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SUMMARY

Personalized in vitro models for dysplasia and carcinogenesis in the pancreas have been constrained by insuf-
ficient differentiation of human pluripotent stem cells (hPSCs) into the exocrine pancreatic lineage. Here, we
differentiate hPSCs into pancreatic duct-like organoids (PDLOs) with morphological, transcriptional, proteo-
mic, and functional characteristics of human pancreatic ducts, further maturing upon transplantation into
mice. PDLOs are generated from hPSCs inducibly expressing oncogenic GNAS, KRAS, or KRAS with genetic
covariance of lost CDKN2A and from induced hPSCs derived from a McCune-Albright patient. Each oncogene
causes a specific growth, structural, and molecular phenotype in vitro. While transplanted PDLOs with onco-
genic KRAS alone form heterogenous dysplastic lesions or cancer, KRAS with CDKN2A loss develop dediffer-
entiated pancreatic ductal adenocarcinomas. In contrast, transplanted PDLOs with mutant GNAS lead to
intraductal papillary mucinous neoplasia-like structures. Conclusively, PDLOs enable in vitro and in vivo
studies of pancreatic plasticity, dysplasia, and cancer formation from a genetically defined background.
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INTRODUCTION

The ductal compartment of the pancreas is the origin of various
diseases. These range from common diseases, such as pancre-
atic ductal adenocarcinoma (PDAC) (Ferreira et al., 2017; Lee
et al., 2019; Kopp et al., 2018), to rare diseases, such as the Ala-
gille syndrome, which is characterized by ductal malfunction
(Golson et al., 2009; Gliwicz et al., 2016). In vitro disease models
for PDAC are of major clinical relevance (Boj et al., 2015; Frap-
part et al., 2020; Moreira et al., 2017), not least due to its dismal
prognosis and recent predictions that PDAC will rank as the sec-
ond most common cause of cancer-related deaths in the West-
ern world by 2030 (Rahib et al., 2014).

Exploitation of self-renewing human pluripotent stem cells
(hPSCs) and subsequent multi-lineage differentiation has led to
the development of pre-clinical in vitro pancreatic disease
models (Hohwieler et al., 2019; Rowe and Daley, 2019). Pancre-
atic exocrine and endocrine cells develop from a common pre-
cursor, the pancreatic progenitor (PP) cell. Developmentally,
tripotent PPs restrict their lineage potential to a tip domain, giv-
ing rise to the acinar lineage, and to a bipotent trunk domain,
forming the ductal lineage together with subsequently delami-
nating endocrine cell types (Zhou et al., 2007; Schaffer et al.,
2010). While advances in PP differentiation enabled rapid suc-
cess in generating endocrine pancreatic cells and respective
disease models, approaches to guide hPSCs into the exocrine
pancreas remained sparse up to the recently generated exocrine
pancreatic organoids (exoPOs) (Hohwieler et al., 2017; Huang et
al., 2015; Simsek et al., 2016; Tulpule et al., 2013). The resulting
exoPOs are, however, heterogeneous, containing immature
acinar, ductal, and non-pancreatic cell types. Although exocrine
pancreatic development is neither in mice nor in humans fully un-
derstood, the initial induction of a tip- or trunk-like domain may
be of central importance for the successful in vitro derivation
and the subsequent compartment-specific disease modeling
of functional acinar or ductal cells from human PSCs.

PDACs can develop from both acini and ducts. While PDACs
evolving from acinar cells frequently traverse pancreatic intraepi-
thelial neoplasia (low-grade and high-grade PanlIN), ductal cells
appear more refractory to developing PanlIN lesions, but instead
rapidly progress to aggressive cancers (Ferreira et al., 2017; Lee
etal., 2019). As an additional route of PDAC development, ductal
cells can form cystic IPMN (intraductal papillary mucinous
neoplasia) lesions, which can also further progress to PDAC (Pa-
tra et al., 2017). Such differences in the pathophysiology of
PDAC cannot be explained solely by the affected cell type.
Instead, various combinations of oncogenes and tumor suppres-
sors contribute in a probably cellular context-specific manner to
define plasticity and cancer progression in the pancreas (Reich-
ert et al., 2016). Oncogenic KRAS mutations regulate diverse
phenotypes in sporadic and inherited PDAC, leading to different
routes of tumorigenesis permitted by the loss of distinct tumor
suppressor genes (e.g., TP53, CDKN2A, BRCA1/2). A subset
of ~10% of PDAC patients show an inheritable predisposition
with mutations in the mentioned tumor suppressors also occur-
ring in the germline (Roberts et al., 2016). Somatic GNAS (gua-
nine nucleotide binding protein, alpha stimulating) mutations
are more prevalent in IPMNs (Springer et al., 2015), and vice
versa, post-zygotic, mosaic mutations can cause McCune-Al-
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bright syndrome (MAS) associated with an increased risk of
developing IMPNs (Gaujoux et al., 2014; Wood et al., 2017).

To establish in vitro-generated pancreatic ductal organoids as
a pathophysiological model, the organoid cultures should be (1)
of high purity, (2) structurally and functionally comparable to
in vivo ducts, (3) provide access to disease progression interme-
diate cell types, (4) reflect the mutation-triggered pathophysi-
ology, (5) recapitulate germline features, and (6) provide access
to arising mutation dynamics. Such a disease model would allow
studying initiation and progression of pancreatic cancer as well
as the mimicry of genetic predisposition syndromes. The present
study establishes such a hPSC-based pancreatic ductal differ-
entiation platform to model dysplasia and cancer progression
in a genetically and cellularly defined background.

RESULTS

Engineering pancreatic duct-like organoids from human
pluripotent stem cells

Our first goal was to develop a protocol giving rise to a homoge-
neous population of pancreatic duct-like organoids (PDLOs)
from hPSCs by recapitulating pancreatic lineage commitment
in vitro. We selected 30 compounds based on the literature
and previous results (Hohwieler et al., 2017; Huang et al,
2015). Compounds were screened in a 2-phase protocol over
17 days on PPs derived from human embryonic stem cells
(hESC, HUESS) (Figure 1A). Within the first phase, we aimed to
mimic the segregation of trunk cells, presumed bipotent progen-
itors, expressing SOX9 and PDX1. The simultaneous decrease in
PTF1A,NKX6-1,INS, GCG, and ALB was assessed to ensure the
suppression of a pancreatic tip/acinar domain as well as an
endocrine or hepatic fate. The second phase was designed to
allow pancreatic trunk-like organoids (PTrLOs) to develop a
duct-like expression profile indicated by the upregulation of
KRT19 (Figure 1B). Tubulogenesis, a morphological eventimpor-
tant for maturation in vivo, is mediated by epithelial stratification,
acquisition of cell polarity, and microlumen formation (Villasenor
et al., 2010; Kesavan et al., 2009). Accordingly, we aimed for a
homogeneous culture of one-layered ring-like epithelial organo-
ids (Figure 1B). In phase I, 7/20 tested compounds improved
ductal differentiation based on marker expression and organoid
morphology on day 30; in phase Il, 4/28 fulfilled this requirement
(Figures S1A-S1D). Exemplarily, nicotinamide was a prerequisite
for the formation of ring-like organoids (Figure 1C). Fibroblast
growth factor 10 (FGF10) and epidermal growth factor (EGF)
caused a strong upregulation of the ductal marker KRT19 (Fig-
ures 1D, 1E, and S1E), an observation previously reported in
murine pancreatic explants (Rhodes et al., 2012). After EGF addi-
tion, we observed a tendency for higher PDLO formation capac-
ity and proliferation rate, thereby significantly increasing PDLO
size (Figures 1E and 1F). Zinc sulfate (ZnSQ,), in phase I+,
and keratinocyte growth factor (KGF) in phase |, supported
ductal specification by upregulating KRT79 and increasing
culture homogeneity (Figures S1E-S1G). The putative NOTCH
activator and WNT inhibitor MSC2530818 increased cystic
fibrosis transmembrane conductance regulator (CFTR) expres-
sion at a concentration of 0.05 uM (Czodrowski et al., 2016; Fryer
et al., 2004). At higher MSC2530818 concentrations, organoid
morphology was disrupted (Figure 1G). RNA sequencing (RNA-
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seq) analysis revealed a strongly dynamic expression pattern of
NOTCH signaling genes during ductal differentiation, indicative
of a phase-dependent role of different NOTCH mediators. The
addition of MSC2530818 during phase | augmented the expres-
sion of respective NOTCH-associated genes that were activated
at the expected trunk-like stage at day 20 (Figure 1H). In
contrast, no clear inhibition of WNT target genes was found after
MSC2530818 stimulation (Figure S1H), while, importantly, a
CFTR-related gene set was enriched (Figure 1l). Thus, our final
induction medium for PDLO generation consisted in phase | of
KGF, MSC2530818, ROCK inhibitor, EGF, FGF10, nicotinamide,
and ZnSQy, and in phase Il of EGF, FGF10, nicotinamide, and
ZnS0y (Figure 1A).

PDLOs recapitulate cell-type-specific features
Next, we characterized the hESC-derived PDLOs for cell-type-
specific markers and conducted functional assays. PDLOs ho-
mogeneously expressed duct-specific proteins (e.g., KRT19,
E-CAD, SOX9, HNF1B) with corresponding gene expression pat-
terns (Figures 2A-2C and S2A). While progenitor markers (NKX6-
1, PDX1) decreased during ductal differentiation, non-ductal
markers (e.g., GCG, C-pep, AMY2A) were absent (Figures 2B-
2D and S2B-S2D). Conclusively, immunofluorescence (IF) anal-
ysis confirmed the formation of a polarized ductal epithelium with
highly organized expression of E-CAD, KRT19, KRT8, and tight
junction-associated proteins CLDN1, OCLN, and apical ZO-1
(Figures 2E and 2F). Complex structural organization was seen
in both primary cilia staining (acTUB; Figure 2F) and transmission
electron microscopy (microvilli margin, tight junctions; Fig-
ure 2G). Late ductal maturity markers (e.g., KRT7, CFTR) were
present only in a subset of PDLOs (Figures 2E, 2F, and S2A).
To test PDLO functionality, we compared the activity of car-
bonic anhydrase (CA), a key enzyme expressed in pancreatic
ducts to catalyze bicarbonate (HCO3™) production to PPs and
PDAC organoids (Panc163) (Wilschanski and Novak, 2013). CA
activity was significantly higher in PDLOs than in PPs, confirming
the upregulation of CA2 during ductal maturation (Figure 2H).
CFTR mediates HCO5;™ secretion and subsequent osmosis-
mediated water influx into the ductal lumen (Dekkers et al.,
2013). Accordingly, stimulation with forskolin (FSK) led to a sig-
nificant swelling of PDLOs indicative of CFTR ion channel activity
(Figure 2I). Ki-67 was stained to exclude differential proliferation
as a cause for the increase in organoid size (Figure S2I). The
measurement of intracellular pH with the fluorescent indicator

Cell Stem Cell

BCECF-AM demonstrated comparable apical CI"/HCO3;™ ex-
change and basolateral Na?*-dependent HCO; ™~ uptake activ-
ities in PDLOs and adult human organ donor-derived pancreatic
organoids (Figures 2J and 2K). To demonstrate the broad appli-
cability of our protocol, we differentiated a control human
induced PSC (hiPSC) line (co-iPSC) and the hESC line H1 into
PDLOs. Both PDLO cultures showed comparable mRNA and
protein marker expression to HUES8-derived PDLOs (Figures
2L, 2M, S2E, and S2F). The activity assays remained reproduc-
ible across multiple lines, which suggested the presence of func-
tional CA enzyme and HCO3;~ secretion activity in all hPSC-
derived PDLOs (Figures S2G-SlI). Still, the protocol performed
best in HUESS cells, and further cell line tailored fine tuning will
be necessary as described, for example, for PP differentiation
(Nostro et al., 2015).

Global transcriptomic and proteomic analyses confirm
ductal identity

To validate the specificity, maturity, and developmental trajec-
tories of PDLOs, we analyzed time-resolved transcriptomes in
comparison to non-transformed human pancreatic ductal orga-
noid controls derived from a resection specimen. Stage-specific
clustering of differentially regulated genes revealed a closer
proximity of PDLOs to primary organoids than to PPs (Figure 3A).
Accordingly, progenitor genes were gradually lost during differ-
entiation, and duct-related genes (VI-VIII), including several
claudins, annexins, and mucosal barrier-related genes
(MUC13, TFF1/2), together with ion/water secretion-related
genes such as AQP3, were upregulated (Figures 3B and 3C; Ta-
bles S1 and S2). The time-resolved dynamics of pancreatic
ductal maturation and PP genes further validated the acquisition
of a duct-like transcriptome in PDLOs, albeit the degree of matu-
ration from primary adult ductal organoids could not be fully met
(Figure 3C). Gene set enrichment analysis (GSEA) confirmed the
loss of PP identity in PDLOs (Figure 3D; Gerrard et al., 2016; Xie
et al., 2013). To probe the transient acquisition of a trunk-like
domain upon differentiation, trunk-specific gene sets derived
from HES1* NGN3~ DBA* embryonic day (E)15.5 mouse pan-
creata (De Lichtenberg et al., 2018) and a single-cell RNA-seq
(scRNA-seq) set from E15.5-E18.5 mice (Krentz et al., 2018)
were used. The transcriptomes of day 20/24 organoids were en-
riched for trunk-specific genes (Figure 3E), and trunk-specific
markers such as /D2, ST3GALG6, or CXCL12 peaked at those
time points (clusters IV and V; Figure 3B; Table S1; Methods

Figure 1. Engineering pancreatic duct-like organoids (PDLOs) from human pluripotent stem cells (hPSCs)

(A) Schematic overview of the 2-phase screening approach. DE, definitive endoderm; GTE, gut tube endoderm; PE, pancreatic endoderm; PTrLO, pancreatic
trunk-like organoid.

(B) Left: morphological criteria and marker for evaluation of duct formation. Right: bright-field (BF) images and marker profiles obtained from PP, PTrLOs, and
PDLOs during differentiation; day (d).

(C-E and G) BF images and dynamic marker profiles of PDLOs/PTrLOs. Compounds and screening phase as indicated. Dynamic marker profiles were inter-
polated from qPCR data using MODDE software, and small circles indicate the applied concentration of the protocol version at the time point of testing. (C)
Nicotinamide, (D) FGF10, (E) EGF, and (G) MSC2530818 titration.

(F) Titration of EGF concentration in PDLO medium (0-250 ng/ml) and its effect on organoid growth characteristics (means + SEMs; n = 3; in duplicate, ordinary 1-
way ANOVA followed by Tukey’s multiple comparison test).

(H and I) RNA-seq analysis of PPs, PTrLOs, and PDLOs with or without 0.05 uM MSC2530818 during phase | (0.00 uM: n = 4, 0.05 uM: n = 3).

(H) Left: plotting all identified genes from the GO term “NOTCH signaling pathway” (GO: 0007219) over time. Right: selection of genes at PP and PTrLO stages.
() RNA-seq overrepresentation analysis of PTrLOs (day 20) with 0.05 uM MSC2530818 treatment against PTrLOs (day 20) without MSC. Scale bars: 100 pm.
PDLO cultures were analyzed at day 30, if not stated otherwise.

(C)—(E) and (G) show data from 1 representative experiment in duplicate.
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S5). Likewise, a ductal program was already initiated in PTrLOs,
as suggested by the upregulation of ductal markers such as
SCTR and CFTR. At day 30, PDLOs were significantly enriched
for ductal gene sets from two scRNA-seq studies (Baron et al.,
2016; Enge et al., 2017; Figure 3F). A recently developed cell
population-mapping algorithm for cell-type deconvolution
(Frishberg et al., 2019) was additionally applied and assigned
PDLOs among the different pancreatic cell types closest to
ductal cells (Figure S3A). Furthermore, GSEA from the hallmark
database and Gene Ontology (GO) term analysis indicated an
acquisition of maturity in PDLOs, as proliferative and early devel-
opmental terms were depleted in exchange with enriched meta-
bolic terms (Figures S3B-S3D).

Two studies indicate that in vivo ductal cells may be either pre-
dominantly important for water secretion to allow the flow of
zymogens (expression of CFTR) or specialized to protect
pancreatic tissue against digestive enzymes in the pancreatic
juice (expression of MUC1) (Burghardt et al., 2003; Baron
et al., 2016). PDLO transcriptomes were only enriched for a
MUCT" signature, indicating the formation of ductal subpopula-
tions in vitro (Figure 3G). Similarly, Qadir et al. (2020) identified
five ductal subpopulations, from which four were enriched in
PDLOs (Figure S3E). GO terms for keratinocyte differentiation
and receptors for advanced glycation end product (RAGE) re-
ceptor binding, possibly linked to mucin production (Xiong
et al., 2017), were enriched at later PDLO stages, supporting a
MUC1-dominant subtype (Figure S3F).

To validate transcriptomic data, we measured the global
proteomes of hPSC-derived PPs and PDLOs at the endpoint of
differentiation, with >6,000 proteins detected in both samples
(Figure 3H). The analysis revealed an overall high correlation of
protein and RNA levels (Figures 3l and S3H), mirrored by an up-
regulation of ductal maturity proteins (e.g., MUC1/13, TFF2) in
PDLOs (Figures 3J and 3K; Table S3). Increased protein expres-
sion of all detected members of the oxidative phosphorylation
complex in PDLOs (Figure 3L) further suggests an increased
metabolic turnover. In addition to similar GO term enrichment/
depletion patterns in transcriptomes and proteomes (Figures
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3M, S3B, S3I, and S3J), terms such as retinoic acid signaling,
EGF receptor (EGFR) signaling, and pancreatic secretion were
enriched in PDLOs at the protein level (Figures 3M and 3N).
These terms were previously assigned to primary ductal organo-
ids (Figure S3G) and further support the maturity of PDLOs.

Development of human duct-like tissue after
xenotransplantation of PDLOs

Transplantation of in vitro differentiated cells into a suitable host
site can support further maturation by mimicking a physiological
niche (Rezania et al., 2012). To test this, we transplanted PDLOs
or three-dimensional (3D)-aggregated PPs into the anterior
chamber of the mouse eye (ACE) (Figures 4A and S4A), as previ-
ously described (Cohrs et al., 2020). Tripotent PPs mainly formed
compact structures in vivo containing all pancreatic lineages,
mainly chymotrypsin C-positive (CTRC*) acinar, but also ductal
and endocrine (GCG, C-pep) cells (Figures 4B-4D). In contrast,
PDLO grafts formed complex ring-like structures (Figures 4B
and 4C) that expressed the ductal markers KRT7, KRT8, and
KRT19 (Figure 4D). PDLO in vivo imaging allowed us to monitor
engraftment on the iris, subsequent lumen formation, and emer-
gence of large duct-like tissue likely supported by vasculariza-
tion (Figures S4B and S4C).

While kidney capsule transplantation is commonly used for
endocrine engraftments (Hogrebe et al., 2020; Rezania et al.,
2012), we and others have shown that the pancreatic niche is
particularly suitable for exocrine engraftments (Hohwieler et al.,
2017; Georgakopoulos et al., 2020). Orthotopic PDLO transplan-
tation into immunocompromised mice led to the formation of
tubularly organized structures, as demonstrated by consecutive
sections (Figure 4E). The human tissue (identified by H-NUCL
staining) within the transplantation site homogeneously ex-
pressed the ductal markers KRT8, KRT19, E-CAD, CLDN1,
and SOX9 (Figures 4E and 4F). In agreement with the in vitro tran-
scriptomic analysis, the majority of PDLOs in vivo developed
duct-like tissue expressing MUC1 (Figures 4E and 4F). MUC1~
duct-like tissue revealed in selected grafts CFTR expression,
emphasizing the potential of our protocol to generate distinct

Figure 2. PDLOs recapitulate cell-type-specific features
(A) Representative overview IF images of HUES8-derived PDLOs.

(B) Downregulation of PP and upregulation of ductal markers in PDLOs in gPCR experiments (PTF1A, PDX1, KRT7, CFTR: n = 3; NKX6-1, ALB, SOX9, KRT19: n =

6; in duplicate).
(C) Representative IF images of individual PDLOs.

(D) Time-resolved downregulation of PP markers measured by flow cytometry (FC) in comparison with patient-derived human PDAC organoids (Panc163) (n = 4;

days 45/73: n = 3; Panc163: n = 2; in duplicate).

(E) IF images of PDLOs stained for ductal, epithelial, proliferation, and polarity markers.

(F) IF staining for CFTR, tight junction protein Occludin (OCLN), and primary cilia (acTUB, acetylated tubulin). Scale bar: 10 um.

(G) Transmission electron microscopy images of a PDLO. Arrow marks a desmosome; dashed arrow marks microvilli.

(H) Carbonic anhydrase (CA) activity assay (n = 3; in duplicate, 3 blinded measurements for each replicate). Right: higher CA2 level in PDLOs than in PPs on

western blot (WB) (n = 2; in duplicate).

(I) PDLO swelling within the CFTR assay upon stimulation with 20 uM forskolin (FSK) and 100 M isobutylmethylxanthine (IBMX) for 18 h (n = 3; in duplicate). Right:

BF images of PDLOs (day 44/45).

(J and K) Confirmation of the functional similarity in ion secretion of PDLOs and adult primary tissue-derived ductal organoids by intracellular pH measurement.
(J) Apical CI"/HCO3™~ exchange activity (PDLOs: n = 28; primary organoids: n = 12) (Maléth et al., 2015).
(K) Basolateral Na*-dependent HCO3~ uptake (PDLOs: n = 15; primary organoids: n = 13; n = number of organoids) (Molnar et al., 2020) were estimated (means +

SEMSs; analysis of variance/Mann-Whitney test).

(L and M) IF images of KRT19 and E-CAD in PDLOs derived from Co-iPSCs or H1 together with progenitor and ductal mMRNA marker expression (n = 3; in
duplicate). Scale bars: 100 um, if not stated otherwise. Insets in the corners are 4x enlarged. PDLOs represent day 30 of the protocol.

(B), (L), and (M) Floating bars spanning minimal and maximal values; multiple t tests via the Holm-Sidak method; only significant comparisons are depicted. (D),
(H), and () Means + SEMs; ordinary 1-way ANOVA followed by Tukey’s multiple comparison test.
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ductal subpopulations of the pancreas (Figure S4D). Besides
tubular organization of the graft and homogeneous MUC1 or
CFTR expression, maturation upon transplantation was
observed via the downregulation of Ki-67, PDX1, and CDX2.
Dysplasia-indicating proteins were absent and respective
checkpoints remained intact (Figures 4F and 4G). To validate
marker expression, healthy human pancreatic tissue was stained
with the same antibodies, further corroborating our results
(Figure S4E).

KRAS%12P expression induces lumen-filling and EMT
in PDLOs
To establish PDLOs as a potential model for dysplasia and can-
cer, we investigated whether oncogenic KRAS or CDKNZ2A loss
evoked specific phenotypes in vitro. For this, we used piggyBac
transposon-based vectors (Kim et al., 2016) to conditionally ex-
press mutant KRAS®'?® and CRISPR/Cas9 to knock out
CDKN2A in HUESS cells (Figures 5A, S5A, and S5B). All of the
engineered cell lines efficiently formed PPs and PDLOs, and
expression of the hemagglutinin (HA)-tagged KRAS®12P
construct was dose-dependently induced by doxycycline (Dox)
(Figure S5C). Pull-down assays of active KRAS and increased
expression of phosphorylated ERK (pERK) levels validated
KRAS®'2D activity (Figures S5D and S5E). Expression of
KRASC'2P in PDLOs of CDKN2A-deficient or -proficient back-
ground caused a lumen-filling and size reduction in PDLOs (Fig-
ures 5B and S5F). KRAS®'2P induction significantly reduced pro-
liferation depending on the Dox dosage as assessed by Ki-67
staining and cell-cycle analysis (Figures 5C, 5D, S5G, and S5H).
One explanation of the growth reduction could be oncogenic
KRAS-provoked replication stress (Di Micco et al., 2006).
KRAS®'2P_induced cells upregulated the phosphorylated his-
tone variant H2AX (yH2AX), which is indicative of DNA damage
foci (Zeman and Cimprich, 2014; Figure 5E). Checkpoints limiting
cell growth in response to DNA damage and replicative stress
can contribute to cancer protection (Bartek et al., 2007). Accord-
ingly, we observed a KRAS®'2P_driven induction of P16 on the
CDKN2A-proficient background, while P21 was particularly up-
regulated in Dox-treated CDKN2AK®XC PDLOs (Figures 5F,
5G, and S5I). This suggests a functional P21 checkpoint to
induce cell-cycle arrest even in the absence of P16 (Takeuchi
et al., 2010). Upregulation of the nuclear factor kB (NF-«xB) sub-
unit RELA in CDKN2A-deficient PDLOs after KRAS®'2 induc-
tion supports this hypothesis (Figure 5H), as RELA can operate
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as a mediator of oncogene-induced senescence (OIS) (Lesina
et al., 2016). As an additional putative mechanism of cell-cycle
inhibition in CDKN2AXK® cells, we detected increased levels
of P15 (CDKN2B) after KRAS®'2P induction, which can replace
P16 to inhibit CDK4/6, thus preventing the inactivation of retino-
blastoma protein (RB), a major G1/S checkpoint regulator (Tu
et al.,, 2018; Kuilman et al., 2008; Figures 5G, S5I, and S5J).
KRASG'2P expression reduced phosphorylated RB (pRB) levels
(Figures 5G and S5J), while active (not hyperphosphorylated)
RB prevents cells from entering S phase. We conclude that abla-
tion of P16 alone was not sufficient to prevent KRAS-induced
cell-cycle arrest in PDLOs. These observations pointed
toward OIS culminating in a tendency for increased senes-
cence-associated B-galactosidase activity upon KRASS'2P in-
duction, independent of the genetic CDKN2A status (Figure 5I).
Furthermore, the pro-apoptotic marker BAX was upregulated
in CDKN2AKYKO pp| Os, as was cleaved poly (ADP-ribose) po-
lymerase (PARP) after KRAS®'2P induction (Figures S5K and
S5L). Intriguingly, senescence and apoptosis can operate as a
tumorigenic roadblock in pre-neoplastic lesions (Lee and
Schmitt, 2019). Epithelial-to-mesenchymal transition (EMT) has
been described to potentially bypass such roadblocks during
carcinogenesis (Ansieau et al., 2008; Song and Shi, 2018).
Therefore, we analyzed EMT-related markers, revealing differen-
tial and KRAS®12P dose-dependent upregulation in the PDLO
system on mRNA and protein level (Figures 5J-5L and S5M-
S5P). Furthermore, cellular changes resembling the EMT-like
character were detected by real-time imaging of CDKN2AK®/KO
KRAS®'2P PDLOs, including the outgrowth of single spindle-
shaped cells from PDLOs, followed by cell flattening of
migrating cells (Figure 5M; Videos S1 and S2). Since a reduction
of the E-CAD protein level could not be observed (Figures 5K and
S5N-S5P), we assume that the transcriptional and phenotypic
pattern displays a partially initiated EMT program (Grigore
et al., 2016; Aiello et al., 2018).

MAS-derived and GNASR2°'H_gverexpressing PDLOs
form large cysts

Somatic activating GNAS mutations, most frequently p.R201C
or p.R201H, are major drivers of dysplastic growth in IPMNs
(Tanetal.,, 2015; Wu et al., 2011). Postzygotic mosaic GNAS mu-
tations cause fibrous dysplasia (FD), a rare disorder character-
ized by abnormal bone. MAS is associated with FD, café-au-
lait macules, and endocrinopathies. Notably, several studies

Figure 3. Global transcriptomic and proteomic analyses confirm ductal identity
(A) Global RNA-seq data during PDLO differentiation and of patient-derived human ductal organoids (Prim.) (n = 3). Ward clustering was performed with all of the

processed genes.
(B) Heatmap of stage-specific significant genes.
(C) Temporally resolved heatmap of key progenitor and ductal genes.

(D-G) Gene set enrichment analysis (GSEA) of day 20, day 24, PDLOs (day 30), and primary ductal organoids against PPs (day 13) for distinct reference gene sets.

Exemplary GSEA plots are highlighted in respective sample colors.

(H) Venn diagram representing the overlap of transcripts measured by RNA-seq with proteins detected by mass spectrometry (n = 3).
(l) Pearson correlation of RNA-seq and proteome log, fold change of PDLOs (day 59) versus PPs (day 13). The blue line indicates actual correlation, the red line

indicates ideal correlation of all 5,779 shared genes/proteins.

(J) Volcano plot of protein mass spectrometry data of PDLOs and PPs. Differentially regulated proteins in red (P < 0.01 and fold change > |1.5]).

(K) Heatmap of key progenitor and ductal proteins in PPs and PDLOs.

(L and N) Heatmap illustration of proteins (L) from the four “oxidative phosphorylation” complexes and (N) the Kyoto Encyclopedia of Genes and Genomes

(KEGG) term “Pancreatic Secretion.”
(M) Enriched protein sets in PDLOs over PPs.
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Figure 4. Development of human duct-like tissue after xenotransplantation of PDLOs

(A) Scheme of transplantation into the anterior chamber of the mouse eye (ACE).

(B) Growth of grafted organoids on the iris 5 weeks after transplantation. Left panel: image of eyes transplanted with PPs or PDLOs. Right panels: H&E staining of
sagittal section of explanted eyes with PDLO graft on the iris.

(legend continued on next page)
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report pancreatic cysts in MAS patients accompanied by an
increased PDAC risk (Robinson et al., 2018; Wood et al., 2017).
To derive an in vitro model to explore disease pathogenesis
driven by GNAS mutations, a genetically mosaic culture of
MAS-patient bone marrow stromal cells was reprogrammed to
generate clonal isogenic iPSC lines with either heterozygous
p.R201C or wild-type (WT) GNAS genotype (Figures 6A, 6B,
and S6A). MAS-iPSC lines were pluripotent and efficiently differ-
entiated into PPs and PDLOs, irrespective of their GNAS status
(Figures 6C-6F and S6B-S6D). While GNASW™WT PDLOs
resembled PDLOs derived from WT hESCs, GNASWTR201C
MAS-iPSCs formed large cystic PDLOs (Figures 6D, 6E, and
S6D). Cystic growth can be explained by the increased prolifer-
ation of GNASWTR291C ¢ejis in the PDLOs, indicated by Ki-67
expression and flow cytometry-based quantification of 5-ethy-
nyl-2’-deoxyuridine (EdU) incorporation (Figures 6F and S6E).
Next, we investigated downstream effectors of the GNAS-en-
coded protein G,s, which mediates cyclic AMP (cAMP)
generation via the adenylyl cyclase. GNAS mutations lead to a
constitutively active signaling axis upon the stabilization of gua-
nosine triphosphate (GTP)-bound G, (Rosenbaum et al., 2009).
Consistently, intracellular cAMP levels were elevated in both
GNASWT/R201C ipgGs and PDLOs (Figure 6G). In line with this,
GNASWT/R201C pp)| Os displayed hyperactive protein kinase A
(PKA) signaling shown by the phosphorylation of target proteins,
including vasodilator-stimulated phosphoprotein (VASP). Inhibi-
tion of PKA reduced cyst size (Figures 6H and 6l). Of note, sus-
tained PKA activation was reported to mediate G, signaling in
the context of cystic pancreas tumorigenesis in mice (Patra
et al., 2018).

To confirm the results from MAS-IPSCs, we engineered
hESCs with the inducible GNAS variant (p.R201H) using the pig-
gyBac system (Figure 6J). The overexpression of GNASR201H
within hESC-derived PDLOs led to cystic growth and cAMP-
PKA-VASP signaling (Figures 6K, 6L, and S6F-S6H), which reca-
pitulated MAS patient data. Thus, we present a patient-specific
and an engineered in vitro model for activating GNAS mutations
in human ductal organoids to study this oncogene as a driver of
pancreatic cyst growth in humans.

S€12P_griven

Mutation-dependent heterogeneity of KRA
PDAC formation in PDLO grafts

To corroborate in vitro PDLO alterations in xenograft experi-
ments, we orthotopically transplanted 51 mice with the previ-
ously described transgenic PDLOs. We induced KRAS®12P
alone or in genetic covariance of CDKN2A loss (CDKN2AK/KO)
as well as GNASF29™ over 8 weeks in vivo (Figures 7A, 7G,

and S7A). The average engraftment rate across all of the
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genotypes was ~75%, with the highest rates (100%) in
CDKN2AK®KO pPDLOs. The reporter (HA-tag, mCherry) signal
of PDLO cells was robustly detected in the grafts (Figure S7A).
Notably, the four PDLO grafts arising from KRAS®'2P PDLOs
showed a substantial degree of dysplastic heterogeneity, result-
ing in one small glandular PDAC-like lesion forming a tumor mass
with cells invading the murine host (PDAC 1). The second and
third engraftments resembled high-grade preneoplastic lesions,
smaller in size as PDAC 1, without invasion in the murine host
(Figure 7B, upper row), but with very strong MUC5AC and
CA19-9 expression (Figure S7A, staining not shown). A fourth
graft showed only moderate signs of dysplasia in line with less
CA19-9 and MUCS5AC expression (data not shown). In contrast
to the heterogeneous dysplastic lesions in KRAS®12P grafts, all
of the CDKN2AK®/XO KRASE'2P PDLO grafts with robust trans-
gene expression formed large, dedifferentiated, polymorphic
PDAC-like lesions and invaded the mouse host (Figures 7B,
lower row, and S7A). All KRAS®'2P grafts homogeneously ex-
pressed epithelial (e.g., KRT19) and partially mesenchymal
markers (N-CAD, VIM) (Figures 7C, upper row, and S7B, upper
row). To contrast, only a few single tumor cells retained an
epithelial phenotype in CDKN2AKP’KO KRASE2P tymors. Here,
most of the tumor cells acquired a mesenchymal marker pattern
when compared with CDKN2AK®XO engraftments from the
same organoid preparation lacking KRAS®'2P induction (Fig-
ure 7C, lower row, and Figure S7B, lower row; compare to Fig-
ure S7C). To directly link KRAS®'2P dosage with EMT in the
CDKN2AK®KO genotype, we focused our analysis on areas
with heterogeneous KRAS®'2P induction. We observed the
spatial concordance of HA-tag expression and the occurrence
of putative disseminating cells from the ductal epithelial layer ex-
pressing mesenchymal markers (Figure 7D). Notably, the
CDKN2AKOKO  grafts formed well-differentiated pancreatic
ducts with moderately increased proliferation compared to WT
ducts (Figure S7C, compare to Figure 4G and Figure S7A). Like-
wise, we found signs of cellular atypia and dysplasia accompa-
nied by the PDAC markers MUC5AC and/or CA19-9 in 3 of 6
grafts without additional KRAS induction (Figures S7A and S7C).

Oncogenic roadblocks are released in PDLO grafts

Next, we dissected the cell-cycle roadblocks upon in vivo tumor
formation in KRAS®'2P-driven tumorigenesis on a CDKN2A-pro-
ficient or -deficient background. Histopathological alterations
and strongly increased proliferation in KRAS®'2P  plus
CDKN2AK®KO \yere accompanied by attenuated P53 expres-
sion and an almost complete absence of P21* cells (Figures
7E, lower row, and S7A). Similarly, the RB checkpoint was over-
come either through increased phosphorylation of RB, indicative

(C) Quantification of observed engraftment types (means + SEMs; n = 5 mice per group; ordinary 2-way ANOVA with Sidak’s multiple comparison test).
(D) IF staining of PP-derived grafts revealed acinar, ductal, and endocrine cells in the ACE, while marker expression of PDLO-derived grafts was restricted to the

ductal pancreatic lineage. CTRC, chymotrypsin C; C-pep, C-peptide.

(E) Orthotopic transplantation scheme and H&E/immunohistochemistry (IHC) images demonstrating engraftment site 8 weeks after transplantation (n = 5 mice).
(F) PDLO transplants expressed ductal epithelium-specific proteins MUC1, E-CAD, KRT19, and CLDNT, lost transcription factors PDX1 and CDX2, but lacked

CFTR and CA19-9 expression.

(G) WT PDLO transplant stained for proliferation- and cell-cycle-related proteins and the dysplastic marker MUC5AC. pRB, phosphorylated RB; RB, retino-

blastoma protein.

(B) and (E-G) Scale bars: 100 um. Insets in the corners are 4 x enlarged. Except in overview staining, here, scale bars: 500 um, and 50 um in insets. (D) Scale bar:

50 um, insets are 2x enlarged.
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of its inactivation, or directly through the reduced expression of
RB (Figures 7E, lower row, and S7D, lower row). To interrelate
checkpoint loss with structural aberrations, we performed low-
coverage whole-genome sequencing (ICWGS) of two KRAS®12P
CDKN2AKYXC tymors (PDAC | and lll), but neither of them
demonstrated substantial chromosomal rearrangements, indi-
cating low strains in this genotype to overcome the threshold
of cancerous growth (Figure 7F, lower panel; Table S4). Accord-
ingly, panel sequencing of PDAC Il identified a P53%°4 mutation
with a variant allele frequency of 25% among other single-nucle-
otide variants (SNVs) (Figure S7E; Table S5).

In contrast, only KRAS®'?P_induced tumors with an intact
CDKN2A/P16 checkpoint revealed a higher intra- and inter-tu-
moral heterogeneity than their CDKN2A-deficient counterparts,
mirrored also in various degrees of proliferation (Figures 7E, up-
per row, and S7D, upper row). While P21 was expressed inonly a
few cells of PDAC 1, the RB/pRB checkpoint appeared intact
(Figure 7E, upper row). Similarly, an intact RB and P53/P21
checkpoint correlated with the lack of proliferation in regions of
high-grade lesion 1 where increased tissue dysplasia was
observed (Figure S7D, dashed arrows in upper row). IcWGS
from KRAS®12P_driven PDAC 1 graft revealed broader chromo-
somal rearrangements than in the KRAS®'2P CDKN2AKO/KO ty-
mors (Figure 7F; Table S4). Interestingly, displayed copy-number
variants (CNVs) in this tumor included previously reported re-
gions of recurrent alterations such as arm-level gains of chromo-
somes 1, 6, 12, and 20 (Shain et al., 2012; Notta et al., 2016). To
conclude, despite the possibility of tumor formation from
KRAS®'2P induction only, CDKN2A operated as a roadblock to
pancreatic ductal dysplasia and proliferation, and, in concert
with KRAS®'2P o EMT.

PDLOs expressing mutant GNAS can form IPMN-like
lesions in vivo

Finally, we assessed the in vivo growth pattern of PDLOs exhib-
iting the inducible GNASF2°™H expression cassette (Figure 7G).
GNASR2°™M ppLO engraftment occurred in 70% of the animals,
independent of Dox induction. In 8/9 GNAS2°™™ PDLO engraft-
ments, we detected the mCherry reporter (Figure S7A), from
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which 6 formed well-differentiated cystic ducts resembling hu-
man IPMNs with low-grade cellular atypia and tissue dysplasia
(Figures 7G-7J, S7A, and S7F). In line with our in vitro data,
such GNAST20™H grafts showed moderate proliferation (Figures
71, STA, and S7F), leading to branched structures with a variable
degree of MUC1, MUC5AC, and CA19-9 expression (Figures 7J,
S7A, and S7F). The expression of MUC1 and MUC5AC, without
detection of MUC2 (data not shown), indicated a pancreatobili-
ary or gastric IPMN-like type (Furukawa et al., 2005; Klausen
et al., 2019).

DISCUSSION

We establish a scalable PDLO differentiation tool to model
pancreatic dysplasia in vitro and pancreatic cancer development
upon transplantation in vivo. In contrast to the available cancer
models derived from mice or fully developed PDAC tissue,
PDLOs provide a defined and untransformed human genetic
background with access to developmental intermediates. Com-
plemented by gene editing, PDLOs enable studying the impact
of specific genetic mutations as the starting point of dysplasia
and cancer formation from a ductal origin.

Homogeneous cell fate commitment from the PP stage to
ductal cells was validated by comprehensive tests, including ul-
trastructural and functional analyses. Temporally resolved RNA-
seq complemented by mass spectrometry-based proteomics
completed our in-depth characterization of PDLOs. Importantly,
the PP signature was mainly lost in exchange with a ductal iden-
tity during differentiation, a hallmark segregating our PDLOs
from previous progenitor or mixed exocrine organoids. In addi-
tion, PDLO transplantation into distinct in vivo niches such as
the ACE and the pancreas allowed the formation of more com-
plex organized ductal structures. Transplantation studies using
the ACE as a niche for ductal pancreatic tissue could enable
the longitudinal tracking of early human dysplasia and carcino-
genesis in a living organism.

To establish PDLOs as a disease model, we asked whether
common PDAC driver mutations induce an in vitro phenotype
and distinguishable cancer types within an in vivo

Figure 5. KRAS®'2P expression induces lumen-filling and EMT in PDLOs

(A) Timed induction of a piggyBac KRAS®'2P transposon construct in engineered HUESS.

(B) BF PDLO images after induction of the vector control in CDKN2AYTWT cells or the KRASS'2P expression cassette in CDKN2AYWT and CDKN2AKYKO cells.
Formation of lumen-filled PDLOs was quantified (n = 3; in triplicate). Scale bar: 200 um.

(C) Cell-cycle analysis in PDLOs + Dox (n = 3; in duplicate).

(D and E) FC quantification of proliferation marker Ki-67 and DNA-damage marker YH2AX (n = 3; in duplicate).

(F) gPCR analysis of P27 (n = 3; in duplicate).

(G) Genotype-dependent differential regulation of cell-cycle regulators and checkpoint proteins. See Figures S5I and S5J for respective quantification of WB

analysis.
(H) gPCR analysis of senescence marker RELA (n = 3; in duplicate).

(l) Histological sections of PDLOs stained for senescence-associated B-galactosidase activity (dark cyan color) and respective quantification (vector control,
CDKN2AKOKO KRASE™2D 1y = 3: KRASC'2P n = 5),

(J) Marker panel revealing increased EMT on mRNA level (n = 3; in duplicate).

(K) Regulation of EMT-related proteins after oncogene induction. E-CAD and N-CAD were detected on the same membrane as RB, pRB, and P16 in (G), therefore
the same loading control (VINC) is shown. See Figure S50 for respective quantification.

(L) FC analysis of PDLO cells with high VIM expression (vector control, CDKN2AKKO KRASE12D 1y = 4; KRAS®'2P n = 3; in duplicate).

(M) BF PDLO images reveal how cells adopt morphological features of EMT in response to KRAS activation. Arrow: single cells disseminating from a PDLO,
asterisk: area of mesenchymal-like cells (red, mCherry). Right: phenotype quantification (n = 4; in duplicate). Refer to Videos S1 and S2 for respective live-cell
imaging. All of the data were acquired in PDLOs at day 38, 9 days after Dox induction. Scale bar: 100 um, if not stated otherwise.

All panels: means + SEMs; only significant comparisons are depicted. (B-F), (H), (J), (L), and (M): ordinary 2-way ANOVA with Sidak’s multiple comparison test.
(I) Ordinary 1-way ANOVA with Tukey’s multiple comparison test.
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Figure 6. McCune-Albright syndrome (MAS)-derived and GNAS®2°'H-overexpressing PDLOs form large cysts
(A) Scheme of generating isogenic iPSC lines from a MAS patient carrying a mosaic GNASWTR2%1C mytation followed by PDLO formation.
(B) Sequencing results of selected iPSC clones.
(C) FC-based PP quantification after differentiation of GNASW™WT and GNASV/R201¢ MAS-iPSCs (n = 3; cl., clonally derived iPSC line).
(D) BF PDLO images from MAS-iPSCs. Right: size comparison.
(E) VIM and KRT19 IF staining of MAS-PDLOs.
(legend continued on next page)
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microenvironment. PDLOs generated via (1) GNASWTR201C ipgCs
derived from an MAS patient or (2) hESCs carrying an inducible
GNAS2°™H formed large cystic structures compared to respective
control counterparts. We confirmed that the G,s-PKA-VASP
signaling axis was important for the cystic growth of GNAS*/T/R201C
PDLOs. GNAS™2°"M_expressing PDLOs formed IPMN-like struc-
tures after orthotopic transplantation, thus underpinning the role
of mutant GNAS as the main driver of cystic neoplastic growth in
pancreatic ducts (Ideno et al., 2018; Patra et al., 2018).

In PDLOs overexpressing KRAS®12P, we observed a specific
morphological lumen-filling phenotype, a characteristic previ-
ously reported to indicate dysplastic growth from KRAS mutant
organoids (Seino et al., 2018). On a molecular level, pro-
apoptotic as well as features indicating OIS were upregulated
upon KRAS®'2P induction. OIS has been established as a cancer
progression roadblock, particularly in precursor lesions of
various cancers, including prostate and pancreas (Chen et al.,
2005; Morton et al., 2010). As senescence-associated B-galac-
tosidase activity cannot be assessed on formalin-fixed
paraffin-embedded (FFPE) tissue (Caldwell et al., 2012), OIS ef-
fectors, including P53, P21, and RB were investigated in PDLO
grafts instead. Orthotopic PDLO engraftment was sufficient to
partially trigger checkpoint evasion, licensing various routes to
cancerous growth and subsequent heterogeneity. Future
studies need to clarify KRAS®'?P_driven cancer progression
and metastatic traits by allowing graft development beyond the
8-week time point chosen in the present study.

While apoptosis and OIS counteract tumorigenesis, EMT is
considered to be a crucial driving process for cancer plasticity
and invasion into local tissue. EMT-associated transcription fac-
tors can mediate a switch to bypass senescence and activate
EMT by oncogenic stimuli such as high-dose KRAS (Ansieau
et al., 2008; Ohashi et al., 2010). The combination of unleashed
KRASC'2P and lost CDKN2A again triggered EMT gene expres-
sion, accompanied by cells disseminating from the organoid
body. Dissemination and EMT marker expression in PDLO grafts
in vivo were spatially concordant with high levels of KRAS®'2P,
an observation facilitated by the heterogeneous expression of
the inducible transgene. This is intriguing, as PDAC appears to
implement various routes to intrinsically amplify KRAS gene
dosage (Mueller et al.,, 2018; Chan-Seng-Yue et al., 2020).
Accordingly, large-scale sequencing of multiple established
PDAC genomes identified CDKN2A as well as major allelic
imbalance in mutant KRAS to mark a switch from a classical to
a basal-like subtype, characterized by high EMT scores and
frequently observed in stage IV disease (Moffitt et al., 2015;
Chan-Seng-Yue et al., 2020; Puleo et al., 2018). However,
neither of the aforementioned studies started from a genetically
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defined untransformed pancreatic background. Thus, our PDAC
modeling efforts that combine different oncogenic events in
PDLOs are in line with the current picture of PDAC evolution, un-
derpinning the value of the model.

Conclusions

Our PSC-derived PDLOs, together with reprogramming technol-
ogies and advances in gene editing, allow the customized design
of a disease initiation and progression landscape. We hereby
leverage opportunities for longitudinal studies alongside material
access for distinct multi-dimensional analytics in vitro and in vivo.
As an example, a head-to-head comparison of oncogene
expression in ducts and in acini engineered from human plurip-
otent stem cells will help to answer unresolved questions during
pancreatic carcinogenesis: how does the cell type of origin affect
human PDAC biology, and why are ductal cells more refractory
to developing PanIN lesions, but progress faster to PDACs
(Leeetal., 2019; Ferreira et al., 2017)? As low-grade preneoplas-
tic lesions were rare in our 8-week grafts and appeared to prog-
ress rapidly to cancer, transplanted PDLOs have the capacity to
provide answers for the duct-specific pathomechanisms of
PDAC development. Our results are consistent with a parallel
study from Muthuswamy and colleagues (Huang et al., 2021) re-
porting the development of conditions for generation of human
acinar and ductal organoids from stem cells and using them to
model exocrine development and early stages of pancreas can-
cer. In summary, our robust PSC differentiation matrix opens a
variety of different applications in pancreatic development and
cancer research and fuels a versatile human research hub to
gain access into the spatiotemporally resolved evolution of
dysplasia and plasticity in pancreatic cancer.

Limitations of study

The aim of our study was to derive ductal cells from human PPs.
Acinar cells generated from the same PP ancestors would be
desirable to study oncogene and tumor suppressor gene func-
tion in a lineage-dependent manner. A long-term PDLO culture
format has yet not been fully established, thus requiring trans-
plantation studies for further investigation of tumor progression.
Also, the microenvironment in vivo is incomplete due to the use
of immunocompromised mice.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE

i-67 IF staining (left images) an analysis after treatment (right) showed increased proliferation o S.
(F) Ki-67 IF staining (left images) and FC lysis after EAU (right) sh di d proliferati f GNASWT/R201C pp O

(G) Analysis of cAMP levels in MAS-iPSC and PDLO cells (n = 1; in triplicate).

(H) WB showing increased PKA signaling in GNASY/R291C pp| Os. iPSC and PDLO samples shown separately were detected on the same blot; image was

cropped due to additional loaded samples (n = 1).

() Representative BF images of MAS-iPSC-derived PDLOs treated with PKA inhibitor H89 or DMSO for 9 days. Right: size quantification of PDLOs upon inhibition

of PKA signaling (n = 3).

(J) Timed induction of a piggyBac GNAST2°™ transposon construct in engineered HUESS.

(K) BF images of GNASP2°™M PDLO cultures after 7 days on Dox (red: mCherry signal). Right: PDLO size quantification (n = 3; in triplicate).

(L) Dox concentration-dependent increase of PKA signaling in PDLOs after Dox treatment for 3 days. Scale bar: 200 um, if not stated otherwise.

Means + SEMSs. (D and F) n = 6 experiments per group (3 per individual clone), Mann-Whitney test. (G) Ordinary 1-way ANOVA with Tukey’s multiple comparison
test. (I and K) Ordinary 2-way ANOVA with Sidak’s multiple comparison test; only significant comparisons are depicted.
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Antibodies

Secondary antibody anti-mouse-HRP
Secondary antibody anti-rabbit-HRP
anti-mouse IgG MicroBeads

Rabbit monoclonal AcTUB

Rabbit polyclonal AMY2A

Mouse monoclonal anti-ACTB
Rabbit polyclonal C-peptide

Mouse monoclonal CA19-9

Rabbit monoclonal anti-CA2

Rat monoclonal CD31

Rabbit monoclonal CDX2

Mouse monoclonal CFTR

Rabbit polyclonal CLDN1

Mouse monoclonal CTRC

Mouse monoclonal PE-conjugated CXCR4
antibody

Mouse monoclonal APC-conjugated c-Kit
antibody

Mouse monoclonal E-CAD
Mouse monoclonal E-CAD
Rabbit monoclonal E-CAD
Rabbit polyclonal ERK

Mouse monoclonal Gog/oir (G-10)
Mouse monoclonal GCG

Rabbit polyclonal GFP

Mouse monoclonal GP2

Mouse monoclonal H-NUCL

Mouse monoclonal H2AX (pS139) Clone
N1-431-APC

Rabbit monoclonal HA
Mouse monoclonal HNF1B
Rabbit monoclonal Ki67
Mouse monoclonal Ki67
Mouse monoclonal KRT7
Mouse monoclonal KRT8
Mouse monoclonal KRT19
Rabbit polyclonal mCherry
Mouse monoclonal MUCH1
Mouse monoclonal MUC5AC
Rabbit monoclonal N-CAD
Rabbit polyclonal NANOG
Mouse monoclonal NKX6-1

Mouse monoclonal NKX6-1-APC

GE Healthcare
GE Healthcare
Miltenyi
Abcam
SIGMA

Sigma

Cell Signaling
Thermo
Abcam

BD Bioscience

Cell Marque - RabMab

R&D

Abcam

Millipore

Life Technologies

Thermo

Dako/ Agilent

BD Bioscience
Cell Signaling
Cell Signaling
Santa Cruz
SIGMA

Thermo

MBL International
Abcam

BD

Cell Signaling
Abcam
Thermo
Dako/ Agilent
Dako/ Agilent
BD Bioscience
Dako/ Agilent
Abcam
Santa Cruz
Santa Cruz
Cell Signaling
Cell Signaling

Developmental Studies Hybridoma

Bank (DSHB)
BD

Cat# NA931; RRID:AB_772210

Cat# NA934; RRID:AB_772206

Cat# 130-048-402; RRID:AB_244361
Cat# ab179484

Cat# A8273; RRID:AB_258380

Cat# A5316; RRID:AB_476743

Cat# 4593; RRID:AB_10691857

Cat# CA1003-200UL; RRID:AB_212741
Cat# ab124687; RRID:AB_10972000
Cat# 557355; RRID:AB_396660

Cat# MU392-UC; RRID:AB_2335627
Cat# MAB1660; RRID:AB_2260674
Cat# ab15098; RRID:AB_301644

Cat# MAB1476; RRID:AB_2261190
Cat# MHCXCR404; RRID:AB_10373097

Cat# CD11705; RRID:AB_2536476

Cat# M3612; RRID:AB_2341210
Cat# 610182; RRID:AB_397581

Cat# 3195; RRID:AB_2291471

Cat# 9102; RRID:AB_330744

Cat# sc-365855; RRID:AB_10842167
Cat# G2654; RRID:AB_259852

Cat# A-6455; RRID: AB_221570
Cat# D277-3; RRID:AB_10598500
Cat# ab190710

Cat# 560447; RRID:AB_1645414

Cat# 3724; RRID:AB_1549585
Cat# ab236759

Cat# MA5-14520; RRID:AB_10979488
Cat# M7240; RRID:AB_2142367
Cat# M7018; RRID:AB_2134589
Cat# 345779; RRID:AB_2800363
Cat# M0888; RRID:AB_2234418
Cat# ab167453; RRID:AB_2571870
Cat# sc-7313; RRID:AB_626983
Cat# sc-33667; RRID:AB_627973
Cat# 13116; RRID:AB_2687616
Cat# 3580; RRID:AB_2150399
Cat# F55A12; RRID:AB_532379

Cat# 563338; RRID:AB_2738144
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Mouse monoclonal OCT4 Santa Cruz Cat# sc-5279; RRID:AB_628051
Mouse monoclonal P15 Santa Cruz Cat# sc-271791; RRID:AB_10709436
Rabbit monoclonal P16 Cell Signaling Cat# 80772; RRID:AB_2799960
Rabbit monoclonal P21 Abcam Cat# ab109520; RRID:AB_10860537
Mouse monoclonal P53 Santa Cruz Cat# sc-47698; RRID:AB_628083
Rabbit monoclonal pERK Cell Signaling Cat# 4377; RRID:AB_331775
Rabbit polyclonal PARP Cell Signaling Cat# 9542; RRID:AB_2160739
Goat polyclonal PDX1 R&D Cat# AF2419; RRID:AB_355257
Mouse monoclonal PDX1-PE BD Cat# 562161; RRID:AB_10893589
Rabbit polyclonal PKC Abcam Cat# ab59364; RRID:AB_944858
Rabbit monoclonal p-PKA substrates Cell Signaling Cat# 9624; RRID:AB_331817
(RRXS*/T*)

Rabbit monoclonal pRB Cell Signaling Cat# 8516; RRID:AB_11178658
Mouse monoclonal RB Cell Signaling Cat# 9309; RRID:AB_823629
Rabbit polyclonal SOX9 Millipore Cat# AB5535; RRID:AB_2239761
Mouse monoclonal SSEA4 Cell Signaling Cat# 4755; RRID:AB_1264259
Rabbit polyclonal Turbo GFP Thermo Cat# PA5-22688 RRID: AB_2540616
Rabbit monoclonal VASP Cell Signaling Cat# 3132; RRID:AB_2213393
Rabbit monoclonal VIM Cell Signaling Cat# 5741; RRID:AB_10695459
Mouse monoclonal VINC Sigma Cat# V9264; RRID:AB_10603627
Rabbit polyclonal Zeb1 Santa Cruz Cat# sc-25388; RRID:AB_2217979
Mouse monoclonal ZO1 Thermo Cat# 33-9100; RRID:AB_2533147
Antibody conditions for IHC/IF are listed in This paper N/A

Methods S4

Bacterial and virus strains

Lentivirus hOKSM-dTomato Warlich et al., 2011 N/A

Non-integrating Sendai virus (CytoTuneTM- Thermo Cat# A16517

iPS 2.0 Sendai Reprogramming Kit)

One Shot ccdB Survival 2 T1IR Thermo Cat# A10460

Competent Cells

Subcloning Efficiency DH5a. Thermo Cat# 18265017

Competent Cells

Biological samples

Human pancreatic ductal organoids from
cadaveric organ donors

FPC patient keratinocytes

Human bone marrow stromal cells
(HBMSCs)

Transformed human patient-derived
organoids (Panc163)

Untransformed human patient-derived
organoids from resection specimen

Tamara Madacsy, Jézsef Maléth (based on
Boj et al., 2015)

This paper
Natasha Cherman (Pamela G. Robey)

Bruno Sainz, Patrick Hermann (Rubio-
Vigueira et al., 2006)

Maximilian Reichert, Zahra Dantes (Dantes
et al., 2020)

N/A

N/A
N/A

N/A

N/A

Chemicals, peptides, and recombinant proteins

3,3,5-Triiodo-L-thyronine
A-83-01
Activin A

Carbonic anhydrase Il from bovine
erythrocytes

CHIR99021
Choleratoxin

Sigma
Tocris
PeproTech
Sigma

Axon MedChem
Sigma
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Cat# T0281; CAS: 5817-39-0
Cat# 2939; CAS: 909910-43-6
Cat# 120-14; SDS: 25-120-14
Cat# C2273; CAS: 9001-03-0

Cat# 1386; CAS: 252917-06-9
Cat# C9903; CAS: 131096-89-4
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Collagenase/Dispase Roche Cat# 11097113001

Collagenase I

Life Technologies

Cat# 17101015

Collagenase IV Worthington Cat# LS0004186; CAS: 9007-34-5
Dexamethasone Sigma Cat# D1756; CAS: 50-02-2
Dextran, Fluorescein 500,000 MW Thermo Cat# D7136

Dispase Sigma Cat# D4693; CAS: 42613-33-2
Dorsomorphin Sigma Cat# P5499; CAS: 866405-64-3
Doxycycline hyclate (Dox) Sigma Cat# D9891; CAS: 24390-14-5
EGF human R&D Cat# 236-EG-200

Fatty acid free BSA Proliant Cat# 68700; CAS: 9048-46-8
FGF2 Novoprotein Cat# C046

FGF10 R&D Cat# 345-FG-250

FGF-Basic Thermo Cat# PHG0360

Forskolin (FSK) Sigma Cat# F 3917; CAS: 66575-29-9
Gastrin | Sigma Cat# G9020; CAS: 10047-33-3
KGF PeproTech Cat# 100-19; SDS: 25-100-19
LDN-193189 (= DM3189) Sigma Cat# SML0559; CAS: 1062368-24-4
MSC2530818 Selleckchem Cat# S8387; CAS: 1883423-59-3
Matrigel Basement Membrane Matrix Corning Cati# 354234

Matrigel Basement Membrane Matrix Corning Cat# 354230

Growth Factor Reduced (GFR)

Matrigel hESC-qualified Matrix Corning Cati# 354277
N-acetyl-L-cysteine Sigma Cat# A7250; CAS: 616-91-1
Nicotinamide (NA) Sigma Cat# N0636; CAS: 98-92-0
Noggin murine PeproTech Cat# 250-38; SDS: 25-250-38
Nu-Serum IV Corning Cat# 355104;

PKA inhibitor H 89 2HCI Selleckchem Cat# S1582; CAS: 130964-39-5
Prostaglandin E2 Tocris Cat# 2296; CAS: 363-24-6
R-Spondin 1 protein R&D Cat# 4645-RS

Retinoic acid (RA) Sigma Cat# R2625; CAS: 302-79-4
ROCK inhibitor (Y-27632) Abcam ab120129; CAS: 129830-38-2
SANT1 Sigma Cat# S4572; CAS: 304909-07-7
TMT 10-plex Thermo Cat# A37725

Wnt3a mouse PeproTech Cat# 315-20; SDS: 25-315-20
XtremeGene 9 DNA transfection reagent Roche Cat# 6365787001

ZnSO4 Sigma Cat# Z20251; CAS: 7446-20-0
(-)-Indolactam V STEMCELL Technologies Cat# 72312; CAS: 90365-57-4
3-isobutyl-1-methylxanthine (IBMX) Sigma Cati 15879; CAS: 28822-58-4
Critical commercial assays

Active Ras Pull-Down and Detection Kit Thermo Cat# 16117

AlIPrep DNA/RNA/mIRNA Universial Kit QIAGEN Catt# 80224

BCECF, AM Thermo Cat# B1170

BP Clonase Il enzyme mix Life Technologies Cat# 11789020

cAMP-Gs HiRange Kit Cisbio Cat# 62AM6PEB

Click-iT EdU Alexa Fluor 647 Assay Kit Life Technologies Cat# C10635

Gibson Assembly® Master Mix New England BiolLabs Cat# E2611

Human Comprehensive Cancer Panel
LR Clonase Il enzyme mix
Maxwell RSC Blood Kit

QIAGEN
Life Technologies
Promega

Cat# DHS-3501Z
Cat# 11791100
Cat# AS1400
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Nextera XT Kit lllumina Cat# FC-131-1096
NEBNext Ultra Il FS DNA Library Prep Kit NEB Cat# E6177

P3 primary cell 4D Nucleofector X Kit S Lonza Cat# V4XP-3032
Senescence B-Galactosidase Staining Kit Cell Signaling Cat#9860S
SuperSignal West Dura Kit Thermo Cat# 34076
Tissue Genomic DNA Purification Mini Genaxxon Cat# S5378.0050
Prep Kit

Qubit dsDNA HS reagents Thermo Cat# Q32851

Deposited data

IcWGS data
Protein mass spectrometry data
RNA-seq data

This paper (ENA at EMBL-EBI)
This Paper (PRIDE)
This paper (ENA at EMBL-EBI)

ENA: PRJEB42190
PRIDE: PXD018785
ENA: PRJEB38015

Experimental models: cell lines

Human: HUES8 hESC line (NIH approval
number NIHhESC-10-0021)

HUES8-CDKN2AKYKO (/_ KRASE'2D)
HUES8-KRAS®'?P ine
HUES8-GNASF2°™ |ine
HUESS8-Luciferase line (Vector control)
Human: H1 ES cells

CoiPSC (Control iPSC)
MAS-GNASWT/R201C jpgCs
MAS-GNASY™T ipSCs

Rat embryonic fibroblast (REF)

HSCI iPS Core, Harvard University,
Cambridge, MA, USA

This paper

This paper

This paper

This paper

Wicell Research Institute, Madison,
WI, USA

This paper
This paper
This paper
This paper

hES Cell Line: HUES-8; RRID:CVCL_B207

N/A
N/A
N/A
N/A

https://www.wicell.org/

N/A
N/A
N/A
N/A

Experimental models: organisms/strains

NSG mice (strain: NOD.Cg-Prkdc < scid <
tm1Wjl > /SzJ GVO)

Nod scid mice (strain: NOD.Cg-Prkdc°9/J)

Charles River

The Jackson Laboratory

RRID:BCBC_4142

RRID:IMSR_JAX:001303

Oligonucleotides

Primers for cloning and sequencing are
listed in Methods S1

Primers for gPCR are listed in Methods S3

This paper (unless otherwise stated)

This paper

N/A

N/A or QIAGEN Cat#

Recombinant DNA

pCAS9_GFP plasmid

gRNA cloning vector
pBabe-KRASG12D
pcDNA3.1+hsGNAS_EE(long)R201H
pGL4.10[luc2]

pDONR201

Destination vector PB-TAC-ERP2
PB-TAC-ERP2-(N-HA)KRAS_G12D
PB-TAC-ERP2-KRAS_G12D (w/o HA)
PB-TAC-ERP2-GNAS_R201H(EE)
PB-TAC-ERP2-Luc2
Transposase-encoding vector

Kiran Musunuru (Ding et al., 2013)
George Church (Mali et al., 2013)

Channing Der

Franz. Oswald

Franz Oswald

Thermo

Kim et al., 2016

This paper

This paper

This paper

This paper

SBI Biosciences (Rao et al., 2016)

Addgene plasmid #44719
Addgene plasmid #41824
Addgene plasmid # 58902
N/A

N/A

Cat# 11798-014
Addgene plasmid #80478
N/A

N/A

N/A

N/A

#PB200PA-1

Software and algorithms

Adobe lllustrator
Adobe Photoshop

Adobe
Adobe
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Creative Cloud
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AxioVision software ZEISS https://www.micro-shop.zeiss.com/de/de/
system/software+axiovision-
axiovision+basissoftware-
axiovision+software/10221/

“bwa mem” Heng, 2013 Version 0.7.17

CLC Genomic Workbench QIAGEN Version 20.0.3; https://digitalinsights.

CRISPOR sgRNA prediction and designing
platform

EnrichR webtool
Fiji

“GATK” toolkit
GraphPad Prism 8

GSEA software

Imaris 8.1 software
Interactive Genome Viewer (IGV)

Maxquant software

Modde

Olympus excellence software
Phyton

Python package “scanpy”
Python package “scran”

R

R package “CopywriteR”
R package “DESeq2”
R package “Limma”

R package “scBio” for Cell population
mapping

R package “sva”

“Sambamba”

Star aligner

Trimmomatic

Haeussler et al., 2016

Ma’ayan lab (Kuleshov et al., 2016)
Schindelin et al., 2012
Poplin et al., 2018

GraphPad Software, San Diego,
California USA

Broad Institute (Subramanian et al., 2005)

Bitplane AG
Broad Institute (Robinson et al., 2011)

Cox and Mann, 2008

Umetrics, Sartorius

Olympus

Python Software Foundation
Wolf et al., 2018

Lun et al., 2016

The R Project

Kuilman, 2020
Love et al., 2014
Ritchie et al., 2015

Frishberg et al., 2019

Johnson et al., 2007, Leek et al., 2012
Tarasov et al., 2015
Dobin et al., 2013

Bolger et al., 2014

qiagen.com/products-overview/discovery-
insights-portfolio/analysis-and-
visualization/giagen-clc-genomics-
workbench/

http://crispor.tefor.net/

https://maayanlab.cloud/Enrichr/
https://imagej.net/Fiji

Version 4.1.4.1
https://www.graphpad.com

Version 4.0.3; https://www.gsea-msigdb.
org/gsea/index.jsp
https://imaris.oxinst.com/downloads

https://software.broadinstitute.org/
software/igv/

Version v.1.5.7.4; https://www.
maxquant.org/

https://www.sartorius.com/en/products/
process-analytical-technology/data-
analytics-software/doe-software/modde

N/A
https://www.python.org/psf/
N/A
N/A

Version 6.1.7601 https://cran.r-project.org/
mirrors.html

Version 2.16.0
Version 1.18.1

https://www.bioconductor.org/packages/
release/bioc/html/limma.html

https://github.com/amitfrish/scBio

Version 3.34.0
Version 0.7.0

Version 2.6.1.c; https://github.com/
alexdobin/STAR

Version 0.36 / 0.39; http://www.usadellab.
org/cms/index.php?page=trimmomatic

ZEN 3.1 imaging software (blue edition) Zeiss N/A

Other

Biozero BZ-9000 microscope Keyence N/A

Dionex Ultimate 3000 HPLC system Thermo Cat# 6130-7-Sys-004
Zeiss Axioscope2 Zeiss N/A
Ibidi-ibiTreat-precoated glass-bottom 24- IBIDI Cat# 82406

well p-plates
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Ibidi-ibiTreat-precoated 15-well polymer IBIDI Cat# 81506

coverslip bottom p slides

Infinite M1000 pro Tecan N/A

Fusion SL system VILBER N/A

Human reference proteome UniProt UP000005640 (downloaded 22.07.2013);
https://www.uniprot.org/proteomes/
UP000005640

Human reference genome GRCh38.p13 EMBL-EBI GCF_000001405.39; https://www.ncbi.
nlm.nih.gov/assembly/
GCF_000001405.39/

LSM780 NLO confocal microscope Zeiss N/A

LSM880 confocal microscope Zeiss N/A

LSR Il flow cytometer BD N/A

NextSeq 500 Sequencing System lllumina Cat# 770-2013-053-F

Olympus CKX41 Olympus N/A

Olympus Cool LED PE-4000 illumination Olympus N/A

system

Olympus IX73 Olympus N/A

Orbitrap Fusion Lumos Tribrid mass Thermo Cat# IQLAAEGAAPFADBMBHQ

spectrometer

Pancreatic progenitor first gene set Xie et al., 2013 https://doi.org/10.1016/j.stem.2012.11.023

Pancreatic progenitor second gene set Gerrard et al., 2016 E-MTAB-3928

scRNA-seq data (first ductal gene set) Enge et al., 2017 GEO: GSE81547

scRNA-seq data (second ductal gene set Baron et al., 2016 GEO: GSE84133

and ductal subpopulations)

scRNA-seq data (ductal subpopulations) Qadir et al., 2020 https://doi.org/10.1073/pnas.
1918314117/-/DCSupplemental.

SteREO Discovery.V12 Zeiss N/A

Trunk domain gene sets Trunk1/Trunk2 De Lichtenberg et al., 2018 https://doi.org/10.1101/336305

Trunk third gene set Krentz et al., 2018 https://doi.org/10.1016/j.stemcr.2018.
11.008

4D Nucleofector Core Unit Lonza Cat# AAF-1002B

4D Nucleofector X Unit Lonza Cat# AAF-1002X

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact Alexander Kleger (alexander.
kleger@uni-ulm.de).

Materials availability

Plasmids and cell lines generated in this study are available from the lead contact with some restrictions. piggyBac expression plas-
mids can only be provided with a completed Materials Transfer Agreement and the permission of Knut Woltjen, the provider of the
original piggyBac plasmids. Transfer of hESCs can only be granted if permissions for the intended use are in place according to
respective National Authorities and in compliance with the German “Stammzellgesetz.” Panc163 cells cannot be further distributed
and requests have to be directly addressed to Bruno Sainz.

Data and code availability

The RNA-seq data for this study have been deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under accession num-
ber PRJEB38015, and the IcWGS data under PRJEB42190. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD018785.
The codes supporting the current study are available from the corresponding author on request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human bone marrow stromal cells

Human bone marrow stromal cells (HBMSCs, a gift from Natasha Cherman) were derived from a female patient with McCune-Albright
syndrome. Cells were isolated elsewhere as described in Bianco et al. (1998), and were used to establish GNASV™WT and GNAS/T/R201C
induced pluripotent stem cell (iPSC) lines. HBMSCs were cultured in growth medium consisting of a-Minimum Essential Medium
(Thermo) supplemented with 20% non-heat inactivated, lot-selected fetal calf serum (FCS, Biochrom), 2 mM L-Glutamine, 1% Peni-
cillin-Streptomycin (P/S), 10 nM Dexamethasone (Sigma) and 100 uM L-Ascorbic acid phosphate magnesium salt n-hydrate (AscP;
Wako chemicals) at 37°C and 5% CO.. Cells were split using 0.05% Trypsin-EDTA (Sigma).

Embryonic and induced pluripotent stem cells
In this study, the human embryonic stem cell (hESC) lines HUES8 (Harvard University; RRID:CVCL_B207) and H1 (Wicell Research
Institute) were used. Culture and differentiation of hESCs toward the pancreatic lineage were performed with permission from the
Robert Koch Institute according to the “79. Genehmigung nach dem Stammzellgesetz, AZ 3.04.02/0084.” HUESS cell authentication
was conducted with a DNA profile using nonaplex PCR of Short Tandem Repeats done by the Leibniz Institute DSMZ. The human
control iPSC line Co-iPSC was established in-house from a healthy male donor.

Human ESCs and iPSCs were cultured on hESC Matrigel (Corning) coated plates (according to manufacturer’s recommendations)
in mTesR1 medium (STEMCELL Technologies) at 5% CO,, 5% O,, and 37°C with daily media change. Splitting was done twice a
week in a 1:4 - 1:6 ratio. Cells were washed with PBS, incubated with TrypLE (Thermo) for 3-5 min at 37°C for detachment and care-
fully collected in DMEM-F12+GlutaMAX (GIBCO). After centrifugation at 200 x g for 5 min cells were resuspended in mTesR1 sup-
plemented with 10 M ROCK inhibitor (Y-27632; Abcam) and seeded again on hESC-qualified Matrigel.

Panc163

Panc163 cells have been previously established from a primary human PDAC xenograft model and were a generous gift from Bruno
Sainz (Rubio-Viqueira et al., 2006). Cells were maintained as organoids in a Matrigel-based culture, medium was changed twice a
week, and organoids were split every 10 days using Collagenase/Dispase (Roche) and Accutase (Sigma) as described in more detail
in the PDLO culture section. For cultivating PDAC organoids, the medium described by Tiriac et al. (2018) was used: DMEM/F12 me-
dium was supplemented with 1x HEPES, 1x GlutaMAX, 1x P/S, 1x B27, 100 ug/ml Primocin (all Thermo), 1.25 mM N-acetyl-L-
cysteine (Sigma), 50% Wnt3a-conditioned medium, 10% RSPO1-conditioned medium, 100 ng/ml recombinant Noggin (PeproTech),
50 ng/ml EGF (R&D), 10 nM Gastrin | (Sigma), 100 ng/ml FGF10 (R&D), 10 mM nicotinamide (Sigma), and 500 nM A83-01 (Tocris).
Panc163 were used in gPCR, IF and FC analysis, CFTR and CA assay and RNA-seq experiments as control to PDLOs.

Human patient-derived organoids (PDO) from resection specimen
All patients were recruited, enrolled, and consented based on the institutional review board (IRB) project-number 207/15 and 1946/07
of the Technical University Munich. The isolation protocol is detailed in Dantes et al. (2020) and was based on previously described
protocols (Moreira et al., 2017; Boj et al., 2015; Biederstadt et al., 2020). To ensure a high take-rate of PDOs, the sample preparation
was started within 15 min after receiving the biopsy. Samples were washed (splitting/washing media: Advanced DMEM/F12 with 1x
GlutaMAX, 10 mM HEPES and 100 ug/ml Primocin (InvivoGen)) and centrifuged (5 min, 4°C, 1000 rpm). The supernatant was dis-
carded, and the tissue sample was cut into small pieces followed by red blood cell lysis using ACK lysis buffer (Life Technologies)
for 10-15 min at RT. The sample was then digested using 5 mg/ml collagenase type Il (Life Technologies) for 1-2 h followed by enzy-
matic digestion (optional) with TrypLE (Life Technologies) for 5-10 min at 37°C. After one washing step, the pellet was mixed with
Growth Factor Reduced (GFR)-Matrigel (Corning) and plated as 50 ul Matrigel domes in each well of a prewarmed 24-well plate. After
incubation for 20 min at 37°C, 500 pl feeding media was added to each well. Normal feeding media (NFM) contained splitting media
supplemented with 1x B27 (Life Technologies), 100 ng/ml recombinant human Wnt3a protein (R&D) or 50% Wnt3a-conditioned me-
dium, 10% R-Spondin 1-conditioned medium or 500 ng/ml recombinant human R-Spondin 1 protein (R&D), 1.25 mM N-acetyl-L-
cysteine, 100 ng/ml mNoggin (PeproTech), 100 ng/ml FGF10, 10 nM Gastrin |, 50 ng/ml EGF (Life Technologies), 10 uM ROCK in-
hibitor (Sigma), 10 mM nicotinamide, 0.5 uM A83-01 (Tocris) and 1 uM prostaglandin E2 (Tocris).

To ensure a non-transformed state of these normal PDOs, whole exome sequencing was performed showing no copy number var-
iants as well as no single nucleotide variants. Due to limited material only RNA could be isolated from three different individuals with a
non-transformed state. Such material was used in RNA-seq experiments as control to PDLOs.

Establishment of human ductal organoid cultures derived from organ donors

Isolation and culturing of human ductal organoids was based on Boj et al. (2015): Pancreatic tissue samples from human cadaver
donors were transferred in splitting media, composed of Advanced DMEM/F12 with 1x GlutaMAX, 10 mM HEPES and 1x Primocin.
Minced tissue pieces were incubated in digestion media (splitting media supplemented with 1250 U/ml collagenase IV (Worthington),
0.5 U/ml dispase (Sigma), 2.5% v/v FBS, and 1 mg/ml trypsin inhibitor (Sigma)) at 37°C in a vertical shaker for approximately 30 min,
depending on tissue density. Digestion of the tissue was verified by stereo microscopy every 5 min. Cells were collected by centri-
fugation in a 15 ml centrifuge tube (750 rpm, 10 min, 4°C). Collected cells were washed by wash media (splitting media with 2.5% v/v
FBS, 1x Antibiotic-Antimycotic solution (Sigma), 1x kanamycin (GIBCO) and 2 pug/ml voriconazole (Tocris) two times. The pellet was
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resuspended in washing media and Matrigel in a ratio of 1:5. Matrigel domes (10 pl) were placed in one well of a 24-well cell culture
plate and after 10 min of solidification at 37°C, 500 pl feeding media were applied in each well. Feeding media was composed of
splitting media supplemented with 50% L-WRN conditioned media, 500 nM A-83-01, 50 ng/ml EGF, 100 ng/ml FGF2 (Thermo),
0.01 uM Gastrin I, 1.25 mM N-acetyl-L-cysteine, 10 mM nicotinamide, 1x B27, 10.5 uM Y-27632, 1 uM prostaglandin E2, 1x Anti-
biotic-Antimycotic, 1x kanamycin and 2 pg/ml voriconazole. Media change was performed every second day. Domes were pooled
and collected by centrifugation (750 rpm, 10 min, 4°C) for passaging during which Matrigel removal and cell separation were per-
formed simultaneously by TrypLE at 37°C for 15 min in a vertical shaker followed by plating the cells in Matrigel as described above.
Human pancreatic tissue samples were collected from transplantation donors (Ethical approval No.: 37/2017-SZTE). The herein
described human primary organoids were used as controls for intracellular pH measurements as additional confirmation of PDLO
functionality.

Mouse model

NOD scid gamma (NSG) mice (NOD.Cg-PrkdcS®@ 112rgtm1Wil/SzJ strain (Charles River); RRID:BCBC_4142) were used for xenotrans-
plantation of PDLOs into the pancreas with permission of the “Regierungsprasidium Tubingen” (TVA1406). For xenotransplantation
of PDLOs into the ACE, male NOD scid mice (NOD.Cg-PrkdcS®%/J strain (The Jackson Laboratory); RRID:IMSR_JAX:001303) were
used with approval by the Committee on the Ethics of Animal Experiments of the State Directory of Saxony and the Ethics Committee
of the Technische Universitat Dresden (TVV57/2016). Husbandry was performed in standardized hygiene barrier rooms with reduced
pathogen microorganism burden. Animals had an age between 6 to 12 weeks before experiments were started and male and female
individuals were distributed equally to the different groups, although gender-specific effects were not expected. Housing was per-
formed in groups of two to four mice per cage.

METHOD DETAILS

Generation of iPSCs by reprogramming

For the generation of MAS-iPSCs, a mixed population of mosaic GNASWTWT/GNASWT/R291C HBMSCs were split using 0.05%
Trypsin-EDTA to reach 50%-60% confluency for viral infection after two days. Reprogramming with hOKSM-dTomato lentivirus
(Warlich et al., 2011) was performed as previously described (Hohwieler et al., 2017): When 75% confluency was reached on a 6-
well, HBMSCs were infected once with 1 x 102 viral genome copies of hOKSM-dTomato lentivirus in growth medium supplemented
with 8 ug/ml polybrene (Sigma). The next day, cells were detached using TrypLE and transferred in a 1:3 or 1:4 ratio to 6-wells covered
with a feeder layer of 3.5 x 108 inactivated rat embryonic fibroblast (REF), which were gamma-irradiated with 30 Gy one day before
(Lintaetal., 2012). After that, cells were further cultured in hiPSC medium containing Knockout DMEM (GIBCO), 20% knockout serum
replacement (GIBCO), 100 uM NEAA (Sigma), 2 mM L-Glutamine (GIBCO), 1% Antibiotic-Antimycotic, 100 uM B-Mercaptoethanol
(Merck Millipore), 50 ug/ml L-Ascorbic acid (Sigma), 10 ng/ml FGF2 (Novoprotein) and 10 pM ROCK inhibitor with daily media change
at 5% CO, and 5% O,. About 14 days later, iPSC colonies with appropriate size were manually picked on irradiated REFs to further
expand cells. In the next step, colonies were again manually picked and plated onto Matrigel-coated dishes for feeder-free culture
(llling et al., 2013; Linta et al., 2012). Besides infection with the hOKSM-dTomato virus, in a different approach, HBMSCs were in-
fected by using the CytoTune™-iPS 2.0 Sendai Reprogramming Kit (Thermo). CytoTune 2.0 KOS (hKIf4, hOct3/4, hSox2, MOI 1),
hc-Myc (MOI 1) and CytoTune 2.0 hKIf4 (MOI 0.6) vectors were mixed with 10 pM ROCK inhibitor and 8 pg/ml polybrene in HBMSC
medium and added to the cells. The subsequent reprogramming procedure was performed as described above. Generated MAS-
iPSC clones were checked for p.R201C mutations by PCR amplification and sequencing (GNAS-exon8-fwd, CCAGACCTTTGCTT-
TAGATTGG (Salinas-Souza et al., 2015); GNAS-exon9-rev, CACAGCATCCTACCGTTGAAG) (Wood et al., 2017). Products were sent
for Sanger sequencing (Eurofins Genomics).

Genome editing by CRISPR/Cas9 in hESCs

A large deletion in CDKN2A was created in the hESC line HUES8 by CRISPR/Cas9 gene editing by induction of two distinct double
strand breaks (DSBs) flanking exon 2 and 3 of the CDKNZ2A gene. crRNAs were designed with an open-access online tool (http://
crispor.tefor.net; Haeussler et al., 2016: crRNA-CDKN2A-exon2, GTAGGGGTAATTAGACACCT; crRNA-CDKN2A-exon3, GTCTC
GAGTCTATCGATATG. Construct generation of the plasmid-based CRISPR/Cas9 approach was performed as described in Mali
et al. (2013): For each target site, respective custom DNA oligonucleotides with complementary sequences were annealed to double
stranded oligos using the Phusion Polymerase Reaction Kit (NEB). The gel purified fragment and the Aflll-digested gRNA cloning vec-
tor (Addgene plasmid # 41824, a gift from George Church; Mali et al., 2013) were combined by Gibson Assembly according to man-
ufacturer’s instructions. Competent E. coli cells were transformed with the resulting construct, plasmid DNA was purified and
checked by PCR and sequencing. The final gRNA expression plasmids for both gRNAs together with a Cas9 nuclease expression
plasmid (Addgene plasmid #44719, a gift from Kiran Musunuru; Ding et al., 2013) were used for transfection of HUESS8 cells. There-
fore, 200,000 cells were seeded on Matrigel-coated 6-wells and after 16 h the transfection mix consisting of 2 ug pCAS9_GFP vector,
2 ug gRNA 1 plasmid, 2 pg gRNA 2 plasmid and 18 ul XtremeGene 9 DNA transfection reagent (Roche) (3:1 ratio) was added dropwise
to the cells (see also manufacture’s protocol). 48 h post transfection, GFP-positive cells were sorted by FACS and plated at low den-
sity (500 cells/10 cm dish) for clonal expansion in media supplemented with 10 uM ROCK inhibitor and 0.5 uM Thiazovivin (Calbio-
chem). Multiple single cell-derived colonies were picked manually after 10-12 days for screening of gene edited clones.
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Screening of edited clones: DNA isolation and PCR reaction

Clonal colonies were manually dissociated, and one half of the cells was further cultivated and expanded while the other half was
used for genotyping. DNA was isolated using the Tissue Genomic DNA Purification Mini Prep Kit (Genaxxon) according to manufac-
turer’s instructions and amplified by RedMastermix (2x) Taqg PCR Mastermix (Genaxxon). PCR screening was based on internal and
external primer pairs detecting either the WT or mutated target region. An external PCR product from primers flanking the site of dele-
tion was only obtained if the KO occurred (CDKN2AKO-external-fwd, GCGCTTGGATATACAGCAGTG; CDKN2AKO-external-rev,
ACAGGAGCATCTCCCAACC). Internal primers are located within the deleted region and a product indicated the wild-type allele
(CDKN2AKO-internal-fwd, GGCATTGTGAGCAACCACTG; CDKN2AKO-internal-rev, CCTGTAGGACCTTCGGTGAC). PCR prod-
ucts were sent for Sanger sequencing (Eurofins Genomics) for validation of clonal genotypes.

All-in-One piggyBac-system and nucleofection

Dox-inducible KRAS®'2P, GNASF20'H  and vector control overexpression lines were generated using a piggyBac (PB) transposon
system. For the vector control, a Luciferase (Luc2) construct was introduced. We modified an All-in-One-vector previously described
by Kim et al. (2016) and introduced cDNA sequences of the target genes, that were amplified by PCR from the plasmids pBabe-KRAS
G12D (Addgene plasmid #58902, a gift from Channing Der), pcDNA3.1+hsGNAS_EE(long) R201H and pGL4.10[luc2] (both kindly
provided by Franz Oswald). A 2-step PCR approach was performed by first using the following gene-specific primers: for KRAS®12P
(attB1-Spel-HindllI-(N-HA)KRAS_G12D-fwd; attB2-KRAS_G12D-rev), for GNASF?°™H (attB1-Spel-HindIll-GNAS(EE)_R201H-fwd_
new; attB2-GNAS_R201H-rev_new), for Luciferase (attB1-Luc2-for; attB2-Luc2-rev). In the second step the generated PCR prod-
ucts were further amplified with attB1/attB2 adaptor primer (Gloeckner et al., 2009) to add the respective sequences necessary
for the gateway cloning system. All corresponding sequences are listed in Methods S1. PCR-products were purified with the Wizard
SV Gel and PCR Clean-Up System (Promega).

In the next step, PCR fragments were inserted into the pPDONR201 vector (Thermo) and finally into the Destination vector PB-TAC-
ERP2 (Addgene plasmid #80478, a gift from Knut Woltjen; Kim et al., 2016) by gateway cloning (BP Clonase II/LR Clonase Il enzyme
mix, Life Technologies) as described by Gloeckner et al. (2009). Correct sequences of the generated plasmids PB-TAC-ERP2-(N-HA)
KRAS_G12D, PB-TAC-ERP2-GNAS_R201H(EE) and PB-TAC-ERP2-Luc2 were confirmed by Sanger sequencing (PB-seq-fwd
sequencing; PB-seqg-rev sequencing; GNAS_AS189-fwd; Luc2_AS215-fwd; Methods S1).

For integration of the transposon elements into the genomic DNA, HUESS cells were co-transfected with the transposase-expres-
sion vector (SBI Biosciences #PB200PA-1; Rao et al., 2016) and the respective targeting vector, either PB-KRAS, PB-GNAS, and PB-
Luc?2. Nucleofection of HUESS cells was performed using the 4D Nucleofector (Lonza) and the P3 primary cell 4D Nucleofector X Kit S
(Lonza) according to the manufacturer’s protocol. In brief, at 70%-80% confluency, cells were harvested using TrypLE and 200,000
cells per reaction were centrifuged at 130 x g for 3 min. Cells were resuspended in P3-solution and plasmids were added in a 3.3:1
ratio of PB- to transposase plasmid with a total amount of 0.5-1 ug DNA. The reaction mix was transferred to the wells of a 16-well
Nucleocuvette strip and pulsed with CA-137. mTesR1 with 10 uM ROCK inhibitor was added to the cells and after 3-5 min incubation
at 37°C nucleofected cells were transferred to Matrigel-coated 96-wells. Cells with stable integration of the PB expression cassette
were enriched by addition of 1 ng/ml puromycin (Sigma) to the media, starting after 24 h.

Pancreatic differentiation
Differentiation of hPSCs into PPs was performed based on previously published protocols (Nostro et al., 2015; Hohwieler et al., 2017).
Cells were cultured in basal media () BE1: MCDB131 (Thermo) with 2 mM L-Glutamine, 1.174 g/| Sodium bicarbonate (Sigma), 0.8 g/I
cell culture tested glucose (Sigma) and fatty acid free BSA (Proliant) in a concentration of 0.1% (BE1a) for d0-d2 or 0.5% (BE1b) for
d3-5. (i) BE3 (from d6): MCDB131 with 2 mM L-Glutamine, 1.754 g/l Sodium bicarbonate, 0.44 g/l cell culture tested glucose (Sigma),
0.5% ITS-X (GIBCO), 44 mg/I L-Ascorbic acid and 2% fatty acid free BSA. 24-well cell culture plates were coated with GFR-Matrigel
diluted 1:18 in DMEM-F12+GlutaMAX before 250,000-450,000 cells per well (depending on the cell line) were seeded in mTesR1 with
10 uM ROCK inhibitor. The day after seeding, differentiation was started with 80%-90% cell confluency by washing with PBS
(GIBCO) and adding BE1a medium with 100 ng/ml Activin A (PeproTech) and 2 uM CHIR99021 (Axon MedChem). After 24 h cells
were cultured in BE1a containing 100 ng/ml Activin A and 5 ng/ml FGF2 (Novoprotein) for 2 days. At d3 of differentiation cells reached
DE stage and BE1b medium containing 50 ng/ml FGF10, 0.75 uM Dorsomorphin (Sigma), and 3 ng/ml Wnt3a (PeproTech) was added
for three days. From d6 (GTE stage) on BE3 media supplemented with 50 ng/ml FGF10, 200 nM LDN-193189 (Sigma), 0.25 uM SANT-
1 (Sigma), 2 uM Retinoic acid (RA; Sigma), and 16 mM glucose was added for 3 days. The last four days of differentiation (PE stage,
d9-d13) cells were cultured in BE3 with 100 ng/ml EGF (R&D), 200 nM LDN-193189, 10 mM nicotinamide, 330 nM Indolactam V
(STEMCELL Technologies), and 16 mM glucose. Differentiation was performed at 37°C with 5% CO, and medium was changed daily.
To standardize differentiation experiments we implemented purity thresholds of 95% CXCR4/cKIT double positive cells at DE
stage and 60% of PDX1/NKX6-1 double positive cells at PP stage, measured by FC analysis. If the number of PDX1/NKX6-1 double
positive cells at PP stage was less than 60%, Magnetic-Activated Cell Sorting (MACS) using glycoprotein 2 (GP2) as human pancre-
atic progenitor marker (Cogger et al., 2017) was implemented. In brief, cells were harvested and stained with anti-GP2-Antibody
(MBL International, 1:5000) as outlined in the flow cytometry section for surface marker staining with the addition of 10 uM ROCK
inhibitor to all buffers. After antibody incubation for 60 min at 4°C, cells were incubated another 15 min at 4°C with anti-mouse
IgG MicroBeads (Miltenyi) and sorted according to manufacturer’s instructions.
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Compound screens for protocol development

In total, we performed more than ten rounds of compound screenings. Simplified, we applied morphological criteria (pure culture of
ring-like organoids lined with one layered epithelium) together with mRNA expression criteria (increase of ductal markers and reduc-
tion of progenitor and non-pancreatic markers) as outlined in the results section. For experimental design and interpretation of gPCR
data, we implemented a design of experiment approach to model, simulate, and analyze dependencies between the different bio-
logical compounds applied at various concentrations. The software tool MODDE was used to predict marker expression for different
combinations of tested compounds, which allowed us to retrieve new recipe suggestions for subsequent compound screens. Prom-
ising compounds had been always tested in additional experiments and only compounds, which consistently improved morphology
and marker expression, are applied in the current protocol. In this protocol 7 out of 20 compounds, tested in phase |, and 4 out of 28
compounds, tested in phase Il, are implemented.

Most experiments were performed in duplicate (two wells per condition) and depending on the experiment intermediate stages
(d20, d24) and/or the endpoint of differentiation (d30) was analyzed.

Following compounds were tested in phase | in at least one experiment in indicated concentrations: EGF (10-250 ng/ml), FGF10
(10-250 ng/ml), KGF (10-250 ng/ml), MSC2530818 (4 nM-1 uM), nicotinamide (2-50 mM), Y-27632 (10 pM), ZnSQO, (2-50 uM), and
ALKS5i-1I (10 uM), Avagacestat/BMS-708163 (0.1-10 uM), BMP-4 (10 ng/ml), DAPT (0.1-50 pM), FGF1 (20-500 ng/ml), FGF2
(10 ng/ml), IL-V (33-660 nM), LDN-193189 (0.2 uM), Na,CO3 (1.5 mg/ml), RA (10 uM), R-Spondin (10% conditioned medium and
500 ng/ml), SANT-1 (0.25 uM), TGF-B (1 ng/ml).

Following compounds were tested in phase Il in at least one experiment in indicated concentrations: EGF (5-250 ng/ml), FGF10 (5-
250 ng/ml), nicotinamide (2-50 mM), Y-27632 (10 uM), ZnSQO4 (0-50 uM), and Activin A (4-100 ng/ml), ALK5i-II (0.2-10 pM), Avagace-
stat (0.1-10 pM), Axitinib (0.1-10 pM), BMP-4 (0.2-100 ng/ml), BMP-7 (2-1000 ng/ml), CHIR99021 (0.4-10 puM), Dexamethasone
(0.025-2.5 uM), FGF1 (12.5-500 ng/ml), FGF2 (10 ng/ml), Follistatin (20-5000 ng/ml), IL-V (66-1650 nM), IWP2 (0.4-10 uM), KGF
(4-250 ng/ml), LDN (0.04-1 uM), MSC2530818 (0.05-10 uM), Na,COj3 (1.5 mg/ml), Neuregulin-4 (50-500 ng/ml), RA (0.1-100 pM),
R-Spondin (10% conditioned medium and 500 ng/ml), Synthaxin/Epimorphin (20-1000 ng/ml), TGF-B (0.1-10 ng/ml), VEGF-164
(4-1000 ng/ml).

PDLO culture

Cell culture plates were coated with undiluted GFR-Matrigel using precooled tips and well plates, distributing the Matrigel in z-move-
ments until the whole well was covered. Pancreatic progenitors on d13 of differentiation were harvested with TrypLE, washed in BE3,
and resuspended in phase | differentiation media. 5% GFR was added additionally to the cold media directly before seeding 100,000
cells per 12-well. The above described Matrigel culture was based on Xiang and Muthuswamy (2006). The final PDLO culture medium
consisted in phase | (d13-d19) of BE3 supplemented with 10 mM nicotinamide, 10 uM ZnSQO, (Sigma), 10 uM ROCK inhibitor, 50 ng/
ml EGF, 50 ng/ml FGF10, 50 ng/ml KGF (PeproTech), and 50 nM MSC2530818 (Selleckchem). In phase Il (from d20) BE3 medium
contained 10 mM nicotinamide, 10 uM ZnSQ,, 50 ng/ml EGF, 50 ng/ml FGF10. Media change was performed twice a week and me-
dia were supplemented with 5% GFR-Matrigel.

For splitting and harvesting organoids, cultures were washed with PBS and incubated with 1 mg/ml Collagenase/Dispase in
DMEM-F12+GlutaMAX for 2-4 h at 37°C to degrade surrounding Matrigel. Enzymatic reaction was stopped by addition of equal
amounts of neutralization solution (DMEM + 1% BSA + 1% P/S). After centrifugation (200 x g, 5 min) and PBS wash, recovered
PDLOs were further processed to generate single cell suspensions or directly lysed for RNA or protein extraction. PDLOs were dis-
solved into single cells by treatment with Accutase (Sigma) for 30 min in a 37°C water bath and intermittent pipetting. Reaction was
stopped again with neutralization solution followed by centrifugation. Finally, PDLO cells were resuspended in phase | medium with
10 M ROCK inhibitor and seeded again as described above or used for FC analysis.

Analysis of phenotypic alterations upon oncogene induction including live-cell imaging

For experiments with inducible transgenic cell lines, PDLOs were split on d27 and treated for 9 days with 5 pg/ml Dox starting from
d29. For titration experiments indicated Dox concentrations were applied. PDLOs were harvested on d38 for respective applications.
PDLO cultures were imaged 2, 5, 7, and 9 days after Dox treatment on a Keyence Biozero BZ-9000 microscope. Swelling was quan-
tified using the Imaged-based software Fiji (Schindelin et al., 2012). Therefore, an automated analysis was applied that calculates the
area of organoids within one overview bright field image. In addition, the percentage of filled PDLOs was assessed semi-automat-
ically by applying a second algorithm in Fiji. Analysis was performed in three experiments (independently started differentiations) with
each experiment performed in triplicate (three wells per condition). To determine the number of protruding organoids, PDLOs
showing outgrowth of single cells and areas of mesenchymal-like cells were manually counted per image of an individual well
(comprising 60-80 organoids). Four independent experiments performed at least in duplicate were quantified.

Time series of organoid growth to track these cellular changes was recorded with an epifluorescence microscope (Zeiss Axio
Observer 7) over a time period of 4 days starting 2 days after Dox addition. Longitudinal imaging was achieved by maintaining the
PDLO culture plate on the microscope under 5% CO,, 85% humidity, and 37°C within a small incubation chamber (PeCon). Fluores-
cence and bright field images were taken every 3 h with a 5x Zeiss Neofluar objective. Media was replenished after one day. Images
were analyzed and videos were compiled using Zeiss ZEN blue imaging software.
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PKA inhibition in PDLOs

PKA inhibitor treatment was initiated two days after cell seeding. PDLO cultures were incubated with 20 uM H89 2HCI (S1582, Sell-
eckchem) or DMSO (1:1250) as negative control for 12 days in ductal medium. Pictures were captured using a Keyence Biozero BZ-
9000 microscope and analyzed as detailed above. The mean organoid size was calculated in duplicate (two wells per condition) of
three experiments and the PDLO size decrease was estimated relative to the controls.

Preparation of cell extracts and western blot

For protein extraction, cell lysates were generated by incubating cell pellets in RIPA buffer (50 mM Tris pH 7.4 (AppliChem), 150 mM
NaCl (Sigma), 1 mM EDTA (AppliChem), 1% NP40 (Fluka), 0.25% Sodium deoxycholate (Sigma), 0.1% SDS (Serva), supplemented
with 1 mM PMSF (AppliChem), 1x phosphatase inhibitor and 1x EDTA-free protease inhibitor cocktail (cOmplete; both Roche) for
30 min on ice and vortexing every 10 min. After 8 min centrifugation at 10,600 x g, supernatant containing the protein fraction
was collected. Protein concentration was determined using a Bradford reagent (Bio Rad) and equalized amounts of protein lysates
were separated on a polyacrylamide gel (BioRad) in SDS-buffer followed by blotting to a methanol-activated Immobilon-P PVDF
membrane (Millipore) by using transfer buffer (32 mM glycine, 44 mM Tris, and 20% methanol; Sigma) and the Transblot semidry
transfer system (Bio-Rad). Effective protein transfer was confirmed by Ponceau staining (AppliChem) before membrane was blocked
with 5% BSA (or 5% Milk) and 0.1% Tween20 (Sigma) in TBS for at least 1 h at RT. Membranes were incubated with primary anti-
bodies diluted in blocking solution overnight (o/n) at 4°C. After washing three times with 0.1% Tween20 in TBS, incubation with sec-
ondary antibody anti-mouse-horseradish peroxidase (HRP) or anti-rabbit-HRP (ECL anti-rabbit or mouse IgG, GE Healthcare) was
performed for 1 h at RT. For detection of HRP the SuperSignal West Dura Kit (Thermo) together with Chemiluminescence Imaging
—Fusion SL system (VILBER) was applied. Quantification of western blot bands was done with the ImageJ-based software Fiji (Schin-
delin et al., 2012). The following primary antibodies were used: anti-ACTB (Sigma Cat#A5316, 1:5000), anti-CA2 (Abcam
Cat#ab124687, 1:1000), anti-E-CAD (Cell Signaling Cat#3195, 1:1000), anti-ERK (Cell Signaling Cat#9102, 1:1000), anti-G /o (G-
10) (Santa Cruz Cat#sc-365855, 1:1000), anti-HA (Cell Signaling Cat#3724, 1:1000), anti-N-CAD (Cell Signaling Cat#13116,
1:1000), anti-P15 (Santa Cruz Cat#sc-271791, 1:500), anti-P16 (Cell Signaling Cat#80772, 1:1000), anti-P21 (Abcam Cat#ab109520,
1:1000), anti-PARP (Cell Signaling Cat#9542, 1:1000), anti-pERK (Cell Signaling Cat#4377, 1:1000), anti-pRB (Cell Signaling
Cat#8516, 1:1000), anti-p-PKA substrates (RRXS*/T*) (Cell Signaling Cat#9624, 1:1000), anti-RAS (Thermo, Active Ras Pull-Down
and Detection Kit, 1:200), anti-RB (Cell Signaling Cat#9309, 1:1000), anti-VASP (Cell Signaling Cat#3132, 1:1000), anti-Vimentin
(VIM, Cell Signaling Cat#5741, 1:1000) and Vinculin (Sigma, V9264, 1:1000).

Pull-down assay

Active Ras Pull-Down and Detection Kit (Thermo) was used according to manufacturer’s instructions to verify functionality of the
cloned KRAS®'2P and (N-HA)KRASC'2P constructs based on KRAS GTPase activity. Briefly, transgenic hESC lines KRASS12P
HUESS or (N-HA)KRAS®'2PHUESS were cultured with or without Dox for 24 h, harvested and lysed with the provided lysis buffer
supplemented with 1 mM PMSF, 1x phosphatase inhibitor and 1x EDTA-free protease inhibitor cocktail. As additional controls, equal
amounts of the lysates (xDox) were incubated with GTPyS (positive control activating Ras proteins) or GDP (negative control). Fusion
protein of GST and Raf1-Ras-binding domain (RBD) linked to the glutathione agarose resin was prepared in spin cups. Then GTP-
and GDP-pretreated as well as untreated lysates were added to such spin cups and incubated at 4°C for 1 h with gentle rocking. After
washing three times with the included buffer, proteins were released from the resin by addition of 2x SDS sample buffer with B-Mer-
captoethanol (Sigma). Samples were separated by SDS-PAGE and blotted on a PVDF membrane as described above. For KRAS
protein detection the anti-Ras antibody provided within the kit was used.

cAMP assay

Cyclic AMP (cAMP) in PSCs or PDLOs was detected with the cAMP-Gs HiRange Kit (Cisbio) according to the manufacturer’s pro-
tocol. HUESS as well as PDLOs inducibly expressing GNASR2°1 were pretreated with Dox (1 ug/ml for hESCs; 3 ug/ml for PDLOs)
before performing the cAMP assay. GNASYW™WT and GNASWT/R201C ipSCs were used directly. 96-well low volume white micro-
plates (Cisbio) were used and 20,000 cells were seeded per well in DMEM-F12+GlutaMAX. FRET-signal was measured in a ho-
mogeneous time resolved fluorescence (HTRF)-compatible plate reader (Infinite M1000 pro, Tecan). The “HTRF Europium cryptate
donor/ Red acceptor readout” setup recommendations were used. The assay was performed in technical triplicate (three wells per
condition).

Carbonic anhydrase assay

Carbonic anhydrase (CA) activity was measured by a colorimetric assay based on the imidazole-Tris method (Brion et al., 1988)
including phenol red as a pH indicator. PDLOs at d30 were harvested with Collagenase/Dispase, washed with PBS, and lysed at
4°C for 30 min in an SDS-free lysis buffer composed of 150 mM NaCl, 50 mM Tris-HCI (Sigma), pH 7.2, 2 mM EDTA (AppliChem),
1% NP40, and protease inhibitors. Analysis was performed with 60 ug protein per sample. A standard curve was established using
serial dilutions of carbonic anhydrase Il purified from bovine erythrocytes (Sigma). Incubation buffer containing 60 mM imidazole
(Sigma), 30 mM Tris base, 1 mM phenol red (Fluka), and 0.1% BSA (pH 9.6) was added to the samples which were then
gassed with CO, at a constant flow rate. Time was measured until a colorimetric change was observed and CA concentrations
were interpolated from the reference standard curve. The assay was performed blinded and each condition was analyzed in
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duplicate (two wells per condition) with repeated-measurements (same lysate was measured twice or three times) in three indepen-
dent experiments (independently started differentiations).

CFTR assay

The implemented CFTR assay was based on forskolin (FSK)-induced organoid swelling as described previously (Dekkers et al.,
2013). PDLOs were split on day 30 and 100,000 cells were seeded per 12-well as described in the PDLO culture section. At d42-
d44 PDLOs were incubated with 20 uM FSK and 100 uM 3-isobutyl-1-methylxanthine (IBMX; both Sigma) for 18 h at 37°C. As nega-
tive control DMSO (Roth) was added in respective dilution. Directly before and after incubation, pictures of the PDLOs were captured
on a Keyence Biozero BZ-9000 microscope with standardized settings. Swelling was quantified with an ImageJ-based automated
analysis based on the SIOX segmentation tool. Here, the area/lumen of all organoids within one overview bright field image was
measured. The area of the same organoids was calculated at time point 0 h and at time point 18 h to quantify the relative increase
of PDLO size. Each condition was analyzed in duplicate (two wells per condition) and at least 400 organoids per condition were
included in each of the three independent experiments.

pH measurements via fluorescence microscopy

PDLOs or human primary organoids from cadaveric organ donors were attached to a poly-I-lysine coated cover glass and were incu-
bated in standard HEPES solution with 1.5 uM BCECF-AM (Thermo), a fluorescent pH indicator, for 30 min at 37°C. Cover glasses
were transferred to a perfusion chamber mounted on an Olympus IX73 inverted microscope. Dye loaded samples were excited with
an Olympus CoolLED PE-4000 illumination system. For BCECF the filter combination was as follows: 434/17 nm and 497/16 nm sin-
gle-band bandpass filters for excitation (Semrock; P/N: FF01-434/17-25 and FF01-497/16-25, respectively), 511 nm edge single-
edge standard epi-fluorescence dichroic beamsplitter (Semrock; P/N: FF511-Di01-25 x 36) and 537/26 nm single-band bandpass
filters for emission (Semrock; P/N: FF01-537/ 26-25). The fluorescent signal was captured by a Hamamatsu ORCA-FLASH 4.0 CCD
camera trough a 20x water immersion objective (Olympus; NA: 0.8) with a temporal resolution of 1 s. Ratiometric image analysis was
performed by Olympus excellence software. For solution composition see Methods S2.

Flow cytometry

Staining of surface marker

At definitive endoderm (DE) stage differentiation efficiency was determined by c-Kit (CD117) and CXCR4 (CD184) marker staining.
Therefore, cells were harvested with TrypLE, enzymatic reaction was stopped with FC buffer containing 2% FCS in PBS and washed
once with FC buffer (200 x g, 5 min). Cells were blocked for at least 20 min on ice with blocking buffer consisting of 10% FCS in PBS
and washed again with FC buffer. After resuspension of the cell pellets in 50 ul FC buffer incubation with PE-conjugated CXCR4 anti-
body (Life Technologies) was performed on ice for 30 min. In the next step, APC-conjugated c-Kit antibody (Thermo) was directly
added and both antibodies were incubated for another 15 min. Samples were washed, resuspended in FC buffer, and filtered using
a 50 pm polyamide mesh (Hartenstein). DAPI (Thermo) was added in a concentration of 150 ng/ml to distinguish viable and dead cells
during analysis.

Staining of intracellular marker

Differentiation efficiency was analyzed at the pancreatic endoderm (PE) and pancreatic progenitor (PP) stage by FC-based analysis
of PDX1 and NKX6-1 expression. PDLOs were harvested as described before (see section “PDLO culture”), washed with PBS (200 x
g, 5 min) and fixed on ice for 25 min in 4% PFA in PBS with 100 mM sucrose (both Sigma). Samples were washed twice with PBS and
blocked with 5% normal donkey serum (DS, Jackson ImmunoResearch) in 0.1% Triton X-100/PBS for 30 min on ice. After centrifu-
gation (1000 x g, 5 min), cells were resuspended in blocking solution with primary antibodies. Incubation was either performed o/n at
4°C or 90 min on ice if antibodies were directly coupled to a fluorescence protein. Next, the samples were washed three times with
2% DS, 0.1% Triton X-100 in PBS (wash solution) and, if primary antibodies were not directly coupled to a fluorochrome, incubated
with Alexa Fluor secondary antibodies (Thermo) for 90 min on ice. Again, cells were washed twice, resuspended in washing solution,
and filtered to obtain single cells before measurement.

Following antibodies were used within this study: anti-PDX1 (R&D Cat#AF2419, 1:500), anti-PDX1-PE (BD Cat#562161, 1:35), anti-
NKX6-1 (DSHB Cat#F55A12, 1:150), anti-NKX6-1-APC (BD Cat#563338, 1:35), anti-Ki-67 (Thermo Cat#MA5-14520, 1:1000), anti-Ki-
67 (Dako Cat# M7240, 1:1000), anti-H2AX (pS139)-APC (BD Cat#560447, 2.5 ul per sample), anti-HA (Cell Signaling Cat#3724,
1:1600), anti-C-peptide (Cell Signaling Cat#4593, 1:100), anti-GCG (Sigma Cat#G2654, 1:500) and anti-Vimentin (Cell Signaling
Cat#5741, 1:100).

Cell-cycle analysis (EdU staining)
Cell-cycle was analyzed by FC using the Click-iT EdU Alexa Fluor 647 Assay Kit (Life Technologies). EAU at a concentration of 10 uM
was added to the cell cultures 4 h before samples were harvested. Staining was performed following to manufacturer’s recommen-
dations, but the volume of antibody/reaction mix was reduced to 200 pl per sample and the next steps were also adapted to 1 ml for
washing and 350 pl final resuspension volume. Staining of intracellular markers prior to EdU staining procedure was possible. DNA
was stained with 3 uM DAPI to define the different cell-cycle phases.

FC measurement was performed on the LSR Il flow cytometer (BD).
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ICC staining

Immunocytochemistry (ICC/IF) staining were performed of cells cultivated and differentiated on Matrigel-coated ibidi-precoated
glass-bottom 24-well p-plates (IBIDI). Cells were washed with PBS, fixed in 4% PFA+100 mM sucrose solution at RT for 20 min,
and washed with PBS three times. Quenching was done with 50 mM NH4CI (Sigma) for 10 min and wells were washed three times
with PBS before permeabilization with 0.1% Triton X-100/PBS was performed. Cells were blocked with 5% normal goat (Jackson
ImmunoResearch) or DS in 0.1% Triton X-100/PBS for 45 min and incubated with the primary antibody solution at 4°C o/n. On
the next day, cells were washed three times with PBS and incubated with secondary antibodies diluted in blocking solution at RT
for 1 h in the dark. After PBS wash, 500 ng/ml DAPI in PBS was added to the cells for 10 min before well-plates were stored in
PBS at 4°C prior to imaging. Used antibodies were: OCT3/4 (Santa Cruz Cat#sc-5279, 1:200), NANOG (Cell Signaling Cat#3580,
1:500), SSEA4 (stained without permeabilization step, Cell Signaling Cat#4755, 1:500) and Alexa-conjugated secondary antibodies.
Cells on IBIDI-plates were imaged on a Keyence Biozero BZ-9000 microscope.

Transmission electron microscopy

PDLOs were harvested at d30 by degrading surrounding Matrigel either with Collagenase/Dispase or Cell recovery solution (Corning).
After collection and several washing steps with PBS to remove residual Matrigel, PDLOs were fixed in 0.1 M phosphate buffer pH 7.3,
containing 2.5% glutaraldehyde, 1% sucrose and osmicated for 1 h in 2% OsO,. Afterward they were dehydrated in graded series of
ethanol, contrasted in 2% uranyl acetate and embedded in epoxy resin (Sigma) at 60°C. Thin sections of 70-80 nm were cut with a
diamond knife on a Reichert ultramicrotome and collected on 300 mesh grids. The sections were contrasted with 0.3% lead citrate for
1 min and analyzed on the transmission electron microscope EM 10 (Zeiss) at 80 kV. Sample embedding and processing were carried
out by the Central Electron Microscopy Unit at UIm University.

RNA isolation, reverse transcription and qPCR

RNA extraction was performed with the GeneJET RNA Purification Kit (Thermo) according to manufacturer’s instructions. Reverse
transcription of 500-1000 ng of total RNA was done with the iScript cDNA Synthesis Kit (Bio-Rad) and cDNA was utilized for
quantitative real-time PCR (qPCR) with SensiMix SYBR No-ROX Kit (Bioline) on the QuantStudio 3 Real-Time PCR System (Thermo).
Self-designed or commercially available QuantiTect (QIAGEN) gPCR primers of target genes are listed in Methods S3. Hydroxyme-
thylbilane synthase (HMBS) was used as endogenous reference gene for normalization with the 2" method. RNA values were
normalized to the control treated samples of each experiment. For heatmap generation the relative RNA expression of EMT-asso-
ciated genes was additionally scaled by the sum of each row.

RNA-seq experiments

RNA was isolated from different days of differentiation (d0, d3, d13, d20, d24, d30, d45, and d59) and from Panc163 cells as
described above. For each condition, RNA samples from three different wells were sequenced. For non-transformed human pa-
tient-derived ductal organoids from resection specimens, RNA was isolated from three independent lines using the AllPrep DNA/
RNA/mIRNA Universal Kit (QIAGEN) according to the manufacturer’s instructions. Library preparation for bulk 3'-sequencing of
poly(A)-RNA was done as described previously (Parekh et al., 2016). Briefly, barcoded cDNA of each sample was generated with
a Maxima RT polymerase (Thermo) using oligo-dT primer containing barcodes, unique molecular identifiers (UMIs) and an adaptor.
5’ ends of the cDNA were extended by a template switch oligo (TSO); after pooling of all samples, full-length cDNA was amplified with
primers binding to the TSO-site and the adaptor. cDNA was tagmented with the Nextera XT Kit (lllumina) and 3’ end-fragments finally
amplified using primers with lllumina P5 and P7 overhangs. In comparison to Parekh et al. (2016), the P5 and P7 sites were exchanged
to allow sequencing of the cDNA in read1 and barcodes and UMls in read2 to achieve a better cluster recognition. The library was
sequenced on a NextSeq 500 (lllumina) with 75 cycles for the cDNA in read1 and 16 cycles for the barcodes and UMls in read?2.

Full proteome measurement

In-solution digest

Protein was isolated from PPs (d13) and PDLOs (d59) from three different wells per condition (n = 3). After harvesting and washing
twice with PBS, cells were lysed in urea lysis buffer (8 M urea, 40 mM Tris (pH 7.6), 1x EDTA-free protease inhibitor and 1x phospha-
tase inhibitor (in-house, composition resembling phosphatase inhibitor cocktail 1, 2 and 3; Sigma)) for 10 min. After lysing, protein
concentration was determined from the cell-free supernatant (20 min, 20,000 x g, 4°C) via Bradford protein assay (Pierce Coomassie
Plus (Bradford) Assay Kit; Thermo). 100 ug protein of each sample was further digested. Here, samples were first reduced with 10 mM
DTT for 45 min at 37°C at 700 rpm on a Thermoshaker and then alkylated with 55 mM chloroacetamide (CAA) for 30 min at RT in the
dark. After diluting the samples < 1.6 M urea with 40 mM Tris (pH 7.6) and 2 mM CaCl,, trypsin (Trypsin Sequencing Grade; Roche)
was added 1:100 (enzyme:protein) and incubated for 3 h at 37°C and 700 rpm. After the pre-incubation, trypsin was added again
1:100 (enzyme:protein) and incubated o/n at 37°C and 700 rpm.

SepPak desalting

On the next day, samples were acidified with formic acid (FA) to pH 2-3 and further desalted using 50 mg Sep-Pak columns (Waters
Corp.). The columns were first wetted with 100% acetonitrile (ACN), followed by 0.1% FA in 50% ACN and further equilibrated with
three washes of 0.1% FA. The samples were slowly loaded onto the column and the flow-through was reloaded onto the column to
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increase peptide binding. After washing off unspecific binders with three times 0.1% FA, peptides were eluted using 2x150 pl of 0.1%
FA in 50% ACN. Samples were frozen at —80°C and dried using a Speed-Vac.

TMT labeling

TMT10-plex labeling was performed as previously described (Zecha et al., 2019). Briefly, 45 ug of peptides (measured on Nanodrop)
were reconstituted in 20 ul of 50 mM HEPES (pH 8.5) and 5 pl of 11.6 mM TMT 10-plex (Thermo) in 100% ACN was added to each
sample. After 1 hiincubation at 25°C and 400 rpm, the reaction was stopped using 2 pl of 5% hydroxylamine. All TMT labeled samples
were pooled. Remnants in sample vessels were rinsed with 20 pl of 10% FA in 10% ACN for 5 min and 400 rpm and added to pooled
samples. The samples were frozen at —80°C and dried using a Speed-Vac.

Sep-Pak desalting

Pooled samples were again desalted using 50 mg Sep-Pak columns (Waters Corp.). The columns were first wetted with 100% ACN,
followed by 0.1% FA in 50% ACN and further equilibrated with three washes of 0.1% FA. The dried pooled samples were reconsti-
tuted in 1 mL of 0.1% FA and loaded twice onto the column. After washing columns three times with 0.1% FA, peptides were eluted
using 200 pl of 0.1% FA in 50% ACN. Samples were frozen at —80°C and dried using a Speed-Vac.

HpH reversed phase fractionation

For high pH reversed phase fractionation, dried samples were reconstituted in MS-grade water with 10% fractionation buffer A
(25 mM ammonium bicarbonate (pH 8)) and centrifuged for 5 min at 20.000 x g and 4°C. The supernatant was then loaded on a
C18 column (XBridge BEH130, 3.5 um, 2.1 x 150 mm, Waters Corp), which was connected to a Dionex Ultimate 3000 HPLC system
(Thermo). After injecting 100 ng peptides at a flow rate of 200 ng/min, the system was equilibrated for 5 min with 85% fractionation
buffer B (MS-grade water), 10% fractionation buffer A and 5% fractionation buffer C (ACN). Peptides were eluted in a three-step linear
gradient from 5% to 7% buffer C in 1 min with a constant amount of 10% buffer A. Then, a linear gradient from 7% to 42% buffer C in
44 min and from 42% to 80% buffer C in 6 min (with buffer A being constant at 10%) was used.

Starting from minute 3, 48 fractions (1 fraction/min) were collected in a 96-well plate and pooled to 24 fractions. For that, column 4
was pooled to column 1, column 5 was pooled to column 2 and column 6 was pooled to column 3. All fractions were frozen at —80°C
and dried using a Speed-Vac.

LC-MS/MS data acquisition

Fractionated samples were measured in data-dependent acquisition mode using a nanoflow LC-MS/MS by coupling a Dionex Ulti-
mate 3000 UHPLC+ system to a Fusion Lumos Tribrid mass spectrometer (Thermo). Dried samples were reconstituted in 0.1% FA
and approximately 200 ng peptides were inserted. The sample was loaded to a trap column (75 um x 2 cm, packed in-house with
5 um C18 resin; Reprosil PUR AQ, Dr. Maisch, Ammerbruch-Etringen, Germany) with a flow rate of 5 ul/min and washed for
10 min with 0.1% FA. Subsequently, peptides were separated on an analytical column (75 pm x 40 cm, packed in-house with
3 um C18 resin; Reprosil PUR AQ, Dr. Maisch, Ammerbruch-Etringen, Germany) with a flow rate of 300 nl/min and a linear 50 min
gradient from 8% to 34% LC buffer B (0.1% FA, 5% DMSO in ACN) in LC buffer A (0.1% FA, 5% DMSO in MS-grade water). The
eluate was sprayed via a stainless-steel emitter into the mass spectrometer, which was run in positive ion mode. Fullscan MS1
spectra were accorded in the Orbitrap with 60,000 resolution and a scan range from 360-1300 m/z (automatic gain control target
of 4e5 charges, maximum injection time of 50 ms). A cycle time of 2 s and a dynamic exclusion of 90 s was used. MS2 spectra
were recorded in the lon Trap in rapid mode via sequential isolation of up to 10 precursors and the following settings: an automatic
gain control target of 2e4, maximum injection time of 60 ms, isolation window of 0.7 m/z, and fragmentation via CID (NCE of 35%). For
the following MS3 scan the ten most intense precursors were further fragmented via HCD (NCE of 55%) and acquired in the Orbitrap
with 50,000 resolution, scan range of 100-1,000 m/z, automatic gain control target of 1.2e5 charges, maximum injection time of 120 s
and a charge-dependent isolation window from 1.3 (2+) to 0.7 (5-6+).

Transplantation into the ACE

Suspension cultures of PPs and PDLOs were generated in preparation for the ACE injection. To generate PP-spheroids, cells at the
PE-stage (d9 of the differentiation) were detached with TrypLE for 5-6 min resulting in clumps of 3 to 10 cells. After centrifugation at
400 rpm for 5 min the pellet was washed in BE3 medium and resuspended in d9 medium (detailed above) supplemented with 10 uM
ROCK inhibitor. Cells were replated into suspension on an ultra-low attachment (ULA) plate and further cultivated in differentiation
medium until d13. PDLOs in Matrigel were scraped off from the culture plate at d23, directly resuspended and washed in cold
BE3 medium, and transferred in a ULA plate in PDLO medium with 10 uM Y-27632 for shipping. Transplantation of organoid clusters
to the anterior chamber of the eye (ACE) and in vivo imaging was performed as previously described (Chmelova et al., 2015). Briefly,
mice were anesthetized by inhalation of 2% isoflurane in 100% oxygen via a face mask. A 25-gauge needle was used to make a small
incision in the cornea, close to the corneal limbus, and 10-15 organoids in PBS were slowly injected into the ACE, using a custom-
made beveled glass cannula (outer diameter, 0.4 mm; inner diameter, 0.32 mm; Hilgenberg). For in vivo imaging, mice were intubated
and anesthetized with 2% isoflurane in 100% oxygen. A drop of 0.4% pilocarpine (Pilomann; Bausch & Lomb) in saline was placed on
the cornea shortly before imaging to limit pupil dilation and iris movement. Animals were fixated and kept on a heating pad during the
imaging procedure. Repetitive in vivo imaging was performed at indicated time points on an upright laser scanning microscope
(LSM780 NLO; Zeiss) with a water dipping objective (W Plan-Apochromat 20 x /1.0 DIC M27 75 mm; Zeiss) using vidisic eye gel
(Bausch & Lomb) as immersion. Z stacks of entire organoids were acquired at 1.5 um intervals by detection of 633 nm laser back-
scatter. Additionally, FITC-Dextran (0.2 mg/ml in 100 ul PBS, Thermo) was injected into the tail vein to visualize blood vessels.
Dextran was excited at 488 nm and detected at 468-607 nm. Z stacks were processed using Imaris 8.1 software (Bitplane AG)
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and Fiji. Mice were sacrificed and eyes were collected 5 weeks after PDLO engraftment. Tissue specimens were fixed in 4% phos-
phate-buffered paraformaldehyde for 30 min at RT and then incubated in 25% sucrose solution o/n at 4°C. Eyes were embedded in
Tissue-Tek OCT (Sakura Finetek) compound and snap-frozen in liquid nitrogen.

Orthotopic transplantation of PDLOs

For xenotransplantation of PDLOs into the pancreas, NSG mice were used. PDLOs between d27 and d31 were harvested and singu-
larized as described above. After washing in BE3 medium, PDLO cells were resuspended in PDLO medium phase Il supplemented
with 20 uM Y-27632 and GFR-Matrigel in a 1:1 ratio. Aliquots with cell/Matrigel mixture were kept on ice until applied for
transplantation.

Mice were pain mediated starting three days before transplantation by addition of 1 mg/ml Tramadol (Griinenthal) to the drinking
water. After anesthesia with isoflurane the transplantation site was disinfected with skin antiseptic. A small 0.8 cm long cutaneous
midline incision was made and subsequently a small subcutaneous pocket was prepared. After a 0.8 cm small incision into the peri-
toneum, the pancreas was mobilized and exposed. A volume of 40-50 pl with 0.5-1 x10° PDLO cells was injected per mouse directly
into the pancreatic tail. Carefully, pancreas and spleen were repositioned in the abdomen before the peritoneum was closed by med-
ical sewing using 5-0 polyglactin coated vicryl suture (Ethicon). Surgical staples were used for closing the skin and removed one week
after transplantation, when also Tramadol treatment was stopped. For oncogene induction, Dox was added in a final concentration of
400 pg/ml to the drinking water supplemented with 5% sucrose starting the day of transplantation. Mice were sacrificed after eight
weeks and pancreata were collected and processed for histological analysis. Similarly, as described in the paraffin embedding of
PDLOs section, tissue samples were fixated, dehydrated, embedded, sectioned, and mounted.

All animal experiments were performed in compliance with the institutional guidelines, under ethical and animal protection regu-
lations of UIm University.

Paraffin embedding of PDLOs

PDLO cultures were washed with PBS and 4% PFA with 100 mM sucrose was directly added to the wells for fixation. After incubation
at 4°C o/n, PFA was removed carefully and PDLOs were washed twice with PBS. By scratching with a pipet tip, all organoids were
removed from the well, transferred to a tube and centrifuged at 1000 x g for 3 min. Samples were pre-embedded in 2% agarose
(Sigma) and further processed according to standard histology procedures. After serial dehydration, PDLOs as well as pancreas tis-
sue samples were embedded in paraffin and sectioned at 4 um. Tissue slices were mounted on SuperFrost Ultra Plus microscope
slides (Thermo).

Histological standard techniques

Histological staining including Hematoxylin and Eosin (H&E) staining as well as Alcian Blue (AB) and Alcian Blue+Periodic Acid-Schiff
reaction (AB+PAS) were performed according to standard protocols. In brief, after deparaffinization and hydration AB staining was
done by incubating 3 min in 1% acetic acid solution (Sigma), 5 min in Alcian Blue (Roth) and rinsed shortly first with 1% acetic acid
solution and then with tap water. Nuclei were counterstained with 0.1% Nuclear Fast Red solution (Merck) for 10 min and washed with
dH,O. After dehydration slides were embedded in Entellan (Merck).

For AB+PAS staining procedure was identical but after washing with 1% acetic acid solution and tap water another short washing
step with dH,O was necessary before incubation with periodic acid solution (Sigma) was performed for 5 min. Slides were rinsed
three times in dH,0, incubated in Schiff’s reagent (Merck) for 15 min and washed with running tap water for 5 min. Finally, 20% Hae-
matoxylin was applied for 90 s, slides were washed with running tap water for 5 min, dehydrated and embedded in Entellan.

IF and IHC staining on paraffin tissue sections

Paraffin sections of PDLOs or pancreatic tissue were rehydrated in ethanol series followed by either heat-mediated or enzymatic an-
tigen retrieval, depending on the antibody (Methods S4). Commercial Tris buffer (pH 9) or Citrate buffer (pH 6, both Vector Labora-
tories) were used for heat mediated antigen retrieval in the microwave or steamer, while a self-made Citrate buffer (pH 6, 1.9 g/ citric
acid; Sigma) was used in the pressure cooker. For enzymatic antigen retrieval, sections were treated with 0.05 mg/ml pronase
(Sigma) for 30 min at 37°C.

To continue with immunofluorescence (IF) staining, tissue permeabilization was performed with 0.5% Triton X-100/PBS (PBS-T) for
30 min at RT. After washing twice, primary antibodies diluted in Antibody Diluent (Zytomed) were added to the slides, which were then
incubated o/n at 4°C in a wet chamber. After washing three times with PBS-T for 5 min, slides were stained with Alexa Fluor second-
ary antibodies (Thermo) and 500 ng/ml DAPI diluted in Antibody Diluent for 90 min at RT in the dark. Slides where washed three times
with PBS-T and finally with dH,O before sections were mounted with Fluoromount-G (SouthernBiotech).

For immunohistochemistry (IHC) staining, antigen retrieval was directly followed by incubation with primary antibody solution for
30 min at RT in a wet chamber. Slides were washed and antibody detection was performed applying the Dako Detection Kit (ABC,
Dako); different secondary antibodies were used to detect goat or rat IgGs (Vector Laboratories). In brief, slides were incubated first
with a biotinylated secondary antibody, washed and next incubated with Streptavidin both for 30 min at RT. After another washing
step, slides were incubated with Red Detection Dye for 3-16 min depending on antibody recommendation, counterstained with 20%
Hematoxylin solution (Merck) for 30 s, washed with tap water for 5 min and finally mounted with Aquatex (Merck).
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IF staining on cryo sections

PDLOs were frozen in Shandon Cryomatrix (Thermo) and stored at —20°C as described previously (Molnar et al., 2020). Cyrosections
of 7 um thickness were cut, fixed in 4% PFA-PBS and washed in 1x TBS. For staining of CFTR (Alomone) and Occludin (Thermo)
(Methods S4), antigen retrieval was performed in Sodium Citrate/Tween20 buffer (0.001 M Sodium Citrate Buffer, pH 6.0 and
0.05% Tween20) at 94°C for 30 min. During antigen retrieval, the slide was placed in a glass flask and the temperature was controlled
on a heating block with a thermometer. Sections were blocked with 0.1% goat serum and 10% BSA-TBS for 1 h. Incubation with
primary antibodies was performed o/n at 4°C. Incubation with Alexa Fluor secondary antibodies was performed at RT for 2 h. Sec-
tions were sealed with ProLong Gold Antifade Mounting Medium with DAPI (Thermo) then left to dry. Images were captured with a
Zeiss LSM880 confocal microscope using a 40x oil immersion objective (Zeiss, NA: 1.4).

IF analysis of the eyes was performed on serial cryo sections of 8 um. Frozen tissue slices were rehydrated for 10 min with PBS and
quenched for 15 min using 100 mM Glycine (Sigma). Permeabilization and blocking were performed in 5% DS and 2% BSA in PBS-T
(0.05% Tween20 in PBS) for 1 h. Subsequently, tissue sections were incubated with the primary antibodies diluted in 5% BSA/0.2%
Triton X-100/PBS o/n at 4°C. Slides were washed three times for 5 min each with PBS-T followed by incubation with the secondary
antibody solution supplemented with, 500 ng/ml DAPI for 1 h. Again, slides were washed, twice with 0.2% Triton X-100/PBS and
once with PBS for 10 min each, and sections were mounted with Fluoromount-G. Fluorescence images were acquired on a Zeiss
Axioscope2 microscope with ApoTome and Axiovision software was used for analysis. Imaging of IHC staining was performed
with Olympus CKX41 microscope. Specific staining conditions for each antibody are listed in Methods S4.

B-Galactosidase staining

Organoids were washed with PBS and fixed in 4% PFA with 100 mM sucrose for 30 min at RT. Organoids were removed from the well
by scratching with a pipet tip and transferred to a tube. After centrifugation at 1000 x g for 3 min supernatant was removed and or-
ganoids were incubated in 25% sucrose solution o/n at 4°C with rotation. After embedding in Tissue-Tek OCT compound, samples
were frozen and stored at —80°C until serial cryo sections of 8 um thickness were cut. Staining was done with the Senescence
B-Galactosidase Staining Kit (Cell Signaling) according to manufacturer’s instructions. In brief, staining solution was freshly prepared,
adjusted to pH between 5.9 and 6.1 and added onto the slides. After incubation o/n (14-16 h), slides were carefully washed with PBS,
mounted with Aquatex and finally imaged with an Olympus CKX41 microscope.

Processing of images

Most BF, H&E, IHC, and IF images were cropped and brightness and contrast were modified using Photoshop or Imaged for
improved illustration. For IF staining, the single channels were modified, and compositions were created afterwards. All modifications
were applied to the whole image and modified images clearly reflect the original images.

DNA isolation of FFPE tumor tissue

Tumor tissue (KRAS®'2P PDAC 1 and CDKN2AKYKO KRASE2P PDAC |, Ill) was isolated from formalin-fixed paraffin embedded
(FFPE) tissue by microdissection using fine needles. DNA was isolated from that tissue with an adapted version of the Maxwell
RSC Blood Kit (Promega). Briefly, FFPE tissue was incubated in incubation buffer (Promega) for 10 min at 80°C under agitation. After
cool-down on ice, ProteinaseK (20 mg/ml, Sigma) was added and samples were incubated o/n at 65°C with gentle agitation. Sub-
sequently, lysis buffer (Promega) was added and samples were incubated for 30 min at 65°C, cooled down on ice, and further pro-
cessed on a Maxwell RSC instrument according to manufacturer’s instructions. Eluted DNA was quantified using Qubit dsDNA HS
reagents (Thermo Fisher).

Low coverage whole genome sequencing (IcWGS) of hESC lines and FFPE tissue

DNA isolated from FFPE tumor tissue was sequenced together with DNA from their respective parental cell line (HUES8 KRA
and HUES8 CDKN2AKY%C KRASE'2P) |n addition, HUESS cells prior to piggyBAC gene editing were sequenced. Library preparation
was performed with 50-200 ng DNA per sample using the NEBNext Ultra [| FS DNA Library Prep Kit for lllumina following the man-
ufacturer’s instructions. An adapted library preparation protocol was used for low-input (< 50 ng) or FFPE-isolated DNA. In this case,
AMPure XP bead purification was omitted after adaptor ligation and all DNA bound to AMPure XP beads (reaction volume:bead ratio:
0.8) directly eluted into PCR Mastermix. Further, denaturation, annealing and extension cycle number was varied according to DNA
input (50-200 ng DNA: 4 cycles, < 50 ng DNA/ FFPE: 6 cycles). Samples were sequenced on NextSeq 500 (lllumina), resulting in ~20
Mio. single-end, 75 bp long, reads per tumor sample and ~10 Mio. reads per parental cell lines. Resulting reads were trimmed using
“Trimmomatic* [version 0.39] (Bolger et al., 2014) and mapped to the human reference genome GRCh38.p12 using “bwa mem”
[version 0.7.17] (Heng, 2013). “Sambamba” [version 0.7.0] (Tarasov et al., 2015) was used to identify read duplicate and the
“GATK” toolkit [version 4.1.4.1] (Poplin et al., 2018) was used for base recalibration. Data from the parental hESC lines served as
control for calling of somatic copy number alterations using the “CopywriteR” [version 2.16.0] package in R (Kuilman, 2020) (window
size: 20kb, otherwise default settings). Raw sequencing data are available under the accession number PRJEB42190. Copy number
alterations with a cut-off of log, (PDAC/parental cell line) > 10.75l can be found in Table S4.
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Cancer-panel sequencing

DNA from CDKN2AK?KO KRAS®'2P PDAC Il was isolated as described above with the difference that laser microdissection was per-
formed instead of fine-needle microdissection. DNA was subsequently sequenced with a targeted sequencing approach using QIA-
seq V3 chemistry (QIAGEN) and the Human Comprehensive Cancer Panel (QIAGEN). Target enrichment, amplicon processing, and
library generation were performed according to the manufacturer’s instructions. For target enrichment, we included 40 ng genomic
DNA. Successful target enrichment and library generation was controlled using the High Sensitivity DNA kit on a bioanalyzer device
(Agilent). Libraries were diluted to 10 pM solutions and sequencing was performed on a MiSeq platform (lllumina) using a V3 FlowCell.
The resulting FASTQ files were further analyzed to identify somatic mutations using a common workflow in the CLC Genomic Work-
bench [version 20.0.3] (QIAGEN). The mean read depth on target regions was about 3000-fold, and 95% of bases reached a UMI
depth of > 100x. All identified mutations were manually reanalyzed using the Integrated Genome Viewer Software (Broad Institute)
(Robinson et al., 2011; Cho et al., 2012). The parental cell line was Sanger-sequenced (Eurofins Genomics) for the identified P535947
mutation and no mutation could be detected in the parental cell line.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
In general, data summarize three independent experiments (independently started differentiations) with each analysis performed in
duplicate (two wells per condition), unless otherwise stated.

Statistical analysis was performed using the GraphPad Prism 8 software, if not stated elsewise, and detailed information regarding
the different applied tests are indicated in the figure legends. Statistical significance was defined as follows: * P value < 0.05, ** P
value < 0.01, *** P value < 0.001, **** P value < 0.0001.

RNA-seq data analysis

Processing and generation of DEG lists

Raw sequencing data are available under the accession number PRJEB38015. Gene annotations of the human reference genome
GRCh38 were derived from the Gencode homepage (EMBL-EBI). “Dropseq tool” [version 1.12] (Macosko et al., 2015) was used for
mapping raw sequencing data to the reference genome. The resulting UMI filtered count matrix was imported into R [version 3.4.4].
Prior differential expression analysis with “DESeq2” [version 1.18.1] (Love et al., 2014), dispersion of the data was estimated with a
parametric fit using the day of differentiation (d0, d3, d13, d20, d24, d30, d45, d59, and ductal controls) as covariate in the model
matrix.

The Wald test was used for determining differentially regulated genes between all pairwise group comparisons and shrunken log,
fold changes were calculated afterward, with setting the type argument of the “IfcShrink” function to “apeglm” (Pairwise compar-
isons are listed in Table S2). A gene was determined to be differentially regulated if the absolute log, fold change was at least 2
and the adjusted P value was below 0.01.

Deviating from this setting, the absolute log, fold change threshold was set to 1 while keeping the same alpha level for comparisons
between d20 versus d13 and d59 versus d30, and the absolute log, fold change threshold was set to 0 for the comparison between
0.00 uM and 0.05 uM MSC2530818 d20. Overrepresentation analyses of the differentially regulated genes from depicted pairwise
comparisons were conducted using “EnrichR” (Kuleshov et al., 2016) within the KEGG, GO-term, Reactome, and BioCharta com-
mon database. Rlog transformation of the data was performed for visualization and further downstream analysis.

Reanalysis of publicly available data

Within this study 15 reference gene lists from seven different studies were implemented (listed in Methods S5). Ten gene lists were
directly retrieved from the literature, one gene set for pancreatic progenitors (Xie et al., 2013), three gene sets for trunk cells (De Lich-
tenberg et al., 2018; Krentz et al., 2018), and six gene sets for putative ductal subpopulations (Qadir et al., 2020). Gene sets from (De
Lichtenberg et al., 2018) were compiled by filtering the published pairwise comparisons of a putative trunk domain against either tip
(trunk1) or early-endocrine (trunk2) cells by a P value lower than 0.05 and sorting according to the 100 genes with the highest fold
change (FC).

Five additional gene sets were compiled from raw data. A second pancreatic progenitor gene set was generated from FASTQ files
(friendly provided by Neil Hanley) (Gerrard et al., 2016). Data was mapped to the human reference genome GRCh38 and the Gencode
gene annotation [v29] with “Star aligner® version 2.6.1.c] (Dobin et al., 2013). Prior mapping sequencing reads were trimmed with
“Trimmomatic* [version 0.36] (Bolger et al., 2014). Bases at the start and end of each read, for which the “phread” score was below
25 were removed. Furthermore, reads were clipped if the average quality within a sliding window of 10 fell below a “phread” score of
25. Conclusively, reads smaller than 50 bases were removed. “FeatureCounts” from the “Subread” package [v1.6.3] (Liao et al.,
2019) was used to get sample wise gene counts in the stranded mode having the parameter “ignoreDup” set to “False.” Resulting
gene count lists were imported into R and quantile normalized with “Limma” (Ritchie et al., 2015) using the organ description as co-
variate during model fitting. Organ specific gene lists have been generated by pairwise comparisons between all investigated organs.
All genes found significant in at least on pairwise comparison at an FDR level of 0.05 were subsequently sorted according to their
peak expression to assign organ specific gene lists comprising of 100 genes.

Duct-specific gene lists have been generated using scRNA-seq data. For the first dataset (Enge et al., 2017), raw transcript count
matrix and annotation data including donor age and cell type clustering information were downloaded from the GEO databank under
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accession number GSE81547. The dataset contained 2527 cells and 23359 genes and for downstream analysis python package
“scanpy” (Wolf et al., 2018) was used. For preprocessing, cells with less than 300 counts, cells with less than 300 expressed genes,
and genes expressed in less than 10 cells were filtered out. Normalization of the preprocessed raw data was performed using “scran”
(Lun et al., 2016) and batch correction for donors was performed using “ComBat” (Johnson et al., 2007). Cluster were assigned as in
the original publication (acinar, ductal, mesenchymal, alpha, beta, delta, and unsure). The top 4000 genes with the highest variance
were selected to generate UMAPs (Mcinnes et al., 2018). Marker genes were identified using “sc.tl.rank_genes_groups” function
(Wolf et al., 2020) for each cell type with default parameters except for “groupby” set to “Celltype.” To generate reference input lists
a P value lower than 0.01 was used as threshold and the top 100 genes with highest FC were subsequently used for GSEA.

For the second scRNA-seq dataset (Baron et al., 2016), the raw transcript count matrix and annotation data was downloaded from
the GEO databank under accession number GSE84133. The dataset contained 8569 cells and 20125 genes. Preprocessing including
filtering, normalization, and batch correction was done exactly as described above. Clustering of cells was redone in this study: Cells
were clustered using the Louvain algorithm (Traag, 2015; Blondel et al., 2008; Levine et al., 2015) implemented with “scanpy.tl.lou-
vain” function with resolution = 1.0 and further parameters set as default. The clusters obtained from Louvain algorithm were merged
into new custom clusters. As part of reclustering, we only focused on cells of interest (acinar, ductal, alpha, beta, combined gamma-
epsilon, and delta cells), while omitting non-parenchymal cells (stellate, endothelial, immune, and unknown cells). Subsequent steps
including identification of marker genes were identical as in the first sScRNA-seq dataset.

From the second scRNA-seq dataset, we additionally generated ductal subpopulation-specific gene lists by assigning CFTR™S"
MUCT"Y and CFTR"" MUC1"" cell clusters based on the original publication. For that, cells were ranked once according to their
expression of CFTR and a second time according to their expression of MUC1. The difference in ranks was calculated and all cells
with a rank score difference (rank_CFTR_minus_MUC1) of at least 100 were assigned to a “ductal_CFTR” cluster and vice versa.
Remaining cells were assigned to a third “ductal_other” cluster, which was not further investigated. The additional ranked marker
gene list was calculated using the “sc.tl.rank_genes_groups” function (Wolf et al., 2020) for each cell type with “groupby” set to
“subClusters” and “groups” set to [“ductal_MUC1,” “ductal_CFTR,” “ductal_other”] in order to compare “ductal_CFTR* versus
“ductal_MUC1.” To generate the respective reference input lists a P value lower than 0.01 was used as threshold and all genes, ful-
filling the P value criteria (less than 100), were subsequently used for GSEA.

Gene set enrichment analysis (GSEA, Broad Institute)

Gene lists for pairwise comparisons were ranked using logs(“FC_Shrink-apeglm”) and ranked lists were analyzed with the “GSEAP-
reranked” tool of GSEA [version 4.0.3] (Subramanian et al., 2005) using except for the Collapse parameters (“No_collaps”) default
settings including 1000 permutations with a weighted statistical analysis. For comparison with reference gene sets, gene lists
have been either directly compiled from literature or raw data has been reanalyzed as indicated above. A complete list of applied
gene sets can be found in Methods S5.

Cell type deconvolution using cell population mapping (CPM)

A recently published cell population mapping algorithm for cell type deconvolution (Frishberg et al., 2019) was implemented with the
help of the R package “scBio.” Our Rlog transformed bulk RNA data matrix was used in conjunction with the processed scRNA-seq
dataset to determine similarity scores of PDLOs (d30) and human primary ductal organoids with the distinct cell types of a human
adult pancreas (Enge et al., 2017). Prior running the CPM algorithm, the bulk RNA dataset was reduced to the number of genes
that have been used to generate the UMAP representations for the scRNA-seq data (see above).

Heatmap of most significant genes

A heatmap of stage-specific significant genes was generated based on a data matrix including only samples of the time course of
differentiation (d0, d3, d13, d20, d24, d30, d45, and d59). Read counts were processed as described above. All genes with a P value
< 0.01 and a log>FC > 2 in at least one pairwise comparison between different time points were ordered according to their peak
expression value (Stage-specific Peak expression is listed in Table S1).

Heatmap of target genes/proteins and ward clustering

Heatmaps to illustrate target gene or protein expression were conducted using the packages “pheatmap” for plotting and the pack-
age “biomaRt” for retrieval of gene sets from common databases. The function “pheatmap” was used with parameter “scale” set to
“row” and “clustering_method” set to “ward.D” and with further parameters set as default. To cluster all samples of the RNA-seq
experiment the same function was applied on the entire data matrix containing all processed (15630) genes.

Proteome data analysis

Acquired raw files were mapped with “Maxquant” [version 1.5.7.4] (Cox and Mann, 2008) against the UniProtKB human reference list
(downloaded 22.07.2013). For the search settings, up to 2 missed cleavages were allowed, carbamidomethylation was defined as a
fixed modification and oxidation of methionine as well as N-terminal protein acetylation were set as variable modifications. Reporter
ion MS3 was set as quantification type and TMT10plex as isobaric labels. The first search peptide tolerance was set to 20 ppm and
the main search peptide tolerance was set to 4.5 ppm. Results were filtered by setting the protein and peptide false discovery rate to
1% using a classical target-decoy approach. All the following data analysis was performed using R [version 6.1.7601]. From the
“Maxquant” output, all reversed and “only identified by site” protein entries were filtered out and the log, reporter ion
intensities of the three replicates were further “ComBat” (Johnson et al., 2007) adjusted with the ‘“‘sva” package [version 3.30.1]
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(Leek et al., 2012) to correct for batch effects across the measured samples. P values were calculated with the “limma” package
[version 3.38.3] and corrected for multiple testing using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995) (Compar-
ison of protein expressionis shown in Table S3).

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol
et al., 2019) partner repository with the dataset identifier PXD018785.

RNA-proteome data comparison

To adjust for different modes of measurement in RNA-seq and full proteome (read counts versus protein intensities), the normalized
counts per million (CPM) values and the batch effect corrected reporter ion intensities were normalized with the modified “MComBat”
procedure (Frejno et al., 2017) based on the protein data and the correlation was further visualized by histogram plots (package
“ggExtra,” [version 0.8]).
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