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Aging epithelia are colonized by somatic mutations, which are subjected
to selectioninfluenced 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
1year, 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 selectionin 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.

Inrecent 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 ontissue culture plastics are cheap but have a
shortlifespan and may achieve limited expansionin cellnumbers from
atissue sample (Fig.1)">. 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 days*’.

Asecond culture typeis organotypic culture, initially developed by
growing epithelial cells on collagen gels placed on a permeable mem-
brane (Fig.1)®’. Such cultures give excellent differentiation. However,
other than for airway epithelia, they last only few weeks at most®™’.
More recently, complex, bioengineered tissue substitutes have been
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Fig.1|Primary epithelial culture methods. Standard’”’%, organotypic®®’*%°

and organoid®*"*? primary cultures of esophageal, oral and bladder epithelium,
compared with the esophageal epithelioid cultures described in the text.

*Expansion of cells from primary tissue can be enhanced by addition of Y27632
to the media; this is not required for epithelioid cultures. 2D, two-dimensional;
FCS, fetal calf serum.

produced in advanced bioreactors with the aim of replicating tissue
for transplantation and therapy'®". The complexity and cost of these
methods puts them beyond the reach of nonspecialized laboratories.

Many normaltissues can be cultured as organoids, which are effec-
tive at expandingtissue samples but typically require passaging every
14 days'*'°. Epithelial organoids have been highly successful in awide
range of applications from developmental biology to therapeutics” .
However, for squamous epitheliaand 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 organoid®* (Fig.1). Another drawback s cost, because organoid
media require expensive additives.

No primary cultures have beenreported 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 aperiod of months to years, to multi-millimeter sizes competing
for the limited space available in homeostatic epithelia” . Lineage
tracing in transgenic mouse models captures many of the features of
mutant clonal dynamics in human epithelia butis slow and unsuitable
for genetic screens to uncover the genes that regulate competitive
fitness?** 73,

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
1year. 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

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)*. Epithelial cells generated cellular outgrowths
from the explants with high efficiency (Fig. 2b). Explants were removed
after1 week. The outgrowing cells expanded until the cultures reached
confluence (Extended Data Fig. 1a-e and Supplementary Video 2).
Cellnumbers from a small tissue sample (1/32 of the esophagus) were
amplified 57-fold in15 days (Extended DataFig. 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 ingrowthfactors (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 x 10%-fold in 100 days (Methods, Extended
DataFig.2a-eand Supplementary Table1). Epithelioids are cost effec-
tive, with the cFAD medium being 78-fold cheaper than esophageal
organoid media (Supplementary Table1).
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Fig. 2| Characterization of mouse esophageal epithelioids. a, Protocol. The
mouse esophagus is opened longitudinally, cutinto 32 pieces and 4 pieces are
plated perinsert. Once large cellular outgrowths are formed (day 7), the explants
areremoved. 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
Sdifferent researchers). ¢, Rendered confocal z-stack of a typical confluent
epithelioid after 1 hincubation 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 um (x-y, main panel,
top down view) and 32 pm (z, inset, side view)) and esophageal epithelioid (e)
(scalebar, 38 pm (x-y) and 16 pm (2)) stained for ITGA6 (gray), K167 (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 pm (x-y) 24 pm

(2)) and esophageal epithelioid (g), scale bar, 38 pm (x-y) and 15 um (2), 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
liveimaging of H2BGFP-expressing epithelioids showing multiple z-projection
time frames labeled with a rainbow color scale, where color indicates the cell
positioninthe zplane. h, Scheme of the esophageal epithelioid structure with
the z-scale color labeling used ini-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. Timeisindicated in each frame. Scale bar, 20 um. The cells
shown are representative examples of four imaged regions each from two
independent epithelioid cultures. I, 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 transcripts®.

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 DataFig. 2f-h). Cells amplified via epithelioids can
alsobe used to generate organoid cultures with asimilar efficiency to
tissue (Extended Data Fig. 2i-k).

The long-term expansion of primary normal human esophagus
cells has been challenging*’. 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 abasal 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-
saltongue (Fig.3g,h)*. Bladder cultures formed a basal layer of KRT5*
cellsincludingasubpopulation of KRT14" progenitor cellsand KRT20*
umbrella cells (Fig. 3i)*%. Therefore, although further characterization
isrequired, 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 culturesin
depth. Once a confluent stratified culture was obtained, we maintained
itinreduced growth factor media (mFAD) (Methods), refreshed two or

three times aweek (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 cells*’, and expressed the
hemidesmosome protein ITGA6 exclusively on the basal aspect of the
cellmembraneasin vivo®. Two to four suprabasal cell layers expressing
the differentiation markers KRT4, KRT13, KLF4, FABP5 and LOR were
seen*!, Quantification showed that 100% of K167* 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 DataFig.3a-c). Cell tracking with 5-ethynyl-2’-deoxyuridine
(EdU) and confocal live imaging showed thatin epithelioids, asin 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)?**>!, 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. 31). An air-liquid interface culture,
which enhances terminal differentiation, can be used to enhance dif-
ferentiation (Extended Data Fig. 3m)®”’.

Epithelioids form an epithelial barrier with repair capacity

Next, we investigated whether esophageal epithelioids formed afunc-
tional epithelial barrier. Staining for CDH1 and TJP1 (ZO-1) (Fig. 4a-c)
suggested the presence of adherens and tight junctions typical of
stratified epithelia®**, 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. ¢, 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), K167 (green)

and DAPI (blue). Scale bar, 38 um (top down view, x-y) and 15 pm (inset, side
view, 2).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 um (x-y) and 17 pm
(2). h, Basal layer optical section (upper) and lateral view 15 pm width projection

(lower) of a typical mouse oral mucosa epithelioid stained for K167 (red), KRT4
(green), ITGA6 (gray) and DAPI (blue). Scale bar, 20 um. i, Rendered confocal
z-stack (upper) and basal plane section with orthogonal views (lower) of a typical
mouse bladder epithelioid stained for KRT20 (gray), KRTS5 (green), KRT14 (red)
and DAPI (blue). Scale bar, 28 um (x-y) and 11 pm (2). j, Outgrowth expansion
velocity at day 6 post-plating for mouse oral epithelium (mOrE), esophageal
epithelium (mEsE) and bladder epithelium (mBIE) explants. Unpaired two-tailed
Student’s t-test.n = 9,29 and 33 explants from 3, 6 and 10 mice, respectively.
Pvalues: mOrE versus mEsE, 0.0049; mOrE versus mBIE, 2.7 x 10~%; mBIE versus
mEsE, 1.4 x107. Red lines represent mean values. K, Proportion of explants that
form acellular 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.
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Fig. 4 | Epithelioids have barrier function and repair capacity. a,b, Esophageal
epithelioids grownin 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 pm.
Images are representative of three biological replicates. c, mFAD-grown esophageal
epithelioidsimmunostained for CDH1 (adherens junctions, green) and DAPI (nuclei,
blue); the basal layer plane is shown. Scale bar, 20 pm. 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 compartmentis 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 Rosa26™™° mice and incubated
inmFAD 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
toadifferent 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 Rosa26™" ™ 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 um.

i, Left: basal layer plane of a z-stack with white squares selecting afront areaand arear
area of the wound. Orthogonal sections of the front (i, middle) and rear (j, right)
areas selected from the left-hand panel. k-n, Rosa26™ ™ esophageal epithelioids
cultured inmFAD were wounded asin e, with the addition of bone marrow cells
extracted from Rosa26™* 29! mice (green) to the upper compartment right
after wounding. k, Protocol scheme.l, Confocal liveimaging images showing cell
frontand immune cells during wound healing (upper) and magnification of the cell
front to follow immune cellinternalization in the membrane Tomato membrane
GFP (mTmG) epithelial cell layer (lower). Scale bar, 20 pm. m, Immunostaining of
CD11b (gray) in an esophageal epithelioid co-cultured withbone marrow derived
Rosa26™0¢f*20m1 ce||s (green), DAPI (blue). Scale bar, 14 um. n, Quantification of
the proportion of wound closed per day. Unpaired two-tailed Student’s t-test. Lines
represent meanvalues. n =3 biological replicates for each condition. BM, bone
marrow; CTL, control; roGFP2, reduction-oxidation sensitive green fluorescent
protein2; SB, suprabasal.

epithelioids efficiently stopped the flow of Lucifer yellow (Fig. 4d)
indicating that they possess functional barrier activity®,

To test the regeneration capacity of confluent epithelioids we
generated excisional woundsin the cultures. After 15 days the wounds
had closed (Fig.4e-g). Cellsadjacent to the wound formed amigrating
frontwith reduced proliferation and stratification with asurrounding
area of highly proliferative cells, reproducing changes seen following
excisional wounding of the esophagus in vivo (Fig. 4h—j)*.

Myeloid cells from the bone marrow are recruited to promote
re-epithelization of skin wounds®*. 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 Rosa26™ P20l animals to wounded Rosa26™™¢ (membrane
Tomato membrane green fluorescent protein) epithelioids thatexpress
the red Tomato fluorescent reporter (Fig. 4k)*. Confocal microscopy
showed CD11b*immune cellsinvading epithelial layers and extending
projections to keratinocytes (Fig. 41,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 keptin 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 differentiateinto 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 vivo*, 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,fand 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 R26°V*" 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
anlIncucyte liveimaging 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
SCAdeclined, but the average size of the remaining SCA increased, so
that the total labeled arearemained approximately constant (Fig. 5i-k).
These features are hallmarks of neutral drift, observed in clones labeled
with a neutral reporter in squamous epithelia in vivo**”. Two simple
quantitative models of cell behavior in esophageal epithelium gave a
good fit to the data (Methods and Fig. 5i-k)**. We conclude that progeni-
tor dynamics in epithelioids resemble those of the mouse esophagus
in vivo*s,

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

Fig. 5| Long-term maintenance and tissue dynamics of esophageal
epithelioids. a-d, Esophageal epithelioids generated from Rosa26™™° mice
maintained without passaging for up to 12 months and stained for K167 (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 pm. 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 monthsin 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 Rosa26veionfeti
mice cultured for 24 weeks after in vitro Crerecombination (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 gand I-n.i-k, Average SCA size (i), SCA number

(j) and total labeled area (k) with experimental values (blue, mean + s.d.) and
atheoretical, 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. I-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) (I), 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 ¢-test.
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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") Rosa26"""? cells was maintained for 2 months. a, Protocol.

b, Rendered confocal z-stack of a typical epithelioid with both competing
subpopulations. ¢, 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 R26™"" mice epithelioids, uninduced (wild-type, DNM") orinduced (DNM*)
invitro, 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
ind.Scalebar, 20 um. 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 ¢-test. h—-p, Co-culture of transformed

and wild-type cells. h, Protocol to generate Trp53 mutant transformed

cells (p53*-TC). i-1, p53¥*" 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 Rosa26"™° (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 pM epirubicin
(k) or 5uM 5FU (I). Orthogonal views of basal layer optical sections of z-stacks
at 0,4 and 10 weeks of treatment. Scale bar, 80 pm. m-p, Proportion of each
subpopulation over time: control (m), 2 Gy gamma-irradiation (n), 1 pM
epirubicin (o) and 5 uM 5FU (p). n = 3. Replicates and lines connecting mean
values are shown. Pvalues indicate comparison between subpopulations
atthe 10-week time point. Unpaired two-sided Student’s ¢-test. 3-NAF,
beta-naphthoflavone; TAM, tamoxifen.

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 cancer”. Median coverage
was 106-fold. The estimated mutational burden was similar to thatin
age-matched mouse esophagus?”, arguing that the mutation rate is not
substantially increased in epithelioid culture (Fig. 5I). 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 Notchl frameshift mutation. This is
consistent with the development of spontaneous Notchl mutations
that drive clonal expansions in aging mice®”*. 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 recombinase?. 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 x 107?) (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. 5¢). The proportion of EYFP* cells remained constant over
2 months (Fig. 6¢). This recapitulates the neutral behavior of the same
reporter allele in the esophagus in vivo™.

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 vivo®®. 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 clonesinvivo, which gain acompetitive advantage by
progenitors generating fewer differentiating than progenitor daugh-
ters per average cell division®®. 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 TrpS3P45ACFP mutant mouse esophageal tumor (Methods)”. These
cells carry substantial CNA and 55% were near tetraploid (Extended
DataFig. Se,f). Epithelioid cultures with a mixture of GFP* transformed

Fig. 7| CRISPR-Cas9 cell fitness screenidentifies additional drivers of
clonal expansion. a, Protocol for the CRISPR-Cas9 targeted cell fitness screen.
n=3biological replicates from different animals. b, Violin plots showing the
distribution of log,(fold change) of gRNAs targeting essential genes (red), known
or putative clonal expansion drivers (orange) and NT gRNAs (green), between
the 3 and O week time points. ¢, The z-score is plotted against gene rank with
eachdot corresponding to agRNA. gRNAs targeting significantly depleted
genes are shown in orange and those targeting significantly enriched genes are
showninblue.d, Proportion of significantly enriched (blue), depleted (orange)
orunchanged (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 log,(fold change)
versus enrichment score for known positively selected mutant genes in normal
esophagus. f, Schematic representation of positively selected mutant clones
innormal human esophagus from donors aged between 44 and 75 years®.
Depleted, unchanged and enriched targets in the screen are shownin orange,

gray and blue, respectively. g,h, Protocol (g) and relative fitness over wild-

type cells (h) of NotchI** YFP* cells (wt) or Notchl”” 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.

ij, Protocol (i) and relative fitness over YFP* cells (j) of wild-type or Nfe2[2” 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.1, Volcano plot of log,(fold
change) versus enrichment score (k) and illustration (I) of candidate esophageal
cancer drivers fromref. 64. The font size in I reflects the proportion of mutant
samples from ref. 64.m,n, Protocol (m) and relative fitness over YFP* cells (n)

of uninduced (KRas“"*") or induced (KRas®?"**) cells from LSL Kras"°*" 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.
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cells and tdTomato* wild-type cells from a Rosa26"™° 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 cancer®. 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,0 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. 61,p
and Extended Data Fig. 5g,h), consistent with the development of SFU
resistance®. These results show the potential of epithelioids to study
the differential effects of therapy on transformed and wild-type cells
competingin along-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 seenin the esophagus of mutagenized mice”******5, Some mutants
have been validated in mouse models, but for most mutant genes there
is limited experimental evidence showing that they confer a competi-
tiveadvantage in the esophagus, other than theratio of proteinaltering
tosilent mutations®***¢*’, 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
cellsinadult tissues.

CRISPR-Cas9 gene deletionscreens are highly effectiveinrevealing
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 Rosa26“® mice constitutively expressing Cas9, to
analyze the competitive fitness of targeted cells against wild-type cells
over 3 weeks in competition (Methods)®’. Aguide RNA library was con-
structed against 23 genes whose mutants drive clonal expansioninnor-
mal human and mouse esophagus, 62 candidate drivers of esophageal
cancer defined by the Intogen project and 50 essential genes?>**356465,
Alsoincluded 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. 6¢). A marginal level of selection of some
gRNAswas observed during transductionand plating (comparing the
gRNA library with the O 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 presentin the NT controls. To evaluate library perfor-
mance we also performed an areaunder the curve (AUC) analysis for the
cumulative fraction of ranked gRNAs®. 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,
withan 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 MAGeCK® (Fig. 7c,d, Extended Data Fig. 6e
and Supplementary Table 1).

Wefirstanalyzed 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, Fatl,Adam10, Irf6, Notchl,
Chek2, Ajuba and Smad4) were enriched between 0 and 3 weeks, indi-
cating that gene depletion provided a competitive advantage. The
gRNAs targeting afurther nine genes, Tp63, Ppmid, Cul3, Pik3ca, Ccndl,
Zfp3612,Arid2, Kmt2d and Nfe2[2 were depleted, indicating that loss of
gene function resulted in negative selection. Finally, the abundance
of gRNAs directed to Notch3, Pax9,Kdméa, Aridla and Notch2was 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
proteinaltering tosilent 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 Notchl”” and dominant
negative TrpS3 mutant (Trp53*") mutant clones have a competitive
advantage in normal mouse esophagus®*, correlating with the screen
results. Inaddition, the gain-of-function Pik3ca™°*® mutant outcom-
petes normal esophageal cells in vivo, consistent with Pik3ca deletion
reducing cell fitness**. Gain-of-function CCNDI mutants are found in
clonal expansions in human esophagus® consistent with depletion
of the corresponding gRNAs in the screen. These results suggest that
loss-of-function mutationsin the enriched targets and gain-of-function
mutations in the depleted targets cause clonal expansion in normal
esophagus.

Tofurther validate the screening results, we selected an enriched
target, Notchl. Cells null for Notchl were derived from conditional
Notch™-Rosa26"" mice®, recombined with adenoviral Cre recombi-
nase as above, and placed in mixed epithelioid culture with unrecom-
bined cells from the same animal. Notchl” outcompeted Notchl™* cells
(Fig. 7g,h). We also examined adepleted target, Nfe2[2”", culturing cells
from Nfe2[2” mice>® together with yellow fluorescent protein-positive
(YFP") wild-type cells. Nfe2[2”" 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, kandI). Five genes
drove clonal expansion when deleted (Chuk, Plxnb2, Crebbp, Bap1 and
Zfp750). Consistently, Bapl and Plxnb2 are involved in the regulation of
stem cell fate and Chuk, Plxnb2, Zfp750 and Crebbp promote keratino-
cytedifferentiation®®”", These observations argue that these depleted
genes may drive clonal expansionin normal esophagus when targeted
by loss-of-function mutations®.

The gRNAs targeting the other 44 genes were significantly
depleted at 3 weeks, indicating that their targets positively regulate
cell fitness (Fig. 7k,1). Of these genes, mutant KRas®?” or overexpres-
sion of Erbb2 causes esophageal hyperplasia in transgenic mice”>”*,
consistent with the screen results. To validate the screen findings, we
generated epithelioids expressing KRas®*?” from floxed Kras''**’ mice
and their uninduced counterparts, and tested their ability to compete
with wild-type cells. Our results show that KRas“?’-expressing cells
outcompeted wild-type cells, as predicted by the screen (Fig. 7m,n).
Most of the clonal expansion drivers are depleted targetsin the screen,
reflecting the role of the gene product in promoting cell fitness, as is
the case for Kras (Fig. 71).
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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 Table1).

** Knockout mice lethal/subviable

¢, Esophageal cell fitness regulators identified in the screen that do not regulate
the pathways shownin a. **Genes that are lethal or sub-viable when knocked
outinmice.d, Epigenetic regulators that modulate progenitor cell fitness. For
a-d, significantly enriched and depleted targets in the CRISPR-Cas9 screen are
showninblue and orange, respectively. Clonal drivers previously described are
showninitalics and novel regulators of esophageal cell competition identified in
the screen are shown in bold italics.

In summary, we confirmed that most of the genes identified
in sequencing studies of humans and mice esophagus as positively
selected, doindeed regulate cell fitness. In addition, among proposed
mutational drivers of esophageal cancer, the screenidentified 49 genes
that regulate the fitness of normal esophageal progenitor cells.

Examining the complete set of 67 fitness-regulating genes, we
firstlooked 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 invivo®***, A review of the literature identified links
between 13,18 and 21 genes and the NOTCH, TRP53 or PI3K pathways
respectively (Fig. 8aand Supplementary Table1). 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 Notchl (refs. 74,75). This analysis left
25targets 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 fate”. 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-
pleapplications. 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 tohuman epithelia, allowing the amplification of small patient
biopsies to study genetic or other disordersinan organotypic context.
Murine esophageal epithelioids enable awide range of transgenic tools
and sensorsto beleveraged. Progenitor cell dynamics may beimaged
live, facilitated by growth on a flat transparent surface. Genetically
manipulated cells may be followed by lineage tracing, paralleling invivo
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. Theseinclude 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,
mutagenesis'*'®, environmental exposures such as ionizing radiation’®,
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 atargeted
CRISPR-Cas9 screen. Lineage tracing of selected transgenic mouse
mutants has shown the NOTCH, PI3K, TRP53 pathways to be criti-
cal regulators of esophageal progenitors®>**, This approach offers
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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 driversidentified by sequencing human and mouse esopha-
gusand revealed additional regulators of cell fitness, many of which are
linked to esophageal cancer””. Further investigation of these genes
will give new insight into progenitor regulation.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
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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 housedinindividually 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. Inaddition, we used the following
genetically engineered mouse strains from the Jackson Laboratory:
Rosa26™"m¢ (RRID:IMSR_JAX:007676)*°, Rosa26"%"™/TetO-H2BGFP
mice®, doubly transgenic for a reverse tetracycline-controlled trans-
activator (rtTA-M2) targeted to the Rosa26 locus and a HISTIH2B)/
EGFP fusion protein (H2BGFP) expressed from a tetracycline pro-
moter element (RRID:IMSR_JAX:005104)**%, multicolor reporter
line Rosa26™(cAC Brainbow2.)Cle ( R26-confetti, RRID:IMSR_JAX:017492)
Rosa26™™™ mice (R26-YFP, RRID:IMSR_JAX:006148)¥, Rosa26"""¢
(RRID:IMSR_JAX:023035), Nfe2l2"""k (RRID:IMSR_JAX:017009),
Rosa26<°> P45 (RRID:IMSR_JAX:024858)%, Notch (RRID:IMSR _
JAX:007181)%, LSL Kras*°*P (RRID:IMSR_JAX:019104)%* and
Rosa26™VV-SFFvt (RRID:IMSR JAX:032613R26-DNM)°°*°, The other
mouse strains used were TrpS3"2#W et (Eyropean Mutant Mouse
Archive, EM:13118)°%, Ahcref® (ref. 90) and Rosa26™ o020l (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 cutinto 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
acellular outgrowth.

Epithelioid generation and maintenance

cFAD medium containing Dulbecco’s modified Eagle’s medium/Nutri-
ent Mixture F12 (DMEM/F12) at aratio 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 ug ml™ insulin (Sigma-Aldrich, cat. no. 15500),1.8 x10™*M
adenine (Sigma-Aldrich, cat. no. A3159), 1 x107° M cholera toxin
(Sigma-Aldrich, cat. no. C8052), 10 ng ml™ epidermal growth factor
(PeproTech EC, cat. no. 100-15), 0.5 pg ml™ hydrocortisone (Calbio-
chem, cat. no. 386698) and 5 pg ml™ 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 pm pore-size six-well insert of
4.5 cm? (Greiner Bio-One, cat. no. 657641) with the epithelium facing
upward and the submucosafacing the membrane. Esophageal explant
sizes ranged from 2 to 5 mm*depending on the number of pieces into
which the esophagus epithelium was cut. Unless otherwise specified,
all experiments were done in 4.5-cm? inserts with four explant pieces

originally plated per insert. Where indicated, five explants were plated
on top of 44-cm?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/vCO,.Duringthe first48 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 daysin 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.

Foresophageal epithelioids, cFAD was used to culture the cellsonly
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 ug ml™insulin (Sigma-Aldrich, cat. no.
15500) and 5 pg ml™ 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 Video1shows the plating process
used to obtain esophageal epithelioids.

To calculate cellamplification, esophageal epithelioids were trypsi-
nized 22 days after plating one explant of 1/32 part of the esophagus
perinsert. Cellswere counted giving an average 2.0 x 10° + 1.5 x 10° 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 cellnumber in1/32 of the esophagus was estimated to be
36,000 +1,600 cells (Supplementary Table 1).

Explant outgrowth expansion quantification

Whole-well fluorescentimages taken using an Incucyte live-cellimag-
ing system (Essen Bioscience) using its x4 objective or phase contrast
images taken with a x5/0.12 numerical aperture (NA) dry objective
in a Leica wide-field microscope AF6000 were quantified using the
Fiji Image J software®. 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 mm?in area. Each piece was placed with
cells facing upwards on top of a 5 pul 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 CO,.
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 forimmunofluorescence as explained below. To quantify
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the efficiency, the proportion of membrane pieces that generate a
cellular outgrowth was measured.

Toanalyze cell dynamics in punch-passaged cultures and compare
itwith 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 inmFAD 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 uM EdU and cultures collected immediately
after treatment or 96 hafter treatment. The proportion of EdU" cellsin
the basal layer and the proportion of all EQU" cells that are suprabasal
versus the total number of EAU" 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 hin5 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 MgSO0,-7H,0). 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
wereincubated overnight with 1 pg mI™ 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 x40 objective lens with x1 digital zoom, optimal pinhole
and line average, bidirectional scan, speed 400-600 Hz, resolution
1,024 x1,024. 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 ElImer) and Imaris v.4.3 (Bitplane). Orthogonal
views and individual planes were generated using Volocity v.6.3
(Perkin Elmer) or Fiji ImageJ°®*.

Liveimaging
The Incucyte live-cell imaging system (Essen Bioscience) was used
for whole-well imaging once a day (Rosa26™™¢ growth curve experi-
ments) or once aweek (confettilineage-tracing experiments) using its
x4 objective. Images were analyzed using Fiji ImageJ software”.
Toevaluate cell division and cell differentiation, epithelioids from
Rosa26"™/TetO-H2BGFP mice’® were generated in six-well inserts.
ConfluentepithelioidsinmFAD were treated with doxycycline for 5 days
to induce H2BGFP expression. Inserts were placed in custom-made
holderstoadaptthemtoaLeica SP8 confocal microscope stage. Cells
wereimaged usingan HC PLFLUOTAR x40/0.6 NA dry objective taking
images of 512 x 512 resolution at 700 Hz using a x1.28 zoom, 0.5 Airy
unit (AU) pinhole, and aline average of 2. Then 32-plane z-stacks were
obtained every 25 min for up to40 h. Time-lapses were analyzed using
FijiImage]J software.

EdU proliferation and lineage tracing

Forinvivo proliferation analysis, 10 pg of EdU in PBS was administered
byintraperitonealinjection1h before culling. For invitro proliferation
analysis, epithelioids were incubated with 10 pM EdU for 1 h. For EAU
invitro lineage tracing, cells were incubated with EdU for 1 h, washed
and keptin mFAD for up to 72 h. Esophageal epithelium whole-mounts
and cultures were fixed and stained using an EAU-Click-iT kit and
immunofluorescence as previously explained. EQU-positive basal cells
were quantified from aminimum 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 mIHBSS inthe 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 with2 mIHBSS 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 Rosa26™™° mice and
cultivated with mFAD after confluence were wounded carefully using
amicroscalpel. Two vertical cuts separated by 5.5 mm were carefully
made that correspond to the wound sides without damaging theinsert
membrane. Cells between the cuts were scraped using amicroscalpel,
and the cultures were then washed with PBS and incubated again with
mFAD medium. Where indicated, Rosa26™© ™91 cells were added
ontop of recently wounded cultures. To extract Rosa26™ > 0vI hone
marrow cells from the bone marrow of Rosa26™"°¢P>0rP mice, leg
bones were centrifuged at 10,000g for 15 s. The volume obtained was
diluted in1 ml of erythrocyte lysis buffer (8.3 gI""NH,Cl,1g 1 KHCO,
and 0.009% EDTAin H,0) and incubated for 5 minat37 °C. Then10 ml
PBS was added and tubes were centrifuged at 300g for 5 min at 4 °C.
The pellet was resuspended in1 ml of mFAD and the cells were counted.
In total, 10° bone marrow cells in 300 pl mFAD were added to the top
compartment and after 24 h the wells were washed and 1 ml of mFAD
placed inthe top compartment. Where indicated, cultures were fixed
during the wounding process and immunostained as above.

Daily whole-wellimaging 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 liveimaging over 16 hwas 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 x40/0.6 dry objective taking 2 x 2
mosaicimages every hour. Eachimage had aresolution of 4,096 x 4,096
at 600 Hzusinga x1zoom, 1 AU pinhole and aline 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 Nulladenovirus (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% CO,
for 24 hiin 0.5 ml of cFAD with 3.75 x 107 plaque-forming units per ml
supplemented with 4 pg ml™ 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 Rosa26°v /et gnimals were induced
in vitro using adenovirus-Cre as specified above. A week after induc-
tion, the medium was changed to mFAD and whole wells wereimaged in
anlIncucyte systemas 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 fromthe 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 ‘Decayl’, 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, week11and week 19 to confirm the trajectories of each pattern.

Generation of p53* mutant transformed cells (p53*-TC)
Ahcre™RT-Trp53MR24W-crPiut mijce were induced to express the mutant
pS3745¥ gllele and GFP reporter protein, by intraperitoneal injection
of 80 mg kg™ B-naphthoflavone (MP Biomedicals, cat.no.156738) and
0.25 mg of tamoxifen (Sigma-Aldrich, cat. no. N3633) as previously
described®**®, Once month later, mice were orally treated with the
carcinogen diethylnitrosamine (Sigma, cat. no. NO756) in sweetened
drinking water (40 mg 1,000 ml™) 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 awhole-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*TCwere subjected to multiplex fluorescence insitu 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 insitu
hybridization and DAPI-banding patterns. The results were analyzed
focusing onkaryotypeinstability 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% CO.,. 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* populationsis shownin 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 anincuba-
tion with anti-ITGA6-647 antibody (1:125; BioLegend, cat. no. 313610)
inblocking solution for 45 min atroomtemperature. YFP fluorescence
was collected using the 488 nm laser and the 530/30 bandpass filter,
andITGA6-647 fluorescence was collected using the 640 nmlaser 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
Theindicated cell populations were trypsinized and mixed 1:1, except
for the p53*-TC competing with Rosa26"™¢ 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 uM epirubicin, 5 uM
5FU, twiceaweekorirradiated with 2 Gy (once aweek using an Xstrahl
CIX2 or RPS CellRad RSM-009 irradiators). Cell fitness over YFP* or
nTnG cellswas measured by quantifying foldincrease of YFP~ or p53*-TC
cells respectively at the specified time point versus its proportion at
theinitial 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. Theinvestigators 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
EuropeanNucleotide Archive. Accession numbers for RNA-seq dataon
https://www.ebi.ac.uk/enaare as follows: ERS14340821,ERS14340822,
ERS14340823, ERS14340824 (in vivo samples) and ERS2515249,
ERS2515250, ERS2515251, ERS2515252 (invitro samples). The accession
number for targeted DNA sequencing of SCAis ERP107379. Source data
are provided with this paper.

Code availability

The pipeline code used for CNA calling and the modified QDNAseq
packageareavailable 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| Generation of mouse esophageal epithelioids.

a, Epithelioid generation from a single esophageal explant. b, Live microscopy
‘Incucyte’ images 5, 11and 15 days after plating Rosa26™™° esophageal
explants. Color scale shows fluorescence intensity. Scale bar, 1000 pm. Images
representative of 20 independent explants. ¢, Area of covered by cells froma

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
adifferent mouse (n = 29 epithelioids from 6 mice). Red bar, mean. f, Number
of cellsin 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 amouse 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 Rosa26™™° 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 pm.iandj, 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 pum) and newly formed epithelioid basal layer membrane

(j, scale bars=41 pm). Images representative of 3 biological replicates. k-n, Mouse
esophageal epithelioids cultured in mFAD immunostained against (k) KRT13
(green) and DAPI (blue); (I) FABPS (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 40pm (k, top panel), 30um (k, bottom panel
andl), 50pum (m) and 20pum (n). Source datain Supplementary Table 1. Images
representative of 3 biological replicates.
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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 Rosa26™™° cells exiting a punch to colonize the insert. Phase
contrast (grey) and mTomato (red). Scale bar, 100 um. Image representative
of 9independent experiments. ¢, 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 um. 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 pM EdU. Cell density in the basal layer (f),
stratification ratio (g, percentage of EAU" suprabasal cells versus total EAU" cells
96 h after EdU pulse) and the proportion of EdU+ basal cellsimmediately after the
3 hEdU pulse (h). Each dot corresponds to a biological replicate (epithelioid from
adifferent 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
ITGAG6 (grey), KRT4 (red), TP63 (green) and DAPI (blue), scale bar=14 pm, 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| Characterization of mouse esophageal epithelioids.
a-cProliferation 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 ¢-Test.
n=4-10 epithelioids or animals. ¢ 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 pum for x-y and 14 pm 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 EQU" 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), EAU (red) and DAPI (blue). Scale bars=21 um for x-y
and 18 um for z plane. h-1, RNA sequencing comparing esophageal epithelium
(invivo) and confluent epithelioids (in vitro). n = 4 animals and 4 epithelioids

from 4 different animals. Correlation of Log,, normalized RNA counts of all
transcripts (h) and selected basal cell, differentiation, cell cycle and cell fate
modulator mRNAs (i)***'. Orange line shows linear regression between samples
with Pearson’s coefficient and two-tailed p-value of correlation: p=0.0 (h),
p=6.43x10"’ (proliferative basal), p = 1.14 x 10 * (quiescent basal), p =1.57 x 10"+
(early differentiating), p = 9.5 x10™" (intermediate differentiating), p = 1.04 x 10™**
(stratified). Values are mean + SD. j, Volcano plot showing Log, 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 invivo, black unchanged. k, Gene ontology analysis of Reactome
pathways upregulated (blue) or downregulated (orange) in vivo.1, Inferred cell
type representation from RNAseq data (Supplementary Note). m, Rendered
confocal zstack (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 pm for x-y and 22 pm for z plane.
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Extended DataFig. 4 | Long-term maintenance and tissue dynamics of d-e, Epithelioids from Rosa26ve«/on mice after in vitro labelling (see Methods),
esophageal epithelioids. a-d, Whole genome sequencing of mouse esophageal cultured for 24 weeks. Representative examples (d) and area quantification (e)
epithelium and epithelioids after 4 and 8 months in culture. n = 3 animals and of 351 SCA showing growing, biphasic, constant and decreasing changes in area.

3 esophageal epithelioids from different animals per time point. Graphs showing Arrows indicate selected SCA. Scale bar=500 pm. Two-tailed Wilcoxon matched-
the fraction of cells bearing a DNA gain or loss in each chromosome in normal pairs signed rank test. Mean + SD per time point and pattern are indicated.
esophageal epithelium of three mice (events present in more than 10 % of cells) Areas of SCA, grouped by change inarea (see Methods), asindicated ineach

(a), epithelioids from three different mice after 4 (b) and 8 (c) monthsin culture. graph. f, Proportion of SCA showing each group.
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Extended DataFig. 5| Epithelioids as a tool to study cell competition.
a,Uninduced (left, YFP-) orinduced (right, YFP*) cells from mouse esophageal
epithelioids from Rosa26"""*” mice. Scale bar, 20 um. b, Volcano plot comparing
RNA expression (Log, of the fold change) of induced and uninduced cells froma and
log,, 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. ¢, Gating strategy for quantifying the YFP* cell populationin

cell competition experiments with YFP* and non-fluorescent subpopulations shown
inFig.5.d, Optical sections of basal cell planes at 0 and 2 weeks of competition of
conditions showninFig. 5e, Scale bar, 20 pm. e-f, M-FISH karyotyping analysis of
p53*Wmutant cancer cells (p53*TC) used in Fig. 5. g, Effect of each treatment on
cellnumbers (including wt and p53*-CCL cells) relative to TO. n = 3independent
cultures. P-valuesindicate 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-1
with their corresponding panels of DAPI channel in blue. Scale bars, 80 pm.
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Extended Data Fig. 6 | CRISPR/Cas9 fitness screen validation. a, Correlation
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b, Proportion of cells expressing the BFP reporter present in the gRNA plasmid
at theinitial time point (O 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. ¢, Correlation between the
log fold changes (LFC) between 3 weeks and O weeks of each biological replicate
(Rep 0, Repland 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 lineindicates the identity line. d, Correlation of LFC between Ow and gRNA
library and the LFC between 3 weeks and O weeks, for each biological replicate
and gRNA. gRNA targeting essential genes are highlighted in red and gRNA
targeting Notchl and Trp53in 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 Nfe2[2”" 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 um) and stratification
ratio of wild type and Nfe2[2” 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 ¢-test.
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Data collection  Confocal images were obtained using the Leica acquistion Software LAS X (v3.5.7.23225, Leica). Incucyte Zoom System 2015A (Essen
Bioscience) was used to collect live imaging wide-field images.

Data analysis Imaris 4.3 (Bitplane) or Volocity 6.3 Software (Perkin Elmer). Incucyte Zoom System 2015A (Essen Bioscience) were used to render and analyse
images, with ImageJ .53t (Fiji).
RNAseq analysis: Reads were mapped using STAR 2.5.3a, the alignment files were sorted and duplicate-marked using Biobambam?2 2.0.54,
and the read summarization performed by the htseg-count script from version 0.6.Ipl of the HTSeq framework. Differential gene expression
was analyzed using the DEBrowser tool (https://debrowser.umassmed.edu/) with which we performed a DESeq2 analysis. Paired-end reads
were aligned with BWA-MEM (v.0.7.17, https://github.com/Ih3/bwa) with optical and PCR duplicates marked using BBiobam bam2 (v .2.0.86,
https://gitlab.com/german .tischler /biobambam?2, https://www.sanger.ac.u k/science/tools/biobam barn).
Mutation calling was with the ShearwaterML algorithm from the deepSNV package (vI.21.3, https://github.com/gerstung-lab/deepSNV). Copy
number analysis of whole exome sequenced using QDNAseq (https://github.com/ccagc/QDNAseq/). Flow cytometry data was analysed using
FlowJovl0.5.3 (Becton Dickinson). CRISPR screen data was analysed using MAGeCK v0.5.9.2., MAGeCKFlute_1.99.2 and R version 4.1.3
including the Ineq package (2022-03-10).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The sequencing data sets in this study are publicly available at the European Nucleotide archive (ENA) Accession numbers for RNAseq data on https://
www.ebi.ac.uk/ena are as follows: In vivo samples: ERS14340821, ERS14340822, ERS14340823, ERS14340824. In vitro samples: ERS2515249, ERS2515250,
ERS2515251, ERS2515252. Accession numbers for targeted DNA sequencing of SCA is ERP107379. Data used to generate each figure is available in Supplementary
table | and source data linked to figures.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Human samples from both sexes were used to generate primary epithelioid cultures.

Reporting on race, ethnicity, or Racial, ethnic and social information was not collected in this study
other socially relevant

groupings

Population characteristics Deceased organ donors from whom organs were being retrieved for transplantation. The samples were a small, unselected
sample of organ donors in the Eastern region of England. There were 4 males and one female aged 35-80. The sample is too
small to be representative of the population. Donors had no history of esophageal disease including cancer.

Recruitment Consecutive consenting subjects from whom suitable tissue was available were recruited.

Ethics oversight Informed consent was given by donor next of kin. Ethical approval was obtained from the Cambridge South Ethics

Committee, Research Ethics Committee reference: 15/ EE/0152 NRES Committee East of England - Cambridge South

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was not predetermined by statistical methods. Sampling size was determined by pilot studies for cell competition performed in
previous studies: PMID: 31327664, PMID: 30269904 and PMID: 22821983.

Data exclusions  No data was excluded from analyses.

Replication Each culture or mouse was considered an independent experimental unit. Experiments were performed in three or more experimental units
with the exception of live imaging in figure 2 which was performed on two independent cultures in technical quadruplicate.

Randomization  Cultures of the same genotype were randomly assigned to conditions (Figs 4,5,6).

Blinding Blinding was not performed as the presence of reporter alleles revealed the genotype of cells on imaging and flow cytometry.
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Antibodies used KRT4, Abcam, Ab9004
TP63,GeneTex, GTX102425
CDH1, CST, 3195
PDGFRA Novus Biologicals AF1062
CD45 Biolegend 103102
MKI67Abcam ab16667
KRT20 Dako M7019
KRT14 Bio legend 905301
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GFP ThermofFisher Scientific A10262
KLF4 RnD SYSTEMS AF3158
TJP1 (ZO1) Invitrogen 61-7300
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Alexa Fluor 488 Donkey Anti-Mouse Thermo Fisher Scientific A-21202
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Validation KRT4, Western blot, suprabasal cell staining pattern by 3D imaging matches scRNAseq,PMC7611004.
TP63 Staining correlates with Trp63 cre/reporter strain in mouse tissue (PMC955321)
CDH1, Absent staining after Cdh1 deletion in mouse tissue (PMC6011231)
PDGFRA Genetic deletion abolishes signal on Western Blot (PMC9423027)
CD45 validated by flow cytometric sorting and RNAseq (PMC9536276)
MKI67 Validated by CRISPR knockout showing loss of reactivity, on manufacturer's website.
KRT20 Lack of staining on KRT20 negative cell line, Western blotting (PMC2644142)
KRT14 labels basal squamous epithelia (https://www.informatics.jax.org/antibody/key/2068)
ITGAG Staining undetectable in knockout mice (PMID: 8673141)
KRTS Staining correlates with scRNAseq (PMC9808897)
GFP Detects GFP with no cross reactivity with mammalian proteins, data on manufacturer's website.
KLF4 Genetic deletion of KLF4 abolishes staining in mouse tissue (PMC4718159)
TJP1 (ZO1) SiRNA knockdown of TRP1 shows loss of both band on Western blot and staining on immunofluoresence (PMC4612710)
FABPS Validated by CRISPR knockout showing loss of reactivity, on manufacturer's website.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293FT cells (ATCC 3216)
Authentication Purchased from ATCC, was not authenticated.
Mycoplasma contamination Cells were regularly tested for mycoplasma and were negative.

Commonly misidentified lines  no commonly misidentified lines were used in this study.
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mice from the following strains were used in the study: Rosa26mT/mG (RRID:IMSR_JAX:007676), Rosa26M2rtTA/TetO-H2BGFP mice,
doubly transgenic for a reverse tetracycline-controlled transactivator (rtTA-M2) targeted to the Rosa26 locus and a HIST1H2BJ/EGFP
fusion protein (H2BGFP) expressed from a tetracycline promoter element (RRID:IMSR_JAX:005104), multicolor reporter line
Rosa26tml(CAG-Brainbow?2.I)Cle (R26-confetti, RRID:IMSR_JAX:017492), Rosa26flIYFP/fIYFP mice (R26-YFP, RRID:IMSR_JAX:006148),
Rosa26nT /nG (RRID:IMSR_JAX:023035 ), Nfe212tml Ywk (RRID:IMSR_JAX:017009), Rosa26Cas9-P2A-EGFP
(RRID:IMSR_JAX:024858)46, Notchlfl/fl (RRID:IMSR_JAX:007181), LSL Kras+/G12D (RRID:IMSR_JAX:019104) and Rosa26fIDNM-GFP/
Wt(RRID:IMSR_JAX:032613R26-DNM). The other mouse strains used were Trp53fIR245W-GFP/wt (European Mutant Mouse Archive,
EM:13118)29, Rosa26mito-roGFP2-ORP1,and AhcreERT. Cultures were established from animals of both sexes and any age above 6
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weeks.
Wild animals No wild animals were used.
Reporting on sex Cultures were established from animals of both sexes. No sex specific differences were observed.

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

Ethics oversight All mouse experiments were ethically reviewed and approved by the Welcome Sanger Institute Ethics Committee and conducted in
accordance with UK government Home Office project licences.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Not applicable.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
Plants

Seed stocks Not applicable.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres foreach seed stock-tised-ornovel- genotype generated—Describe-any-experiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

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

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

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




Methodology

Sample preparation Primary cells grown as epithelioids were trypsinized to obtain a cell suspension
Instrument Becton Dickinson (BO) LSRFortessa
Software FACSDiva'M Software (BO-Biosciences)

FlowJo software (version 10.5.3)

Cell population abundance 20000 single cells were analysed per sample.

Gating strategy Single cells were selected using FSC-A/FSC-H and the cells expressing the fluorescent reporter quantified. YFP fluorescence
was collected using the 488 nm laser and the 530/30 bandpass filter. ITGA6-647 fluorescence, to discriminate between basal

and suprabasal cells, was collected using the 640 nm laser and the 670/14 bandpass filter.

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

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ Jused [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both




Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)
Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

-
Q
C
=
()

o
o)
=
o
=
-
D)

S,
o)
E,..
)

Q@
wm
C
3
=
Q
S

<

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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