and  
A15–19 = 0 were classified as ‘Decay2’, other SCA with A4–8 >  
A10–13 > A15–19 were classified as ‘Decay3’. SCA with A4–8 < A10–13 >  
A15–19 were classified as ‘Biphasic’, SCA with A4–8 < A10–13 < A15–19 
were classified as ‘Growing’; the remaining areas were classified as 
‘Steady’. Wilcoxon matched-pairs signed rank test was used between 
week 4, week 11 and week 19 to confirm the trajectories of each pattern.

Generation of p53* mutant transformed cells (p53*-TC)
AhcreERT-Trp53flR245W-GFP/wt mice were induced to express the mutant 
p53R245W allele and GFP reporter protein, by intraperitoneal injection 
of 80 mg kg−1 β-naphthoflavone (MP Biomedicals, cat. no. 156738) and 
0.25 mg of tamoxifen (Sigma-Aldrich, cat. no. N3633) as previously 
described36,38. Once month later, mice were orally treated with the 
carcinogen diethylnitrosamine (Sigma, cat. no. N0756) in sweetened 
drinking water (40 mg 1,000 ml−1) for 24 h on 3 days a week (Monday, 
Wednesday and Friday), for 2 weeks to induce the formation of early 
lesions in the esophageal epithelium, followed by exposure to five 
doses of 2 Gy of ionizing radiation (2 Gy per week) using a whole-body 
cesium source irradiator. Mice were killed and tumors were collected 
and cultured. After several rounds of expansion, by trypsin passage, 
cells were assessed for GFP expression (100% of the culture).

p53*-TC were subjected to multiplex fluorescence in situ hybridiza-
tion using mouse painting probe by the Molecular Cytogenetics Core 
Facility at Wellcome Sanger Institute. Briefly, 20 randomly selected 
metaphases were karyotyped based on multiplex fluorescence in situ 
hybridization and DAPI-banding patterns. The results were analyzed 
focusing on karyotype instability and heterogeneity in terms of struc-
tural and numerical aberrations.

Flow cytometry
Keratinocyte cultures were detached by incubation with 0.05% 
Trypsin-EDTA for 20 min at 37 °C 5% CO2. Cells were pelleted for 5 min 
at 650g and resuspended in PBS to be immediately analyzed using a 
Becton Dickinson LSRFortessa. The gating strategy for cell competi-
tion analysis of YFP− versus YFP+ populations is shown in Extended Data 
Fig. 5c. Where suprabasal and basal cells needed to be quantified, cells 
were fixed using 2% paraformaldehyde and incubated in blocking solu-
tion (0.1% BSA, 0.5 mM EDTA in PBS) for 15 min, followed by an incuba-
tion with anti-ITGA6-647 antibody (1:125; BioLegend, cat. no. 313610) 
in blocking solution for 45 min at room temperature. YFP fluorescence 
was collected using the 488 nm laser and the 530/30 bandpass filter, 
and ITGA6-647 fluorescence was collected using the 640 nm laser and 
the 670/14 bandpass filter. Data were analyzed using FlowJo (v.10.5.3). 
Basal cells were defined as ITGA6-positive cells and suprabasal cells as 
ITGA6-negative cells.

Cell competition assays
The indicated cell populations were trypsinized and mixed 1:1, except 
for the p53*-TC competing with Rosa26nTnG cells, which were mixed 

20:80, respectively. Cells were plated at a 1:1 dilution to ensure rapid 
confluence. After 1 week in cFAD, when the cultures were fully conflu-
ent, the medium was changed to mFAD and the starting time point was 
noted. At the specified time points, cells were collected and analyzed 
by flow cytometry or fixed for microscopy as stated previously. Where 
indicated, cells were treated with 2-h pulses of 1 µM epirubicin, 5 µM 
5FU, twice a week or irradiated with 2 Gy (once a week using an Xstrahl 
CIX2 or RPS CellRad RSM-009 irradiators). Cell fitness over YFP+ or 
nTnG cells was measured by quantifying fold increase of YFP− or p53*-TC 
cells respectively at the specified time point versus its proportion at 
the initial time point.

Statistics and reproducibility
No statistical method was used to predetermine sample size. No data 
were excluded from the analyses. The experiments were not rand-
omized. The investigators were not blinded to allocation during experi-
ments and outcome assessment. Two-tailed statistical tests were used 
throughout except for copy number estimation.

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

Data availability
The sequencing datasets in this study are publicly available at the 
European Nucleotide Archive. Accession numbers for RNA-seq data on  
https://www.ebi.ac.uk/ena are as follows: ERS14340821, ERS14340822,  
ERS14340823, ERS14340824 (in vivo samples) and ERS2515249,  
ERS2515250, ERS2515251, ERS2515252 (in vitro samples). The accession  
number for targeted DNA sequencing of SCA is ERP107379. Source data  
are provided with this paper.

Code availability
The pipeline code used for CNA calling and the modified QDNAseq 
package are available at https://github.com/sdentro/qdnaseq_pipeline  
and https://github.com/sdentro/QDNAseq/tree/dev respectively. The  
code developed for the quantitative clonal analysis is publicly available 
at https://github.com/gp10/ClonalDeriv3D.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Generation of mouse esophageal epithelioids.  
a, Epithelioid generation from a single esophageal explant. b, Live microscopy 
‘Incucyte’ images 5, 11 and 15 days after plating Rosa26mTmG esophageal 
explants. Color scale shows fluorescence intensity. Scale bar, 1000 μm. Images 
representative of 20 independent explants. c, Area of covered by cells from a 
single esophageal explant. Each dot represents an epithelioid. n = 6 epithelioids. 
d-e, Expansion velocity at Day 6 after plating and area of cellular outgrowth 8 
days after plating. Each dot represents a cellular outgrowth and each colour 
a different mouse (n = 29 epithelioids from 6 mice). Red bar, mean. f, Number 
of cells in epithelioids 22 days after plating an explant of 1/32th of esophagus 
(Epithelioid) compared to the basal cell number in original explant (Original 
tissue). Each dot represents a mouse or an epithelioid. Dots with the same color 
correspond to same mouse. n = 9 epithelioids from 3 mice. Red bar, mean.  
g Protocol: 5 explants from Rosa26mTmG mouse esophagus were plated in 75 mm 
diameter inserts and cultured for 20 days basal cell numbers quantified at 

the start and end of experiment. h optical sections of basal layer (top-left), 
suprabasal layer (top-right) with lateral views (bottom) of a representative area  
of 20 day culture from g. Grey, TP63, green, KRT4, and blue, DAPI. Scale bars,  
20 μm. i and j, Immunostaining against PDGFRA (red, fibroblasts), KRT4 (green), 
CD45 (grey, immune cells) and DAPI (blue), of explant and surrounding cellular 
outgrowth. Optical section with orthogonal views of explant submucosa  
(I, scale bars=44 μm) and newly formed epithelioid basal layer membrane  
(j, scale bars=41 μm). Images representative of 3 biological replicates. k-n, Mouse 
esophageal epithelioids cultured in mFAD immunostained against (k) KRT13 
(green) and DAPI (blue); (l) FABP5 (green), F-actin (red), ITGA6 (grey) and DAPI 
(blue); (m) LOR (green), ITGA6 (grey) and DAPI (blue); (n) KLF4 (green) and DAPI 
(blue). Scale bars correspond to 40μm (k, top panel), 30μm (k, bottom panel 
and l), 50μm (m) and 20μm (n). Source data in Supplementary Table 1. Images 
representative of 3 biological replicates.

http://www.nature.com/naturegenetics


Nature Genetics

Article https://doi.org/10.1038/s41588-024-01875-8

Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Amplification of mouse esophageal epithelioids.  
a, Scheme of the punch plating procedure. b, Epifluorescence microscopy images 
showing a front of Rosa26mTmG cells exiting a punch to colonize the insert. Phase 
contrast (grey) and mTomato (red). Scale bar, 100 μm. Image representative 
of 9 independent experiments. c, Proportion of epithelioid punch biopsies 
able to generate new cultures, n = 9 independent experiments. d, Protocol for 
punch plating amplification. e, Optical sections of basal cell layer (top panels) 
and lateral views (bottom panels) from confocal 3D image stacks of epithelioids 
stained for TRP63 (green), KRT4 (red), ITGA6 (grey) and DAPI (blue). Scale bars, 
20 μm. f-h, Epithelioids generated from explants, single-cell suspensions, or 
punch biopsies from epithelioids (Punch plating 1) incubated for 2 weeks after 

confluence and the last 3 hours with 10 µM EdU. Cell density in the basal layer (f), 
stratification ratio (g, percentage of EdU+ suprabasal cells versus total EdU+ cells 
96 h after EdU pulse) and the proportion of EdU+ basal cells immediately after the 
3 h EdU pulse (h). Each dot corresponds to a biological replicate (epithelioid from 
a different mouse). n = 3. Orange lines indicate average. Two-tailed paired (f-g) 
or two-tailed unpaired (h) Student’s t-test. i-k, Organoid generation from epithe
lioids. Protocol (i), representative image of esophageal organoid (j) stained for 
ITGA6 (grey), KRT4 (red), TP63 (green) and DAPI (blue), scale bar=14 μm, and 
organoid formation rate (OFR, %) (k) from esophageal epithelioids and mouse 
esophagus. n = 3 replicates from different original epithelioid cultures or mice. 
Orange bars indicate mean values. Two-tailed Mann-Whitney test.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Characterization of mouse esophageal epithelioids. 
a-c Proliferation assays. a, Protocol. S phase cells in esophagus or epithelioids 
were labeled with EdU. b, Percentage of EdU+ basal cells, each dot is an animal 
or epithelioid, orange bars, mean values. Two-tailed unpaired Student t-Test. 
n = 4–10 epithelioids or animals. c 3D rendered confocal z stack (left) and basal 
section with orthogonal views (right) of typical epithelioid, KRT4 (green), EdU 
(red), DAPI (blue). Scale bars=20 μm for x-y and 14 μm for z plane. d-g, In vitro 
cell tracking 0–72 h after an EdU pulse. d, Protocol, EdU labels S phase cells, 
after 0–72 hours EdU+ cell location was determined by imaging, revealing rates 
of division and stratification. e and f, percentage of EdU+ suprabasal cells versus 
total EdU+ cells at the indicated times (mean ± SD). Two-tailed unpaired Students 
t-Test. n = 10–18 different areas from 3 epithelioids from 3 animals. g, rendered 
confocal z stack (left) and basal section with orthogonal views (right) of typical 
epithelioid. KRT4 (green), EdU (red) and DAPI (blue). Scale bars=21 μm for x-y  
and 18 μm for z plane. h- l, RNA sequencing comparing esophageal epithelium  
(in vivo) and confluent epithelioids (in vitro). n = 4 animals and 4 epithelioids 

from 4 different animals. Correlation of Log10 normalized RNA counts of all 
transcripts (h) and selected basal cell, differentiation, cell cycle and cell fate 
modulator mRNAs (i)45,51. Orange line shows linear regression between samples 
with Pearson’s coefficient and two-tailed p-value of correlation: p = 0.0 (h), 
p = 6.43 × 10−9 (proliferative basal), p = 1.14 × 10−42 (quiescent basal), p = 1.57 × 10−47 
(early differentiating), p = 9.5 × 10−11 (intermediate differentiating), p = 1.04 × 10−64  
(stratified). Values are mean ± SD. j, Volcano plot showing Log2 fold change of 
expression between in vivo and in vitro and adjusted p-value (corrected for 
multiple testing, Supplementary Note). Orange, downregulated in vivo, blue, 
upregulated in vivo, black unchanged. k, Gene ontology analysis of Reactome 
pathways upregulated (blue) or downregulated (orange) in vivo. l, Inferred cell 
type representation from RNAseq data (Supplementary Note). m, Rendered 
confocal z stack (left), basal section (middle), suprabasal section (right) both 
with orthogonal views of epithelioid cultured at air-liquid interface for 15 days, 
incubated for 1 h with EdU. KRT4 (green), EdU (red) and DAPI (blue). Scale 
bars=22 μm for x-y and 22 μm for z plane.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Long-term maintenance and tissue dynamics of 
esophageal epithelioids. a-d, Whole genome sequencing of mouse esophageal 
epithelium and epithelioids after 4 and 8 months in culture. n = 3 animals and  
3 esophageal epithelioids from different animals per time point. Graphs showing 
the fraction of cells bearing a DNA gain or loss in each chromosome in normal 
esophageal epithelium of three mice (events present in more than 10 % of cells) 
(a), epithelioids from three different mice after 4 (b) and 8 (c) months in culture. 

d-e, Epithelioids from Rosa26confetti/confetti mice after in vitro labelling (see Methods), 
cultured for 24 weeks. Representative examples (d) and area quantification (e) 
of 351 SCA showing growing, biphasic, constant and decreasing changes in area. 
Arrows indicate selected SCA. Scale bar=500 µm. Two-tailed Wilcoxon matched-
pairs signed rank test. Mean ± SD per time point and pattern are indicated.  
Areas of SCA, grouped by change in area (see Methods), as indicated in each 
graph. f, Proportion of SCA showing each group.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Epithelioids as a tool to study cell competition.  
a, Uninduced (left, YFP-) or induced (right, YFP+) cells from mouse esophageal 
epithelioids from Rosa26YFP/YFP mice. Scale bar, 20 μm. b, Volcano plot comparing 
RNA expression (Log2 of the fold change) of induced and uninduced cells from a and 
log10 of adjusted p-value (corrected for multiple testing using the Benjamini and 
Hochberg method) after dSeq2 differential expression analysis. Red dot shows the 
only significant gene. Wald test corrected for multiple testing using the Benjamini 
and Hochberg method. c, Gating strategy for quantifying the YFP+ cell population in 

cell competition experiments with YFP+ and non-fluorescent subpopulations shown 
in Fig. 5. d, Optical sections of basal cell planes at 0 and 2 weeks of competition of 
conditions shown in Fig. 5e, Scale bar, 20 μm. e-f, M-FISH karyotyping analysis of 
p53R245W mutant cancer cells (p53*-TC) used in Fig. 5. g, Effect of each treatment on 
cell numbers (including wt and p53*-CCL cells) relative to T0. n = 3 independent 
cultures. P-values indicate comparison between each treatment and control at the 
10-week time point. Unpaired two-sided Student’s t-test. h, Images shown in Fig. 5i–l 
with their corresponding panels of DAPI channel in blue. Scale bars, 80 μm.
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Extended Data Fig. 6 | CRISPR/Cas9 fitness screen validation. a, Correlation 
between normalized read counts of the plasmid library and average gRNA reads 
at the initial time point (T0). The orange line shows the linear regression between 
samples with the Pearson’s coefficient and two-tailed p-value of the correlation. 
b, Proportion of cells expressing the BFP reporter present in the gRNA plasmid 
at the initial time point (0 weeks) and late time point (3 weeks). Every dot 
corresponds to a biological replicate. Orange bars show mean values. Unpaired 
two-sided Student’s t-test, n = 3 biological replicates. c, Correlation between the 
log fold changes (LFC) between 3 weeks and 0 weeks of each biological replicate 
(Rep 0, Rep1 and Rep2). Each color represents the correlation between a pair 
of biological replicates. The colored lines show the linear regression between 
samples with the Pearson’s coefficient and two-tailed p-value of the correlation. 

Black line indicates the identity line. d, Correlation of LFC between 0w and gRNA 
library and the LFC between 3 weeks and 0 weeks, for each biological replicate 
and gRNA. gRNA targeting essential genes are highlighted in red and gRNA 
targeting Notch1 and Trp53 in green and yellow respectively. e, Area under the 
curve analysis for the non-targeting gRNAs, gRNAs targeting essential genes and 
the rest of gRNAs used. f-g, Primary cells from wild type or Nfe2l2−/− cells, were 
mixed with YFP+ cells and kept for 15 days in culture. Optical sections of the basal 
cell plane at 0 and 15 days of competition (f, Scale bar, 20 μm) and stratification 
ratio of wild type and Nfe2l2−/− cells at day 15 (g, n = 3). Replicates correspond 
to primary cultures from different animals. Orange bars show mean values. 
Unpaired two-sided Student’s t-test.
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