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Abstract 

The earliest events during human tumor initiation are poorly characterized but may hold clues as 
to how to detect and prevent malignancy. Here we model occult pre-neoplasia by engineering 
TP53 deficiency, a common and early event in gastric cancer, into human gastric organoids. By 
performing experimental evolution in multiple clonally derived cultures over two years we define 
causal relationships between this common initiating genetic lesion and resulting phenotypes. 
TP53 loss elicited progressive aneuploidy, including copy number alterations and complex 
structural variants that are common in gastric cancers and which follow preferred temporal orders. 
Longitudinal single cell sequencing of TP53 deficient gastric organoids similarly indicates 
progression towards malignant transcriptional programs. Moreover, lineage tracing with 
expressed cellular barcodes demonstrates reproducible dynamics whereby initially rare 
subclones with shared transcriptional programs repeatedly attain clonal dominance. This powerful 
platform for experimental evolution exposes stringent selection, clonal interference and a striking 
degree of phenotypic convergence in pre-malignant epithelial organoids, implying that the earliest 
stages of tumorigenesis may be predictable while illuminating evolutionary constraints and 
barriers to malignant transformation. 
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Introduction 
In rapidly adapting asexual populations, including microbes, viruses and cells within tumors, 
multiple mutant lineages often compete for dominance within the population (1). These complex 
dynamics determine the outcomes of evolutionary adaptation, but are difficult to directly observe 
in vivo (2). Experimental evolution in vitro can provide a window into this otherwise unobservable 
process, enabling characterization of adaptation, the identification of mutant clones and their 
fitness benefits (3, 4). Such controlled experimental systems have yielded fundamental insights 
into microbial and viral evolution in unvarying or consistently varying conditions. The same forces 
of mutation and selection fuel clonal expansions in somatic cells during aging, contributing to 
malignancy, but the dynamics are poorly understood (5–7). 

Cancers often arise from a mutated cell that undergoes premalignant clonal expansion, 
all the while accruing additional mutations.  These somatic mutations accumulate and spread in 
phenotypically normal tissues prior to apparent morphological changes, with aneuploidy and 
driver gene mutations preceding cancer diagnosis by years (5, 6, 8–10). Identifying the causes of 
malignant transformation requires characterization of abnormal molecular phenotypes that 
precede this event in a tissue-specific manner. However, repeat sampling of healthy human tissue 
or pre-neoplasia is not practical. Critically, neither the order of somatic alterations nor the patterns 
of clonal expansion that precede malignant transformation can be inferred from genomic 
sequencing of established tumors (5, 10). New approaches are therefore needed to characterize 
occult pre-neoplastic clonal dynamics to inform strategies for earlier detection and intervention.  

Identification of the drivers and dynamics of pre-malignancy is especially critical for 
cancers that have long lead times but lack routine screening, contributing to late diagnoses and 
poor clinical outcomes. As the fourth-leading cause of cancer mortality worldwide, gastric cancer 
(GC) epitomizes this challenge and represents a major public health burden due to late 
presentation, poor prognosis and limited treatment options (11, 12). Accordingly, there is a critical 
need to identify the molecular determinants of GC and its precursors. Recent efforts have resulted 
in forward-genetic and tumor-derived murine and human GC organoids (13–16), demonstrating 
their utility as pre-clinical models.  Although  forward-genetic models can capture aspects of pre-
neoplasia, combinatorial hits are often engineered to accelerate tumorigenic phenotypes, 
bypassing nascent progression (13, 14). 

We take a distinct approach to model tumorigenesis from the “bottom up”, harnessing the 
power of experimental evolution, human organoids and CRISPR/Cas9-mediated genome editing 
to define causal relationships between initiating genetic lesions and the resultant genotypes and 
phenotypes by tracing somatic alterations and clonal expansions over multiple generations in 
vitro. Using human gastric organoids as a tabula rasa, we study pre-neoplasia by engineering 
TP53 inactivation in replicate clonally derived cultures from non-malignant tissue from three 
donors and performing experimental evolution for over two years under defined conditions. 
Organoids recapitulate cellular attributes of in vivo models, including three-dimensional tissue 
structure, multi-lineage differentiation and disease pathology, while retaining the tractability of in 
vitro models, rendering them ideal for this task (17). We model TP53 deficiency since this potent 
tumor suppressor is altered in the majority (>70%) of chromosomal instable (CIN) GCs, the largest 
molecular subgroup of disease, comprising 50% of all GCs. Inactivation of TP53 is a nearly 
ubiquitous early event preceding numerical and structural chromosomal abnormalities 
(aneuploidy) in CIN GC (14). While most solid cancers are aneuploid due to a CIN phenotype with 
p53 loss permissive for CIN (18), whether TP53 loss can elicit aneuploidy remains controversial 
and is likely tissue type dependent (19–22).  For example, TP53 deficiency or the introduction of 
TP53 hotspot missense mutations was sufficient for aneuploidy in non-transformed MCF10a 
mammary cells, whereas in colon organoids, dual inactivation of the APC gatekeeper tumor 
suppressor and TP53 was needed, emphasizing tissue specificities and context dependencies 
(23–25). More generally, TP53 alterations are associated with aneuploidy and poor prognosis 
across human cancers, irrespective of mutation type (truncating versus missense), but the extent 
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to which specific aneuploidies and copy number alterations (CNAs) are selectively advantageous 
and their functional impact on transcriptional programs and malignant transformation has been 
difficult to study (18, 21).  

Here we investigate the molecular and phenotypic consequences of this common initiating 
event through longitudinal genome sequencing, transcriptional profiling and cellular barcoding of 
independent TP53 deficient (null) gastric organoid cultures derived from three donors. Given the 
varied functions of the p53 network (26, 27), we model TP53 deficiency rather than specific loss 
or gain of function point mutations, facilitating interpretation of resultant phenotypes. We 
demonstrate that multi-year experimental evolution in TP53-/- gastric organoids recapitulates 
genomic and transcriptomic hallmarks of gastric malignancy, including the multi-hit, temporal 
acquisition of CNAs, enabling unbiased discovery of the molecular determinants of adaptation to 
TP53 deficiency and candidate drivers. The resultant data define genotype to phenotype maps of 
gastric pre-neoplasia, revealing extensive clonal interference and rapid adaptation, underpinned 
by temporal genomic contingencies and phenotypic convergence. Our findings highlight the 
power of experimental evolution in human organoids to investigate pre-neoplastic processes and 
the repeatability of somatic evolution with implications for anticipating and thwarting malignancy.  

 
TP53 loss induces gastric cancer associated CNAs in a defined temporal order  
To model the earliest stages of tumor initiation in CIN GC, we established human gastric 
organoids from non-malignant corpus (body) tissue from three donors undergoing sleeve 
gastrectomy and performed CRISPR/Cas9-editing to introduce bi-allelic TP53 frameshift-inducing 
indels, thereby yielding an inactive gene product (Fig. 1A, Fig. S1-2, Methods). For each donor 
(D1-3), 3 independent clonally-derived cultures (C1-3) were established, yielding 9 cultures for 
long-term propagation, 5 of which were further split into 3 replicates each (R1-3) for barcoding 
studies (n=24 cultures, Table S1, Methods). A second ‘hit’ in the tumor suppressor APC, a 
negative regulator of the Wnt pathway, altered in 20% of CIN GC (Fig. S2A,B) was engineered 
concurrently in cultures 2 and 3 from donor 3 (referred to as D3C2 and D3C3, Fig. S2C,D) to 
investigate whether double knockout (KO) promotes accelerated evolution or aneuploidy. Single 
CRISPR/Cas9-edited organoids were picked following selection with Nutlin-3 (for TP53 loss) and 
removal of WNT and RSPO (for APC loss) and expanded (25). Clonal status of CRISPR edit sites 
were verified via Sanger sequencing and confirmed through WGS at multiple time points (Fig. 
S2C,D, S3). Throughout, we refer to time as days after TP53 or TP53/APC KO unless otherwise 
stated. 

We asked whether TP53 deficiency elicits aneuploidy in gastric organoids, as evidenced 
by numeric and/or structural chromosomal abnormalities (genome instability). To investigate the 
landscape of CNAs, we performed shallow whole genome sequencing (sWGS; median 0.2x 
coverage, Table S2) across the 9 cultures at up to 7 timepoints each (n=125 sWGS assays). 
TP53 deficient organoids progressively acquired CNAs, where chromosome-arm level losses 
accrued first, followed by copy number gains (Fig. 1B). In contrast, wild-type (WT) gastric 
organoids remained genomically stable during long-term culture (13-26 passages, Fig. S4A). 
Distinct donors and TP53 KO cultures from the same donor exhibited variable patterns of CNAs, 
suggesting that genetic background does not wholly constrain the spectrum of subsequent 
alterations (Fig. 1C, S4A). Despite this variability, CNAs prevalent in the TCGA GC cohort (28) 
were recurrently altered in TP53-/- cultures, including loss of chromosome (chr) 3p (44% of 
organoid cultures, 32% in GC ie 44%, 32%), loss of chr 9p (77%, 44%), loss of chr 18q (67%, 
31%) and gain of chr 20q (55%, 79%) (Fig. S4B-C). Additionally, arm-level CNAs present in two 
or more TP53 or TP53/APC KO cultures were significantly more frequent than alterations present 
in one or fewer cultures in both gastric and esophageal cancers but not in other tumor types (p< 
0.05, two-sided Wilcoxon rank sum test, Fig. S4C). 

Across all cultures the fraction genome altered (FGA), a measure of aneuploidy, increased 
over time although the rates varied and tended to plateau after 600 days (Fig. 1D, Methods). For 
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example, D1C1, which accrued early arm-level alterations exhibited greater than 20% of genome 
altered by day 260, whereas the median FGA across all cultures at a similar midpoint was ~5%. 
Of note, the TP53 KO and TP53/APC double KO cultures exhibited comparable levels of FGA at 
the final time point (average 11.3% and 10.7%, respectively), consistent with expectation that 
APC loss does not fuel aneuploidy in gastric cells and distinct from the requirement for dual 
TP53/APC KO for aneuploidy in colon organoids (25). As expected, these values are lower than 
that of established CIN, TP53 mutant GCs in TCGA (median FGA 34.5% per cBioPortal). In 
several cultures, the FGA decreased over an interval, owing to clonal extinction. For instance, 
D3C3 had higher FGA at day 190 (7.8%) than day 442 (4.9%) due to the loss of a clone harboring 
chr13 deletion between days 190 and 260, as evident from the sWGS data (Fig. 1D, S4A). 
Similarly, D2C2 lost a subclone with chr9q amplification between days 428 and 609, resulting in 
a more modest decrease in FGA (16.4% to 14.5%).  

We next investigated the temporal onset of arm-level and focal CNAs in TP53 deficient 
gastric organoids, revealing constraints in the timing of these events (Fig. 1E, Table S3). For 
example, loss of chr9p and chr3p, repeatedly occurred (across donors and cultures) within 200 
days after TP53 KO but seldom later, suggesting a period during which these alterations were 
particularly selectively advantageous. The chr9p deletion spans the tumor suppressor CDKN2A 
which is commonly altered in the CIN subgroup of gastric (~41%, Fig. S2A) and esophageal 
(~74%) adenocarcinomas, and commonly co-occurs with TP53 alterations (14, 28). Loss of 
CDKN2A is also one of the earliest alterations associated with progression of Barrett’s esophagus 
(BE) to dysplasia and esophageal adenocarcinoma (29). Moreover, in murine gastric organoids, 
co-deletion of TP53 and CDKN2A promoted premalignant progression and induced replication 
stress, a known source of DNA breaks (14). Deeper sequencing of gastric organoids confirmed 
bi-allelic loss of CDKN2A via focal deletion (D3C1, D3C3) or truncating mutations in p16 (INK4A) 
(D1C3) on the backdrop of heterozygous loss (Fig. S5A, S6B,D, Table S3). Deletion of the fragile 
histidine triad protein (FHIT/FRA3B) encoded on chr3p also commonly occurred in TP53 deficient 
gastric organoids by 190 days (median) as a result of whole arm (exemplified in D1C1, D2C2) 
and/or focal (exemplified in D3C1, D2C1) losses (Fig. 1E, 2D, S6A,C, S9, Table S3). Similar to 
TP53, FHIT functions as a genome caretaker that is often lost early during tumor progression and 
results in deoxythymidine triphosphate depletion contributing to replication stress and DNA breaks 
(30). Of note, 12% of CIN GC harbor FHIT alterations (Fig. S2A). The recurrent and apparent 
stringent selection for loss of these two tumor suppressors early during in vitro evolution of TP53 
deficient gastric organoids and in gastroesophageal tumors implies a role in tumor initiation, 
although alone they are insufficient for malignant transformation (31, 32). Numerous additional 
GC-associated CNAs accrued during in vitro culture, including chr18q and gain of chr20q which 
consistently occurred relatively late (~600 days after TP53 loss). Such preferentially late 
alterations may reflect changes in selective pressures concomittant with increased fitness or new 
evolutionary paths enabled by earlier alterations (4). These data demonstrate that TP53 loss is 
permissive for aneuploidy in gastric cells, resulting in the acquisition of multiple GC-associated 
CNAs in a defined temporal order, reflecting evolutionary contingencies in the context of this 
common instigating event.  
 
TP53 deficiency elicits complex structural variation and clonal interference  
To evaluate genomic evolution following TP53 loss in greater depth, we performed WGS (mean 
coverage 26x, Table S4) of five TP53 deficient gastric organoid cultures sampled at Mid (296 
days) and Late (718-756 days) time points, while two of these cultures (D2C2, D3C1) were 
sequenced at four additional time points (Fig. 2A, S5A). The sequencing data confirmed bi-allelic 
inactivation of TP53 and APC at the expected CRISPR/Cas9 edit sites (Fig. S3). Similar to the 
findings based on sWGS, these data reveal an increase in the weighted genome instability index 
(wGII), the fraction of genome with loss of heterozygosity (LOH) as well as increased focal 
deletions and amplifications during prolonged culture (Fig. 2A, S5B, Table S5). These changes 
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were dominated by deletions while overall genomic content remained diploid as inferred from the 
genomic data and verified via FACS (Fig. S5C, Table S6). In addition, the WGS data enabled 
evaluation of the landscape of single nucleotide variants (SNVs) and structural variants (SVs), 
both of which increased with time (Fig. 2A, S5B, Table S5). Of note, the TP53/APC double KO 
cultures (D3C2, D3C3) exhibited increased SNV burden relative to TP53 KO at late timepoints, 
but in both cases, SNVs primarily occurred in intergenic and intronic regions, consistent with the 
lack of recurrent driver mutations in CIN GC (28). 

Several regions of densely clustered mutations were noted, including those localized to 
the FHIT fragile site (Fig. S7A, S7B), which was also frequently deleted (Fig. 1). In fact, all 
cultures investigated by WGS exhibited FHIT hypermutation, although the location varied (Fig. 
S7A,B, Table S3). While all WT cultures had stable diploid genomes (Fig. S4A), for two donors 
(D1, D3) simple focal FHIT deletions were observed at late passages in the WT culture, likely due 
to clonal expansion of an initially rare event and suggestive of somatic mosaicism (Fig. S6A,C). 
We also investigated whether specific mutational processes were operative during TP53-driven 
genome evolution by examining known single base substitution (SBS) mutational signatures (33). 
The most prevalent mutational signatures were SBS 1, 5 and 40, which are ubiquitous and 
implicated in aging and cancer. However, by the Late time point, D3C2 developed SBS 17a and 
17b (Fig. S5B, Table S5), which are prevalent in gastroesophageal adenocarcinomas and in 
dysplastic and non-dysplastic BE patients who subsequently progressed to invasive disease (32). 

While all classes of alterations accumulated over time, the landscape of SVs was 
particularly notable, since at early timepoints deletions dominated, whereas duplications, 
translocations and inversions accrued by later time points (Fig. 2A). This is further exemplified in 
D3C1, looking across three timepoints where multiple inter-chromosomal rearrangements 
evolved with time (Fig. 2B) Such complex SVs have seldom been reported in normal tissues. 
Intriguingly, the FHIT locus harbored complex SVs, including rigma, which are deletion chasms 
occurring at fragile sites (Fig. 2C, Fig. S8A, S9C, Methods) recently reported in GC (Fig. S9D) 
and BE (34). Longitudinal WGS allowed us to trace the genesis of this rearrangement in D3C1, 
starting from a small deletion at the FHIT locus evident at day 115, with progressive breaks and 
complexity arising through multiple cell divisions, culminating in rigma by day 264. The subclone 
harboring this rearrangement was lost (Fig. 2D-E, yellow subclone) and a separate subclone 
(blue) with a distinct FHIT rigma emerged and persisted to the last timepoint, suggesting 
convergent evolution for this alteration. Notably, these rearrangements with multiple junctions 
evolve over several generations rather than as a single event, as previously proposed (35), and 
likely perpetuated by replication stress at this locus. Complex SVs evolved in other cultures (Fig. 
S8A, S9C), including a chr3 and chr9 translocation, which was verified by Sanger sequencing 
(Fig. S8B-E). Thus, evolved TP53 deficient gastric organoids recapitulate multiple genomic 
hallmarks of gastrointestinal malignancy.  

We further analyzed the longitudinal WGS data to investigate clonal competition and 
extinction in TP53 deficient gastric organoid cultures by determining subclonal populations from 
CNA profiles (defined here via bulk WGS) across five timepoints for D3C1 and D2C2. By day 115, 
D3C1 had already acquired numerous deletions (9p, FHIT) and several SVs, including a 
translocation between chr11 and chr14, that persisted until the final time point. Over 600 days in 
culture multiple CNA-defined subclones increased in frequency before going extinct (Fig. 2D,E, 
Table S7). For example, a chr4-, 9q+ subclone arose early but went extinct by day 264, 
outcompeted by a chr19p- subclone that later acquired multiple alterations including chr8p-, 9q.2+, 
16p- and remained dominant until day 404. This subclone was ultimately outcompeted by a 
subclone with loss of chr18q, which acquired gain of chr20q, a recurrent event in multiple cultures 
at late time points, followed by additional alterations. Thus, some clones fix and achieve 
dominance while others reach substantial frequencies before going extinct, likely due to clonal 
interference, which is common in asexual populations with a large supply of mutations and strong 
selection (36). Additionally, distinct CNA subclones co-exist at similar frequencies for extended 
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durations (~140 days or 10 passages) suggesting comparable fitness (e.g. chr8p-, 9q.2+,16p- and 
18- subclones). Intermittent periods of clonal competition and stasis (~70 days) were similarly 
observed in other cultures (as shown for D2C2 in Fig. S9A-B). These dense longitudinal WGS 
data reveal the rise and fall of subclones, exposing stringent selection and pervasive clonal 
interference in premalignant epithelial populations. Motivated by these observations and 
recognizing that low frequency subclones can be obscured in bulk data, we investigated these 
patterns at single cell resolution via prospective lineage tracing, as detailed below. 
 
Longitudinal single cell profiling reveals transcriptional deregulation following TP53 loss 
We next sought to investigate phenotypic and transcriptional changes during in vitro evolution of 
TP53 deficient gastric organoids. To this end, we evaluated the growth dynamics of individual 
cultures and performed single-cell RNA sequencing (scRNA-seq) at Early (~100 days after TP53 
KO), Mid (323-413 days) and Late (588-862 days) time points (Fig. 3A, S5A, Table S1; 
Methods). We first investigated whether cell proliferation increased with time (passage number) 
by fitting a LOESS (locally-estimated scatterplot smoothing) regression model to cell numbers at 
each passage, where the growth derivative and fold change are a surrogate for fitness. Higher 
growth derivatives were observed at Late or Mid versus Early time points (Fig. 3B, S10A); similar 
results were obtained when raw cell numbers were considered (two-way repeated measures 
ANOVA, p-value = 0.003, Fig. S10B).  
   Across the 12 cultures (9 TP53-deficient, 3 WT), a total of 31,606 cells were retained for 
analysis following quality control assessment (Fig. 3C,D,E, Table S8; Methods). Since organoids 
recapitulate cellular populations from the tissue of origin (37), we first assessed the expression 
landscape of WT gastric organoids in relation to normal gastric tissue. Expression of normal 
gastric cell type markers were evident in WT organoid cultures from each of the three donors, 
including pit mucosal cell markers (PMCs: MUC5AC, TFF1, TFF2, GKN2) in D1, enterocyte 
markers (FABP1, FABP2, ANPEP, PHGR1, KRT20) in D2 and gland mucosal cell (GMCs) 
markers (MUC6, PGC, TFF2, LYZ) in D3, despite low cell numbers (322, 1689 and 44 cells for 
D1-D3 respectively) (Fig. 3F-H, S11, Table S9) (22–25). In contrast to WT cultures, the 
expression of gastric cell markers was heterogeneous in the Early, Mid and Late cultures TP53 
deficient cultures (Fig. 3D,F,G; S11A,C,E; Table S10), suggesting early and persistent 
transcriptional deregulation.  

For D1 and D3, the mucosal-like phenotype in WT cultures, defined by the expression of 
mucin and TFF genes was lost following TP53 KO. Additionally, in D1, intestinal goblet cell-
specific markers, including TFF3, WFDC2 and MUC5B, were upregulated at the Late time point, 
potentially indicative of intestinal metaplasia, a non-obligate precursor to GC (38). GC associated 
genes, including the claudins (CLDN3, CLDN4, CLDN7) and carcinoembryonic antigens (CEA) 
family (CEACAM5, CEACAM6) increased in expression over time in D1 and D3, while the inverse 
was observed in cultures from D2. These divergent expression patterns are due to the 
predominance of enterocytes in the initial D2 WT culture, likely attributable to inflammation in the 
gastrectomy biopsy (39) given the non-malignant origin and normal karyotype (Fig. S4). As 
expected, the CRISPR/Cas9 induced frameshift mutations in TP53 and APC resulted in reduced 
expression of these genes, although residual expression can occur (40). Cultures harboring 
alterations in CDKN2A (D1C3, D3C1, D3C3) or FHIT (all except D1C2 and D1C3) exhibited low 
expression of these genes, which were also lowly expressed in WT cultures. Interestingly, some 
cultures exhibited increased CDKN2A expression (D1C1, D1C2 mid/late, C2 mid/late’ D2C2 
early/late; D3C2 early/late), presumably as a form of compensation to TP53 inactivation, as 
similarly observed in murine models and some GCs (14).  

We investigated the extent to which TP53 deficient cultures share transcriptional features 
by intersecting significantly DEGs (adj. pval < 0.05, Wilcoxon Rank Sum test, Bonferroni 
correction) from Early to Late time point across the six cultures with scRNA-seq data available 
from an early timepoint. These analyses identified 13 consistently up-regulated and 40 down-
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regulated genes, respectively (Fig. 3I, Table S11). Significantly upregulated genes include 
CLDN4, TM4SF1, ZFAS1 each of which have been implicated GC (28, 41). Significantly 
downregulated genes across these six cultures, included LYZ and TFF2, which modulate mucin 
production underscoring the general decrease in mucosal phenotypes in TP53 deficient gastric 
organoids and SPTBN1, a cytoskeletal protein involved in TGF-β signaling (42). 

Lastly, we assessed pathway-level changes by performing gene set enrichment analysis 
(GSEA) of differentially expressed genes (DEGs) between Late versus Early as well as Mid 
versus Early time points (Fig. 3J, Table S12). Several pathways were enriched across multiple 
cultures and donors, including upregulation of TNF-α signaling via NF-κβ as seen in comparisons 
of GC vs normal tissue (4/6 cultures) (43), as well as increased apoptosis (5/6 cultures) and 
hypoxia (5/6). Previous studies have demonstrated crosstalk between NF-κβ and p53 (44) 
consistent with the increased expression of NF-κβ following TP53 loss observed here. 
Additionally, p53 negatively regulates protein levels and activity of HIF1α and a recent study 
demonstrated that mutant p53 induces a hypoxia transcriptional program during the initiation of 
mutant p53 gastric cancer xenografts (45). Downregulated pathways included MYC, E2F targets 
and G2M checkpoints, although this profile was more variable. Thus, despite the heterogenous 
trajectories observed at the single gene level, pathways implicated in malignancy were commonly 
altered across cultures and donors.  
 
Unsupervised assessment reveals evolution towards malignant transcriptional states  
To identify potential pathologic features within the evolved TP53 deficient gastric organoids, we 
next compared them with normal and malignant gastric tissues. To this end, we performed an 
unsupervised analysis by projecting the organoid longitudinal scRNA-seq data onto a reference 
single cell atlas derived from GC patients using a computational framework based on latent 
semantic indexing (LSI, Methods) (46). The use of a reference enables comparisons across 
experimental conditions without requiring the definition of discrete cell types in the organoid 
dataset (47). We utilized a single cell GC dataset from Sathe et al. (48) comprised of 47,147 cells 
from eight tumors and adjacent matched normal as the reference atlas. Given the lack of 
stromal/immune cells in the organoid models, we restricted the atlas to cells expressing epithelial 
cell markers (EPCAM and KRT18) and confirmed the expression of CD4, VIM, ACTA2 or PTPRC 
in excluded non-epithelial cells. This procedure yielded 6,001 epithelial cells (1,354 normal; 4,647 
tumor; mean detected genes per cell = 1,964) which were assigned to distinct cell type clusters 
using literature-derived marker genes (43, 48, 49) (Methods). As in Sathe et al., two tumor cell 
clusters were apparent, which we termed mucosal-like malignant and non-mucosal-like malignant 
cells (48) because the latter included malignant markers (KRT17, KRT7, LY6D) but lacked 
mucosal markers (MUC5AC, TFF2, TFF1) (Fig. 4A). In addition, we assigned clusters to PMCs, 
GMCs, chief cells, parietal cells, enterocytes, enteroendocrine cells, goblet cells and proliferative 
cells (Fig. 4B).  

We next projected batch corrected scRNA-seq data from Early, Mid and Late time points 
individually into the reference LSI subspace to identify the gastric cell types that are most similar 
(Fig. 4C, S12, Methods). Shifts in cell populations between time points were evident for all 
cultures, although for D1C2 and D1C3 this mainly occurred between two mucinous cell states. 
Some of these changes have been proposed to accompany the transition from normal tissue to 
gastritis which can lead to intestinal metaplasia and ultimately malignancy (illustrated 
schematically in Fig. 4D). To quantify changes in cell type frequencies for the individual cultures 
over time, we assessed the identity of the 25 closest nearest neighbors (NNs) in the reference 
population (Fig. 4E). These comparisons indicate an increase in mucosal-like malignant cells in 
3/7 cultures at the Late time point, with 68.7%, 80.1% and 37.3% of NNs being mucosal-like 
malignant cells for D3C2, D3C3 and D1C1, respectively. In contrast, cultures from donor 2 (D2C2, 
D2C3) showed a strong decrease in mucosal-like malignant cells and an increase in non-
mucosal-like malignant cells (D2C2 – 45.6%, D2C3 – 64.4%, NNs) from WT to the Late timepoint 
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(Fig. 4E, D2C1 lacked data at the late time point but exhibits similar patterns), explaining 
transcriptional differences relative to Donors 1 and 3 (Fig. 3). Notably, ~30% of cells in D2WT 
were located near enterocytes, potentially contributing to gastritis-like features, as noted above, 
and underlining the transcriptional similarity between enterocytes and malignant cells (49). In line 
with the supervised analysis above based on known gastric markers, WT cultures from D1 and 
D3 exhibited predominantly mucosal phenotypes. All cultures showed a decrease in PMCs at 
Late time points compared to the WT, Early and Mid time points. However, two D1 cultures were 
primarily located in non-malignant compartments, near GMCs (D1C2 – 73.3%, D1C3 – 41.8%, 
Late) a cell type prevalent in WT.  

The decrease in mucosal genes and increase in GC-associated expression profiles 
suggests that the evolved TP53 and TP53/APC deficient organoids are en route towards intestinal 
metaplasia and malignancy, albeit at different rates and through potentially different paths, 
corroborating the supervised analyses based on specific marker genes, detailed above. 
Intriguingly, while these cultures exhibit genomic and transcriptional hallmarks of CIN GC, 
including aneuploidy and intestinal markers, they do not exhibit evidence of histologic 
transformation (Fig. S13). This is consistent with the observation that somatic alterations 
accumulate and spread in phenotypically normal gastrointestinal mucosal epithelia years before 
appearance of identifiable morphological changes (9).  

 
Deterministic outgrowth of rare subclones revealed by lineage tracing 
We next sought to leverage our oncogene-edited organoid models to characterize subclonal 
dynamics during pre-neoplasia at higher resolution by exploiting high-complexity cellular 
barcodes. In contrast to retrospective lineage tracing via WGS, prospective lineage tracing via 
cellular barcoding enables the simultaneous detection of many low frequency subclones within 
the population, as well as estimation of their appearance times. Building on this principle but with 
the goal of jointly recovering lineage and transcriptional states, we developed expressed cellular 
barcodes (ECB) by engineering a strong mammalian promoter (EF1alpha) upstream of a 30bp 
semi random nucleotide sequence with a polyA-tail downstream (Methods, Fig. S14A,B). This 
high complexity GFP-tagged ECB library stably integrates into genomes via lentiviral transduction, 
such that each cell is uniquely labeled, facilitating lineage tracing of the progeny by a PCR reaction 
followed by barcode sequencing and linked scRNA-sequencing (via capture of the polyA-tail).  
 In total six TP53 or TP53/APC deficient cultures (D1C1, D1C3, D2C1, D2C2, D2C3 and 
D3C2) were transduced with ECB lentivirus between days 101-115 and evolved in parallel to the 
non-barcoded cultures for more than one year (Methods). Each ECB parental line was split into 
three replicates, enabling evaluation of the reproducibility of clonal dynamics, where outgrowth of 
the same subclone is assumed to reflect an intrinsic fitness advantage, while divergent subclone 
dominance would suggest acquired fitness differences (Fig. 5A). As for the nonbarcoded 
samples, replicate cultures were Sanger sequenced for the TP53 and APC deletion sites at 
multiple time points to verify clonality (Fig. S14C). For D1C3 a clone harboring a different TP53 
KO site grew out and hence was excluded (Fig. S14D). 
 Longitudinal sWGS of these long-term ECB cultures demonstrated a striking degree of 
reproducibility at the genomic level with recurrent CNAs shared across replicate cultures (Fig. 5B, 
S15-16).  For example, in D2C2, new CNAs emerged around day 258 (loss of chr4q and chr13; 
gain of chr20q) across all three replicates. In D2C1, replicate 2 (D2C1R2) gain of chr8q was 
detected by day 258 and persisted (Fig. 5B) but was mutually exclusive with gains of chr3q in R1 
and R3. In contrast, patterns of CNAs between different cultures from the same donor were more 
variable despite sharing some common CNAs (Fig. 1C). 

DNA sequencing of ECBs from replicate cultures at regular intervals yields relative 
abundances of subclones over time. These data were used to construct Mueller plots to visualize 
clonal dynamics (as shown for 3 cultures in Fig 5C), where barcodes were assigned unique colors 
based on subclone frequencies across replicates within a culture and the highest frequency 
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subclone was colored red. For example, the red colored band in D2C1, replicate 1 represents the 
same barcoded subclone as in D2C1, replicates 2 and 3. For each culture (with the exception of 
D2C1R2) the same subclone became dominant across all replicates (Fig. 5C), consistent with an 
intrinsic fitness advantage and deterministic outgrowth (Fig. 5A).  For D2C1 replicates R1 and R3 
the red subclone became dominant, in-line with their shared copy number profiles. In contrast, for 
R2, the green subclone which acquired gain of chr8q (spanning the MYC oncogene), overtook 
the population. Intriguingly, the brown clone expanded concomitant with the green clone before 
going extinct, suggestive of their mutual dependence.  For D2C2 the red barcode became 
dominant in all three replicates with similar dynamics amongst other subclones. For D3C2, by the 
late timepoint, several CNAs arose uniquely in individual replicates, including chr15q gain in R1, 
11q gain in R2 and 6p loss in R3. Here, the red subclone rises to dominance most rapidly in R1, 
whereas expansion of this dominant clone is more gradual in R2 and R3. Of note, for R2 the 
barcode was lost ~day 273, presumably with the corresponding genomic segment, resulting in a 
shorter time course compared to R1 and R3.  

The longitudinal WGS data indicate that CNA subclones co-existed for long periods of 
time (140 days for D3C1, 70 days for D2C2, Fig 2C, S9), but the increased resolution of the 
barcode data unveils competition over longer time frames. For example, in D2C2R2 and R3 the 
brown and blue subclones co-existed with the winning red subclone for the full time course (126-
315d). Of note, the correlation in subclone frequencies across replicate experiments over time 
was generally high, suggesting similar population dynamics across all subclones, not only the one 
that eventually swept through the population (Fig. S15D). Especially striking is the remergence 
of the blue and purple subclones in D2C2 R2 and R3 at the mid-timepoint. Similar clonal dynamics 
were observed in two additional cultures (D1C1 and D2C3, Fig. S15A-B). Moreover, by 
constructing subclone specific growth curves and estimating their derivatives over time, we show 
that the winning subclone had high initial fitness but also increased in proliferative capacity with 
time (Fig. 5D, Methods). These patterns may reflect a 'rich-get-richer' effect where fitness 
advantages acquired early drive clonal expansions, thereby increasing the chances of acquiring 
future alterations that fuel growth (2).  

In sum, lineage tracing in TP53-/- gastric organoids reveals highly reproducible dynamics 
across replicate cultures and broadly similar patterns across experiments with adaptive lineages 
sweeping rapidly to fixation (Table S13). For example, the dominant clones comprised 75% of 
the population by day 144 (median across cultures) after ECB transduction. These patterns are 
reminiscent of rapid adaptation observed in isogenic microbial populations (36, 50) and 
attributable to standing variation which enhances short-term repeatability, due to adaptive 
mutations present in the initial population (51). They are also consistent with mounting evidence 
that even complex evolutionary processes have repeatable characteristics (52).  
 
Genotype to phenotype mapping defines molecular determinants of winning subclones 
The barcode frequency trajectories detailed above reveal the clonal dynamics of adaptation 
following TP53 loss at exquisite resolution over year-long timescales.  When coupled with 
longitudinal WGS, this enabled the identification of CNAs associated with fitness differences, 
albeit at a coarse-grain level. To further investigate the targets of selection and how they change 
through time and across populations, we leveraged the ECBs to jointly capture lineage and 
transcriptional states in individual cells. Moreover, by inferring copy number states from the single 
cell RNA-seq data, it is possible to define CNAs and expression programs associated with clonal 
dominance and extinction.  

Specifically, we sought to characterize the molecular features of ‘winning’ subclones that 
dominated the population after prolonged evolution. To this end, we performed 10X scRNA-seq 
for several donors and replicates at selected timepoints when the population was heterogeneous, 
as determined based on barcode frequencies (Fig. 5C). For D2C2R2, which was sampled at day 
173, 1,284 cells passed QC and we identified 20 subclones each with more than 10 cells, all of 
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which were among the top 38 most frequent ECBs based on barcode sequencing. Arm-level 
CNAs were inferred from the scRNA-seq data using inferCNV (Methods), revealing numerous 
subclone-specific CNAs (Fig. 5B, 6A, Methods). Nonetheless, the aggregate CNA landscapes 
were concordant with WGS data. Moreover, single cell DNA-sequencing of this sample on the 
10x Chromium platform indicated similar profiles and comparable frequencies to the inferred 
subclone-specific CNAs based on scRNA-seq (Fig. S17, Methods). 

A detailed examination of barcode frequencies and CNAs from this replicate (D2C2R2) 
reveals complex evolutionary dynamics amongst multiple coexisting subclones. Most cells 
comprising the winning subclone (ECB-0, red) acquired chromosome 3p-, 3q+, 9p- and 9q+ 

alterations early, as these events were clonal or nearly clonal in the parent population at day 143 
(Fig. 6A,B). A subpopulation within ECB-0 (termed “0a”) acquired additional chr4q- and chr20q+ 
alterations and ultimately became dominant with these alterations present in ~90% of the 
population at the latest time point (day 315) (Fig. 5B, S18A). Similar dynamics were seen across 
all replicate cultures where the winning subclones contained a nested CNA-defined subclone 
(which arise sequentially such that all cells harboring the second CNA also harbor the first) (Fig. 
S18B-C, S19-21). These data are in-line with the concept that TP53 alterations distribute fitness 
over a large number of clones harboring distinct CNAs (53).  

Since successful subclones consistently acquired additional genetic diversity in the form 
of CNAs, we sought to investigate the potential functional relevance of these events, focusing on 
a subset of subclones with divergent copy number. As an example, D2C2R2 consisted of at least 
five different CNA clones at the time of barcode insertion (Fig. 6C, Table S14). Multiple instances 
of convergent evolution were evident within this culture, where subclones acquired the same CNA 
independently, implying stringent selection for the target genes/locus. For example, ECB-0a, 
ECB-11 and ECB-56 each lost variable sized regions of chr4q. ECB-9 lacked common early 
alterations including chr3p-, but subsequently acquired chr9p/q alterations.  Despite the 
incomplete set of CNAs in ECB-9, its growth closely trailed that of the winning subclone (ECB-0, 
Fig. 6D). Convergent copy number evolution was also evident across cultures, where chr15 and 
chr20 amplifications were present in the majority of cells in D3C2 R1 and R2 at the latest time 
point, while these events plus chr11 amplification were present in an R3 subclone by the mid time 
point.  Similar to the longitudinal WGS data, the single cell copy number profiles and lineage 
dynamics signal clonal interference in which beneficial alterations in separate subclones compete, 
while beneficial alterations in nested subclones reinforce one another (52).  
 Although genomic sequence affords a staggering number of evolutionary paths, genomic 
alterations map onto similar phenotypic effects. We therefore reasoned that highly fit subclones 
would share transcriptional programs and that such phenotypic convergence would be more 
constrained than at the genotypic level. For D2C2R2, the winning subclone 0a, but not its parent 
0b, exhibited high expression of several well-known GC genes, including CEACAM5, CEACAM6, 
CLDN3, CLDN4 and CLDN7 (Fig. 6E). These genes were also more highly expressed in winning 
subclones of all other replicate cultures, except for ECB-1a (green) in D2C1R2 which acquired 8q 
gain (Fig. S19D, S20D, S21D). Other genes up-regulated in the winning subclone 0a (versus 0b) 
include RNF186, MUC13, CCL20, and LGALS1 (Fig. 6F, Table S15-S16). The E3-ligase ring 
finger protein, RNF186, regulates intestinal homeostasis and is associated with ulcerative colitis 
(54). MUC13 encodes a transmembrane mucin glycoprotein expressed on the apical surface of 
mucosal cells epithelial cells and is upregulated in intestinal metaplasia and GC (55, 56). CCL20 
is a chemokine secreted by intestinal epithelia that mediates mucosal adaptive immune 
responses (57). LGALS1 (galectin-1) promotes epithelial-mesenchymal transition, invasion and 
vascular mimicry in GC (58). 
 GSEA analysis, comparing the winning subclone in D2C2 to all other cells, extended these 
findings, revealing up-regulation of several pathways, including TNF-a signaling via NF-κβ, as 
well as hypoxia, apoptosis and p53 (Fig. 6G, S22A, Table S17). These same pathways were 
upregulated in three barcoded replicates for D2C2 at the final time point (day 315), as well as in 
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the non-barcoded D2C2 culture at Mid and Late time points (relative to Early) (Fig. 6F, right) and 
other donors/cultures (D1C1, D1C2, D1C3, D2C3, D3C2) (Fig.3J). Further, these pathways were 
upregulated in the winning subclone from multiple independent barcoded donors and cultures 
(Fig. S19-21), including the divergent subclone (ECB-1a, green) in D2C1R2 (Fig. 5C, S20F). 
Additionally, there was a significant difference in pathway activation between Late (relative to 
Early) and winning subclones, compared with all other analyzed subclones for p53, apoptosis and 
TNF-a signaling via NF-κβ pathways (Fisher exact test) (Fig. S22B). More generally, a high 
degree of correlation was seen amongst winning and late subclones across the top 10 altered 
gene sets. Notably, the winning subclones cluster with Late cultures (D1C1, D2C2, D2C3 and 
D3C2) that exhibited malignant transcriptional states based on the unsupervised LSI projection 
but not with those that had a WT like mucinous phenotype (D1C2 and D1C3) (Fig. 6H, S22A, 
S23). Together, these data highlight strong convergent phenotypic evolution in which the early 
(~100-200 days) activation of specific pathways is selectively advantageous, canalizing cells 
towards malignancy. 
 
Discussion 
We perform multi-year experimental evolution in TP53 deficient gastric organoids to define causal 
relationships between this common initiating genetic lesion, cellular phenotypes and fitness. 
Remarkably, TP53 KO alone recapitulates multiple features of the CIN subgroup of GC, including 
aneuploidy, specific CNAs, SVs and transcriptional programs, emphasizing the importance of cell 
intrinsic processes during pre-malignant evolution. Although aneuploidy is a substrate for 
evolution and propagates tumor heterogeneity (21), these data reveal preferred orders in the 
acquisition of CNAs with early loss of chr3p and 9p, frequently followed by bi-allelic inactivation 
of CDKN2A and/or FHIT and relatively late gain of 20q. Such preferred mutational orders have 
been described during tumorigenesis, most notably in the colon but the resolution of inferences 
from cross-sectional data or established tumors is limited (10, 59). Our findings extend this 
principle to a tissue where the genomic features of precursor lesions are poorly understood and 
dominated by CNAs rather than point mutations. 

While copy number evolution remains poorly understood, recent studies have begun to 
shed light on this process. For example, single cell sequencing of triple negative breast cancers 
indicates that CNAs can be acquired early (relative to tumor expansion) and in a punctuated 
fashion (60).  Colorectal adenomas appear to traverse a rugged CNA fitness landscape and 
undergo a bottleneck during the transition to invasive disease before attaining quasi-stable 
karyotypes (61). The extensive clonal interference observed in our multi-year evolved gastric 
organoids suggests that they have not yet achieved an optimal karyotype. This is not surprising 
given that we are modeling the earliest stages of tumorigenesis, whereas malignant 
transformation and tumor expansion often occurs years after the first ‘hit’ (9, 10). Consistent with 
this, evolved TP53 deficient organoids capture many but not all features of invasive disease. For 
example, the CIN subgroup is enriched for ERBB2 amplification and increased ploidy (28), neither 
of which were observed in our evolved organoids, presumably because they reflect pre-malignant 
states. This is consistent with the later acquisition of these events, including in a case-cohort study 
in BE where the co-selection of alterations on different chromosomes occurred 24-48 months 
prior to diagnosis of ESCA, whereas WGD was only detected in the subsequent cancer (31). 

Despite harboring extensive genomic insults, the evolved TP53 deficient gastric organoids 
lacked morphologic changes as has similarly been noted in human tissues, suggesting that these 
models not only provide a window into pre-neoplasia but mirror the latency of tumor initiation (12, 
62). Indeed, the long interval between intestinal metaplasia and GC presents opportunities for 
earlier intervention and improved risk stratification but necessitates an understanding of the 
molecular determinants that underpin progression (63). The quest to uncover these risk factors is 
complicated by the fact that GC comprises four distinct subtypes found in different anatomical 
locations at varied frequencies. While there are evidently distinct paths to malignant 
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transformation across these subgroups, we model the prevalent CIN subgroup which commonly 
arises in the body and gastroesophageal junction/cardia.  Gastric cardia is also the presumed cell 
of origin for BE (64) which often exhibit TP53 and CDKN2A loss and where CNAs predict 
progression to invasion (65). In light of our finding that TP53 deficiency elicits CNAs in a defined 
temporal order, this raises the possibility that CNAs may similarly predict progression to CIN GC. 
Future evaluation of this hypothesis will require large, clinically and anatomically annotated, 
longitudinal tissue cohorts with long-term follow-up.  

Given the lack of direct observations of human tumor initiation and growth, evolutionary 
dynamics have previously been inferred computationally from tumor genome sequencing data at 
a single or few timepoints (5, 6, 66). In particular, we previously inferred stringent positive 
selection from multi-region sequencing of BE (6), whereas matched adenocarcinomas exhibited 
patterns indicative of effectively neutral evolution, attributable to rapid growth after malignant 
transformation (5, 66). These observations are in agreement with the empirical data presented 
here based on time resolved WGS and prospective lineage tracing which revealed stringent 
selection during pre-neoplastic evolution and reproducible subclonal dynamics across replicate 
TP53 deficient gastric organoids cultures in which the same, initially rare, subclone fixed in the 
population. The dense temporal resolution afforded by this experimental platform also exposed 
pervasive clonal interference amongst CNA clones, accompanied by intermittent periods of 
relative stasis. By jointly capturing lineage, CNAs and transcriptional states in individual cells, we 
investigated the molecular basis for clonal expansion and persistence, identifying phenotypic 
convergence on common pathways, including TNF-a and hypoxic signaling in the dominant 
subclone across cultures and donors, despite divergent copy number profiles. Strong adaptive 
pressure generates convergent evolution as evident in this system at both the genomic copy 
number and pathway levels, where the latter was stronger and suggests a surprising degree of 
predictability.  

In theory, evolution is predictable to the extent that both positive and negative selection 
canalizes adaptation towards a dominant path (52), but this is all the more notable given the 
starting point of these experiments was genetically heterogeneous gastric tissue. Indeed, it is now 
appreciated that post-zygotic tissues are somatic mosaic as a result of age-related mutation 
accumulation (7). Additionally, obesity is risk factor for GC associated with inflammation (39), 
which may influence cell phenotypes and clonal composition in the biopsies used to establish the 
derivative organoid lines studied here. These models thus embed human biology relevant to 
tumorigenesis that are not captured by induced pluripotent stem cells or murine organoids. 

Our work provides proof of concept that experimental evolution in cancer driver-
engineered epithelial organoids enables the unbiased identification of selectively advantageous 
alterations and constraints in the order in which they accumulate. Such constraints, due to 
epistasis, can reveal barriers to malignant transformation and nominate potential therapeutic 
targets. Understanding pre-neoplastic processes under constant conditions represents a critical 
starting point, but future studies could expand on this by modulating the environment or 
introducing H. pylori, a GC risk factor. More generally, while the space of possible initiating insults 
is vast, recurrent tissue-specific alterations nominated through sequencing studies can similarly 
be modeled in other tissues individually and in combination. Much as the long-term experimental 
evolution experiments pioneered by Lenski and colleagues two decades ago continue to yield 
fundamental insights into microbial adaptation (3, 4), we anticipate that our results will advance 
empirical and theoretical investigations of selection, mutation and genome instability during clonal 
evolution in human cells. 
  
Methods 
A detailed description of the Materials and Methods is available in the Supplementary Materials.  
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Fig. 1. TP53 knock-out in gastric organoids induces aneuploidy and gastric cancer 
associated copy number alterations along a defined temporal order. (A) Schematic overview 
of organoid generation. Patient-derived organoids were established from gastrectomy tissue from 
three donors (D1 - D3). CRISPR/Cas9 editing of TP53 and/or APC was performed independently, 
resulting in multiple clonally derived cultures with distinct frameshift mutations. (B) Genome-wide 
copy number aberration (CNA) profiles in Donor 1, Culture 1 (D1C1) assessed at multiple time 
points through shallow whole genome sequencing (sWGS). Normalized read counts across 50kb 
windows of the genome are shown for each timepoint. (C) Copy number profiles for the 9 organoid 
cultures sampled between days 588-835. (D) Fraction genome altered (FGA) over time for each 
culture. (E) Time of appearance (days in culture) of persistent arm-level CNAs (or alterations in 
FHIT and CDKN2A) in TP53/APC-deficient organoids (alterations that become extinct are not 
considered). The prevalence of these alterations in gastric cancer is summarized in Fig. S4B-C. 
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Figure 2 
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Fig. 2. TP53 deficiency elicits subclonal copy number evolution and complex structural 
variation. (A) Burden of somatic genomic alterations in TP53, TP53/APC deficient gastric 
organoids (relative to paired WT) over time as assessed through longitudinal WGS of individual 
cultures at the specified time point (Mid - d296, Late d743-756). The classes of alterations and 
summaries assessed include: single nucleotide variants (SNV), insertions and deletions, 
weighted-genome instability index (wGII), fraction of genome with loss of heterozygosity (LOH), 
structural variants (SV) (transversions, inversions, duplications, and translocations). (B) Circos 
plots for D3C1 illustrates increasing genomic instability and complexity with time. Classes of 
alterations shown include: SNVs (adjusted variant allele frequencies), copy number alterations 
(logR) and SV consensus calls (see Methods). (C) Evolution of rigma-like SVs at the FHIT fragile 
site on chr3p. Zoomed in view of a 1Mb region in the FHIT locus. Reconstructed SVs are shown 
on the upper panel, with corresponding copy number profiles on the lower panel. (D) Longitudinal 
copy number aberration (CNA) profile for D3C1, for the corresponding time points in panel (C). 
(E) Fishplot schematic for D3C1 reveals subclonal copy number evolution, clonal interference and 
extinction. Subclone frequencies (x-axis) are determined based on the CNAs visualized in 2D 
(Methods).  
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Figure 3 
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Fig. 3. Longitudinal single cell profiling reveals transcriptional deregulation following TP53 
loss. (A) Experimental overview of longitudinal single-cell RNA (scRNA-seq) profiling of gastric 
organoid cultures. Wild-type and three replicate TP53, TP53/APC KO gastric organoid cultures 
were sampled at multiple time points (Early, ~100 days, orange; Mid, ~320 days, blue; Late, ~770 
days, purple) and subject to scRNA-seq. (B) Dotplot depicting estimated growth curve derivatives 
and growth fold-change (FC) from previous time point for each culture over time (interpolated 
passage number). (C, D, E) UMAP visualizations colored according to culture (left) and time point 
(right) for Donors 1, 2 and 3 depicting 13,984, 9,031 and 8,591 cells, respectively. (F, G, H) Dotplot 
depicting the expression of selected marker genes for individual cultures and time points shown 
in (C), (D) and (E). Colored bars highlight marker genes associated with normal gastric and 
intestinal cell types, genes up-regulated in the gene expression profiling interactive analysis 
(GEPIA) of gastric cancers, and other genes of functional relevance. Pit mucosal cells: MUC5AC, 
TFF1 – dark yellow; Gland mucosal cells: MUC6, TFF2 – light blue; Proliferative cells: MKI67 – 
purple; Neck-like cells: PGC, LYZ – orange; Mucosal stem cells: OLFM4 – turquoise; Enterocytes: 
FABP1, VIL1 - olive; Goblet cells: TFF3, WFDC2, MUC5B, CDX2 – green; GEPIA top 12 genes: 
CEACAM5, CEACAM6, CLDN3, CLDN4, CLDN7, REG4, MUC3A, MUC13, PI3, UBD, AOC1, 
CDH17 - black; Functional importance: TP53, APC, CDKN2A, FHIT – red. (I) Upset plot 
representing shared differentially up- (left) and down-regulated genes (right) across donors and 
cultures. (J) Gene Set Enrichment Analysis (GSEA) heatmap for MSigDB Hallmark gene sets 
showing the most significantly altered pathways for each culture (Kolmogorov-Smirnov statistic, 
Benjamini-Hochberg adjusted). GSEA score is indicated (dot size) and colored according to the 
directionality of expression profiles (up, red; down, blue).  
 
  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 28, 2022. ; https://doi.org/10.1101/2022.04.09.487529doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.09.487529


 

 29 

Figure 4 
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Fig. 4. Unsupervised assessment reveals evolution towards malignant transcriptional 
states. (A, B) UMAP embedding of 6,080 epithelial cells from the Sathe et al. gastric 
tumor/normal scRNA-seq dataset, colored according to histology (A) and assigned cell type (B). 
Detected cell types included pit mucosal cells (PMCs), gland mucosal cells (GMCs), chief cells, 
parietal cells, enterocytes, enteroendocrine cells, goblet cells and proliferative cells, as well as 
two types of malignant cells (mucosal-like and non-mucosal-like). (C) Latent semantic indexing 
(LSI) projection (Methods) of TP53, TP53/APC KO gastric organoids sampled at Early (orange), 
Mid (blue) and Late (purple) timepoints onto the Sathe et al. reference dataset (Methods). The 
reference dataset (left) is colored by cellular phenotypes of interest, providing orientation for the 
LSI projection of the three gastric organoid cultures at the specified timepoints (right). The density 
of projected cells is highlighted using a 2D density distribution. (D) Schematic representation of 
shifts in cell populations proposed to accompany the transition from normal tissue to gastritis 
which can lead to intestinal metaplasia and ultimately malignancy, adapted from (43). (E) 
Projected cell type frequencies based on the 25 nearest neighbors (NNs) in WT and TP53, 
TP53/APC KO gastric organoids over time.  
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Figure 5 
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Fig. 5. Lineage tracing reveals subclonal dynamics and deterministic outgrowth. (A) 
Experimental overview of prospective lineage tracing studies in TP53-/- gastric organoids using 
expressed cellular barcodes (ECBs). Lentiviral transduction of a high-complexity ECB library into 
TP53 or TP53/APC KO gastric organoid cultures ‘tags’ each cell with a unique barcode (Methods). 
The ECB parental population was split into replicates, and individual cultures evolved in parallel 
and subject to longitudinal barcode sequencing, revealing subclonal dynamics and assessment 
of intrinsic or acquired fitness advantages amongst replicate cultures. (B) Copy number aberration 
(CNA) profiles were assessed by shallow WGS (sWGS) prior to introduction of the ECB in the 
parental line and across replicate ECB cultures at multiple time points over ~two years. Red stars 
denote CNAs present in at least two replicates but not in the parental population; green stars 
denote CNAs unique to one replicate. Only chromosomes that harbor newly arising CNAs (not 
present in the parental population) are numbered for simplicity. (C) Mueller plots depict ECB  
frequencies (assessed by barcode sequencing) over time where each color represents a distinct 
subclone in each replicate. (D) Dotplots indicate ECB subclone frequency (size) and estimated 
growth curve derivative per subclone (color).  
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Figure 6 
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Fig. 6. Genotype to phenotype mapping defines molecular determinants of winning 
subclones. (A) Inferred copy number aberration heatmap from scRNA-seq data for Donor 2, 
Culture 2, Replicate 2 (D2C2R2) at day 173, where each row is a cell. The color bar at the left 
indicates the expressed cellular barcode (ECB) each cell maps to. Numbered barcodes denote 
those selected for further investigation. The inset plot shows that a subpopulation within the 
winning red subclone (ECB-0) acquires additional CNAs, including deletion of chr4q and gain of 
20q and is termed “0a”, while the ECB-0 parent subclone is termed “0b” (B) Copy number 
aberration (CNA) profile for the D2C2 bulk parental population based on sWGS for comparison 
(also shown in Fig 5B). (C) Fishplot schematic illustrating the link between lineage (ECBs) and 
CNA based subclones. To facilitate visualization, subclones of interest (denoted in A) are shown, 
while the remainder grouped as “other”. Actual subclone frequencies are depicted in Fig 5C. the 
winning red subclone (ECB-0a) which derives from ECB-0b acquires nested CNAs in which all 
cells harboring the second CNA also harbor the first (depicted by darker shading). (D) Scatterplot 
comparing subclone frequency at day 157 and the log2 fold change between days 129 and 157. 
All subclones are shown, those of interest are highlighted as in panel A. (E) Dotplot showing the 
expression of top differentially expressed genes (DEGs) based on gene expression profiling 
interactive analysis (GEPIA) of gastric cancers (GC). (F) Volcano plot illustrating DEGs from the 
comparison of the winning subclone 0a and its parent subclone 0b. Vertical and horizontal lines 
correspond to absolute log2FC values of 1.5 and p < 0.01, respectively. (G) Gene Set Enrichment 
Analysis (GSEA) heatmap from MSigDB Hallmark gene sets showing the most significantly 
altered pathways for specific subclone at day 173 (left; Kolmogorov-Smirnov statistic, Benjamini-
Hochberg adjusted). GSEA score is colored according to the type of differential expression (up = 
red; down = blue). A manually reconstructed copy number phylogeny is shown below. The 
heatmap on the right shows a comparison between subclone 0a and all other cells at a later time 
point (day 315) for all three replicates (R1-R3) as well as the comparison of D2C2 Mid (day 323) 
and Late (day 756) time points relative to Early (day 101), as in Fig. 3J. (H) Pairwise spearman 
correlation between samples based on the GSEA score for the top 10 most altered pathways for 
Late relative to Early timepoints and for winning or losing subclones where DEGs within each 
subclone were compared to all other cells at that timepoint. The most significantly altered 
pathways are shown in Fig. S22 and an extended version of this heatmap with individual cultures 
labeled is shown in Fig. S23.  
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