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In brief

Ebisudani et al. establish a patient-
derived lung cancer organoid library
encompassing all histologic types. Multi-
omics and phenotypic analyses reveal
that Wnt-dependent and -independent
phenotypes in lung adenocarcinoma are
defined by NKX2-1 expression. A
stratification strategy based on NKX2-1
expression may predict the effect of Wnt-
targeting therapy in human lung
adenocarcinoma.
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SUMMARY

Human lung cancer is a constellation of tumors with various histological and molecular properties. To build a
preclinical platform that covers this broad disease spectrum, we obtained lung cancer specimens from mul-
tiple sources, including sputum and circulating tumor cells, and generated a living biobank consisting of 43
lines of patient-derived lung cancer organoids. The organoids recapitulated the histological and molecular
hallmarks of the original tumors. Phenotypic screening of niche factor dependency revealed that EGFR mu-
tations in lung adenocarcinoma are associated with the independence from Wnt ligands. Gene engineering of
alveolar organoids reveals that constitutive activation of EGFR-RAS signaling provides Wnt independence.
Loss of the alveolar identity gene NKX2-1 confers Wnt dependency, regardless of EGFR signal mutation.
Sensitivity to Wnt-targeting therapy can be stratified by the expression status of NKX2-1. Our results highlight
the potential of phenotype-driven organoid screening and engineering for the fabrication of therapeutic stra-

tegies to combat cancer.

INTRODUCTION

Lung cancer (LC) is the leading cause of cancer-related deaths,
accounting for approximately 1.8 million annual mortalities or
18% of all cancer-related deaths worldwide.' LC is a heteroge-
neous disease that broadly encompasses two major categories:
small cell LC (SCLC) and non-SCLC. The latter mainly consists of
lung adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), and a rare histologic subtype, large cell neuroendocrine
carcinoma (LCNEC). Of these subtypes, chemotherapy for
LUAD, which dominates approximately 60% of all LC cases
and is responsible for the majority of LC-related deaths, has
been rapidly evolving owing to the discovery of molecular
targets” and the development of targeted drugs that show clin-
ical activity. The list of such druggable molecular targets,
including EGFR, KRAS®'2C, and BRAF'%°°F mutations, and
ALK-, ROS1-, RET-, and NTRK-translocations,*° has continued
to expand owing to large-scale sequencing efforts. Neverthe-
less, approximately one-half of LUAD cases are devoid of ge-
netic abnormalities that are currently druggable, highlighting
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the limitation of genomics-guided precision oncology that se-
lects chemotherapy regimens based on the genomic profile of
the patient tumor.”®

Although targeted therapy generally co-opts cancer depen-
dencies, pathways and modules that are integral to cancer
growth or survival may not be captured by molecular profiling
and require biological analysis of patient tumors. Functional
investigation of human cancers has traditionally relied on cancer
cell lines, but their poor capacity to recapitulate clinical tumors
often undermines their usefulness as preclinical models. Further-
more, the requirement for serum in cell line culture obscures the
cell-intrinsic dependency on the microenvironment or niche,
despite its relevance to cancer addiction and potential as a ther-
apeutic target. Cell line culture also does not support the long-
term propagation of normal counterpart cells, including the prox-
imal squamous airway epithelium and the distal lung alveolar
epithelium. To overcome these limitations, recent studies have
applied organoid technology to pulmonary biology and medicine
and established organoids from patient-derived LC tissues, and
normal airway and alveolar epithelia.®'® Although these studies
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Figure 1. Establishment of a patient-derived LC organoid library
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(A) Overview of the procedures used to establish LC organoid library. LC tissues were obtained by surgery, bronchoscopy, pleural effusion, CTCs, and sputum,

and treated with Nutlin-3 and pan Ei for the enrichment of LC organoids.

(B) Representative images before and after an elimination of contaminating normal airway organoids with Ei. The organoid culture initially consisted of normal
airway (blue arrowheads) and LC (white arrowheads) organoids (left). LC organoids selectively expanded in the presence of Ei (right).
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consistently demonstrated that patient-derived LC organoids
phenocopied genetic alterations and the drug sensitivity of pa-
tient LCs, the dependency of patient-derived LC organoids on
niche signals, including the highly clinically relevant epidermal
growth factor receptor (EGFR)-RAS pathway, remains to be
thoroughly assessed. Furthermore, considering that tumors
with identical driver mutations can exhibit variable phenotypes,
including histological traits and sensitivity to chemotherapy,
the causality of putative genotype-phenotype associations in
LC organoids should be verified through genetic perturbation
of normal human lung organoids.

To overcome the current drawbacks of human LC research,
we established an LC organoid library consisting of 43 patient-
derived LC organoids. We carried out integrative characteriza-
tion of organoids from molecular and phenotypic viewpoints
using multi-omics analysis, niche dependency profiling, and
CRISPR-Cas9-based gene engineering. Our results uncover
distinct molecular routes to lung carcinogenesis and provides
previously unappreciated links between the epigenetic status
and therapeutic vulnerability in human LC.

RESULTS

Establishment of a patient-derived LC organoid library

To establish a living and accessible platform for human LC
research, we sought to create a patient-derived LC organoid
library that encompasses the diverse molecular, histological,
and phenotypic spectra of human LC. With this aim, we isolated
LC cells from surgical specimens, bronchoscopy biopsies, and
pleural effusions obtained from patients with LC (Table S1). Har-
vested LC cells were first expanded under previously reported
conditions'®"®'" (Figure 1A), which contained EGF/insulin
growth factor-1/fibroblast growth factor-2 (EIF), Noggin, trans-
forming growth factor (TGF)-p inhibitor, and Wnt-3A/R-spondin
(WR). As previously shown,® these conditions are optimized for
the normal epithelium and often allowed normal airway epithe-
lium to outgrow from LC tissues and subsequently overwhelm
LC organoids. To prevent the outgrowth of normal airway orga-
noids, we exploited the high prevalence of TP53 and ERBB
pathway mutations in human LC. First, supplementation with
Nutlin-3 (an MDM-2 inhibitor) efficiently eliminated outgrowing
normal organoids and enriched TP53-mutated LC organoids,’
but it may potentially eradicate LC organoids without TP53 mu-
tation. To circumvent this drawback, we prepared a second can-
cer-selective condition that halts ERBB signaling by removing
EIF and adding a pan-ERBB inhibitor (Ei), given that normal
airway and alveolar organoids cannot grow in the presence of
Ei. These cancer-selective culture conditions enabled the estab-
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lishment of organoid cultures consisting purely of LC organoids
with cancer-relevant mutations (described in the next section)
(Figure 1B). As a result, two LC organoid lines carried wild-type
TP53 and could be purified using only the current protocol.
The establishment efficiency of LC organoids varied among his-
tological types, ranging from only 13% to 14% in LUAD and
LUSC to 78% in SCLC (Figure 1C). We could also establish orga-
noids from LCNEC tissues at a take rate of 100%, although the
sample size was small. The modest organoid establishment
efficiency of LUAD and LUSC was consistent with previous re-
ports.® '35 All established LC organoids underwent stable prop-
agation for at least five passages and could be recovered on de-
mand from frozen stocks.

To cover a broader range of interpatient heterogeneity, we
sought to establish LC organoids from patient materials obtained
using minimally invasive sampling approaches (Figure 1D). We
established LC organoids from sputum samples. From the sputa
of 25 patients who had already been diagnosed with LC by
sputum cytology, we established 5 sputum-derived LC organoid
lines. We also collected blood-circulating tumor cells (CTCs)
from 36 donors with LC and successfully established three lines
of CTC-derived LC organoids (Figure 1C). All successful cases
were of SCLC origin, likely reflecting the higher CTC count in
SCLC patients than in non-SCLC patients.'® Altogether, we es-
tablished 43 LC organoid lines that encompassed four major his-
tological types (21 LUAD, 7 LUSC, 12 SCLC, and 3 LCNEC
organoids).

To validate whether LC organoids preserve the original histo-
logical characteristics, we transplanted LC organoids into immu-
nodeficient mice and compared their histopathology with that of
the original clinical tumors. The pathological appearance and the
expression of histological subtype markers, NKX2-1 (TTF-1) for
LUAD, p40 for LUSC, and NCAM1 for SCLC and LCNEC, were
concordant across the primary tissues, in vitro organoids, and
xenografts (Figures 1TE-1H and S1A-S1D). The mRNA expres-
sion of subtype markers in organoids also corresponded with
their protein expression in parental tumors (Figure S1E). These
results confirm the cancer origin of LC organoids and their pres-
ervation of histopathological identity during organoid derivation.

The molecular profile of LC organoids reflects
histological subtypes

To investigate genomic abnormalities in LC organoids, we
conducted whole-exome sequencing and whole-genome
sequencing (Table S2). All LC organoids harbored TP53 muta-
tions and/or EGFR-RAS signal alterations, indicative of their can-
cer origin (Figures 2A, S2A and S2B). Capillary immunoassay
confirmed the lack of TP53 protein expression and its induction

C) Breakdown of the LC organoid library based on histology and sampling methods. The probability of successful organoid establishment is shown.

(
(D) Establishment of CTCs- (top) or sputum-derived (bottom) LC organoids.
(

E) Representative hematoxylin and eosin (H&E) and NKX2-1 staining of the parental tumor (left), organoids (middle), and organoid xenografts (right) of a LUAD

organoid line (KOR165).

(F) Representative hematoxylin and eosin (H&E) and p40 staining of the parental tumor (left), organoids (middle) and organoid xenografts (right) of a LUSC

organoid line (KOR40).

(G) Representative H&E and NCAM1 staining of the parental tumor (left), organoids (middle) and organoid xenografts (right) of an SCLC organoid line (KOR130).
(H) Representative H&E and NCAM1 staining of the parental tumor (left), organoids (middle) and organoid xenografts (right) of an LCNEC organoid line (KOR120).

Scale bar, 100 um (E, F, G, H), 200 um (B). See also Figure S1.

Cell Reports 42, 112212, March 28, 2023 3




¢? CellPress

OPEN ACCESS

Cell Reports

Pathology
Brinkman index
TP53
CDKN2A l;atLth)/iggy
EC§I=BF1{ | = M LusC
I scLe
KRAS A H :H I LCNEC
PTEN ; i
PIK3CA Bngi(nr;an index
ALK [] I
ERBB2 1000
BRAF 0
MET [l | | Mutation
KEAP1 || M\ Truncating
STK11 B\ In-frame indel
SETD2 I ‘ b Missense
EP300 h Copy number
CREBBP ficati
ARID1A | | M Homo deletion
SMARCA4 H H:, Structural variant
TP73 H W Fusion
NKX2-1 || [] [
TOTNNOATONOMNOANTNODOMAITNOOOTUVONTNNOTANTOINTNO—O
YODPOOLMDIRYROODLNTOOONNTOOXTNRONOODPIONOCOVNOON
ONOEINCSNYSENIFEI X X XONY NN =N oA OY
25000550 2¥ 5520580852966 556506556262522558
22xLLLLLOX xPPxxPOXPPxxPLLLLLLRRPRLxLxP*xx P20
B SBS signature DBS signature ID signature
SBS1 SBS17a [ DBS2
SBS2 [ SBS17b [ DBS4
SBS4 11 SBS18 W DBS5
I [ SBS5 [ SBS31 [ DBS6
SBS8 M SBS35
100000 I [ SBS13
>
=
=
© Brinkman index
(] >2000
50000 Iwoo
0
Platinum history
M Post
0 ] Not used
Platinum history
c RNA-seq D Methylation microarray E ATAC-seq
20 °
0{. °° %0
G & ~ Y )
30 ° g °
10 ° 20
@ .“ ]
E % ° oo o
N o '.:. N ° o ° °
w o L4 L oo ° Ll ] °
z Z of . & Z 0 ©%°+° | @uLua
n n P n [}
= = o - % = . o’ LUsC
-30 oo o ° oo S 0| @
%5 -10{ © o LY o ° 2
.:o .0. -20 o ...0 ol  scLC
-60 *® % (4 . LCNEC
-20 0 20 40 -40 -20 0 20 -20 0 20
tSNE1 tSNE1 tSNE1 Bias-corrected
Z-score M-value deviations
F

Cell Reports 42, 112212, March 28, 2023

(legend on next page)



Cell Reports

following nutlin-3 treatment in TP53-null LC organoids (Fig-
ure S2C). LC organoids showed genetic mutations, copy number
alterations, and aneuploidy, with a pattern similar to that found in
clinical specimens (Figures 2A and S2D).>'°" For example,
EGFR-RAS signal alterations were exclusively detected in non-
SCLC organoids. Compound TP53 and RB1 mutations were
prevalent in SCLC and LCNEC organoids. To understand the
mutational process underlying lung carcinogenesis, we next
examined mutational signatures that reflect various mutational
processes including extrinsic and intrinsic processes.”*** LC or-
ganoids derived from patients with a smoking history exhibited
mutational signatures associated with tobacco smoking
(SBS-4, DBS-2, and ID-3) (Figure 2B).?> Platinum signatures
(SBS-35 and DBS-5) were found in LUAD organoids derived
from three of five patients who had been treated with platinum-
based chemotherapy. APOBEC signatures (SBS-2 and -13)
were present in a fraction of LUAD and LUSC organoids.?*

To gain a panorama of gene expression and epigenetic
signatures in LC organoids, we carried out RNA sequencing,
methylation microarray, and assay for transposase-accessible
chromatin with high-throughput sequencing (ATAC-seq) ana-
lyses (Tables S3-S5). These analyses consistently distinguished
LC organoids according to their histological subtypes
(Figures 2C-2E). Unsupervised clustering analysis further re-
vealed gene programs specific to each histological subtype.
LUAD organoids showed high expression levels of KRT7, and
active NKX2-1 and FOXA2. LUSC organoids expressed KRT5
and NGFR, and their accessible genomic regions were enriched
with TP63 motifs. SCLC and LCNEC organoids expressed
NCAM1 and showed enrichment of ASCL1 and NEUROD1 mo-
tifs (Figures 2F-2H). Together, the multi-omics data of LC orga-
noids highlighted the genetic programs linked with histological
subtypes, independent of the surrounding environment.

LC histologic subtypes correlate with EGFR pathway
dependency and drug sensitivity

To investigate genotype-phenotype correlations in LC organo-
ids, we focused on the relationship between their dependency
on biological niche factors and genetic alterations (Figure 3A).
Considering the prevalent EGFR pathway mutations in LCs, we
first analyzed the dependency of LC organoids on the EGF-rele-
vant niche. One caveat of this assay is that the presence of
serum in organoid culture medium potentially activates receptor
tyrosine kinases and hinders an accurate assessment of niche
factor dependency. To avoid this issue, we used an Afamin-sta-
bilized serum-free Wnt-3A conditioned medium. Under serum-
free culture conditions, normal alveolar organoids are strictly
dependent on EIF.'%'%?° Receptor-level alterations, such as
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EGFR and ERRB2 mutations or alterations, enabled EIF-inde-
pendent growth, whereas mutations or alterations in down-
stream molecules, including KRAS and BRAF mutations or
alterations, and EML4-ALK fusion, conferred Ei resistance
(Figures 3A and 3B). Notably, one LUAD organoid line was
devoid of EGFR-RAS signal mutations and alterations, but ex-
hibited EIF independence, presumably because of as-yet-un-
known (epi-) genetic mechanisms (Figure 3A).

In contrast with LUAD, LUSC organoids were characterized by
PIK3CA or PTEN mutations or alterations, instead of EGFR-RAS
signal alterations (Figures S3A and S3B). LUSC organoids with
PIBK signal alterations invariably showed EIF-independent
growth, suggesting tropism for PI3K signal activation in gaining
EIF independence. SCLC and LCNEC organoids were devoid
of both EGFR-RAS and PI3K signal alterations, but grew inde-
pendent of EIF (Figures S3A, S3C, and S3D). Such EIF indepen-
dence that genetics cannot define is reminiscent of similar
genotype-phenotype associations in gastroenteropancreatic
neuroendocrine neoplasm organoids.*®

These results suggest that the effectiveness of molecularly
targeted therapies in organoids can be predicted from their ge-
notypes. To probe this notion, we investigated the therapeutic
effect of EGFR-RAS signal perturbation in LUAD organoids. An
immunoassay revealed a correlation between ERK phosphoryla-
tion, indicative of active EGFR-RAS signaling, and EIF indepen-
dence and Eiresistance (Figure 3C). Ei blocked ERK activation in
all but two LUAD organoid lines with EGFR alterations derived
from tumors that were clinically refractory to EGFR-targeting
therapy. A variety of EGFR-RAS signaling abnormalities in our
LUAD organoids provided an opportunity to test the effect of
clinically relevant targeted therapies. Organoid testing confirmed
the genotype-specific effect of the FDA-approved drugs sotora-
sib (KRAS®'2C inhibitor), dabrafenib (BRAFY®°°E inhibitor), and
alectinb (ALK inhibitor) on LUAD organoids (Figures 3D-3F).
The growth-inhibitory effect of these agents coincided with the
inactivation of ERK (Figures 3G-3l). These data highlight a robust
correlation between genetic alterations in EGFR-RAS signaling
and therapeutic vulnerability in LC organoids.

LUAD consists of WNT-dependent and -independent
subtypes

In contrast with the EGFR-RAS signaling pathway, the role of
other niche signals in LC biology remains unknown. Thus, we
examined how the activation of Wnt, bone morphogenetic pro-
tein (BMP), and TGF-f signaling affects the growth of LC organo-
ids (Figure S4A). Stimulation with TGF-g1 and BMP4 blunted
the growth of LC organoids, indicating that the anti-proliferative
effect of TGF-B/BMP signaling is intact in LC. Notably,

Figure 2. The molecular profile of LC organoids reflects histological subtypes

(A) Histological subtype (pathology), brinkman index and genetic alterations of all organoid lines in LC organoid library.

(B) Mutational signatures of LC organoids. SBS signatures (left), DBS signatures (middle), and ID signatures (right) are shown.

(C-E) t-Distributed stochastic neighbor embedding (tSNE) visualization of the transcriptome (C), methylome (D), and ATAC-seq (E) data of LC organoid library

using top eight principal components (perplexity = 8).

(F) Hierarchical clustering of LC organoid library using differentially expressed genes (false discovery rate <25% and fold change >3 in any of the four pathologies).
(G) Hierarchical clustering of LC organoid library using probes that were variably methylated (M-value variance >5) among the four histological subtypes.
(H) Hierarchical clustering of LC organoid library using transcription factors with a variable motif enrichment (bias corrected deviation variance >2.25) among the

four subtypes. See also Figure S2.
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Figure 3. LC histologic subtypes correlate with EGFR pathway dependency and drug sensitivity
(A) EIF dependency, Ei sensitivity, and receptor tyrosine kinase (RTK) pathway-related genetic alterations in LUAD organoids.
(B) Growth of EIF-dependent (EIFd), EIF-independent (EIFi), and Ei-resistant (Ei res) LUAD organoids in the indicated conditions. The mean organoid area relative

to that of the complete condition with EIF is shown.

(C) Total and phospho-ERK expression with or without Ei treatment in EIFd (left), EIFi (middle), and Ei res (right) LUAD organoids.
(D) Dose-response curves of KRAS®'2C (n = 1), KRAS®'2P (n = 3), and KRAS®"2Y (n = 1) LUAD organoids treated with sotorasib.
(E and F) The effect of alectinib (E) or dabrafenib (F) on the growth of organoid lines with (left) or without (right) EML4-ALK fusion (E) or BRAF%°F mutation (F). The

mean organoid area relative to that of the control condition (-EIF) is shown.

(G) Total and phospho-ERK expression in KRASE'2 (left), KRAS®'?P (middle), and KRASC"2Y LUAD organoid (right) after sotorasib treatment.
(H and 1) Total and phospho-ERK expression in organoids with (left) or without (right) EML4-ALK fusion (H) or BRAF6%%F mutation () after alectinib (H) or dab-

rafenib (1) treatment. Scale bar, 1 mm (B, E, F). See also Figure S3.

approximately one-half of the LUAD and LUSC organoid lines
showed resistance to BMP4. Given the lack of mutations
relevant to BMP signaling, these organoid lines were considered
to have acquired BMP resistance through non-genetic
mechanisms.

Next, we determined the dependency of LC organoids on WR.
Similar to BMP/TGF-p signaling, Wnt signaling mutations were
absent in LC organoids, except in one LCNEC organoid line
that harbored homozygous APC mutations. The xenograft of
this LCNEC organoid line showed nuclear localization of 3-cate-
nin, suggesting constitutive Wnt activation (Figure S4B). We pre-
viously showed that human cancers carry over the dependence
on stem cell niche factors from the tissue of origin, but often ac-
quire niche independence through (epi)genetic alterations along
with disease progression.?’**® Consistent with this concept and
the WR independence of the airway epithelium,’* LUSC organo-
ids invariably were WR independent (WRi). SCLC and LCNEC
were also independent of WR, which may explain their origin in
airway epithelium. Alternatively, they may have originated from
WR-dependent (WRd) cells and acquired WR independence

6 Cell Reports 42, 112212, March 28, 2023

through neuroendocrine reprogramming.”® Given the require-
ments of WR in alveolar organoids, LUAD organoids were ex-
pected to be WRd. Indeed, one-third of LUAD organoids showed
WR dependency (Figures 4A and 4B). Technically, these WRd
LUAD organoids were dependent on endogenous Wnt ligands
as they expressed Wnt ligands (Figures 4C and 4D) and were
sensitive to Wnt-targeting with a porcupine inhibitor (described
in a later section). R-spondin stabilizes Wnt receptors, but
cannot activate Wnt signaling without Wnt ligands. Alveolar
and LUAD organoids invariably expressed endogenous Wnt
ligands and were sensitive to C59 treatment, indicating their de-
pendency on both (endogenous) Wnt and R-spondin. Taken
together, our results indicated that one-third of LUAD organoids
inherited WR dependency from their cell of origin, yet the other
LUAD organoids have somehow acquired WR independence.

EGFR-RAS signal alteration renders alveolar organoids
Wnt independent

The heterogeneity of WR requirements among LUADs prompted
us to explore the mechanism by which LUAD organoids acquired



Cell Reports ¢? CellP’ress

OPEN ACCESS

A B
Subtype
WR KOSZOZ
Druggability
KRAS
EGFR
ERBB2
ALK ||
BRAF L |
NYTODNOMOT OWD T T DO©ONT 0N
O OMIWOOOLYrIODDOTFTOX TN O
oo NSEXErIogxrxoxlxgNgyoxd
OEEEEe0E 058 8 ks
xxxxxxzx X X ¥ X X :c:cxx
Histological subtype Niche Druggability Genetic status
VA M Solid 1 Required Druggable Il Alteration
M Acinar M Papillary [l Undruggable

M Micropapillary N.A.

Alveolar

Alveolar

EGFRL858R
E (TCE)

TP53%°;CDKN2AK®
Alveolar organoid (TC)
c{®e)o

GFP
(o +Nutlin3
© 5 — @ KRAS®™2Y
OCS (TCK)

Figure 4. LUAD consists of WNT-dependent and -independent subtypes

(A) Histological subtype, WR dependency, drugability, and receptor tyrosine kinase (RTK) pathway genetic alterations in LUAD organoids.

(B) Representative images of WRd (left) and WRi LUAD organoids cultured with (top) or without (bottom) WR. The mean organoid area relative to that of the +WR
condition is shown.

(C) Representative bright-field images of WRd organoids cultured with indicated conditions. Organoid area relative to the +WR condition is shown.

(D) Transcript expression (logio [TPM+1]) of the indicated Wnt ligand genes in WRd, WRIi, and normal alveolar organoids.

(E) The strategy for genetically engineering normal alveolar organoids.

(F) Representative images of normal alveolar, TC, TCE, and TCK organoids cultured with (top) or without (bottom) WR. Scale bar, 1 mm (B, C, F). See also

Figure S4.

Cell Reports 42, 112212, March 28, 2023 7



¢? CellP’ress Cell Reports

OPEN ACCESS

A RNA-seq B ATAC-seq
V;R dependency
WRi
S.WTd WRIi organoids WRd organoids
ample

B LUAD LUAD(14)/Engineered(3) LUAD(7)

Il TCE or TCK

15001 $—Fosl2
i \
S Nkx2.1 7504 ¢
'S 1000 / + Gatab
] RUNX2
o . 500 /
o . CEBP . HNF4a
o 5001 ° w0l
O 4 .
3 TEAD \<?xm
MUC5AC 0 oo oo0 01 e 0000 00 o
= 0 100 200 0 50 100 150 200
Rank Rank
-2 0 2
(o Methylation microarray
B WRi
B WRd D
— NKX2-1 HNF4A
REG4 N 120 Ts
LYZ c ° Cor = -0.686 c o. Cor = —0.897
CLontg S | e e “ma| O R < WRa
_ GATA6 o 10+
HMGA2 % 91 < 84
CDX2 - . . e .
HNF4A | o ) o
3 7$ ° °, ° S N é . L4
M ® % ° ° 9
— 1 +— 1
ﬁgﬁiSAz 0.00 0.50 1.00 0.00 050 1.00
NKX2-1 Beta value (cg10648415) Beta value (cg06640637)
LAMP3
M-value
-4 0 4
E F LUAD TCGA dataset
1.0 7
p =2.03e-08
©
2
c
S
© 051 WRd score low (n = 403)
©
—
()
>
o
WRd score high (n = 113)
0.0 — T T :
0 2000 4000 6000
Time (days)

Figure 5. WR dependency of LUAD organoids is associated with lineage switching

(A) Hierarchical clustering of 21 LUAD and genetically engineered normal alveolar engineered organoids (2 TCK and 1 TCE) using variably expressed genes
(variance >4).

(legend continued on next page)
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the WRi phenotype. Notably, the WRi and WRd phenotypes
were associated with EGFR and KRAS mutations, respectively
(Figures 4A and 4B). To prospectively test this association, alve-
olar organoids were infected with lentiviruses expressing mutant
KRAS or EGFR. Normal alveolar organoids underwent cell-cycle
arrest after the induction of mutant KRAS or EGFR, presumably
because of oncogenic senescence. To circumvent this issue, we
first performed a double knockout (KO) of TP53 and CDKN2A,
genes recurrently inactivated in LUAD, on normal alveolar orga-
noids using CRISPR/Cas9 (Figure 4E). Sanger sequencing vali-
dated legitimate gene disruption in the TP53/CDKN2A-KO (TC)
organoids (Figure S4C). TC organoids tolerated the overexpres-
sion of mutant KRAS or EGFR, generating TCK or TCE organo-
ids, respectively. EIF withdrawal ceased the proliferation of the
original normal alveolar organoids, whereas TCK and TCE orga-
noids continued to propagate and maintained ERK phosphoryla-
tion, indicating constitutive activation of the EGFR-RAS pathway
(Figures S4D and S4E). Ei treatment blocked ERK activation in
TCE organoids, but not in TCK organoids (Figure S4E). Intrigu-
ingly, TCE and TCK organoids gained the WRi phenotype, in
contrast with the original TC organoids that retained WR depen-
dence (Figure 4F). We confirmed this genotype-phenotype
association using engineered organoid lines derived from an
independent donor (Figure S4F). These results validated the as-
sociation between the WRi phenotype and EGFR mutations.
However, the WRi phenotype observed in the TCK organoids
conflicts with the observation that most KRAS-mutated LUAD
organoids were WRd.

WR dependency of LUAD organoids is associated with
lineage switching

The phenotypic gap between the TCK-engineered WRi organo-
ids and KRAS-mutant WRd LUAD organoids prompted us to
explore whether molecular abnormalities other than genetic
mutations are responsible for WR independence. Transcrip-
tome analysis revealed a stark difference in the gene expres-
sion patterns between WRd LUAD organoids, WRi LUAD, and
engineered TCE/TCK organoids. Interestingly, WRd organoids
lost the expression of lung alveolus markers, such as
NKX2-1, SFTPB, SFTPC, and NAPSA, but instead expressed
genes associated with the gut lineage, including TFF1, LYZ,
LGR5, HNF4A, and GATAG6 (Figure 5A). To further explore the
molecular lesions responsible for altered lineage identity, we
performed epigenetic analyses. ATAC-seq analysis delineated
the aberrant activity of transcription factors, characterized by
the de-enrichment of NKX2-1 and enrichment of GATAG,
HNF4A, and FOXA1 activities in WRd organoids (Figures 5B,

¢ CellP’ress

S5A, and Table S6). Methylation micro-array analysis further
confirmed similar alteration patterns in WRd organoids
(Figures 5C and 5D). WRd organoids showed DNA methylation
at the NKX2-1 gene locus and DNA demethylation at the gene
loci of gut transcription factors such as HNF4A (Figure S5B).
One WRd LUAD organoid line (KOR493) carried a homozygous
NKX2-1 truncating mutation (Figure 2A), corroborating the rela-
tionship between NKX2-1 loss and WR dependence. Immuno-
histochemistry confirmed similar patterns of lineage factor
expression in parental tissues (Figure 5E). The expression of
genes enriched in WRd organoids was significantly associated
with inferior overall survival in the TCGA LUAD dataset
(Figures 5F and S5C). Notably, the KOR450 LUAD organoid
line harbored a KRAS mutation, but was independent of WRi
(Figure 4A). In contrast with the other lines, KOR450 highly ex-
pressed NKX2-1, but not gut lineage transcription factors, indi-
cating the preservation of the lung alveolar program. Taken
together, these results suggest that the induction of the WRi
phenotype by EGFR-RAS pathway mutations requires conser-
vation of lung alveolar identity.

WNT independence in LUAD requires NKX2-1

Next, we asked whether LUAD organoids incur WR depen-
dency upon the loss of lung alveolar identity. To this end, we
introduced sgRNA targeting NKX2-1 into three lines of
NKX2-1* WRi LUAD organoids (Figure 6A). Capillary immuno-
assays confirmed legitimate NKX2-1 KO (Figures 6B and
S6A). NKX2-1 KO downregulated NKX2-1 target genes,
including NAPSA, SFTPD, LAMP3, and LPCAT1 (Figure 6C).
ATAC-seq confirmed the loss of NKX2-1 transcriptional activity
in NKX2-1 KO organoids (Figure S6B). Interestingly, NKX2-1
KO rendered all tested WRi LUAD organoid lines dependent
on WR (Figures 6D and S6C). To confirm whether NKX2-1
expression affects WR dependency, we investigated the effect
of NKX2-1 overexpression on NKX2-1~ WRd LUAD organoids
using a doxycycline (Dox)-inducible NKX2-1 expression vector
(Figure 6E). Capillary immunoassays confirmed NKX2-1
expression after a 7-day Dox treatment (Figures 6F and S6D).
Transcriptome and ATAC-seq analyses confirmed increased
NKX2-1 expression and activity after a 2-month Dox treatment
(Figures 6G and S6E). Although WR withdrawal from the culture
abrogated the growth of the engineered WRd LUAD organoids,
Dox treatment rescued their growth and provided robust WR
independence (Figures 6H and S6F). Collectively, these results
indicate that EGFR-RAS mutations and NKX2-1 expression
coordinately induce the WRi phenotype in lung alveolar
organoids.

(B) Transcription factors ranked according to the motif enrichment in WRi (14 LUAD and 3 engineered) (left) and WRd (7 LUAD organoids) (right) versus the other

subtype.

(C) Hierarchical clustering of LC organoids using differentially methylated genes (M-value false discovery rate <10% and fold change >3) between WRd (n = 7) and

WRIi (n = 14) LUAD organoids.

(D) Negative correlations between the normalized gene expression and gene methylation beta value of the indicated probes for NKX2-1 (left) and HNF4A (right).

Pearson’s correlation coefficients are shown.

(E) Representative hematoxylin and eosin (H&E), NKX2-1, and HNF4A staining of WRd (left) and WRi (right) organoids, together with their parental clinical tissues

(left).

(F) The prognostic value of a high (blue) or low (orange) expression of WRd signature genes in the TCGA LUAD dataset. The tumors were divided according to the
expression of the genes enriched in WRd LUAD organoids, and the difference in the overall survival was analyzed using the Kaplan-Meier method and log rank

test. Scale bar, 100 um (E). See also Figure S5.
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(A) NKX2-1 KO in WRi LUAD organoids (top). KO confirmation by Sanger sequencing (bottom). Black frames show sgRNA targets.

(B) An immunoassay demonstrating the loss of NKX2-1 by NKX2-1 KO.

(C) Comparison of the transcriptome between NKX2-1"7 and NKX2-14° KOR165 organoids (technical duplicate). Representative genes are highlighted in red.

Dotted lines show log, (fold change) values of 1 and -1.

(D) The growth of NKX2-1 WT and KO KOR165 organoids in the presence (top) or absence (bottom) of WR.

(E) Dox-inducible NKX2-1 overexpression in a WRd LUAD organoids.

(F) Immuno-detection of Dox-induced NKX2-1. Organoid lysates were collected after a 7-day Dox treatment for Dox + organoids.

(G) Comparison of the transcriptome between Dox-treated (DOX+) and -untreated (DOX-) KOR134 NKX2-1°F organoids (technical duplicate). Representative
genes are highlighted in red. Dotted lines show logs (fold change) values of 1 and —1. The organoids were cultured with or without Dox for 2 months.

(H) The growth of NKX2-1°E KOR493 LUAD organoids cultured with or without DOX in the presence (top) or absence (bottom, passage 4) of WR. Scale bar, 1 mm

(D, H). See also Figure S6.

Therapeutic targeting of Wnt in WRd LUAD

Finally, we examined whether targeting Wnt signaling could pro-
vide a therapeutic option for the treatment of LUAD. We
first enabled the conditional inactivation of Wnt signaling in
LUAD organoids using Dox-inducible overexpression of domi-
nant-negative TCF4 (dnTCF4).>° Upon Dox treatment, the engi-
neered organoids underwent strong dnTCF4 induction and
downregulation of Wnt target genes such as LGR5, AXIN2, and
MYC (Figures S7A and S7B). Consistent with the inactivation of
Wnt signaling, Dox treatment also blocked the proliferation of
WRd LUAD organoids (Figure S7C). dnTCF4 overexpression
minimally affected the growth of WRi LUAD organoids, thereby
excluding possible off-target toxicity. We further confirmed the
effect of dnTCF4 overexpression in the xenograft models. Dox
treatment decreased the size of xenografts derived from the
two WRd organoid lines, along with downregulation of the Wnt
target gene AXIN2 (Figures S7D-SG). Again, the size of WRi
LUAD xenografts did not differ between the vehicle and Dox
arms, indicating that the effect of Wnt targeting was specific to
the WRd LUAD organoids.

10 Cell Reports 42, 112212, March 28, 2023

To confirm the clinical translatability of Wnt targeting in the
treatment of LUAD, we used a porcupine inhibitor (C59). Palmi-
toylation of Wnt ligands by porcupine is essential for their activa-
tion. Consistent with the dependency of WRd LUAD organoids
on endogenous Wnt ligands, they grew without exogenous
Wnt-3A yet ceased proliferation after supplementation with
C59 (Figures 4C and 7A). Exogenous Wnt-3A rescued the growth
inhibition by C59 treatment (Figure 7A). C59 treatment downre-
gulated the expression of Wnt target genes, whereas Wnt-3A
supplementation abolished this effect (Figure 7B). Notably, all
WRd organoid lines, but not WRi organoids, were sensitive to
C59 treatment, indicating that C59 specifically targets WRd
organoids.

We further determined the in vivo effects of C59 using xeno-
grafts of LUAD organoids (Figure 7C). C59 treatment produced
a significant tumor reduction in two of the three WRd xenograft
lines, but not in the two WRIi xenograft lines tested, suggesting
that its in vivo activity was specific to WRd LUAD (Figure 7D).
Consistent with this result, C59 significantly decreased AXIN2
expression in C59-sensitive tumors (Figure 7E). Collectively,
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Figure 7. Therapeutic targeting of Wnt in WRd LUAD

(A) Representative images of WRd LUAD organoids cultured without Wnt-3A (left), without Wnt-3A and with C59 (middle), and with Wnt-3A and C59 (right). The
mean organoid area relative to that of the -Wnt condition is shown.

(B) The expression of Wnt target genes (LGR5 and AXIN2) in three WRd LUAD organoid lines cultured in the indicated conditions (n = 3 per each line for each
condition) analyzed by quantitative PCR. mMRNA expression (relative to GAPDH) levels relative to those of the control condition (-Wnt) are shown.

(C) Subrenal xenotransplantation of green fluorescent protein (GFP)-labeled LUAD organoids and their treatment with C59.

(D) The tumor area of grafts treated with vehicle (black) or C59 (red). Bars indicate the mean area. **p < 0.01, *p < 0.05, Wilcoxon’s rank-sum test. N.S., not
significant.

(E) gPCR analysis of AXIN2 expression in LC xenografts treated with vehicle (black) or C59 (red). mRNA expression (relative to GAPDH) levels relative to those of
the control (vehicle) are shown (technical triplicate).

(F) Differential therapeutic strategies for treating NKX2-1-positive and NKX2-1-negative LUAD. NKX2-1-positive LUADs are sensitive to receptor tyrosine kinase
(RTK) (EGFR) blockade but resistant to Wnt inhibition. NKX2-1-negative LUADs with gut-like features are enriched for KRAS mutations and can be targeted by
Whnt inhibition. Scale bar, 1 mm (A). See also Figure S7.
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our results reveal bifurcated tumorigenic paths in human LC,
each linked with a distinct molecular background (Figure 7F),
and that Wnt-targeting therapy may open a therapeutic avenue
for patients with LUAD that are refractory to current molecular
targeting therapies.

DISCUSSION

Using LC tissues collected using various sampling procedures,
we generated an overarching LC organoid library that encom-
passed the histological and molecular diversity of human LC.
In-depth molecular profiling and phenotyping clarified the con-
nections between molecular alterations and LC phenotypes,
represented by the phenotypic classification of LUAD into WRi
and WRd subgroups and validation of their molecular underpin-
nings using gene engineering. Epigenetic silencing of NKX2-1
decreased lung alveolar identity gene signature and induced
transcriptional reprogramming-induced gut-like differentiation
status and WNT dependency. We further demonstrated that
such WNT dependency could be a rational treatment target
in NKX2-1-negative cases, which account for approximately
20%-30% of LUAD.***

Several groups have previously established patient-derived
LC organoids.”'?3%32 The overall take rate of passageable
LC organoids was approximately 20%, which stands on par
with the value in our study. The modest establishment efficiency
suggests that unknown niche factors may be essential for
optimal growth of LC organoids. Overgrowth of contaminating
normal alveolar and airway organoids also negatively affects
the establishment efficiency. To mitigate this risk while rescuing
TP53-wild type LC organoids, we enriched LC organoids using
an EGF pathway-blocking condition in addition to the conven-
tional Nutlin-3-based method. Attempts to derive organoids
from clinical samples collected using non-invasive procedures,
such as sputa and CTCs, further enhanced the accessibility to
clinical samples and broadened the opportunity for LC organoid
derivation. While previous studies suffered from limited cohort
sizes and diversity of the organoid biobank, these improvements
allowed us to catalog 43 LC organoid lines that clearly represent
the major histological subtypes. This LC organoid library,
together with comprehensive multiomics data, will provide a
valuable resource for the LC research community.

EGFR-RAS pathway mutations in LUAD organoids were not
only consistent with the predicted dependency on EIF and
response to targeted drugs, but also correlated with depen-
dency on WR. Despite the distinct upstream and downstream
regulation of the EGFR and Wnt pathways, EGFR and KRAS mu-
tations were linked to WR independence and WR dependence in
LUAD organoids, respectively. Gene engineering of alveolar or-
ganoids consolidated the genotype-phenotype relationship,
wherein EGFR-RAS pathway mutations induce WR indepen-
dence. The phenotypic gap between the WR dependence of
KRAS-mutated LUAD organoids and WR independence of
KRAS-engineered alveolar organoids further illuminated the
role of lineage reprogramming in the allocation of WR depen-
dency. Multi-omics analysis revealed a characteristic loss of
NKX2-1 and ectopic expression of gut lineage transcription fac-
tors in the WRd LUAD organoids. Genetic disruption of NKX2-1,

12 Cell Reports 42, 112212, March 28, 2023
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a master regulator of alveolar identity, in NKX2-1-expressing
WRi LUAD organoids converted them into the WRd type,
whereas its overexpression conferred a WRi phenotype to
NKX2-1-negative WRd organoids, suggesting that lineage plas-
ticity determines the impact of EGFR-RAS pathway mutations on
WR dependency. The requirement for NKX2-1 expression in the
induction of the WRi phenotype by EGFR-RAS activation was in
agreement with our previous finding that KRAS mutation alone
did not induce WR independence in intestinal and pancreas or-
ganoids.?”*® Although the mechanistic linkage between lineage
reprogramming and WR dependency remains elusive, our re-
sults highlight independent routes to lung carcinogenesis, each
characterized by distinct patterns of genetic mutation, WR de-
pendency, and lineage identity.

In contrast with human lung alveolar cells, mouse lung alveolar
cells remained dependent on WR in an LC model with mutant
Kras/Trp53.%* A mouse tumor model with mutant Braf also re-
quires Wnt signal activation for tumorigenesis.*® These findings
from mouse studies indicate that the Wnt pathway is an attrac-
tive drug target for a wide range of LC. However, the high pene-
trance of WR independence in patient-derived LUAD organoids
raises the possibility that patients with LUAD are less likely to
benefit from Wnt-targeting therapy. The profiling of LUAD orga-
noids rather suggested that the Wnt targeting approach effec-
tively inhibits the growth of a fraction of LUAD organoids, which
are characterized by the absence of NKX2-1 expression and ac-
count for 20%-30% of LUADs.***" Qur findings are consistent
with the phenotypes of NKX2-1-null, Braf/Trp53-mutant mouse
lung tumors that showed gastric features and context-depen-
dent Wnt signal activation, although WR dependency was not
analyzed in this model.*® High expression of WRd-related genes
predicted an unfavorable prognosis in a public LUAD dataset.
NKX2-1-negative LUAD comprises invasive mucinous adeno-
carcinoma, a histological variant of LUAD, as well as other histo-
logical subtypes, such as acinar and micropapillary adenocarci-
nomas. Wnt targeting may be a promising treatment option for
such NKX2-1-negative tumors. From a clinical perspective,
NKX2-1 expression, which is often assessed by immunohisto-
chemistry in clinical pathology, serves as a practical biomarker
for predicting the response to Wnt targeting. The efficacy of
Wnt inhibitors (porcupine inhibitors) in patients with various can-
cers is currently under investigation in multiple phase | clinical tri-
als, some of which have confirmed their tolerability in humans.®’
Considering the aspects of organoid models that mirror regener-
ation from tissue stem cells, Wnt inhibition combined with cyto-
toxic chemotherapy may be effective in blocking the regrowth or
recurrence of WRd tumors. Although whether chemotherapy
and Whnt-targeting therapy act synergistically requires further
investigation, we envision that Wnt inhibitors will cater to unmet
needs in the treatment of LUAD, given the limited number of
treatment options for NKX2-1-negative cases.

In summary, a phenotypic and molecular survey of the human
LC organoid library revealed various patterns of growth factor
dependency, coupled with genetic abnormalities in human
LUAD. A reverse genetics approach using CRISPR engineering
and xenografts further demonstrated that such functional liabil-
ities are attractive targets that cannot be distilled from cancer ge-
nomics alone. Considering the drawbacks of genomics-focused
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precision medicine, our findings highlight the importance of a
multidisciplinary framework that harmonizes (epi-)genetic,
phenotypic, and engineering approaches to develop strategies
to combat human cancer.

Limitations of the study

There are various histological subtypes and endotypes in
LUADs, including rare histological subtypes and rare mutational
variants. Racial/ethnic background is associated with the
different prevalence of those variants. For instance, the preva-
lence of the EGFR mutation in LUAD is known to be higher in
those of Asian descent than in others. As the donors in our LC
organoid library are of Japanese ancestry, comparing the molec-
ular and phenotypic characteristics of organoids with multiple
racial/ethnic backgrounds will be important in the future. To
make our organoid biobanks easily accessible to the community,
we are now preparing a cross-sectorial system as a part of the
organoid consortium.

Consistent with previous studies, the rate of successful
LC organoid establishment was approximately 20% in LUAD
and LUSC. The modest establishment efficiency was also
observed in patient-derived xenograft (PDX) models. Interest-
ingly, the take rate was higher in the organoid model than the
PDX model for the establishment of SCLC, whereas PDX
enabled better establishment for LUSC lines.***° Although a
side-by-side comparison using the same specimens to draw a
conclusion, it is tempting to speculate the presence of unknown
tumor-tropic niche factors in the host microenvironment of LUSC
xenografts.
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Antibodies

Rabbit polyclonal anti-p44/42 MAPK
(Erk1/2)

Rabbit monoclonal anti-phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E)

Rabbit monoclonal anti-TTF1 (EP1584Y)
Mouse monoclonal anti-B-actin
Rabbit polyclonal anti-TP53

Alexa Fluor 647-Mouse monoclonal anti-
human CD326 (EpCAM) (9C4)

Mouse monoclonal anti-HT2-280
Mouse monoclonal anti-NKX2-1 (8G7G3/1)

Mouse monoclonal anti-KRT7
(OV-TL12/30)

Mouse monoclonal anti-p40 (BC28)
Rabbit polyclonal anti-KRT5

Rabbit polyclonal anti-Synaptophysin
Rabbit polyclonal anti-Chromogranin A
Mouse monoclonal anti-CD56 (123C3)

Mouse monoclonal anti-B-catenin (14/Beta-
Catenin)

Mouse monoclonal anti-HNF4a. (C11F12)
Rabbit monoclonal anti-TCF4/TCF7L2
(C48H11)

Donkey polyclonal anti-mouse IgG (H + L),
Alexa Fluor 488

Donkey polyclonal anti-mouse IgG (H + L),
Alexa Fluor 647

Donkey polyclonal anti-rabbit IgG (H + L),
Alexa Fluor 568

Cell Signaling Technology

Cell Signaling Technology

Abcam

Sigma-Aldrich

Cell Signaling Technology
BioLegend

Terrace Biotech
Dako
Dako

Nichirei Biosciences
Spring Bioscience
Dako

Dako

Dako

BD Biosciences

Cell Signaling Technology
Cell Signaling Technology

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#9102, RRID: AB_330744

Cat#4370, RRID: AB_2315112

Cat#ab76013, RRID: AB_1310784
Cat#A1978, RRID: AB_476692
Cat#9282 RRID: AB_331476
Cat#324212, RRID: AB_756086

Cat#TB-27AHT2-280, RRID: AB_2832931
Cat#M3575, RRID: AB_2877699
Cat#M7018, RRID: AB_2134589

Cat#418171

Cat#E13820, RRID: AB_1661300
Cat#A0010, RRID: AB_2315411
Cat#A0430, RRID: AB_2847855
Cat#M7304, RRID: AB_2750583
Cat#610153, RRID: AB_397555

Cat#3113S, RRID: AB_2295208
Cat#2569S, RRID: AB_2199816

Cat#A-21202, RRID: AB_141607

Cat#A-31571, RRID: AB_162542

Cat#A10042, RRID: AB_2534017

Biological samples

Human lung tissue samples This paper N/A

Human blood samples for sequence This paper N/A

analyses

Chemicals, peptides, and recombinant proteins

Advanced DMEM/F12 Thermo Fisher Scientific Cat#12634010
HEPES Thermo Fisher Scientific Cat#15630080
Penicillin-Streptomycin Thermo Fisher Scientific Cat#15140122
GlutaMAX Supplement Thermo Fisher Scientific Cat#35050061
Matrigel Corning Cat#356231
B-27 Supplement Thermo Fisher Scientific Cat#17504044
N-Acetyl-L-cysteine Sigma-Aldrich Cat#A9165
[Leu'®]-Gastrin | human Sigma-Aldrich Cat#G9145
Afamin-Wnt-3A serum-free conditioned Mihara et al., 2016*' N/A

medium

Recombinant mouse EGF Thermo Fisher Scientific Cat#PMG8043
Recombinant human IGF-1 BioLegend Cat#590904
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Recombinant human FGF-basic Peprotech Cat#100-18B
Recombinant human neuregulin-1 Peprotech Cat#100-03

(Heregulinp-1)

Wnt-C59

Recombinant mouse Noggin
Recombinant human R-spondin1
A83-01

Y-27632

Cell Recovery Solution

Liberase TH Research Grade
TrypLE Express

Suptazyme

Red Blood Cell Lysis Buffer

RosetteSep™ CTC Enrichment
Cocktail Containing Anti-CD36

Ficoll-Paque PLUS

Hoechst 33342

Doxycycline

Puromycin

Blasticidin

(£)-Nutllin-3
EGFR/ErbB-2/ErbB4 inhibitor
Sotorasib

Alectinib

Dabrafenb

ProLong Diamond Antifade Mountant

ShangHai Biochempartner
Peprotech

R&D

Tocris

FUJIFILM Wako Pure Chemical
Corning

Roche

Thermo Fisher Scientific

KYOKUTO PHARMACEUTICAL
INDUSTRIAL CO., LTD

Roche
Stem Cell Technologies

GE

Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Cayman Chemical
Merck Millipore

Selleck

Selleck

Chemscene

Thermo Fisher Scientific

Cat#1243243-89-1
Cat#250-38
Cat#4645-RS
Cat#2939
Cat#253-00513
Cat#354253
Cat#05401151001
Cat#12605010
Cat#15200

Cat#11814389001
Cat#15127

Cat# 17144002
Cat#H3570
Cat#D9891
Cat#A1113803
Cat#A11139-03
Cat#548472-68-0
Cat#324840
Cat#S8830
Cat#S2762
Cat#CS-0692
Cat#P36961

Power Block Universal Blocking Reagent BioGenex Cat#HK083-50K
BTXpress Solution BTX Cat#45-0805
Opti-MEM | Reduced Serum Medium Thermo Fisher Scientific Cat#31985062
RNase cocktail enzyme mix Thermo Fisher Scientific Cat#AM2286
Deoxyribonuclease 1 Worthington Biochemical Corporation Cat#3.1.21.1
NEBNext High-Fidelity 2X PCR Master Mix New England BioLabs Cat#MO0541
Critical commercial assays

RNAscope 2.5 HD Reagent Kit Advanced Cell Diagnostics Cat#322350
QlAamp DNA Blood Mini Kit QIAGEN Cat#51106
RNeasy Plus Mini Kit QIAGEN Cat#74134
High-Capacity RNA-to-cDNA Kit Thermo Fisher Scientific Cat#4387406
KAPA SYBR® FAST gPCR Kits KAPABIOSYSTEMS Cat#KK4605
TruSeq RNA Library Prep Kit v2 llumina Cat#RS-122-2001
SureSelect XT Human All exon V6 Agilent Cat#5190-8864
Infinium MethylationEPIC BeadChip Kit llumina Cat#WG-317-1001

Wes 12-230 kDa Master Kit

12-230 kDa Wes Separation Module,
capillary cartridges

Anti-Mouse Detection Module for Jess,
Wes, Peggy Sue or Sally Sue

Anti-Rabbit Detection Module for Jess,
Wes, Peggy Sue or Sally Sue
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ProteinSimple
ProteinSimple

ProteinSimple

ProteinSimple

N/A
Cat#SM-W004

Cat#DM002

Cat#DMO001
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Plasmid Plus Maxi Kit QIAGEN Cat#12965
CellTiter-GLO 3D Cell Viability Assay Promega Cat#G9681

iPGell GenoStaff Cat#PG20-1
Deposited data

WGS and WES data of LC organoids This paper Data will be deposited.
RNA-seq data of genetically engineered This paper Data will be deposited.

and LC organoids
ENCODE hg 38 blacklist

The ENCODE Project Consortium, 2012

https://www.encodeproject.org/
annotations/ENCSR636HFF/

dbSNP NIH https://www.ncbi.nlm.nih.gov/snp/

Human Genetic Variation Database HGVD https://www.hgvd.genome.med.kyoto-
u.ac.jp/

Experimental models: Cell lines

Human: normal airway and alveolar This paper N/A

organoids: see Table S1

Human: lung cancer organoids: see This paper N/A

Table S1

Experimental models: Organisms/strains

Mouse: BALB/c-nu/nu Oriental Yeast Co., Ltd N/A

Mouse: NOD/Shi-scid, IL-2Rg™" In-Vivo Science N/A

Oligonucleotides

TP53 - gRNA Matano et al., 2015 Table S7

CDKN2A - gRNA Seino et al., 2018%7 Table S7

NKX2-1 - gRNA This paper Table S7

GAPDH - gPCR forward primer This paper Table S7

GAPDH - gPCR reverse primer This paper Table S7

AXIN2 - gPCR forward primer This paper Table S7

AXIN2 - gPCR reverse primer This paper Table S7

LGRS5 - qPCR forward primer This paper Table S7

LGRS5 - qPCR reverse primer This paper Table S7

RNAscope Probe Hs-AXIN2 Advanced Cell Diagnostics Cat#400241

RNAscope Positive Control Probe Hs-PPIB Advanced Cell Diagnostics Cat#313901

RNAscope Negative Control Probe DapB Advanced Cell Diagnostics Cat#310043

Recombinant DNA

dnTCF4 donor vector van de Wetering et al., 2002°° N/A

PB-CMV-MCS-EF1a-GFP-Puro vector

Super PiggyBac Transposase Expression
Vector

XLone-GFP
pX330-U6-Chimeric_BB-CBh-hSpCas9
pLVSIN-EF1a-IRES-ZsGreen1
lentiCRISPR v2-Blast

System Biosciences
System Biosciences

Randolph et al., 2017%°
Cong et al., 2013*'
TaKaRa

N/A

Cat#PB513B-1
Cat#PB210PA-1

Addgene Plasmid #96930
Addgene Plasmid#42230
Cat#6192

Addgene Plasmid#83480

Software and algorithms

Rv.4.0.3
cutadapt v. 1.18

STARv. 2.6.1b
RSEM (version 1.3.3)

Comprehensive R Archive Network

Martin, 201142

Dobin et al., 2013*®
Liet al., 2011*

https://cran.r-project.org/

https://cutadapt.readthedocs.io/en/stable/
installation.html

https://github.com/alexdobin/STAR
https://github.com/deweylab/RSEM
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https://github.com/alexdobin/STAR
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

R Bioconductor package DESeq2

Applied Biosystems 7500 Fast
R Bioconductor package wateRmelon

Rtsne v. 0.15

Burrows-Wheeler Aligner (BWA)

Genome Analysis Toolkit (GATK) v. 4.1.2.0
Samtools

Compass for SW

TIDE web tool

Biobambam

ANNOVAR
snpEff
ALFA

SAGE

GRIDSS
GRIPSS

AMBER

COBALT

PURPLE

Linx

SigProfilerExtractor

SigProfilerMatrixGenerator

Tumor-GRaPPLer WGS analysis workflow

Bowtie2

MACS2

HOMER

Deeptools

R Bioconductor package chromVAR

LAS X

LuminaVision

BZ-X analyzer

Bioconductor, Love et al., 2014*°

Thermo Fisher Scientific
Pidsley et al., 2013°

Github
Li and Durbin, 2009*"
Broad Institute

Li et al., 2009*°
ProteinSimple

Netherlands Cancer Institute, Brinkman
etal., 2014*

Wellcome Sanger institute

Wang et al., 2010°°

Cingolani et al., 2012°"

National Center for Biotechnology
Information

Priestley et al., 2019°2

Cameron et al., 2021°°
Priestley et al., 2019°2

Priestley et al., 2019°°

Priestley et al., 201 9°2

Priestley et al., 2019°°

Shale et al., 2022°*

Islam et al., 2021°°

Bergstrom et al., 2019°°
Johnson et al., 2023°7
Langmead and Salzberg, 2012°°

Pidsley et al., 2013%; Zhang et al., 2008°°
Heinz et al., 2010°; Pidsley et al., 2013“°
Ramirez et al., 2014°"

Schep et al., 2017%?

Leica Microsystems
Mitani

Keyence

http://bioconductor.org/packages/release/
bioc/html/DESeqg2.html

N/A

https://bioconductor.org/packages/
release/bioc/html/wateRmelon.html

https://github.com/jkrijthe/Rtsne
http://bio-bwa.sourceforge.net/
https://gatk.broadinstitute.org
http://www.htslib.org/

http://www.proteinsimple.com/compass/
downloads/

https://tide.deskgen.com/

https://www.sanger.ac.uk/tool/
biobambam/

http://wannovar.wglab.org/index.php
http://pcingola.github.io/SnpEff/
https://ftp.ncbi.nih.gov/snp/

population_frequency/latest_release/fregs.
vef.gz
https://github.com/hartwigmedical/
hmftools/releases/tag/sage-v2.8
https://github.com/PapenfussLab/gridss
https://github.com/hartwigmedical/
hmftools/tree/master/gripss
https://github.com/hartwigmedical/
hmftools/tree/master/amber
https://github.com/hartwigmedical/
hmftools/tree/master/cobalt
https://github.com/hartwigmedical/
hmftools/tree/master/purple
https://github.com/hartwigmedical/
hmftools/tree/master/linx
https://github.com/AlexandrovLab/
SigProfilerExtractor
https://github.com/AlexandrovLab/
SigProfilerExtractor
https://github.com/toddajohnson/
tumor-grappler
https://sourceforge.net/projects/
bowtie-bio/files/bowtie2/
https://github.com/macs3-project/ MACS
http://homer.ucsd.edu/homer/
https://github.com/deeptools/deepTools
https://github.com/GreenleafLab/
chromVAR
https://www.leica-microsystems.com/
products/microscope-software/
https://www.mitani-visual.jp/download/
catalogs/

N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfiled by the Lead Contact,
Dr. Toshiro Sato (t.sato@keio.jp).

Materials availability
Allunique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
o WGS, WES, RNA-seq, methylation microarray, and ATAC-seq data are deposited in the Japanese Genotype-phenotype
Archive under the accession number JGAS000557.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Organoids

Human normal lung samples were obtained from patients with written informed consent after an approval by the ethical committee of
Keio University School of Medicine. Detailed clinical information is provided in Table S1. The method for the establishment of human
normal and tumor organoids is described in the later section.

Mice

All animal procedures were approved by the Keio University School of Medicine Animal Care Committee. Female NOD/Shi-scid,
IL-2Ry™" (NOG) mice (7-12 weeks old) were obtained from the In-Vivo Science and female BALB/c-nu/nu mice (7-12 weeks old)
were obtained from Oriental Yeast and housed under specific pathogen-free conditions.

METHOD DETAILS

Generation of human lung normal and tumor organoids

Normal airway and alveolar organoids were established as previously reported.'®'® Derivation of lung tumor organoids from surgery
and bronchoscopy specimens was performed as previously described.'*®° Briefly, lung tissues were washed with ice-cold PBS and
cut into small pieces. The fragments were digested with Liberase TH (Roche) at 37°C for 30 min. Prior to plating, collected epithelia
were washed with PBS supplemented with 10% fetal bovine serum (FBS) to inactivate digestive enzymes. Then, the epithelia were
embedded in Matrigel (Corning) and cultured with the following medium.®® Advanced Dulbecco’s Modified Eagle’s Medium/F12 was
supplemented with penicillin/streptomycin, 10 mM HEPES, 2 mM GlutaMAX, 1 x B27 (Thermo Fisher Scientific), 10 nM gastrin |
(Sigma), and 1 mM N-acetylcysteine (Wako, Japan) to prepare a basal culture medium. A complete medium was prepared by sup-
plementing the basal culture medium with the following niche factors: 50 ng/mL mouse recombinant EGF (Thermo Fisher Scientific),
100 ng/mL human recombinant IGF-1 (BioLegend), 100 ng/mL human recombinant FGF-2 (Peprotech), 100 ng/mL mouse recombi-
nant noggin (Peprotech), 1 mg/mL human recombinant R-spondini (R&D), 25% Afamin-Wnt-3A serum-free conditioned medium,®*
and 500 nM A83-01 (Tocris). Pleural effusion and ascites samples were centrifuged and washed 3 times with ice-cold PBS, and the
sedimented cells were used for organoid culture. CTCs-derived organoids were established as previously described.®® We isolated
CTCs from 15 mL of blood samples drawn into heparin tubes at Keio University School of Medicine. The blood was incubated with
750 uL RosetteSep CTC Enrichment Cocktail Containing Anti-CD36 (Stem Cell Technologies) for 20 min at room temperature, and
then CTC enrichment was done using Ficoll-Paque PLUS (GE) by a negative selection. Isolated CTCs were washed and seeded in
Matrigel. For sputum-derived organoid establishment, sputa were dissolved in semi-alkaline protease Suptazyme (KYOKUTO
PHARMACEUTICAL INDUSTRIAL) for 15 min at room temperature, then the cells were washed with basal culture medium at
5-10 times and seeded in Matrigel. Plated organoids were maintained in a CO, incubator with 5% CO, and 20% O,, and the media
were changed every 3 or 4 days. To enrich LC organoids, we treated organoids with 3 uM Nutlin-3 (Cayman Chemicals), or with 1 uM
pan-ErbB inhibitor (Merck Millipore) in the absence of EGF, IGF-1 and FGF-2. We added 10 uM Y-27632 (FUJIFILM Wako Pure
Chemical) for the first two days after passaging. To facilitate organoid establishment from LC tumors, we tested human recombinant
FGF-7 (Peprotech), FGF-10 (Peprotech), HGF (Peprotech), neuregulin-1 (Peprotech), IL-6 (Peprotech), Wnt7B (Abnova) and DAPT
(Sigma-Aldrich) at various concentrations but failed to promote culture efficiency. We routinely validate the uniqueness of each
line to exclude possible contamination from other organoid lines and mycoplasma infection using RNA-seq. Once tumor-derived
organoids were established, niche factors were subsequently removed to determine the minimal requirements of the niche factors.
When the organoids survived without a given niche factor for at least 1 month, the organoids were judged to be independent of the
niche factor. Each screening was carried out in duplicate or triplicate. When the organoids did survive but showed a declined growth
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after the removal of a niche factor, we judged their niche factor dependency based on the viability after 3 months of culture. The
bright-field image of each well was captured using a BZ-X800 digital microscope (Keyence), and the organoid area was automatically
measured using the BZ-X800 Analyzer software (Keyence).

Xenotransplantation of lung tumor organoids

Prior to transplantation, the organoids were labeled with GFP by electroporation with a GFP-puro PiggyBac vector (System Biosci-
ences) as previously described.®® For each transplantation, LC cell clusters (equivalent to 1 x 10° cells) were resuspended in 10 L of
cold Matrigel and injected into the subrenal capsule of a NOG mouse or the subcutaneous space of a BALB/c-nude mouse. At 2- or
3-months post-transplantation, mice were euthanized, and the grafts were isolated. The tumor size was measured using GFP fluo-
rescence (Nikon Multi-zoom microscopy, LuminaVision software). The grafts were fixed for subsequent histological analyses. For
Porcn-i-treatment experiments, tumor-bearing mice were randomized before treatment and treated with C59 (50 mg/kg, adminis-
tered twice a day by oral gavage) as demonstrated in Figure 7C. To induce dnTCF4 in Dox-inducible dnTCF4 tumors, we treated tu-
mor-bearing mice with oral administration of doxycycline (1 mg/mL) for 21 days after 2 months from xenotransplantation
(Figure S7D).

Immunohistochemistry and in situ hybridization

Isolated xenografts were immediately fixed with 4% paraformaldehyde. The standard protocols for sectioning paraffin-embedded
tissues and H&E staining were used. For immunostaining, mouse anti-NKX2-1 (Dako, M3575, 1:200), mouse anti-KRT7 (Dako,
M7018, 1:1000), mouse anti-p40 (NICHIREI BIOSCIENCES, 418,171, 1:100), rabbit anti-KRT5 (Spring Biosciences, E13820,
1:200), rabbit anti-Synaptophysin (DAKO, A0010, 1:100), mouse anti-CD56 (DAKO, M7304, 1:200), rabbit anti-Chromogranin A
(Dako, A0430, 1:1000), rabbit anti-HNF4a. (Cell Signaling Technology, 3113S, 1:100), and mouse anti-f-catenin (BD Biosciences,
610,153, 1:500) antibodies were used, with subsequent labeling by Alexa Fluor 488-, 568- or 647- conjugated anti-rat, -goat, -rabbit
or -mouse antibodies (Thermo Fisher Scientific). Nuclei were counterstained with Hoechst 33,342 (Thermo Fisher Scientific). For in
situ hybridization, we used an RNAscope 2.5 HD Kit (Advanced Cell Diagnostics), according to the manufacturer’s instructions.
Probes for AXIN2 was designed by Advanced Cell Diagnostics. PPIB and DapB genes were used as positive and negative controls,
respectively. Images were captured using a BZ-X710 digital microscope (Keyence) or a confocal microscope (SP8, Leica).

Drug testing

To analyze the response to sotorasib (Selleck) treatment, we plated single cell-dissociated organoids at a density of 1,500 cells per
well and treated them at the indicated concentrations. Organoid viability assays were performed using CellTiter-Glo (Promega) on
day 5 of treatment. The effect of the ALK inhibitor alectinib (Selleck) and BRAF inhibitor dabrafenib (Chemscene) was analyzed by
treating single-cell passaged organoids with these compounds at 0.1 uM. For EGFR pathway blockade, we used 1 uM pan-ErbB
receptor inhibitor (Merck Millipore).

DNA extraction
DNA was extracted from organoids and blood samples using the QlAamp Blood Mini Kit (QIAGEN) and treated with RNase Cocktail
(Ambion) following the manufacturers’ protocols. Three-micrograms of genomic DNA was fragmented.

Whole genome sequencing (WGS) analysis and variants call

We performed whole genome sequencing for 22 organoids and matched blood DNAs from 22 subjects using the NovaSeq 6000 plat-
form (lllumina). Average sequencing depths were 33.2x for the organoids and 33.5x for control blood DNAs. We developed a WGS
sequence analysis workflow called Tumor-GRaPPLer®” that emplements the features describe below and that is available on Github.
Fastq files were aligned to the “no alt” version of human genome build GRCh38 with BWA-mem (version 0.7.17).*” We called germ-
line and somatic single-nucleotide, multi-nucleotide, and small insertion-deletion variants (SNVs, MNVs, Indels) using SAGE (version
2.8) (Somatic Alterations in Genome) from the pipeline of Hartwig Medical Foundation (HMF).°>%” We created a panel-of-normals
(PON) VCF using SAGE run in PON mode for 149 Japanese reference samples to filter somatic variants. We annotated somatic
variant VCFs with bcftools using mappability hdr and bed files from the HMF resource website, the PON vcf, dbSNP and ALFA
(EAS and TOT AF and MAF) vcfs, and ClinVar. We filtered VCFs for sites found in the PON, and further filtered to remove variant sites
(MAF >0.01 and AF < 0.99) or likely fixed sites (AF > 0.99) based on the above dbSNP and ALFA population samples. We then an-
notated the using ANNOVAR®® and SnpEff.’

We called structural variants (SVs) with GRIDSS (version 2.12.2)% using recommended workflow for preprocessing BAM files,
splitting breakend assembly and then performing merged assembly and breakpoint/breakend calling. VCFs were then filtered using
GRIDSS Post Somatic Software (GRIPSS) (version 1.11). Copy-number (CN) segment data were imported into R from PURPLE
(version 3.1) (PURIty PLoidy Estimator) output and then further filtered and processed for use in downstream analysis programs.

We used software from HMF and developed our workflow based on the standalone GPL pipeline®* to perform an integrated anal-
ysis of germline and somatic SNVs/MNVs/Indels, SVs, and copy-number alterations. AMBER 3.5 was run to generate a B-allele fre-
quency (BAF) file from reference sample BAMs for 3,065,757 likely heterozygous SNV sites that we previously assembled. We then
used COBALT (version 1.11) to calculated read depth ratios from reference normal and tumor BAMs. We then used germline and
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somatic small variant VCFs, the GRIPSS filtered SV VCF, and the AMBER BAF file and COBALT read depth ratio files as input to
PURPLE. PURPLE output was then input to LINX to cluster SVs into events and integrate SVs with germline and/or somatic driver
variants.

Mutational signature analysis

We performed somatic mutation and CN signature analysis using SigProfiler with the filtered somatic variant VCFs after annotation by
PURPLE, or for CN signature analysis in SigProfiler, we exported a tabbed text file of the processed CN segment data in ASCAT
format (columns sample, chromosome, startpos, endpos, nMajor, nMinor). We generated somatic mutation and CN matrices using
SigProfilerMatrixGenerator (version 1.2.0)°2 and signature profiling was performed using SigProfilerExtractor (version 1.1.3)%. So-
matic mutation signature profiles were extracted for SBS96, DBS78, and ID83 signature types and decomposed to COSMIC 3.2
signatures (Table S2).

Whole exome sequencing (WES) analysis

For whole exome sequencing, 150 bp paired-end libraries were prepared using the SureSelect Human All Exon V6 kit (Agilent) ac-
cording to the manufacturer’s instructions. Cleaned fastq files were mapped onto the human reference genome version GRCh37
(hg19) using BWA-MEM (version 0.7.17). Data cleanup and variant detection were performed using Genome Analysis Toolkit
(GATK, version 4.1.2.0). PCR duplicates were marked, and then base quality score recalibration was applied. Variant detection
was performed using Mutect2. To remove germline variants, the detected variants were filtered by removing those detected with
allele frequency of 0.1% or more in dbSNP or the Japanese germline variant database (the Human Genetic Variation Database).®®
Genotypes of 53,867 exonic germline variants registered in HapMap (version 3 release 3) were compared using
CrosscheckFingerprints (GATK version 4.1.2.0).

RNA isolation

Organoids were cultured from single cells for 7-14 days in the identical culture medium containing Afamin-Wnt-3A, R-spondin-1,
EGF, Noggin and A83-01. Engineered organoids overexpressing transcription factors were cultured with or without doxycycline
for 10 days. RNA was extracted from organoids using the RNeasy Plus Mini Kit (QIAGEN) according to the manufacturer’s
instructions.

RNA sequencing of organoids

RNA quality was evaluated with an Agilent 2100 bioanalyzer (Agilent). Sequence library was prepared with TruSeq RNA Library Prep
Kit v2 (lllumina) and sequenced with HiSeq X or NovaSeq 6000 (lllumina). Adaptors were removed from raw fastq files with cutadapt
(version 1.18)*? and the reads were aligned to human genome (hg38) using STAR (version 2.6.1b).*® The expression levels of the hu-
man genes in Ensembl release 81 were estimated with RSEM (version 1 .3.3)57. Differentially expressed gene analysis was performed
using nbinomLRT in the R Bioconductor package DESeq2.%” For gene set enrichment analysis (GSEA), read count data were normal-
ized with size factors using DESeq2. GSEA was performed using the R Bioconductor package fgsea with 10,000 permutations.®® IMA
signature gene sets were used from previous report.”°

Re-analysis of the TCGA LUAD dataset

RNA-seq raw count data of TCGA LUAD cases were downloaded from Genomic Data Commons (GDC) Data Portal using the GDC
Data Transfer Tool. Of these data, we used the data of the cases with quality-checked endpoint information.”’ Genetic mutations of
these cases were also obtained from the pan-cancer maf file in GDC Data Portal. From the count data, we removed transcripts with
less than 10 read counts in all samples. The count matrix was then normalized using varianceStabilizingTransformation in DESeqg2.
The enrichment of WRd-related genes (WRd score) in each sample was calculated using simpleScore in the singscore R
Bioconductor package.”? For this analysis, we used genes that were differentially expressed in WRd and WRi LUAD organoids
(FDR <0.05 and absolute log2Fold change >1). The genes upregulated or downregulated in WRd organoids were used as the up
gene set or the down gene set, respectively. The cutoff value of the WRd score for log rank test was determined using maxstat.test
in the maxstat R package, and the difference in the overall survival between WR score-high tumors and -low tumors was analyzed
with Kaplan-Meier method and log rank test using the Surv and survdiff functions in the survival R package.

Quantitative Real-Time PCR

Total RNA was isolated from organoids using an RNeasy Mini Kit (Qiagen), and genomic DNA was isolated using a DNeasy Blood and
Tissue kit (Qiagen). RNA was subjected to reverse transcription using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific)
following the manufacturer’s protocol. Quantitative RT-PCR was performed using fluorescent SYBR Green and Applied Biosystems
7500 Fast (Thermo Fisher Scientific). Human GAPDH was used as a housekeeping gene. Relative gene expression levels were calcu-
lated using the delta—delta Ct method. The primer sequences are shown in key resources table.
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Methylation microarray

For methylation analysis, 500 ng of genomic DNA was subjected to bisulfite conversion and applied to an Infinium MethylationEPIC
microarray (lllumina) according to the manufacturer’s instructions. We used the R Bioconductor package ‘“‘wateRmelon’ (version
1.20.3) to normalize signal and to obtain beta-value.“® tSNE plot was performed using probes exhibiting large variance (M-value vari-
ance >4). Gene methylation level was obtained by selecting a probe with the largest negative correlation to the expression in probes
mapped to the same gene loci (from 1.5 kbp upstream of the transcription start site to the transcription end site).

ATAC sequence of organoids

ATAC-seq was performed as previously described with minor modifications.”®"* For library preparation, organoids were dissociated
into single cells and pretreated with DNase (Worthington) for 10 min at 37°C to remove DNA derived from dead cells. This medium
was washed out, and the cells were resuspended in cold PBS. 50,000 cells were resuspended in 50 uL of ATAC-seq resuspension
buffer (RSB; 10 mM Tris-HCI pH 7.4, 10 mM NaCl, and 3 mM MgCl, in distilled water) containing 0.1% NP40, 0.1% Tween 20 and
0.01% digitonin, and were incubated on ice for 3 min. After lysis, 1 mL of ATAC-seq RSB containing 0.1% Tween 20 was added, and
the lysate was centrifuged at 500 g for 10 min at 4°C. Supernatant was removed, and nuclei were resuspended in 50 pL of transpo-
sition mix (25 pL 2 x TD buffer, 2.5 uL Tn5 transposase, 16.5 uL PBS, 0.5 uL 1% digitonin, 0.5 uL. 10% Tween 20, and 5 uL water) and
incubated for 30 min at 37°C in Thermomixer shaking at 1000 rpm. Transposed DNA was purified using QIAgen MinElute columns,
and subsequently amplified with Nextera sequencing primers and NEB high fidelity 2x PCR master mix for 5-10 cycles. PCR-ampli-
fied DNA was purified using QlIAgen MinElute columns and sequenced on an lllumina HiSeq X with 150 bp pair-end reads. Each sam-
ple generated about 20-40 million mapped reads for the following analysis. For alignment, raw reads were trimmed using cutadapt*?
and mapped onto hg38 using Bowtie2°® with “~very-sensitive - X 2000” options. Samtools*® was used to sort and remove reads that
mapped to the mitochondria genome. Picard (http://broadinstitute.github.io/picard/) was then used to remove duplicates using the
MarkDuplicates tool. Peak callingwas performed using MACS2°° with the parameters “~nomodel-call-summits—nolambda—keep-
dup all-shift 75-extsize 150.” All peaks were resized to a uniform width of 501 bp, centered at the summit, and filtered by the
ENCODEhg38 blacklist (https://www.encodeproject.org/annotations/ENCSR636HFF/). Then, the peaks that overlapped the regions
1000 to +100 bp from the transcription start sites were excluded from any further analysis.

Global TF activity was analyzed using chromVAR.®® To find motif matches, we set bam files of each LC organoids and
human_pwms_v2, which was curated from the cisBP database’® as inputs for chromVAR “matchMotifs” function. We then
computed the GC bias-corrected deviations and variability using the chromVAR “computeDeviations” and “computeVariability”
functions, respectively. For downstream analysis, the value of bias corrected deviations of each TF and each sample was used. Mo-
tifs with a variance >2.25 were selected. Then, motifs which highly correlated with other motifs (Pearson correlation: R > 0.9) were
discarded from further analysis.

Motif enrichment analysis was done using HOMER® against the whole genome background with a ““-size 500" option. For
centering peaks of the selected motifs, the HOMER function annotatePeaks.pl was used with a “-center -size 50” option. Then,
motif-centered histograms were generated using deeptools®’ with the computeMatrix and plotProfile tools.

Capillary-based immunoassay

For detection of phospho-ERK, organoids were grown under optimal growth culture conditions and subsequently cultured with or
without EGF, IGF-1 and FGF-2, and with or without 1 uM pan ErbB receptor inhibitor (Merck Millipore) for an hour. For confirmation
of Dox-induced expression of NKX2-1, organoids were grown under optimal growth culture conditions and treated with doxycycline
(50 ng/mL) for 2 days. Organoids were released from Matrigel using Cell Recovery Solution (Corning) lysed with Cell Lysis Buffer
(#9803, Cell Signaling Technology) supplemented with a protease-phosphatase inhibitor cocktail (Thermo Fisher Scientific). Protein
separation and detection were performed using an automated capillary electrophoresis system (Simple Western system and Com-
pass software; proteinsimple). Antibodies against the following proteins were used; ERK-1/2 (#9102, Cell Signaling Technology,
1:50), phospho-ERK1/2 (T202/Y204) (#4370, Cell Signaling Technology, 1:50), NKX2-1 (#ab76013, abcam, 1:50) and B-actin
(#A1978, Sigma, 1:50). Signals were detected with an HRP-conjugated secondary anti-mouse or anti-rabbit antibody and were visu-
alized using the Compass software.

Gene manipulation of organoids

For gene knockout using CRISPR-Cas9, gene specific single-guide RNAs (sgRNAs) were cloned into the pX330-U6-Chimeric_BB-
CBh-hSpCas9 vector*' (Addgene #42230). As we could not select CDKN2A knockout organoid clone with a specific niche condition
or drug, we simultaneously introduced TP53 and CDKN2A sgRNAs. Electroporated organoids were cultured with Nutlin-3 (3 pM) to
select TP53 knockout clones. Then, stochastically introduced CDKN2A knockout was confirmed using Sanger sequencing. Biallelic
introduction of frameshift mutations was confirmed using the TIDE web tool.*® EGFR-®°®% and KRAS®'2Y cDNAs were PCR-amplified
from reverse-transcribed RNA and were individually cloned into pLVSIN-EF1a-IRES-ZsGreen1 (Takara #6191). The plasmids were
co-transfected with packaging plasmids (psPAX2, Addgene #12260 and pMD2.G, Addgene #12259) into HEK293T cells using
X-treme GENE 9 DNA Transfection Reagent (Roche). Transfected 293T cells were cultured in 10% FBS-containing DMEM
penicillin/streptomycin to generate the lentivirus. For lentivirus infection, organoids were suspended in lentivirus suspension
supplemented with 10 pg/mL polybrene (Millipore), 10 uM Y-27632 and 3% Matrigel and were centrifuged at 600 g, 32°C for 1 h.
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Infected cells were incubated in 5% CO2, 37°C for 6 h, washed with basal medium and re-embedded in Matrigel. Infected organoids
were selected with a one-week treatment with 10 pg/mL blasticidin (Thermo Fisher Scientific). For NKX2-1 and dnTCF4 conditional
overexpression, each cDNA was PCR-amplified from reverse-transcribed RNA and was cloned into the XLone-GFP vector*° by re-
placing the GFP cassette using Kpnl and Spel digestion sites. XLone-GFP vector was co-electroporated with transposase (System
Biosciences), and organoids were selected by a one-week treatment with 10 ng/mL blasticidin. Gene expression was induced with
50 ng/mL of Doxycycline. For knockout of NKX2-1 knockout, we generated lentivirus expressing NKX2-1 sgRNA using lentiCRISPR
v2-Blast (Addgene #83480), and organoids were infected with the lentivirus as mentioned above. Infected organoids were selected
with a one-week treatment with 10 ng/mL blasticidin. sgRNA target sequence for NKX2-1 are shown in key resources table. Knockout
was confirmed by biallelic introduction of frameshift mutations using the TIDE web tool (Table S7).°

QUANTIFICATION AND STATISTICAL ANALYSES
Pairwise analyses for tumor volumes and gene expression was determined using Wilcoxon’s rank-sum test or Welch’s unpaired
t test. The level of significance is indicated as the p value in each experiment. Asterisks in figures indicate the following:

*, p value <0.05; **, p value <0.01; ***, p value <0.001; n.s., p value >0.05. The data are demonstrated as mean + SEM. Graphs
with statistical analysis were made with the R software. For further statistical details, refer to each figure legend.
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Figure S1. LC organoids preserve the original histological features in vitro and in Xenografts,
Related to Figure 1

(A-D) Representative section images of the parental tumor (left), organoid (middle) and xenograft (right).
In all cases, original histological properties were preserved during culture and in xenografts. (E) Expression
of NKX2-1, p40/TP63, and NCAMI in organoids and parental samples. Transcript expression in organoids

and immunoreactivity in parental samples are shown. Scale bar, 100 um.
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Figure S2. Nutlin-3 sensitivity and copy-number analysis of LC Organoids, Related to Figure 2

(A) Genetic alterations in 7P53 and resistance to Nutlin-3. Organoids with a genetic mutation or
homozygous deletion are shown in black or blue, respectively, and those resistant to Nutlin-3 are shown in
light purple. (B) Representative bright-field images of 7TP53"7 (left) and TP53™ (right) organoid cultured
with (top) or without (bottom) Nutlin-3. The mean organoid area relative to that of the control (-Nutlin-3)
condition is presented. (C) An immunoassay demonstrating the loss of TP53 protein in organoids with a
homozygous TP53 deletion (TP53%!) and biallelic truncating 7P53 mutation (7P53™*). Nutlin-3 treatment
upregulated TP53 in wild-type organoids. (D) Copy number status of LTOL. The organoids were analyzed

with WES (light gray) or WGS (black). Scale bar, 1 mm (B)
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Figure S3. EGFR-RAS Signal Dependency in LUSC, SCLC, and LCNEC Organoids, Related to
Figure 3

(A) EIF dependency associated with RTK pathway-related genetic alterations in LUSC, SCLC and LCNEC
organoids. (B-D) Growth of EIFd and EIFi LC organoids in EIF-included (Complete) and EIF-removed (-

EIF) conditions (bottom). The mean organoid area relative to that of the complete condition is shown.
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Figure S4. Niche Dependency and Gene Engineering of Normal Alveolar Organoid, Related to Figure
4

(A) WR dependency, BMP4 and TGF-[] sensitivity of LC organoids. (B) b-catenin IHC of the subrenal
xenograft samples of 4APC™ LCNEC (KOR481) and APC"T LUAD (KOR165) organoids. (C) Sanger
sequencing confirmation of 7P53 (top) and CDKN2A (bottom) knockout in alveolar organoids. Black
frames show sgRNA targets. (D) Representative images of normal and engineered alveolar organoids
cultured with Nutlin-3 (top), WNRA (-EIF, middle), and -EIF plus Ei (-EIF+Ei, right) conditions. (E) Total
and phospho-ERK expression following Ei treatment in normal alveolar and engineered alveolar (TC, TCE
and TCK) organoids. (F) Representative images of an independent normal alveolar-2, TC-2, TCE-2, and

TCK-2 organoids cultured with WR (top) or without (bottom) WR. Scale bar, 100 pm (B), 1 mm (D, F).
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Figure S5. Epigenetic Regulation of NKX2-1 and HNF4A, Related to Figure 5

(A) Normalized ATAC-seq reads within 2 kb from the motif centers of Nkx2.1 (top) and HNF4A (bottom).
7 WRd and 14 WRi LUAD organoids were analyzed. (B) Methylation beta values of the NKX2-/ (top) and
HNF4A (bottom) loci. WRd LUAD organoids show unique methylation of NKX2-/ and demethylation of
HNF4A compared to WRi LUAD and normal lung organoids. The methylation data of normal colon
organoids is shown as negative and positive controls for NKX2-1 and HNF4A, respectively. (C) The
expression of genes differentially expressed between WRd and WRi organoids in the TCGA LUAD dataset.
Or the differentially expressed genes, those with a standard deviation > 90 percentile in the TCGA dataset
are shown. The samples were sorted according to the WRd gene enrichment score, and the genes were
ordered based on the Spearman’s correlation between the WRd gene enrichment score and normalized gene

expression level.
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Figure S6. NKX2-1 Knockout or Overexpression Reverses WR Dependency in LUAD Organoids.,
Related to Figure 6

(A) An immunoassay demonstrating the loss of NKX2-1 in NKX2-1/ KO WRi LUAD organoids. (B)
Enrichment of transcription factor motifs in 2 independent NKX2-1"" (left) and NKX2-1%° (right) WRi
LUAD organoids. (C) Growth of NKX2-/ WT and KO WRi LUAD organoids in +WR (top) and -WR
(bottom) culture conditions. (D) Immuno-detection of NKX2-1 in NKX2-1° WRd LUAD organoids. (E)
Enrichment of transcription factor motifs in 2 independent NKX2-1° WRd LUAD organoids without Dox
(left) and with Dox (right). (F) Growth of NKX2-1°E WRd LUAD organoids cultured with or without Dox

in +WR (top) and -WR (bottom, passage 4) conditions. Scale bar: 1 mm (C, F).
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Figure S7. Wnt-Targeting is a Rational Therapeutic Strategy for the Treatment of NKX2-1 Negative
LUAD, Related to Figure 7

(A) Induction of the dnTCF4 protein in dnTCF4°% LUAD organoids with Dox. (B) Comparative
transcriptome analysis of dnTCF4-induced and uninduced organoids. Representative Wnt target genes and
genes downregulated by Dox treatment are highlighted in red and blue, respectively. (C) Representative
images of WRd (left) and WRi dnTCF4°F LUAD organoids cultured with (bottom) or without (top) Dox,
and with WR. The mean organoid area relative to that of the DOX- condition is shown. (D) Subrenal
transplantation of GFP-labeled LUAD organoids and doxycycline treatment. (E) Xenografts of WRd (left)
and WRIi (right) LUAD organoids treated with vehicle (top) or Dox (bottom). The kidney is outlined with
dotted lines in fluorescent images. (F) The tumor area of grafts treated with vehicle (black) or Dox (red).
Bars represent the mean area of the grafts. **p < 0.01, *p < 0.05, Wilcoxon’s rank sum test. N.S., not
significant. (G) AXIN2 in situ hybridization in xenografts of WRd (left) and WRi (right) LUAD organoids.

Scale bar: 100um (G), 1 mm (C), 5 mm (E).



Table S1: Patient characteristics of LC Organoids, Related to Figure 1

KOR Age Gender Smoking(Bl) Source Histology Subtype Stage T N M Pre-treatment Niche factor Morphology DNAseq RNAseq ATACseq Methylation EPIC Candidate driver gene alterations
1 63 F 0 BE LUAD NA VA 3 3 1b CBDCA/PEM, ERL, AFA, S-1, GEF, DTX, Nivo A Cystic WES ks ki3 i3 TP53, CDKN2A, EGFR, MET, SETD2
3 63 F 0 PE LUAD NA A b 2 0 CDDP/DTX, CBDCA/PEM, Nivo AN Spherical WES + + + TP53, CDKN2A, ERBB2
20 83 [ 0 PE LUAD NA VA 4 3 1a CBDCA/PEM/BEV, GEF, ERL, OSI, GEM/VNR - Mixed WES + + + TP53,RB1, EGFR
59 58 F 0 CTNB LUAD Papillary A 2a 0 1b ERL, BEV, CDDP/PEM/BEV, 0S|, GEM/VNR - Spherical WGS + + + TP53,RB1, EGFR
63 61 M 740 surgery LUAD Solid IB 2a 0 0 = REIFN Cystic WGS + + + TP53, MET, SMARCA4
80 51 F 0 sputum LUAD NA IB 2b 1 0 CBDCA/PTX/BEV, CDDP/PEM/BEV, Atezo RA Mixed WES + + + TP53, CDKN2A, ERBB2
97 83 F 0 surgery LUAD IMA OIA 2b 0 0 - RAN Cystic WGS ks ki3 i3 TP53, CDKN2A, KRAS, EP300
98 75 M 1000 surgery LUAD Solid oOIA 2b 0 0 - EIF Spherical WGS + + + TP53, CDKN2A, SETD2, ARID1A

124 70 M 860 BF LUAD NA VA 3 3 1b - A Spherical WGS + + + CDKN2A, BRAF, KEAP1

134 77 F 0 sputum LUAD NA VA 3 3 1b - R Cystic WES + + + TP53, CDKN2A, KRAS

165 83 M 0 surgery LUAD Acinar IA2 1b 0 O - Spherical WGS + + + TP53, CDKN2A, EGFR

189 61 M 1320 surgery LUAD IMA B 3 0 0 - RAN Cystic WGS + + + CDKN2A, KRAS

202 78 M 1000 BE LUAD NA NVA 2b 0 1a - = Mixed WES ks ki3 i3 TP53, CDKN2A

242 71 M 1200 PE LUAD NA VB NA 3 1c CBDCA/PEM - Spherical WGS + + + TP53, CDKN2A, ALK

259 74 F 0 surgery LUAD Acinar IA2 1b 0 0 - RN Mixed WGS + + + TP53, CDKN2A, KRAS

266 78 M 36 surgery LUAD Acinar IA3 1c O 0 - AN Spherical WGS + + + TP53, CDKN2A, EGFR

391 49 F 0 Ascite LUAD NA VB 1c 2 1c RT, GEF, 0S|, CBDCA/PEM/BEV N Spherical WES + + + TP53, CDKN2A, EGFR

404 53 F 0 PE LUAD NA NA 2b 3 1b ERL+BEV AN Spherical WGS + + + TP53, RB1, EGFR, PTEN

449 52 F 0 PE LUAD NA mB 2a 3 0 CDDP, DTX, PEM, DS8201a(Clinical trial), Atezo, S-1 A Spherical WES ks ki3 i3 TP53,RB1, ERBB2, ARID1A

450 74 M 1325 PE LUAD NA mc 4 3 1a CBDCA/PEM/Pemrbo, PEM, TS-1 A Spherical WES + + + TP53, CDKN2A, KRAS, STK11, SETD2

493 78 I 350 BF LUAD MP VB 3 1 1c - RAN Cystic WGS + + + TP53, CDKN2A, KRAS, NKX2-1
40 47 F 0 SC LUsSC NA VA 2b 3 1b Pembro A Spherical WES + + + TP53, CDKN2A, KRAS, PIK3CA
57 63 F 0 PE Lusc NA VA 3 0 1b ERL, CBDCA/S-1, OSI, Atezo AN Spherical WES + + + TP53, CDKN2A, EGFR, PIK3CA

115 81 M 4000 sputum LUSC NA v 4 0 1 CBDCA/S-1, DTX, Nivo, VNR, Atezo - Spherical WES + + + TP53, PTEN, PIK3CA

230 82 M 800 BF LuUsc NA NVA 1 2 1b - REIFAN Spherical WES ks = i3 TP53, STK11

286 79 F 400 BF LUsSC NA mA 1b 2 X - EIF Spherical WES + + + TP53, RB1, PIK3CA

386 65 M 900 surgery LuUsC NA IA 2b 0 0 - A Spherical WGS + + + TP53, CDKN2A, PTEN

484 g7 M 860 PE LUsSC NA VB 4 3 1c CBDCA/nabPTX/Pembro, DTX, TS-1 AN Spherical WES + + + TP53, PTEN, PIK3CA
54 83 M 800 PE SCLC NA v NA NA 1a = AN Spherical WGS + + + TP53, RB1
69 77 M 860 PE SCLC NA v NA NA 1a CBDCANP-16 AN Spherical WGS + + + TP53,RB1
72 81 M 1000 BF SCLC NA mB 2a 3 0 - N Spherical WES ks ki3 i3 TP53
92 78 M 860 sputum SCLC NA v NA NA 1a CDDP/VP-16, NGT N Spherical WES + + - TP53, RB1, TP73

107 g3 M 720 CTCs SCLC NA IA3 1c 0 0 CBDCANP-16, AMR N Spherical WES + + + TP53, RB1, EP300

121 65 M 600 sputum SCLC NA v 3 2 1 CBDCA/CPT-11, AMR, RT WRAN Spherical WES + + + TP53, RB1

130 72 M 1650 PE SCLC NA mB 3 2 0 CBDCA/VP-16, AMR, NGT N Spherical WES + + + TP53, RB1, KEAP1

144 59 M 2460 BF scLC NA NB 4 2 1c - - Spherical  WGS + + + TP53, RB1, CREBBP

182 g0 M 300 CTCs SCLC NA mC 3 3 0 - N Spherical WGS ks ki3 i3 TP53,RB1, CREBBP

203 58 M 960 CTCs SCLC NA mB 2b 3 0 CDDP//P-16, CBDCA/CPT-11, AMR N Spherical WES + + + TP53, RB1

265 78 M 1800 surgery SCLC NA IB 2a 0 0 - EIFAN Spherical WGS + + + TP53, RB1, BRAF

271 72 M 1000 BF SCLC NA VB 2b 3 1c CBDCA/nabPTX, DTX. Nivo, TS-1 EIFAN Spherical WGS + + + TP53,RB1, PTEN

120 55 M 585 surgery LCNEC NA IA2 1b 0 0 - AN Spherical ~ WGS + + + TP53, PTEN

481 50 F 0 PE LCNEC NA VA 1b 3 1c CBDCA/DTX, GEF, CBDCA/PEM/BEV, PEM, GEF, AFA, CBDCA+PEM, PEM+BEV, GEF, CBDCA+CPT-1* N Spherical WES + + + TP53, EGFR

500 47 M 540 Bone biopsy LCNEC NA VA 1a 1 _1b - N Spherical WGS ks ki i TP53, RB1, SMARCA4

Abbreviations

Gender; M: male, F: female

Source; BF: bronchofiberscopy, CTNB: computed tomography-guided needle biopsy, PE: pleural effusion, CTCs: circulating tumor cells, SC: subcutaneous biopsy

Histology; LUAD: lung adenocarcinoma, LUSC: lung squamous cell carcinoma, SCLC: small cell lung carcinoma, LCNEC: large cell neuroendocrine carcinoma

Subtype; MP: micropapillary, IMA: invasive mucinous adenocarcinoma

Pre-treatment; CDDP: cisplatin, CBDCA: carboplatin, PEM: pemetrexed sodium hydrate, S-1: tegafur/gimeracil/oteracil potassium, DTX: docetaxel hydrate, PTX: paclitaxel, NabPTX: Nab-paclitaxel,
VNR: vinorelbine ditartrate, VP-16: etoposide, CPT-11: irinotecan hydrochloride hydrate, NGT: nogitecan hydrochloride, AMR: amrubicin, GEM: gemcitabine, BEV: bevacizumab,
GEF: gefitinib, ERL: erlotinib, OSI: osimertinib, Nivo: nivolumab, Pembro: Pembrolizumab, Atezo: Atezolizumab

Niche factor; W: Wnt, R: Rspondin, EIF: EGF/IGF-1/FGF-2/FGF10, N: Noggin, A: A83-01, -: no niche factor required
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