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SUMMARY

Somatic copy number gains are pervasive across cancer types, yet their roles in oncogenesis are insuffi-
ciently evaluated. This inadequacy is partly due to copy gains spanning large chromosomal regions,
obscuring causal loci. Here, we employed organoid modeling to evaluate candidate oncogenic loci identified
via integrative computational analysis of extreme copy gains overlapping with extreme expression dysregu-
lation in The Cancer Genome Atlas. Subsets of ‘‘outlier’’ candidates were contextually screened as tissue-
specific cDNA lentiviral libraries within cognate esophagus, oral cavity, colon, stomach, pancreas, and
lung organoids bearing initial oncogenic mutations. Iterative analysis nominated the kinase DYRK2 at
12q15 as an amplified head and neck squamous carcinoma oncogene in p53�/� oral mucosal organoids.
Similarly, FGF3, amplified at 11q13 in 41% of esophageal squamous carcinomas, promoted p53�/� esoph-
ageal organoid growth reversible by small molecule and soluble receptor antagonism of FGFRs. Our studies
establish organoid-based contextual screening of candidate genomic drivers, enabling functional evaluation
during early tumorigenesis.

INTRODUCTION

Somatic copy number aberrations (SCNAs) in the form of ampli-

fications or deletions occur commonly in solid tumors.1,2 Ampli-

fications have been successfully targeted by therapeutics such

as trastuzumab,3 whereas deletions, such as MTAP,4 are

currently the subject of therapeutic development for synthetic le-

thal interactions.5 However, a systematic understanding of the

contribution of SCNAs to tumor biology and patient outcomes

remains an aspirational goal.6 Furthermore, while recurrent

amplified or deleted regions are increasingly delineated with

large-scale genomic studies, many being prognostic, the onco-

genic function of specific genes within amplicons is often

unknown.

Several methods have been developed for the identification of

recurrent SCNAs, including GISTIC2, which enables the delinea-

tion of focal alterations1,2 and RUBIC.7 However, copy number

amplicons are often broad, spanning multiple megabases, im-

pairing driver identification. To discover driver loci within

SCNA, we bioinformatically identified candidate ‘‘outlier’’ genes

demonstrating both high-level copy number alterations and

concordant extreme expression dysregulation. The outlier

approach is highly discriminatory, prioritizing candidate drivers

within broad SCNA regions, highlighting known oncogenes and

tumor suppressors and numerous novel candidates, as demon-

strated in breast cancer,8 several of which have been functionally

validated.9,10 Related methods have identified chromosomal re-

arrangements11 by comparing ‘‘normal’’ with dysregulated gene

expression. However, to date, a systematic screen of candidate

SCNA drivers across primary tissues has not been undertaken.

To functionally test hypotheses from genomic cancer ana-

lyses, immortalized cell lines or xenograft models are frequently
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used. Such systems have potential disadvantages of mono- or

oligo-clonality (i.e., lack of tumor heterogeneity), secondary mu-

tation burden in cell lines, limited tractability of patient-derived

xenografts, and low throughput of genetically engineered mice.

In contrast, in vitro organotypic culture of untransformed primary

tissues as three-dimensional organoids offers a promising

approach for driver oncogene validation.12 Indeed, organoids

faithfully recapitulate multilineage differentiation and tissue ar-

chitecture and yet retain experimental tractability for in vitro ge-

netic and pharmacologic studies.13–23 We and others have initi-

ated gastrointestinal malignancies by oncogene-engineering

wild-type organoids from mouse13,14 and human tissues.23–26

Importantly, these cancer organoid models are generated by

introduction of ‘‘first hit’’ oncogenic alleles into a normal wild-

type genome, representing predominant drivers of the cognate

cancer type. Subsequently, putative oncogenic loci can be over-

laid and functionally assessed in a scalable, rapid, and reproduc-

ible manner.

Here, we exploited the tabula rasa background of a diverse

range of first hit-engineered organoid models to rapidly interro-

gate the oncogenic potential of candidate amplified/overex-

pressed outlier loci across several solid tumor histologies. The

transduction of lentiviral barcoded open reading frame (ORF) li-

braries, representing tumor subtype-specific SCNAs, into

cognate tissue-specific organoid models then allowed system-

atic functional screening of oncogenicity, followed by iterative

genetic and pharmacologic hit validation.

RESULTS

Pan-cancer bioinformatic identification of tumor outlier
loci exhibitingmatched extreme copy number alteration
and expression
The analysis of copy number (CN) somatic events in cancer is

impeded by broad extension of somatic CN events over the

genome, thus increasing the likelihood of false positives. Many

methods for CN driver identification analyze only DNA and thus

include alterations that have no effect on expression. The ap-

proaches that use an integrative expression/CN methodology

often include the expression information by identifying genes

whose expression is correlated with CN values. This strategy

has the limitation that regression between the CN and expres-

sion values is often polynomial and not evenly distributed be-

tween high and low CN values (i.e., coefficient between higher

CN and higher expression is always higher than the lower CN

and lower expression), thus potentially including false negatives.

Building upon our prior studies,8 we sought to integrate gene

expression information into our model to more accurately iden-

tify outliers. We propose that putative drivers are those with a

modification in the CN landscape at a given position with a cor-

responding functional effect in gene expression.

To refine putative amplified SCNAs consequential to oncogen-

esis, we matched gene-based extreme CN events (amplifica-

tions and deletions) with extreme expression effects (Figure 1A,

STAR Methods). To identify which samples fall in the overex-

pressed tail, we calculated the threshold for the 5% right and

5% left values in the theoretical distribution (represented by

the vertical lines in Figure S1A). With these two thresholds, we

identified expression outliers, which are the values in the real

expression distribution that are greater than right threshold

(overexpression outliers). We then matched overexpression out-

liers with extreme CN amplifications (defined as samples with a

segmented CN value higher than six times the standard devia-

tion) in sequencing data from The Cancer Genome Atlas

(TCGA) datasets ESCA (esophageal squamous cell carcinoma),

HNSC (head and neck squamous carcinoma), COAD (colon

adenocarcinoma), PDAC (pancreatic ductal adenocarcinoma),

LUAD (lung adenocarcinoma), and STAD (stomach adenocarci-

noma) (Figures 1B–1G).

Derivation of a pan-cancer panel of first hit-engineered
organoid models
We then evaluated the aforementioned cancer type-specific

candidate overexpression outliers in minimally transformed or-

ganoidmodels containing single or double oncogenic mutations,

generated from the corresponding wild-type tissues of origin.

This strategy was specifically designed to evaluate the contribu-

tion of outlier loci to earlier tumorigenesis, as opposed to testing

their function in established tumors.

Primary epithelia isolated from human or mouse were cultured

as previously described.13,26–28 We generated KrasG12D mouse

pancreatic organoids by culturing LSL-KrasG12D29 pancreas as

air-liquid interface (ALI) organoids and infected with adeno-

virus-Cre-GFP to activate expression of latent KrasG12D13

(Figures S2A–S2B). Human wild-type gastric and colon organo-

ids were grown under standard submerged methods.20,23,26

APC�/� colon organoids were generated by CRISPR-Cas923,24

and TP53R175H gastric organoids by stable lentivirus transduc-

tion (Figures S2C–S2F), both in the background of human wild-

type organoids.

For this study, we also generated three organoid models cor-

responding to p53-null (p53�/�) oral squamous cell carcinoma,

Figure 1. Overview of integrative analysis for expression and copy number amplification events as pan-cancer outliers

(A) Schematic of integrative analysis to nominate outlier gene candidates.

(B) Genomic landscape of selected TCGA esophageal squamous cell carcinoma (ESCC) outliers where y axis (iscore) represents the number of outliers for each

specific gene.

(C) Genomic landscape of selected TCGA head and neck squamous cell carcinoma (HNSCC) outliers where y axis (iscore) represents the number of outliers for

each specific gene.

(D) Genomic landscape of selected TCGA colon adenocarcinoma (COAD) outliers where y axis (iscore) represents the number of outliers for each specific gene.

(E) Genomic landscape of selected TCGA pancreatic ductal adenocarcinoma (PDAC) outliers where y axis (iscore) represents the number of outliers for each

specific gene.

(F) Genomic landscape of selected TCGA NSCLC adenocarcinoma (LUAD) outliers where y axis (iscore) represents the number of outliers for each specific gene.

(G) Genomic landscape of selected TCGA stomach adenocarcinoma (STAD) outliers where y axis (iscore) represents the number of outliers for each specific

gene.
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p53�/� esophageal squamous cell carcinoma (ESCC), and

KrasG12D; p53�/� LUAD, described below. Mutational inactiva-

tion of the p53 tumor suppressor gene occurs at high frequency

of primary HPV-negative head and neck squamous cell carci-

nomas (HNSCCs). We established normal oral mucosal (OM) or-

ganoids from mouse glossal epithelium cultured as ALI organo-

ids (Figure 2A). Normal OM tissue consists of stratified

squamous epithelium and connective tissue. In the basal layer,

KI67, p63, and KRT5 are expressed.30,31 Mouse OMALI organo-

ids recapitulated squamous epithelial structures (Figure S3A).

The basal cell marker KRT5 was expressed in the outer periph-

ery, in which KI67+ cells were also detected, suggesting that

cell proliferation occurred mainly at these sites (Figure S3A).

These mouse OM organoids were maintained in ALI for more

than 1 year.

Mouse OM organoids could also be grown in submerged for-

mats where they exhibited similar organization as ALI OM orga-

noids with an outer rim of KRT5+ KI67+ proliferative basal cells

and could again be cultured for more than 1 year (Figure S3B).

Human OM could be cultured for up to 6 weeks in submerged

or collagen ALI formats and included KRT5+ ECAD+ basal cells

and the notable presence of keratinization within the organoid lu-

mens (Figures S3C and S3D). Upon lentiviral transduction with

the oncogenic R175H allele of p53, these could be serially

A
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Figure 2. Generation and characterization of murine p53�/� oral mucosa, esophageal, and KrasG12D p53�/� lung adenocarcinoma organoids

(A) Organoid bright-field imaging of wild-type (WT) (left panel) and p53�/� (middle panel) mouse oral mucosa organoids cultured in ALI for 7 days. H&E staining

(right panel) of p53�/� mouse oral mucosa organoids cultured in ALI for 34 days. Scale bar: 100 mm.

(B) Tumor formation of p53�/� mouse oral mucosa organoids 7 months after implantation (right panel) and H&E of primary tumor (middle panel) and lung

metastasis (right panel) (WT; n = 3, p53�/�; n = 3). Scale bar: 100 mm.

(C) Bright field (left panel) and H&E staining of wild-type (middle panel) versus p53�/� mouse esophageal organoids (right panel). Scale bar: 250 mm.

(D) p53�/� mouse esophageal organoid tumor formation (left panel) and H&E stain (right panel) 6 months post implantation. Scale bar: 250 mm.

(E) Phase contrast microscopy (left panel), H&E staining (middle panel), and TTF-1 immunofluorescence (right panel) of KrasG12D; p53�/� mouse lung organoids

after 4 weeks of culture in basal F12 medium. Scale bar: 250 mm.

(F) H&E of primary tumor (left panel), high magnification (middle panel), and lung metastasis (right panel) 8 weeks post subcutaneous implantation of KrasG12D;

p53�/� mouse lung organoids. Scale bars: 500, 100, and 500 mm, respectively.
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passaged up to 6 months without obvious signs of dysplasia

(data not shown).

To initiate oncogenic transformation in vitro, mouse p53flox/flox

mouse OM organoids were infected with adenovirus Cre-GFP to

create a contextual p53�/� oral cancer model (Figure 2A). These

p53�/� organoids exhibited a stratified cell arrangement with a

thick KRT5+ cell layer and multilayered KI67+ cells upon long-

term culture (Figure S4A). p53 deletion enhanced proliferation

(Figure S4B), accompanied by Ki67 upregulation and Cdkn1a

downregulation (Figure S4C). Furthermore, p53 deletion induced

in vivo tumorigenicity and metastasis of mouse OM organoids

(Figure 2B).

In addition to oral squamous cell carcinoma, we also gener-

ated ALI esophageal squamous organoids using the same

p53flox/flox murine model (Figure 2C). Esophageal ALI organoids

from p53flox/flox mice formed KRT5+ squamous epithelium with

similar morphology to OM organoids (Figure 2C). Upon in vitro

infection with adenovirus Cre-GFP, the resultant p53�/� esoph-

ageal organoids exhibited dysplasia (Figure 2C), maintenance of

KRT5 (Figure S4D), and loss of p53 expression (Figure S4E).

Further, we observed in vivo tumorigenicity when p53�/� ESCC

organoids were subcutaneously transplanted into immunodefi-

cient mice with keratin pearl formation and other histologic fea-

tures consistent with squamous cell carcinoma (Figure 2D).

Lastly, NSCLC LUAD organoids (Figure 2E) were generated

from murine pulmonary parenchymal tissue using a protocol

similar to our previous studies.13,28 Accordingly, ALI lung orga-

noids were generated from unexcised LSL-KrasG12D; p53flox/flox

mice.29,32 Upon infection with a negative control adenovirus ex-

pressing an immunoglobulin Fc fragment (Ad-Fc), these wild-

type lung organoids proliferated inmedium containing epidermal

growth factor (EGF) and Noggin (EN) but not in basal F12 me-

dium, similar to our prior studies in human lung organoids28 (Fig-

ure S4F). However, upon in vitro adenovirus Cre-GFP infection,

the lung ALI organoids were converted to a KrasG12D; p53�/� ge-

notype and exhibited proliferation in basal F12 medium (Fig-

ure 2E), expression of mutant KrasG12D and loss of p53

(Figures S4G and S2H), TTF-1 expression (Figure 2E), and in vivo

tumorigenicity and metastases (Figure 2F).

Contextual tissue-specific functional screening of copy
number amplification outliers
Having characterized these six tissue-specific, minimally trans-

formed oncogenic models, we then overlaid integrative analysis

of the expression outliers for each cognate cancer type (Figure 1)

to computationally identify over 1,000 candidate amplification

outliers (Table S1). From these loci, we selected 393 available

full-length cDNAs from the CCSB-Broad lentivirus ORF collec-

tion33 having barcodes external to the ORFs, facilitating pooled

screens. A custom cDNA ORF library was thus generated for

each of the six cancer-specific outlier predictions, for infection

of the corresponding minimally transformed tissue organoids.

For instance, esophageal ESCC TCGA outliers were represented

by an equivalent barcoded lentivirus cDNAORF library, for infec-

tion into p53�/� esophageal organoids (Figures S1B and 3).

Lentiviruses were generated in arrayed format and pooled for

equal titer amounts (STAR Methods). Loci encoding well-estab-

lished oncogenic drivers were deliberately not included in our

A D

E

FC

B

Figure 3. Screening pan-cancer candidate amplification outliers in organoids with corresponding tissue context

(A–F) Barcode ratios of terminal:initial time points from NGS demonstrating relative enrichments from pooled lentiviral ORF screens. Boxplots represent four

technical replicates with the exception of (F), which was performed with two technical replicates. Terminal time points are as follows: A = day 53, B = day 52, C =

day 32, D = day 50, E = day 55, and F = day 56.
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screen to avoid potentially dominant ‘‘jackpot’’ effects that could

obscure contributions of novel outliers. Organoids were infected

with the pooled cDNAORF virus corresponding to the outliers for

that histologic site and screened as independent biological rep-

licates (STAR Methods), and aliquots from initial plating (t = 0)

and after four passages (terminal time point) were collected.

Next-generation sequencing (NGS) was performed to evaluate

barcode enrichment at the terminal time point, typically at culture

days 30–50, versus t = 0 (Figure 3; Table S2). Organoids were

subjected to prolonged culture after pooled lentiviral infection

and puromycin selection; barcodes were quantitated at each

time point by NGS. Barcode consistency was observed across

independent biological replicates despite expected bias for

lentivirus with smaller cDNA ORFs favoring higher packaging

and infectivity (Figures S5–S7; Table S2).

Each library included ORFs that corresponded to genes

whose expression were expected to have neutral effects to

assess the technical quality of the screen and as a baseline to

judge enrichment by a given candidate locus (Figures 3A–3F).

Across screens, we observed ORFs expressing GFP, LACZ,

BFP, and luciferase to have no significant enrichments between

terminal endpoint and initial time points with the vast majority

having fold change ratios < 2 (Figures 3A–3F). Furthermore,

screen replicates exhibited both consistent distributions among

all barcodes (Figures S5–S7) and tight distributions among tech-

nical screen replicates in the control neutral ORFs described

above (Figure 3; Table S2).

Notably, outlier hits were functionally enriched in cell cycle

processes (CDK4, CDK6 in gastric and pancreas) (Figures 3D

and 3E), DNA repair (XRCC6BP1 in lung) (Figure 3C), and kinase

signaling (KRAS, AKT in colon) (Figure 3F; Table S2). Interest-

ingly, in p53R175H human gastric organoids, two of the top five

outliers corresponded toCDK6. Among analyzing gastric cancer

outliers with >2-fold change vs. t = 0, six of the top hits (DYRK1B,

SAMD4B, MRPS12, SIRT2, EIF3K, and PAF1) all co-localized to

chromosome 19q13.2. We focused onDYRK2 and FGF3 for vali-

dation in this study, given their role in oncogenic signal transduc-

tion pathways and their potentially druggable kinase activities.

DYRK2 and FGF3 are candidate amplified oncogenic
drivers in oral and esophageal squamous cell carcinoma
Screens in the p53�/� OM organoid model identified the

dual specificity tyrosine phosphorylation-regulated kinase 2

(DYRK2) as a highly ranked and significant hit (Figure 3B).

DYRK2 amplification occurs in approximately 5% of HNSCC.34

DYRK2 is thought to be required for tumor growth via protea-

some phosphorylation35 and induces p53-dependent apoptosis

to DNA damage.36,37 Of the DYRK2 ORFs screened, we found

greater enrichment of ORFs mapping to the isoform 2 transcript

variant (Table S2). To iteratively validate the role of DYRK2, we

infected p53�/� mouse OM organoids with DYRK2 isoform

2-expressing lentivirus (Figure 4A). DYRK2 overexpression

enhanced proliferation of p53�/� OM organoids versus lentivirus

eGFP-infected organoids in vitro (Figures 4B, S8A, and S8B) and

promoted in vivo tumorigenicity upon subcutaneous transplan-

tation (Figures 4C and 4D; Table S3).

In p53�/� esophageal organoids, FGF3 exhibited the greatest

overall effect across all replicates compared to a modest enrich-

ment in CCND1 and EGFR, genes with known oncogenic effects

upon upregulation (Figure 3A; Table S2). We then evaluated

FGF3 by lentiviral expression in an independent esophageal

p53�/� organoid line not used in the ORF screen (Figures 5A,

5B, and S8C), again confirming increased proliferation in

serum-containing minimal F12 medium (Figure 5C). Given the

strong proliferation phenotype in the absence of the mitogen

EGF, we hypothesized that FGF3 overexpression could serve

an EGF surrogate, and that FGF3 could act functionally as an au-

tocrine growth factor in ESCC. Such a model was supported by

ELISA detection of FGF3 secretion into organoid culture super-

natants (Figure S8C).

We then investigated if FGF3 overexpression conferred a

phenotype upon subcutaneous transplantation into immuno-

deficient mice. Paralleling in vitro observations, FGF3 overex-

pression in p53�/� esophageal organoids robustly induced

tumorigenicity in vivo (Figures 5D, 5E, and S8D; Table S3).

We then assessed if tumor growth could be attenuated by

FGFR antagonism by scavenging secreted FGF3 via soluble

ligand-binding FGFR ectodomain (ECD) (Figure 5F). Accord-

ingly, recombinant ligand-binding extracellular domains

of FGFR1–3 (FGFR1-Fc, FGFR2-Fc, FGFR3-Fc) inhibited

growth of FGF3-overexpressing esophageal p53�/� organoids

in vitro (Figure 5G). For in vivo assessment, we utilized an

adenoviral vector (Ad-FGFR1-Fc, Data S1 file) for in vivo liver

infection and hepatocyte secretion of the FGFR1-Fc ectodo-

main fusion protein into the circulation of mice (Figure 5H).

Mice infected with FGFR1-Fc adenovirus but not a control

adenovirus expressing an Fc immunoglobulin fragment alone

(Ad-Fc) inhibited tumor growth in FGF3-overexpressing orga-

noid tumors. Notably, control p53�/� esophageal organoids

expressing GFP did not exhibit a response (Figures 5I

and S9A).

Having established tumor suppression by circulating FGFR1-

Fc, we then evaluated whether selective small molecule FGFR

tyrosine kinase inhibitors, a drug class efficacious in treatment

of FGFR-rearranged tumors,38 could also inhibit proliferation of

ESCC overexpressing FGF3. Two first-generation pan-FGFR

inhibitors, AZD4547 and BGJ-398, elicited dose-dependent in-

hibition of p53�/� ESCC organoid models overexpressing FGF3

with nanomolar EC50 values (Figure S9B). Interestingly, this

response to FGFR inhibitors was masked when organoids

were cultured in EGF (data not shown) possibly due to func-

tional redundancy between these two growth factor classes.

Accordingly, AZD4547 significantly reduced growth of FGF3-

overexpressing p53�/� esophageal organoid tumors versus

vehicle (Figures 5J and S9C; Table S3), Importantly, growth

of eGFP tumors (i.e., without FGF3 overexpression) was not

significantly different between AZD4547 and vehicle treatments

(Figure 5J and S9C; Table S3). Given the importance of FGF

signaling in angiogenesis, we tested if FGFR inhibition resulted

in decreased tumor vasculature. FGF3-overexpressing orga-

noid tumors exhibited decreased CD31+ microvessel density

upon AZD4547 treatment compared to vehicle (Figures 5K

and 5L; Table S3). Taken together, our findings support a role

for FGF3 amplification and overexpression as a pro-tumori-

genic alteration in the development of early esophageal squa-

mous cancer.
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DISCUSSION

Pan-cancer bioinformatics studies of TCGA and other genome-

scale cancer surveys have proven informative but lack a labora-

tory counterpart of functional validation in an equivalent in vitro

contextual experimental system.39 We present an approach

that powerfully enables systematic interrogation of these multi-

cancer datasets in cognate organoid screens matched to the tis-

sue of origin. First, an integrative analysis of gene expression

with SCNAs prioritized and nominated CN outliers with potential

significance to oncogenesis. Second, these candidate outlier

datasets were directly coupled to functional validation in primary

organoid cultures from colon, stomach, pancreas, oral mucosa,

lung, and esophagus, exploiting the availability of organoids

from these tissues.

Here, contextual modeling where SCNA outlier candidates

specific to a cancer histologic type were screened in matching

tissue organoids possessing a pre-existing, predominant ‘‘first

hit’’ for that malignancy: for instance, KRAS mutations in

PDAC, APC in COAD, and p53 mutation in HNSCC, ESCC,

LUAD, and STAD. This not only modeled the physiologic SCNA

occurrence in the context of pervasive signature mutations,

but it also leveraged the accelerated growth of such onco-

gene-engineered organoids versus their wild-type counterparts

to amass sufficient starting material for barcoded screens.

Further, the ‘‘bottom-up’’ nature of the current screening in a

A

DC

B

Figure 4. DYRK2 and FGF3 overexpression induces proliferation and tumorigenicity of p53�/� mouse oral mucosa and esophageal orga-

noids, respectively

(A) Morphology of p53�/�; eGFP and p53�/�; DYRK2 organoids cultured in ALI for 14 days. Scale bar: bright field; 500 mm (top panel), H&E staining; 100 mm

(bottom panel).

(B) In vitro proliferation of p53�/�; eGFP and p53�/�; DYRK2 organoids generated from oral mucosal tissue from a different donor mouse in ALI assessed by

resazurin reduction. Data represent mean ± SEM. ***p < 0.001, two-tailed Student’s t test.

(C) Tumor volume of p53�/�; eGFP (n = 6) and p53�/�; DYRK2 (n = 7) organoids. Data represent mean ± SEM. *p < 0.05, **p < 0.01, two-tailed Student’s t test.

(D) H&E staining of p53�/�; eGFP and p53�/�; DYRK2 organoid tumors. Scale bar: 100 mm.
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minimally transformed background conveyed potentially

increased sensitivity to detect oncogenic loci, versus testing in

patient-derived tumor organoids or cell lines where a multitude

of pre-existing epi/genetic alterations could obscure effects of

a given outlier candidate.

CN alterations are one of the most ubiquitous features of can-

cer genomes, yet a comprehensive understanding of their onco-

genic contributions has yet to be achieved.6 Earlier studies have

nominated SCNAs with high genomic resolution but have not

considered concomitant gene expression alterations, thus

masking functionally consequential regions. While chromosomal

deletions involving canonical tumor suppressors such as TP53

or amplifications of growth factor receptor pathway components

such as EGFR or ERBB2 are well understood, evaluation of other

SCNAs has been modest. Functional genomics experiments in

immortalized cancer cell lines have identified synthetic lethality

events such as MTAP deletion and S-adenosyl methionine argi-

ninemethyltransferase4 or a recent preprint suggesting inhibition

of PKMYT1 in CCNE1-amplified tumors.40 Large-scale func-

tional genomics and small molecule screens facilitated by efforts

such as the Cancer DependencyMap could yield further insights

into SCNAs.39,41

Among SCNAs, we prioritized screening of outlier amplifica-

tions over deletions, reasoning that oncogenic hits would be

amenable to pharmacologic inhibition. The lists of amplified out-

liers generated by our analysis serve as a basis for further

comprehensive evaluation in a screening system of organoid

models of early tumorigenesis. In our screening studies of a sub-

set of the amplified outliers using cDNA ORFs, we were able to

confirm functional enrichment of two pharmacologically trac-

table oncogenic amplifications in squamous cancers of the oral

cavity and esophagus. In contrast to adenocarcinomas, squa-

mous cancers exhibit relatively fewer actionable mutations.42–44

First, the tyrosine kinase DYRK2 strongly promoted in vitro pro-

liferation and in vivo tumorigenicity of OM organoids, as a highly

relevant model for HNSCC. DYRK2, belonging to the cyclin-

dependent kinase, mitogen-activated protein kinase, glycogen

synthase kinase, and CDC-like kinase (CMGC) superfamily,

has been previously implicated in either tumor promotion or inhi-

bition.37 DYRK2 could exhibit oncogenic activity in oral cancer

due to an epi/genomic context that favors DYRK2 upregulation

versus gain-of-function kinase alterations (e.g., KRAS, BRAF,

EGFR, PIK3CA) seen in pancreatic, lung, colon, and other ade-

nocarcinomas. Our studies suggest a potential dependency of

DYRK2 amplifications in oral cancers that could be conceivably

amenable to DYRK2 small molecule inhibition. Given conflicting

models of DYRK2 action during tumor progression,37 additional

studies will be required to definitely address DYRK2 function in

oral cancer, such as with future development of potent and spe-

cific DYRK2 small molecule kinase inhibitors.

Secondly, we functionally confirmed FGF3, a known onco-

gene, as an amplified esophageal squamous cell cancer onco-

gene at 11q13 using p53�/� esophageal organoids. We used

pharmacologic FGFR inhibition, encompassing both small mole-

cule FGFR inhibitors and soluble FGFR1-3 ectodomain ligand

sequestration as a functional tool to validate the specificity of

the in vitro and in vivo esophageal organoid FGF3 proliferation

phenotypes. However, FGFR small molecule inhibitors have

received regulatory approval in biliary and bladder cancer.38

Thus, our preliminary findings of FGFR inhibitor in vivo and

in vitro efficacy against FGF3-overexpressing esophageal orga-

noids warrant further exploration and evaluation in FGF3-ampli-

fied patient-derived models of ESCC and other cancer types

such as the CN-driven integrative breast cancer subgroup,

IntClust2, which manifests prominent FGF3 amplification.45

Certainly, our data suggest autocrine FGF-FGFR signaling as a

potential druggable oncogenic mechanism in esophageal squa-

mous tumors harboring FGF3 amplification and overexpression.

Notably, EGFR and KRAS amplifications confer clinical sensi-

tivity to inhibitors targeting corresponding pathways.46,47 In

addition, since FGF3 is an embryonal FGF and is not significantly

expressed in adult human tissues, FGF3 could be considered an

Figure 5. Targeting oncogenic FGF3 amplification with soluble FGFR-ECD or FGFR-specific tyrosine kinase inhibitors in p53�/� mouse

esophageal squamous organoids

(A) Multicolor immunofluorescence of p53�/� esophageal organoids with lentiviral expression of FGF3 with a C-terminal V5 tag. Scale bar: 100 mm.

(B) Multicolor immunofluorescence of p53�/� esophageal organoids with lentiviral expression of GFP with a C-terminal V5 tag. Scale bar: 100 mm.

(C) In vitro proliferation of FGF3 versus GFP-expressing p53�/� esophageal organoids by resazurin reduction. Data represent mean ± SEM. **p < 0.01, two-tailed

Student’s t test.

(D) In vivo tumor formation and growth upon subcutaneous transplantation of FGF3- versus GFP-expressing p53�/� esophageal organoids in immunodeficient

NOG mice. Each group has n = 10 biological replicate mice. Data represent mean ± SEM. *p < 0.05, **p < 0.01, two-tailed Student’s t test.

(E) Multicolor immunofluorescence of p53�/�;FGF3 esophageal organoid subcutaneous tumor sections. Scale bar: 100 mm.

(F) Schematic of inhibition of FGF3-driven oncogenesis by soluble ligand-binding extracellular domains of FGF receptors.

(G) Proliferation of FGF3 p53�/� esophageal organoids upon incubation with Fc or FGFR 1, 2, or 3 ECD-Fc fusions at 10 mg/mL assessed by resazurin reduction.

Data represent mean ± SEM. *p < 0.05, two-tailed Student’s t test.

(H) Circulating serum expression of FGFR1-Fc fusion protein after intravenous injection of immunodeficient NSG mice infected with the corresponding re-

combinant adenoviruses. Western blot, anti-Fc.

(I) Serial measurements of subcutaneous tumor growth subsequent to adenoviral infection of FGFR1 ECD-Fc versus Fc controls in FGF3-expressing (n = 6) (left

panel) or GFP-expressing (n = 5) (right panel) p53�/� esophageal organoid subcutaneous tumors. Data represent mean ± SEM. *p < 0.05, two-tailed Student’s

t test.

(J) Serial measurements of FGF3-expressing (left panel) or GFP-expressing (right panel) p53�/� esophageal organoid subcutaneous tumors subsequent to daily

oral administration of vehicle or the FGFR inhibitor AZD4547. FGF3-expressing organoids have n = 9 biological replicate mice in each treatment group. GFP-

expressing organoids have n = 8 in the vehicle treatment group and n = 7 in the AZD4547 treatment group. **p < 0.01, ***p < 0.001, two-tailed Student’s t test.

(K) Representative CD31 immunohistochemistry staining of subcutaneous tumors from FGF3-expressing p53�/� esophageal organoids in (E). Scale bar: 200 mm.

(L) Chalkley quantitation of CD31+ microvessel density in (F), where each group is three technical replicates for eachmouse subcutaneous tumor. **p < 0.01, two-

tailed Student’s t test.
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oncofetal antigen susceptible to adoptive T cell therapies selec-

tive for cells presenting FGF3 peptides on class I major histo-

compatibility complex. Since >40% of ESCCs harbor 11q13 am-

plicon FGF3 amplifications,48 successful targeting of FGF3 in

ESCC could represent a precision oncology strategy.49 Addi-

tional driver loci such as CCND1 are co-amplified with FGF3 at

11q13, although in our screen FGF3 displayed stronger effects

than CCND1. Nevertheless, our data suggest that FGF3 could

indeed cooperate with CCND1 to promote tumorigenesis.

Beyond the current investigations, our screens have identified

numerous candidates for further study. TCGA STAD amplifica-

tion outlier screening in p53R175H-overexpressing human gastric

organoids revealed the highest scoring hit as CDK6, a commonly

amplified gene widely implicated in carcinogenesis and a target

for pharmacological inhibition. Senescence induction in gastric

cancer cells by the CDK4/6 inhibitor palbociclib is reduced

upon p53 knockdown, consistent with cooperation between

p53 mutation and CDK6.50 Intriguingly, several highly ranked

gastric cancer SCNA hits, namely DYRK1B, SAMD4B,

MRPS12, SIRT2, EIF3K, and PAF1, co-localized to 19q13.2,

suggesting a multifaceted role of this amplicon in the fitness of

gastric cancer cells. As 19q13.2 amplification occurs in other

cancer types including PDAC,51 lung,52 and breast,53,54 potential

cooperation between these SCNA hits will be of interest.

Overall, we have demonstrated the robust application of pri-

mary organoid culture to validate candidate cancer driver data-

sets in pooled barcoded screening formats, using amplified

outlier loci as proof of principle. Future efforts could adapt this

multi-tissue organoid framework to CRISPR variants such as

dCas9 fusions to transcriptional activators or histone demethy-

lases.55–57 The use of exclusively human organoid models and

progressively miniaturized formats22 could be further combined

with systematic functional evaluation of additional tissue orga-

noid types, genomic regions, and classes of genetic alterations.

The continued exploration of organoid-based functional geno-

mics screens, as described here, has significant application to

oncology as well as more broadly to human disease in general.

Limitations of the study
Our study has numerous limitations. First and foremost, any

functional insights regarding amplification outliers are limited to

early tumorigenesis and do not demonstrate necessity in estab-

lished cancers. Further gain-of-function investigations of candi-

date loci in independent oncogene-engineered organoid

models, and conversely loss of function in organoids from estab-

lished cancers, will be required to robustly verify reproducibility

and relevance to human malignancy. Bioinformatic outlier iden-

tification could be improved by considering tumor cell purity

and stromal composition from TCGA data to avoid false negative

calls. Candidate lentiviral cDNA ORF expression is subject to

packaging limits where large inserts may compromise titer re-

sulting in technical bias, desired full-length cDNAs either may

not be available or may not represent the correct isoform, and

uniform library representation may be cumbersome and costly.

For example, negative control luciferase and BFP ORFs

achieved 2-fold enrichment in pancreatic and lung screens

respectively. This negative control enrichment, while not

observed for other negative control ORFs, may reflect the sto-

chastic nature of independent biological replicates as well as

the limitations of cDNA ORFs unable to provide for robust statis-

tical analysis as can be achieved in ultradeep sgRNA and shRNA

screens with hundreds of control elements able to set a robust

baseline. Our studywas also limited to a subset of candidate out-

liers and thus a more comprehensive, saturating analysis with

multiple follow-up validation studies would be more ideal. These

limitations further underscore the need for functional screening

technologies utilizing uniform pooled libraries with comprehen-

sive coverage, which may be achieved with variant CRISPR-

Cas9 technologies. Finally, the use of murine models, while

experimentally robust, introduces interspecies complexity that

could be overcome by equivalent human organoids.
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Data and code availability
d Outlier screening data has been deposited at the CTD^2 data portal and are publicly available as of the date of the publication.

The DOI is listed in the key resource table.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the Key

Resources Table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human specimens
Normal tissues were obtained through the Stanford Tissue Bank from patients undergoing surgical procedures at Stanford Health

Care (SHC). All experiments utilizing human material were approved by the SHC Institutional Review Board and performed under

protocol #28908. Written informed consent for research was obtained from donors prior to tissue procurement. Analysis of influence

of gender identity upon experiments was not performed.

Mouse models
Female C57BL/6 mice or NOG-E mice (no sex differences were observed) were used for organoid model generation and subcutane-

ous tumor implantation (micewere obtained from Taconic Biosciences) in accordancewith NIH and Stanford Administrative Panel on

Laboratory animal Care (APLAC). Mice were group housed and littermates were randomly selected for experimentation at 4–8 weeks

of age. Animals were maintained on a 12-h light/dark cycle, in a temperature- and humidity-controlled room with food and water.

Organoid derivation and culture
Mouse esophagus, tongue/oral mucosa and pancreas were dissected from female 6–8-week-old p53flox/floxmice andmouse periph-

eral lung from 6–8-week-old female LSL-KrasG12D; p53flox/flox mice29,32 and minced into small pieces. Minced tissues were

embedded in collagen gel in air-liquid interface (ALI).13,14 2 3 108 pfu adenovirus Ad-Fc or Ad-Cre-GFP (University of Iowa Vector

Core) per 500 mL medium were added on top of the inner dish collagen I (Wako) to activate KrasG12D expression and delete p53. Es-

tablished organoids were maintained in ALI. Culture medium for mouse oral mucosa, esophagus and lung organoids was advanced

DMEM/F12 supplemented with 1 mM HEPES, 10 mM nicotinamide, Glutamax, 1 mM N-acetylcysteine, B27, 0.5 mM A83-01, PSQ,

50 ng/mL recombinant human EGF, 100 ng/mL recombinant human NOGGIN. Pancreas organoids were cultured in WENR media

(see below). Human gastric and colon organoids were generated from deidentified surgical specimens from Stanford Hospital under

an approved IRB protocol following established methods and grown in a submerged format in WENR media20,23 in BME-2

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AlamarBlue Cell Viability Reagent Life Technologies DAL1100

Citrate Buffer, pH 6.0, Antigen Retrieval Solution Millipore Sigma C9999

Normal donkey serum Jackson ImmunoResearch 017-000-121

Trevigen Cultrex Reduced Growth Factor BME Type 2 R&D Systems 3533-005-02

RIPA Buffer Thermofisher Scientific 89900

4%–12% Bis-Tris Gels Thermofisher Scientific

TrypLETM Express (1X), no Phenol Red Life Technologies 12604021

DNase I Worthington LS006328

Collagenase Type 4 5x50mg Worthington LS004212

DNeasy Blood and Tissue Kit Qiagen 69506

Polybrene Infection/Transfection Reagent Sigma TR-1003-G
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extracellular matrix (R&D Systems).26,28 The R175Hmutant of p53was transduced by lentivirus into wild type human gastric organo-

ids. APC null colon organoids were generated as previously described.20,23,26 For DYRK2 validation experiments, lentivirus DYRK2

(TRCN489007, Broad ORF collection) or eGFP control (BRDN559466, Broad ORF collection) was infected into p53�/� mouse oral

mucosa organoids in log phase using spinfection and subjected to puromycin selection.26,28 For FGF3 validation experiments, an

independent p53�/� esophageal organoid line was infected by lentiviral eGFP control or FGF3 (TRCN477770, Broad ORF collection),

as above. All cultures were maintained at 37�C at 5% CO2 and 95% relative humidity. All lines used in this study tested negative for

mycoplasma.

METHOD DETAILS

Computational amplified/upregulated outlier analysis
TCGA expression data (rsem genes normalized rnaseqv2) and copy number data (hg19 nocnv SNP6 array data) were downloaded for

lung adenocarcinoma (LUAD), esophageal carcinoma (ESCA, filtered to retain only the squamous samples), head and neck squa-

mous carcinoma (HNSC), pancreatic adenocarcinoma (PAAD), colon adenocarcinoma (COAD) and stomach adenocarcinoma

(STAD) from Firehose (http://gdac.broadinstitute.org/). We considered a segment amplified if the segment value was higher than

the median value of all segments of the sample plus six times the standard deviation of the central quantiles of the values of the sam-

ple (0.25–0.75). Amplified segments were matched with the position of the gene (hg19) to assign gene-level values. For gene expres-

sion data, values were normalized using a log2 (adding a unit to the original count) transformation. In order to identify expression out-

liers, we first estimated from the tumor expression data a theoretical normal distribution for each gene using the function fitdistr from

the MASS package. From this theoretical distribution we extract the 5% and 95% quantiles using the function qnorm. Those quan-

tiles defined the lower and upper threshold, expression values below the 5% threshold were consider down regulation outliers and

values above 95% threshold were considered up regulation outliers. Finally, we called a given gene an outlier if it was simultaneously

amplified and an upregulated expression outlier following the approach from Curtis et al.8 Outlier distributions were plotted with the

ggbio package, and transitions across genes were smoothed using the smooth.spline function.

Tissue contextual pooled screening of putative outlier genes
Organoids were either removed from matrix with either TrypLE or collagenase type IV as previously described.26,27 Upon matrix

removal, organoids were further digested into single cell suspensions with TrypLE for 20 min at 37�C. Cells were centrifuged at

600 x g for 3 min, then washed and incubated with 100 Kunitz Units DNase I in 1 mL of Advanced DMEM/F12 for 15 min at room

temperature. Cells were then counted and 1000 cells per ORF construct were infected via spinfection as independent biological repli-

cate screening experiments (up to n = 4; see Table S2). Each biological replicate was resuspended in complete culture

media +8 mg/mL polybrene, plus pooled lentivirus library with equal weighting inclusive of negative controls (MOI = 0.8) to a total vol-

ume of 250 mL per replicate in a 48 well plate. Plates were centrifuged for 1 h at 32 �C at 600 x g, then allowed to recover for 4–6 h at

37�C in a cell incubator. Spinoculated cells were then plated in ECM/Matrigel at 100,000 cells per 50 mL droplet in complete media.

Each biological replicate was cultured separately including subsequent passaging and gDNA harvesting. Each replicate was allowed

to grow for 96 h and then transferred either to ALI or maintained in ECM per above culture conditions. After 96 h, cultures were then

subjected to puromycin selection at IC90 concentrations established by prior dose response studies. After 96 h of puromycin selec-

tion, the cultures were digested into single cell suspensions and half the biomass was snap frozen as a representation of the initial

screen timepoint. Cultures were then passaged serially upon confluence as previously described26,27 and screens were terminated

after the fourth passage.

Barcode amplification and Deep Sequencing
Snap frozen cell pellets, corresponding to independent biological replicates, were extractedwith DNeasy (Qiagen) following theman-

ufacturer’s protocol. 10 mg of genomic DNAwas subjected to a one step PCR strategy per the Broad Genomic Perturbation Platform

protocol (https://portals.broadinstitute.org/gpp/public/resources/protocols). Briefly, a pool of Illumina P5 primers were pooled and

combined with a barcode library specific library primer. PCR products were gel extracted and subjected to Bioanalyzer analysis to

assess for sample purity and quantified by Qubit. Libraries representing individual biological replicate samples were then pooled and

Deep Sequencing was performed on an Illumina MiSeq instrument configured 300 | 8 | 0 | 300 bp with Nextera XT format. Fastq files

were processed using the R package ShortRead58 and ORF barcodes were counted as a DNAStringSet from the BioString R pack-

age,59 and reverse barcodes were counted using the reverseComplement function. Barcodes (both forward and reverse) were

counted using the vcountPattern function with an error limit of one single mismatch in forward and reverse strand reads combined.

ORF enrichment analysis
The proportion of barcodes for each gene/sample were calculated by dividing the barcode counts by the total read counts of the NGS

library. We then calculated the ratio of enrichment for each gene by dividing the proportion of barcodes at the terminal timepoint by

the proportion of barcodes at the initial timepoint. In order to avoid division by zero, genes were filtered for any sample proportions
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less than 0.0003 in the initial timepoints. Barcodes were plotted in rank order by genes with the median value of the ratio, separating

the controls from the putative drivers. The significance of the increase in counts for each ORF was evaluated using a one-side t test

comparing the final timepoint vs. 0 timepoint.

Immunoblotting
Lysate preparation and immunoblot analyses were performed using standard methods. Briefly, cells were harvested in RIPA buffer

containing protease inhibitor cocktail (cOmplete Mini, Roche) and centrifuged at 50003 g for 10 min to remove debris. Protein con-

centration was assessed using BCA Kit (Bio-Rad). Samples were supplemented with SDS sample buffer containing 5%

2-mercaptomethanol and 100 mM DTT. NuPAGE 4%–12% Bis-Tris Gels (ThermoFisher Scientific) were used for SDS-PAGE,

then transferred to PVDF membranes (EMD Millipore). Membranes were blocked with 5% non-fat dry milk in TBS/0.05% Triton

X-(TBST/milk). Membranes were incubated with primary antibodies: anti-DYRK2 antibody (#8143, Cell Signaling) and anti-GAPDH

(#5174, Cell Signaling) diluted in TBST/milk overnight at 4�C. HRP-conjugated anti-Rabbit IgG (H + L) antibody (111-035-003, Jack-

son ImmunoResearch) were incubated for 1h at room temperature. Bound antibodies were visualized using SuperSignal West Pico

Chemiluminescent Substrates (ThermoFisher Scientific) and exposure of AccuRay Blue X-ray Films (E&K Scientific).

qRT-PCR
Total RNA was isolated from cells using RNeasy (QIAGEN) and cDNA was synthesized using iScript Reverse Transcription Supermix

(Bio-Rad). qRT-PCR was performed to measure specific gene expression with Power SYBR Green assay (Applied Biosystems) or

TaqMan assays (ThermoFisher) as indicated in the Key Resources Table. Relative RNA expression was calculated using standard

curve method and normalized by Gapdh or Actb.

Proliferation assays and in vitro small molecule studies
Organoids were dissociated into single cells. 5000 cells were plated with 5–10 mL of Matrigel in flat-bottom 96 well plates or 10 mL of

collagen in round-bottom 96 well plates. 10% AlamarBlue was added to wells and incubated for 4 h at 37 �C at indicated days. Fluo-

rescence (Ex/Em = 530/590 nm) was measured in a Biotek plate reader according to the manufacturer’s protocols. Small molecule

treatments were carried out as dose response studies in triplicate 72 h after seeding.

Immunofluorescence staining
Paraffin-embedded sections were incubated in citrate antigen retrieval solution and blocked with 10% normal donkey serum. Sec-

tions were incubated with the following primary antibodies: mouse anti-E-cadherin (BD610182, BD Biosciences), Alexa Fluor

647-labeled anti-KRT5 (ab193895, Abcam), rat-anti-Ki67 (14-5698-82, eBioscience) overnight at 4�C. Sections were washed and

subsequently incubated with the following secondary antibodies: Cy3-conjugated AffiniPure goat anti-mouse IgG (H + L) (115-

165-062, Jackson ImmunoResearch), Cy3-conjugated AffiniPure goat anti-rat IgG (H + L) (112-165-167, Jackson

ImmunoResearch). Sections were washed andmounted with Fluoro-Gel II with DAPI (Cat. 17985-50, Electronmicroscopy sciences).

Sections were imaged by a Zeiss Axio-Imager Z1 with ApoTome attachment or a Leica SP6 inverted confocal microscope as pre-

viously described.28

In vivo organoid transplantation
All animal experimental procedures were approved by an IACUC protocol. Subcutaneous transplantations were performed in NOG-E

mice (Taconic) as previously described.13 Briefly, organoid cells were dissociated into single cell suspensions andmixed in 100 mL of

Matrigel and 105-106 cells were subcutaneously injected into the flank. Tumor formation was assessed by palpation and tumors were

measured by digital calipers for length, width, and height and ellipsoid volumes were calculated as previously described.13 Animals

were euthanized at predefined endpoints or morbidity criteria and tumor and tissue samples were freshly fixed in formalin and

embedded in paraffin.

In vivo adenovirus injection
106 GFP-expressing p53�/� mouse esophageal organoid cells or 105 FGF3-expressing p53�/� mouse esophageal organoid cells

were subcutaneously implanted as above in 20 mice. Mice were monitored for serial tumor measurement and mice with measurable

tumors were randomized to achieve a mean of 100 mm3 tumor volume. 5 3 108 pfu of adenovirus expressing FGFR1-ECD-Fc, en-

coding the soluble extracellular ligand-binding domain of human FGFR1 fused to C-terminal mouse IgG2a Fc (Ad FGFR1-ECD-Fc), or

control adenovirus expressing mouse IgG2a Fc (Ad Fc) was injected i.v. retroorbitally and serum was analyzed by Western blot for

expression of FGFR1-ECD-Fc or Fc using anti-IgG2a Fc (Jackson ImmunoResearch). All adenoviral inserts were cloned into the E1

region of E1�E3� Ad strain 5 by homologous recombination and amplified in in 293 cells followed by CsCl2 gradient purification of

virus, as previously described.60–63

FGF3 ELISA
Organoid conditioned media from log phase growth GFP or FGF3 expressing p53�/� esophageal organoid cells were assessed ac-

cording to the manufacturer’s protocol (Aviva Biosciences catalog # OKEH02512).
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AZD4547 in vivo treatment
Mice were subcutaneously transplanted with either FGF3- or GFP-expressing p53�/� esophageal organoid cells and tumor volumes

were serially measured andmice were randomized as above. Mice were treated with either an oral suspension of AZD4547 or vehicle

daily as previously described64 where AZD4547 was compounded in 1% vol:vol Tween-80 at 2.5 mg/mL and animals were dosed

daily at 12.5 mg/kg via oral gavage. Tumors were serially measured as above.

Quantitation of CD31+ microvessel density
Immunohistochemistry for CD31 (MAB1398Z, EMD Millipore) was performed on 5 mm FFPE tissue sections using proteinase K an-

tigen retrieval as described.65 Microvessel density was scored using the Chalkley method as previously described.66,67 Briefly, FFPE

sections of mouse tumors from FGF3 expressing p53�/� esophageal organoid subcutaneous transplants were subjected to CD31

IHC staining. The mean of three CD31+ hotspots at 203magnification were scored on the overlap of 25 random points on an ocular

grid.

QUANTIFICATION AND STATISTICAL ANALYSIS

When relevant, experiment statistical testing is reported inmethod details and in figure legends. Statistical testingwas performed inR

or excel and the type of test and p values are reported in figure legends at thresholds such as 0.05, 0.01. Figure legends indicate data

values, error bars and for in vivo experiments, number of animals in experimental groups.
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A) Schematic of integrative analysis to nominate outlier gene candidates for EGFR in colon adenocarcinoma (COAD) 

(top) and head and neck squamous carcinoma (HNSCC) (bottom). Top panel shows the expression counts density for 

EGFR to obtain the mean and standard deviation from these distributions. In the second panel, using the mean and 

standard deviation, theoretical normal distributions were generated and the 5% quantile of higher expression (red 

colored distribution) was used to define a threshold that was later applied to the original distribution (red line, third 

panel). Samples with expression higher than these thresholds were classified as expression outliers. In the last panel 

the boxplots shows the distribution of expression across copy number amplified and not amplified samples. The final 

outlier list is the intersection between the amplified samples and the expression outliers and the amplification in the 

COAD samples lack an effect in the expression, thus most of the amplified samples are not classified as outliers. In 

contrast, in HNSC (bottom panels) there is a significant number of CN amplified samples with a subsequent change in 

expression resulting in greater number of amplified samples being classified as outliers.

B) Schematic of pooled ORF screening experiments in this study.
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Figure S1. Identification and Validation of candidate SCNA drivers (related to Fig. 1).  
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Figure S2
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A) Schematic of KrasG12D pancreatic organoid derivation.
B) Sanger sequencing of Kras cDNA.
C) Brightfield microscopy of human gastric p53R175H organoids.
D) Immunoblotting of p53R175H in transduced versus control gastric organoids.
E) qRT-PCR of p53 target genes in transduced versus control gastric organoids. Each group had n = 3 technical replicates. 

Data represent mean ± SEM. 
F) Brightfield microscopy of human colon APC-/- organoids.
G) Sanger tracing of TA cloned genomic PCR amplicons of the CRISPR KO APC locus demonstrating indel mutagenesis.
H) Immunofluorescence of wild type versus APC CRISPR KO human colon organoids.

Figure S2. Generation and validation of tissue contextual models of pancreatic, gastric, and colon carcinomas 
(related to Fig. 1) 



Figure S3
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Figure S3. Evaluation of murine and human oral mucosal organoids in submerged Matrigel and ALI (related to Fig. 2)

A) WT mouse oral mucosa organoids cultured in ALI for 34 days. Scale bar: brightfield; 500 μm (left top panel), 

H&E staining; 100 μm (right top panel), IF staining; 50 μm (bottom panels).

B) Submerged Matrigel cultures of wild type murine oral mucosa organoids at day 9, scale bars: brightfield; 200 μm, H&E 

staining; 50 μm, IF staining; 50 μm.

C) Submerged Matrigel cultures of normal human oral mucosa at day 13, scale bars: H&E staining; 50 μm, brightfield; 100 

μm, IF staining; 50 μm.

D) Air-liquid interface cultures of normal human oral mucosa at day 18, scale bars: H&E staining; 100 μm, brightfield; 500 μm, 

IF staining; 50 μm.
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Figure S4. Evaluation of murine oral, esophageal, and lung organoids (related to Fig. 2)
A) KRT5 IF staining (left panel) and KI67 IF staining (right panel) of p53-/- mouse oral mucosa organoids cultured in ALI for 34 

days, Scale bar: 50 μm.
B) Proliferation of oral mucosa p53-/- and WT organoids in ALI culture assessed by resazurin reduction. Each group had n = 3 

technical replicates. Data represent mean ± SEM. 
C) qRT-PCR of p53, Ki67 and Cdkn1a, in p53-/- versus WT mouse oral mucosa organoids in ALI. Each group had n = 3 

technical replicates. Data represent mean ± SEM. P < .001 between groups, two tailed student’s t-test. 
D) KRT5 immunofluorescence of p53-/- mouse esophageal organoids from serial FFPE section from right panel of Fig. 2D.
E) qRT-PCR of p53 mRNA in Ad-Fc- or Ad-Cre-GFP-infected p53flox/flox esophageal organoids. Each group had n = 3

technical replicates. P < .001 between groups, two tailed student’s t-test.
F) Microscopy of lung organoids without activation of latent KrasLSL-G12D; p53flox/flox alleles in complete (EN) versus minimal

(F12) media. Left, stereomicroscopy of organoids at d28, Middle, phase contrast microscopy of organoids at d28, Right,
H&E staining of organoid cultures at d28. Scale bars = 3 mm, 250 μm, and 250 μm respectively.

G) Sanger sequencing of Kras cDNA upon activation of latent LSL KrasG12D.
H) qRT-PCR of p53 in Ad-Fc or Ad-Cre-GFP infected KrasG12D; p53-/- lung organoids. Each group had n = 3 technical

replicates. P < .001 between groups, two tailed student’s t-test.
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Figure S5. Scatterplots correlating barcode counts of timepoint zero biological replicates. Correlation is 
calculated with Pearson correlation and correlation p-value is calculated using cor.test (related to Fig. 3).
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Figure S6. Scatterplots correlating barcode counts of terminal timepoint biological replicates. Correlation is 
calculated with Pearson correlation and correlation p-value is calculated using cor.test (related to Fig. 3).

Figure S5-2 Esophageal Oral

Lung Pancreas

Gastric Colon

R = 1, p < 2.2e−16

R = 0.62, p = 6.4e−05

R = 0.79, p = 2.1e−08

R = 0.77, p = 5.8e−08

R = 0.62, p = 6.4e−05

R = 1, p < 2.2e−16

R = 0.79, p = 2.1e−08

R = 0.59, p = 0.00017

R = 0.79, p = 2.1e−08

R = 0.79, p = 2.1e−08

R = 1, p < 2.2e−16

R = 0.77, p = 5.�e−08

R = 0.77, p = 5.8e−08

R = 0.59, p = 0.00017

R = 0.77, p = 5.�e−08

R = 1, p < 2.2e−16

AF BF CF DF

AF
BF

C
F

D
F

101 102 103 104 105 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

101

102

103

104

105

101

102

103

104

105

101

102

103

104

105

101

102

103

104

105

counts

co
un

ts

R = 1, p < 2.2e−16

R = 0.42, p = 8.5e−06

R = 0.�6, p = 0.00017

R = 0.41, p = 2.�e−05

R = 0.42, p = 8.5e−06

R = 1, p < 2.2e−16

R = 0.6�, p = 5.9e−1�

R = 0.51, p = 6e−08

R = 0.�6, p = 0.00017

R = 0.6�, p = 5.9e−1�

R = 1, p < 2.2e−16

R = 0.58, p = 1.6e−10

R = 0.41, p = 2.�e−05

R = 0.51, p = 6e−08

R = 0.58, p = 1.6e−10

R = 1, p < 2.2e−16

A E B E C E D E

A E
B E

C
 E

D
 E 

100 101 102 103 104 105 100 101 102 103 104 105 100 101 102 103 104 105 100 101 102 103 104 105

100

101

102

103

104

105

100

101

102

103

104

105

100

101

102

103

104

105

100

101

102

103

104

105

counts

co
un

ts

R = 1, p < 2.2e−16

R = 0.89, p = 5.9e−15

R = 0.93, p < 2.2e−16

R = 0.95, p < 2.2e−16

R = 0.89, p = 5.9e−15

R = 1, p < 2.2e−16

R = 0.92, p < 2.2e−16

R = 0.93, p < 2.2e−16

R = 0.93, p < 2.2e−16

R = 0.92, p < 2.2e−16

R = 1, p < 2.2e−16

R = 0.95, p < 2.2e−16

R = 0.95, p < 2.2e−16

R = 0.93, p < 2.2e−16

R = 0.95, p < 2.2e−16

R = 1, p < 2.2e−16

B08 T4 B10 T4 B11 T4 B12 T4

B08 T4
B10 T4

B11 T4
B12 T4

100 101 102 103 104 105 106 100 101 102 103 104 105 106 100 101 102 103 104 105 106 100 101 102 103 104 105 106

100

101

102

103

104

105

106

100

101

102

103

104

105

106

100

101

102

103

104

105

106

100

101

102

103

104

105

106

counts

co
un

ts

R = 1, p < 2.2e−16

R = 0.11, p = 0.37

R = 0.31, p = 0.014

R = 0.11, p = 0.37

R = 1, p < 2.2e−16

R = 0.26, p = 0.039

R = 0.31, p = 0.014

R = 0.26, p = 0.039

R = 1, p < 2.2e−16

01 D33 02 D33 03 D33

01 D
33

02 D
33

03 D
33

100 101 102 103 104 105 100 101 102 103 104 105 100 101 102 103 104 105

100

101

102

103

104

105

100

101

102

103

104

105

100

101

102

103

104

105

counts

co
un

ts

R = 1, p < 2.2e−16

R = 0.96, p < 2.2e−16

R = 0.96, p < 2.2e−16

R = 0.94, p < 2.2e−16

R = 0.96, p < 2.2e−16

R = 1, p < 2.2e−16

R = 0.95, p < 2.2e−16

R = 0.97, p < 2.2e−16

R = 0.96, p < 2.2e−16

R = 0.95, p < 2.2e−16

R = 1, p < 2.2e−16

R = 0.94, p < 2.2e−16

R = 0.94, p < 2.2e−16

R = 0.97, p < 2.2e−16

R = 0.94, p < 2.2e−16

R = 1, p < 2.2e−16

A T55 B T55 C T55 D T55

A T55
B T55

C
 T55

D
 T55

100 101 102 103 104 105 106 100 101 102 103 104 105 106 100 101 102 103 104 105 106 100 101 102 103 104 105 106

100

101

102

103

104

105

106

100

101

102

103

104

105

106

100

101

102

103

104

105

106

100

101

102

103

104

105

106

counts

co
un

ts

R = 1, p < 2.2e−16

R = 0.69, p < 2.2e−16

R = 0.69, p < 2.2e−16

R = 1, p < 2.2e−16

03 T2 06 T2

03 T2
06 T2

100 101 102 103 104 105 106 100 101 102 103 104 105 106

100

101

102

103

104

105

106

100

101

102

103

104

105

106

counts

co
un

ts

Figure S6



Figure S7. Scatterplots correlating barcode counts of terminal timepoint versus time point zero across 
biological replicates. Correlation is calculated with Pearson correlation and correlation p-value is calculated 
using cor.test (related to Fig. 3).
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Figure S8. Characterization of DYRK2 and FGF3 overexpression in p53
-/-

oral mucosa and esophageal

organoids respectively.

A) DYRK2 qRT-PCR (left) and immunoblot (right) in GFP vs DYRK2 expressing p53-/- oral mucosa organoids. Data
represent mean ± SEM. P < .05 between groups, two tailed student’s t-test.

B) qRT-PCR of FGF3 mRNA in GFP and FGF3 expressing p53-/- esophageal organoids. Each group had n = 3
technical replicates. Data represent mean ± SEM.

C) Bar plots of FGF3 ELISA measurements in organoid conditioned media.
D) Photographs of subcutaneous tumor formation of GFP expressing and FGF3 expressing p53-/- esophageal

organoids.
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Figure S9

Figure S9. Evaluation of mechanisms of FGF3 mediated tumorigenesis in p53-/- esophageal organoids
(related to Fig. 5)

A) Terminal tumor weights of Fig. 5I. * = P < 0.05 two tailed student’s t-test.
B) Fitted dose response curves of BGJ398 (EC50 = 567 nM) and AZD4547 (EC50 = 348 nM) FGFR inhibitors on
p53-/- ; FGF3 esophageal organoids in basal F12 media. Each group had n = 3 technical replicates. p53-/- ; GFP
organoids are unable to proliferate in basal F12 media.

C) Terminal tumor weights of Fig. 5J. * = P < 0.05 two tailed student’s t-test.
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