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Abstract

Intra-tumoral heterogeneity and cellular plasticity have emerged as hallmarks of cancer, including
pancreatic ductal adenocarcinoma (PDAC). As PDAC portends a dire prognosis, a better
understanding of the mechanisms underpinning cellular diversity in PDAC is crucial. Here, we
investigated the cellular heterogeneity of PDAC cancer cells across a range of in vitro and in vivo
growth conditions using single-cell genomics. Heterogeneity contracted significantly in 2D and
3D cell culture models but was restored upon orthotopic transplantation. Orthotopic transplants
reproducibly acquired cell states identified in autochthonous PDAC tumors, including a basal
state exhibiting co-expression and co-accessibility of epithelial and mesenchymal genes. Lineage-
tracing combined with single-cell transcriptomics revealed that basal cells display high plasticity
in situ. This work defines the impact of cellular growth conditions on phenotypic diversity and
uncovers a highly plastic cell state with the capacity to facilitate state transitions and promote
intra-tumoral heterogeneity in PDAC.

Significance

This work provides important insights into how different model systems of pancreatic ductal
adenocarcinoma mold the phenotypic space of cancer cells, highlighting the power of in vivo
models.

Keywords

pancreatic ductal adenocarcinoma; cancer models; plasticity; differentiation; intra-tumoral
heterogeneity; cell state transition

Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a dismal prognosis, with a 5-year overall
survival of 10% (1). Cancer cell plasticity — the capacity to undergo cell state transitions

via non-genetic differentiation mechanisms — promotes tumor progression and is a major
cause of treatment failure (2,3). Plasticity is a requisite for the emergence and maintenance
of intra-tumoral heterogeneity, the property of tumors to contain discrete cell states with
distinct functional properties such as states with intrinsic or acquired resistance to therapy
(3,4). Thus, understanding the heterogeneity and plasticity of cancer cell states in PDAC and
in other cancers is of great biological and clinical significance.
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Extensive genomic characterization of PDAC has revealed a largely homogenous mutational
landscape, with recurrent alterations in KRAS, TP53, CDKNZA, and SMAD4 as the
dominant oncogenic and tumor suppressor alterations (5). In contrast to the relatively
uniform genomic landscape, PDAC tumors exhibit considerable inter- and intra-tumoral
transcriptional diversity. The intertumoral heterogeneity of PDAC may be in part due

to differences in the cell of origin (6), the underlying tumor epigenetic landscape

(7), or specific tumor suppressors (8). Multiple transcriptional subtypes derived from
either bulk or micro-dissected tumor samples have been described (9-12). The most
reproducible molecular subtypes identified across different classifications are a basal-like
and a classical subtype; these expression signatures also correlate with prognosis and

may serve as important clinical biomarkers (13,14). Furthermore, a subset of PDAC cells
undergoes epithelial-mesenchymal transition (EMT), which promotes tumor progression
and treatment resistance (15-17). More recently, several studies have leveraged single-cell
RNA-sequencing (scRNA-seq) to demonstrate that the classical, basal, and mesenchymal
cell states can co-exist within individual tumors (18-21). Little is known about the lineage
relationships and plasticity of these transcriptionally defined cell states in PDAC tumors in
situ.

Genetically engineered mouse models (GEMMs) provide a unique platform for functional
interrogation of cancer cell states /7 sifu in autochthonous tumors that, like human cancers,
evolve in the context of the relevant tissue site and a functional immune system (22).

In commonly used PDAC GEMMs, Cre or Flp recombinase is placed under the control

of the pancreatic epithelial progenitor-specific PaxI promoter allowing somatic activation
of oncogenic KrasG12D and directed perturbation of 7/p53 (herein KPC and KPF mice,
respectively) in pancreatic epithelial cells (23-25). These models mimic KRAS-driven
human PDAC at molecular and histopathological levels, including key hallmarks such

as desmoplastic stroma, an immunosuppressive microenvironment, and cancer cell state
heterogeneity (23,24,26,27). Given their widespread use, understanding the extent to which
these PDAC GEMM s recapitulate cell state heterogeneity of human tumors is of great
importance.

In addition to autochthonous GEMMs, PDAC is commonly studied in 2-dimensional (2D)
and 3D organoid cell culture conditions and by orthotopic transplantation of cell lines

or tumor fragments (28,29). The degree to which these models recapitulate the plasticity
and heterogeneity of primary autochthonous tumors is incompletely understood. Elegant
recent work by Raghavan et al. demonstrated that human PDAC cells isolated from primary
tumors or metastases undergo dramatic phenotypic shifts in ex vivo culture conditions (20).
Interestingly, the cell states acquired in culture shifted in response to changes in culture
conditions and to the addition or withdrawal of specific growth factors, suggesting that
PDAC cells are plastic /n vitro (20). However, whether PDAC cells propagated in these

in vitro culture systems are capable of reconstituting the heterogeneity of autochthonous
tumors upon transplantation is unknown. This is of particular importance, given that 2D
and 3D culture systems are often necessary intermediates for expanding the number of cells
or incorporating candidate gene perturbation systems, reporters, or other genetic elements
into cells. These questions have broad significance beyond PDAC — yet, to our knowledge,
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a systematic comparison of cell state heterogeneity across autochthonous tumors and cell
culture conditions, as well as transplants derived from these growth conditions, has not been
performed in any cancer context.

Methods

Animal Studies.

All animal studies were approved by the MSKCC Institutional Animal Care and Use
Committee (protocol # 17-11-008). MSKCC guidelines for the proper and humane use

of animals in biomedical research were followed. All genetically engineered mice were
maintained on C57/-black 6 and Sv129 mixed backgrounds. Autochthonous KPCT mice
were generated by crossing previously published KrastSL-G12D/# (30), Trp5370x/flox (31),
Pax1-Cre (23), and Rosa26-SL-1aTomato mice (32). For Lgr5 co-expression studies, the KPCT
mice above were crossed with £ gr5CFP-IRES-CreER/ renorter mice (33). Basal-cell state
lineage tracing was performed by generating autochthonous tumors by crossing previously
published KrasFSF-G12D/* (34), Trp53" (35), Pdx1FIPO* (36), Rosa26™TMG/* (37), and
Lgr5CTeER (38) mice to generate KPF; Rosa™TmG/* - [ gr5CreER/CIEER mice. Mice were
genotyped at ~2 weeks of age and tumor bearing mice euthanized for tumor harvest at

7-9 weeks of age when demonstrating PDAC symptoms (distended abdomen, weight loss,
hunching).

Orthotopic models.

NSG or first-generation (F1) C57/black 6 x Sv129 hybrid mice were used as transplant
recipients. The following types of transplants were generated: ~3mm PDAC fragments
generated from KPCT primary tumors following previously described method (39); or

by implantation of tumor cells derived from KPCT primary PDAC tumors following a
previously described method (40). For the latter, either 10,000 unsorted tumor cells, 10,000
FACS isolated tdTomato™ tumor cells, or 200,000 cells from primary murine 2D or 3D
(Matrigel) cell cultures collected after eight passages were orthotopically implanted into the
tail of the pancreas. Presence of tumors was confirmed by small animal high resolution
ultrasound imaging (HRUSI) (Vevo 2100, Visual Sonics). Animals were monitored weekly,
and tumors were harvested when they reached 1 cm3 or if the animal fulfilled criteria for
humane euthanasia.

Lineage-tracing.
Autochthonous KPF; Rosa26MTmG/* - | grsCreER/CIeER tymor-bearing mice were genotyped
and monitored as above. For autochthonous lineage tracing experiments, tumor-bearing mice
were treated with a single dose of tamoxifen (200 mg/kg via oral gavage) at 6.5 weeks
of age and tumors were harvested either 3-days or 10-days after tamoxifen administration.
For fragment-based lineage tracing experiments, tumors were harvested from autochthonous
KPF: Rosa26mTmG/* . | gr5CreER/CreER tymor-bearing NSG mice. Tumor implantation and
growth was confirmed by ultrasound 7 and 14 days after transplantation, at which point
fragment-bearing mice were administered a single dose of tamoxifen (200 mg/kg via oral
gavage). Tumors were harvested at 3, 10, and 20 days following tamoxifen administration.
Day 3 was chosen as the baseline timepoint to account for conversion of tamoxifen to its
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active metabolite, 4-hydroxytamoxifen (4-OHT), to allow time for successful recombination
and expression of GFP in lineage-traced cells, and washout of 4-OHT. Tamoxifen was
dissolved in corn oil slurry at 20 mg/mL and incubated at 55 C for 1 hour until fully
dissolved.

Isolation of tumor cells.

To dissociate tumors into single-cell suspensions, primary KPCT and KPF; Rosa™mG/+
Lgr5CTeER/CIEER tymors were finely chopped with scissors and incubated with digestion
buffer containing collagenase IV (17104019, ThermoFisher Scientific, 0.1 U/ml), Dispase
(#354235, Corning, 0.6 U/ml), DNase | (#69182-3; Sigma Aldrich, 10 U/ml), and Soybean
Trypsin Inhibitor (#T9003, Sigma Aldrich, 0.1 mg/ml) dissolved in HBSS with Mg2* and
Ca?* (#14025076, Thermo Fisher Scientific) in gentleMACS C Tubes (Miltenyi Biotec)

for 42 min at 37°C using the gentleMACS Octo Dissociator (#130-096-427, Miltenyi
Biotech). Following enzymatic dissociation, samples were washed with HBSS + Mg2* and
Ca?* and filtered through a 100 um cell strainer and spun at 300 g for 5 min at room
temperature. Cells were then washed with media and pelleted at 300 g for 5 min at 4°C.

The supernatant was removed, and the pellet resuspended in Fluorescence-Activated Cell
Sorting (FACS) buffer media (200 mM EDTA with 2% of heat-inactivated FBS in PBS)
before being passed through a 40 um strainer. At this point cells were used for direct
orthotopic transplantation, for generation of 2D and 3D cell lines, or were prepared for
FACS. For FACS staining, cell suspensions were blocked for 5 min at room temperature
with rat anti-mouse CD16/CD32 (Mouse BD Fc Block, #553142, BD Biosciences) in FACS
buffer, and incubated for 30 min with a mix of four APC-conjugated antibodies binding
CD45 (#559864, BD Biosciences, 1:500), CD31 (#561814, BD Biosciences, 1:500), CD11b
(#561690, BD Biosciences, 1:500), and TER-119 (#561033, BD Biosciences, 1:500) as well
as 300 nM DAPI as a live-cell marker. Sorting was performed on a BD FACSAria sorter (BD
Biosciences) for either (CD45/CD31/CD11b/TER119)/tdTomato*/DAPI live cells (KPCT
mice) and/or for (CD45/CD31/CD11b/TER119) /tdTomato*/GFP*/DAPI" live cells (KPF;
RosamTmG/* - | gr5CreER mice) in lineage-tracing experiments. Sorted cells were collected
directly into S-MEM with 2% of heat-inactivated FBS for scRNA-seq or for sSCATAC-seq.
For scRNA-seq sequencing, individual tumor cell suspension were incubated for 30 min
with hashtag oligonucleotide-conjugated antibodies (see Supplement) in addition to FACS
antibodies.

Droplet-based scRNA-seq.

PDAC tumors were harvested, dissociated, and tumor cells isolated by FACS as described
above. The scRNA-seq of FACS-sorted cell suspensions was performed using the 10X
Genomics Chromium platform according to user guide manual for 3" v3. Briefly, FACS-
sorted cells were washed once with PBS containing 1% bovine serum albumin (BSA) and
resuspended in PBS containing 1% BSA to a final concentration of 700-1,300 cells per
ul. The viability of cells in all experiments was above 80%, as confirmed with 0.2% (w/v)
Trypan Blue staining (Countess I1). Cells were captured in droplets. Following reverse
transcription and cell barcoding in droplets, emulsions were broken and cDNA purified
using Dynabeads MyOne SILANE followed by PCR amplification as per manufacturer’s
instructions. Between 20,000 to 25,000 cells were targeted for each sample. Samples were
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multiplexed together in droplet formulation lanes following the TotalSeq B cell hashing
protocol (41). Final libraries were sequenced on Illumina NovaSeq S4 platform (R1 - 28
cycles, i7 — 8 cycles, R2 — 90 cycles). Detailed computational analysis is described in the
Supplement.

Single-cell assay for transposase-accessible sequencing (ATAC-seq).

Cancer cells were isolated from autochthonous KPCTPDAC tumors by flow cytometry as
above and frozen in Bambanker Cell Freezing Medium (Lymphotec, catalog #302-14681)
and stored in a liquid nitrogen freezer until use. Single-cell libraries were prepared

using 10x Genomics sc ATAC-seq protocol from 10x Genomics Chromium (Single Cell
ATAC Reagent Kits User Guide (CG000168, Rev A - v1 chemistry)). Briefly, cells were
centrifuged (300 g, 5 min, 4 °C) and permeabilized with 100 pl chilled lysis buffer (10 mM
Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 0.1% IGEPAL-CA630,
0.01% digitonin and 1% BSA). The samples were incubated on ice for 3-5 min and
resuspended in 1 ml chilled wash buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM
MgCl,, 0.1% Tween-20 and 1% BSA). After centrifugation (500 g, 5 min, 4 °C), the pellets
were resuspended in 100 pl chilled Nuclei buffer (2000153, 10x Genomics). Nuclei were
counted using a hemocytometer, and the nucleus concentration was adjusted to 3,000 nuclei
per ul. We used 15,360 nuclei as input for tagmentation. Nuclei were diluted to 5 pl with

1x Nuclei buffer (10x Genomics) and mixed with ATAC buffer (10x Genomics) and ATAC
enzyme (10x Genomics) for tagmentation (60 min, 37 °C). Single-cell ATAC-seq libraries
were generated using the Chromium Chip E Single Cell ATAC kit (10x Genomics, 1000086)
and indexes (Chromium i7 Multiplex Kit N, Set A, 10x Genomics, 1000084) following

the manufacturer’s instructions. Final libraries were verified using a TapeStation (Agilent).
Libraries were sequenced on a NovagqSeq6000 (Illumina) with the following read lengths:
50 + 8 + 16 + 50 (Readl + Index1 + Index2 + Read?2). Detailed computational analysis is
described in the Supplement.

Cell culture and reagents.

Primary 2D mouse cell lines were generated by harvesting and digesting autochthonous
KPCTPDAC tumors as described above and plating 100,000 cells in Advanced DMEM/F12
(Gibco) supplemented with 2 mM Glutamine, 500 ng/mL Pen/Strep, and 2% Heat-
Inactivated FBS. After 24 h, the media was changed to remove non-adherent cells and the
media was changed to Advanced DMEM/F12 with 2 mM Glutamine, 500 ng/mL Pen/Strep,
and 10% FBS. Cells were passaged using 0.05% Trypsin-EDTA (Gibco).

Primary 3D mouse cell lines were generated as previously described (28). In brief,
dissociated cells were seeded in growth-factor-reduced (GFR) Matrigel (BD) and grown

in enriched medium (Advanced DMEM/F12 medium supplemented with HEPES [1x,
Invitrogen], Glutamax [1x, Invitrogen], penicillin/streptomycin [1x, Invitrogen], B27 [1x,
Invitrogen], N-acetyl-L-cysteine [1 mM, Sigma], RSPO1-conditioned medium [10% v/v, a
kind gift from Calvin Kuo], Noggin recombinant protein [0.1 pg/ml, Peprotech], epidermal
growth factor [EGF, 50 ng/ml, Peprotech], Gastrin [10 nM, Sigma], fibroblast growth factor
10 [FGF10, 100 ng/ml, Preprotech], and nicotinamide [10 mM, Sigma]. For a subset of
experiments, organoids were grown in minimal media, including (Advanced DMEM/F12
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medium supplemented with HEPES [1x, Invitrogen], Glutamax [1x, Invitrogen], penicillin/
streptomycin [1x, Invitrogen], and 2% heat-inactivated fetal bovine serum.

Tissue histology and immunofluorescence.

Tumors were harvested at the experimental endpoints, fixed in 10% neutral buffered
formalin (Richard-Allan Scientific), embedded in paraffin, and cut into 5 pm sections. Slides
were heated for 30 min at 60°C, deparaffinized, rehydrated with an alcohol series and
incubated in Tris-EDTA antigen retrieval buffer (#E1161, Sigma-Aldrich) for 20 min in a
pressure cooker on 95°C . Sections were washed in PBS, permeabilized in 0.3% PBS-Triton
X-100 for 40 minutes, then blocked in PBS/0.1% Triton X-100 containing 2% BSA and

5% donkey serum (#D9663, Sigma-Aldrich). Primary antibodies were incubated overnight
at 4°C in blocking buffer. The following primary antibodies were used: RFP (#6g6,
ChromTech, 1:500), GFP (#ab5450, Abcam, 1:500), vimentin (#ab92547, Abcam, 1:500),
cytokeratin 17 (#4543, Cell Signaling, 1:250), galectin-4 (#PA5-34913, Thermo Scientific,
1:500). After washing with PBS, tissues were incubated with secondary antibodies
(#A-11055, #A-10042, #A-31571, ThermoFisher, 1:500) for 1 h at room temperature. After
staining slides were counterstained with DAPI (#D9542, Sigma Aldrich, 5 ug/ml) for 10
min and cover slipped with Mowiol mounting reagent. Hematoxylin and eosin (H&E) were
performed using standard protocols. Images were acquired using 20x or 40x objective on a
Zeiss Axio Imager Z2 and ZEN 2.3 software.

In Situ Hybridization.

Single-molecule mRNA /n situ hybridization was performed on formalin-fixed paraffin
embedded tissues using the Advanced Cell Diagnostics RNAscope 2.5 HD Detection
Kit (#322360, ACD) and probe Hs-Lgr5 (#312178, ACD) according to manufacturer’s
instructions.

Data Availability.

The data generated in this study are publicly available in Gene Expression Omnibus (GEO)
at GSE209599.

Results

In order to systematically interrogate PDAC cell state heterogeneity across distinct growth
conditions, we sought to employ a model that is genetically defined and incorporates a

cell state-agnostic marker for isolation of cancer cells. Thus, we generated Krast-SL-G12D/# .
Trn53110x/lox - paix1-Cre; Rosa26=-SL-tdTomato/+ (KpCT) mice, which reproducibly develop
PDAC by 6-8 weeks of age and where PDAC cells are marked by expression of tdTomato
fluorescent protein (Fig. 1A) (24,42). This is in contrast to two other commonly used KPC
models employing either 77p530%'* or Trn537172H/ gllelic configurations, where time to
adenocarcinoma transition is significantly more variable than in the 77p530X/flox model
(24). We isolated the tdTomato* PDAC cells from 15 tumor-bearing mice (aged 7-8 weeks)
and carried out an unsupervised survey of PDAC cell state heterogeneity using droplet-based
scRNA-seq (Fig. 1A). 14,392 cells passed stringent quality- control standards (Fig. 1B,
Supplementary Fig. S1, and Methods). Across mice, we observed a reproducible continuum
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of transcriptional cell states along an epithelial-mesenchymal axis (Fig. 1B, Supplementary
Fig. S2A). Unsupervised clustering identified three higher-order cell states: a classical
epithelial cell state, a basal epithelial cell state, and a mesenchymal cell state (Fig. 1B). We
found our classical classification was most similar to previously described human classical
signatures identified by Moffit et al., Collisson et al., and Raghavan et al. (10,12,20) (Fig
1C, Supplementary Fig S2B). Similarly, there was significant overlap with the murine basal
cell state and previously defined human basal signatures reported by Moffit et al. and
Raghavan et al. (12,20). Finally, the mouse mesenchymal state showed concordance with
human quasi-mesenchymal (10) and squamous (9) signatures (Supplementary Fig. S2B).

The classical, basal, and mesenchymal cell states do not represent discrete populations.
Instead, a Markov absorption-based classifier trained on a subset of cells (43,44) revealed
a predominance of intermediate or mixed cell state identities (Fig. 1D). Interestingly,
while we observed individual cells with mixed classical and basal phenotypes, and cells
with mixed basal and mesenchymal phenotypes, we did not observe cells with mixed
classical and mesenchymal transcriptional states (Fig. 1D). To systematically analyze gene
expression changes along the epithelial-mesenchymal axis, we created an unsupervised
pseudotemporal ordering of PDAC cells (Fig. 1E). We identified 3969 genes differentially
expressed along pseudotime, which could be divided into four main gene signatures broadly
corresponding with the classical, basal, and mesenchymal cell states (Supplementary

Fig. S2C,D; Supplementary Table 1). Gene signature analysis revealed that the classical
epithelial cell state was associated with markers of differentiated pancreatic epithelium,
such as mucins and glycosylation enzymes, whereas the basal cells were associated with
increased Kkeratin and laminin expression. Mesenchymal cells were characterized by the
upregulation of genes associated with the extracellular matrix and EMT (Fig. 1F and
Supplementary Fig. S2E).

To localize these cell states in their tissue context, we identified a set of marker genes
selectively expressed in each state and co-localized them with the tdTomato* cancer cells
in KPCTPDAC tissues (Fig. 1G and Supplementary Fig. S2D,F). Immunofluorescence
staining revealed the presence of the classical cells marked by galectin-4 (Lgals4) with a
columnar epithelial morphology. In contrast, basal epithelial cells expressing cytokeratin
17 (Krt17) tended to show more pronounced basement membrane contact. As expected,
most cells expressing the mesenchymal marker vimentin ( Vim) show a mesenchymal or
sarcomatoid morphology (Fig. 1G).

Collectively, our data suggest that autochthonous mouse PDAC tumors are composed

of three higher-order cell states: a highly differentiated cell state characterized by the
expression of classical and ductal markers (classical state), an intermediate epithelial

cell state expressing genes linked to basement membrane adhesion (basal state), and

a mesenchymal cell state characterized by the expression of extracellular matrix genes
(mesenchymal state). Notably, these cell states do not form discrete populations. Instead,
the PDAC cells form a continuum of transcriptional states along an epithelial-mesenchymal
axis, which defines cell state heterogeneity in KPCTPDAC tumors (Fig. 1H).
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The autochthonous KPC model is powerful, but the interrogation of candidate mechanisms
in sufficiently large cohorts of mice requires cost-, labor-, and time-intensive breeding. As
such, multiple cell-based model systems have been derived from the KPC model, which
enable tractable and rapid perturbation of candidates using genetic or pharmacological
approaches. To investigate how these models recapitulate heterogeneity observed in the
autochthonous KPC model, we harvested autochthonous tumors and processed them in
different ways for orthotopic transplantation into pancreases of immunocompromised NOD-
SCID-gamma (NSG) mice. These include (i) tumor fragments surgically attached onto the
host pancreas, (ii) dissociated cancer + stromal cell mix obtained after enzymatic tumor
digestion, (iii) tdTomato* tumor cells isolated by FACS from the cancer + stromal cell mix,
and primary (iv) 2D and (v) 3D-organoid cells lines derived from the model. All transplant
tumors were enzymatically digested and tdTomato™ PDAC cells were isolated by FACS,
followed by scRNA-seq (Fig. 2A). To facilitate direct comparison to autochthonous tumors,
we projected cancer cells isolated from the transplants into the autochthonous tumor gene
expression space (Fig. 2B, Supplementary Fig. S1, and Methods). In parallel, we used the
Markov absorption-based classifier (Fig. 1C) to measure the cell state composition of our
transplants (Fig. 2B,C; Supplementary Fig. S1 and Methods).

A granular analysis of the orthotopic transplants using the cell state classification shows
that all of the orthotopic models recapitulate the continuum of classical, basal, and
mesenchymal cells states observed in the autochthonous model (Fig. 2C, 2"d and 3rd
rows). Concordantly, we observed both epithelial and mesenchymal cell morphologies in all
tumor transplant models (Fig. 2C, 15t row) as well as the expression of classical, basal and
mesenchymal marker genes (Fig. 2C 39 row, Supplementary Fig. S3A). Interestingly, cell
states in the fragment-based and unsorted tumor digest transplant models skewed towards
the mesenchymal phenotype (Fig. 2C, bottom; Supplementary Fig. S3B,C), suggesting
that inclusion of stromal cell components influences cell state. To quantify intra-tumoral
heterogeneity, we calculated the phenotypic volume and compositional entropy of tumors.
Phenotypic volume serves as an unsupervised measure of the spread of cells over gene
expression space (45). Meanwhile, compositional or cell state entropy shows the degree at
which the classical, basal, and mesenchymal cells are represented within a tumor, using the
mean cell state distribution in the autochthonous tumors as a reference. We observed a high
degree of intra-tumoral heterogeneity in both autochthonous and orthotopic models (Fig.
2D,E). Globally, most models displayed similar phenotypic diversity as the autochthonous
KPCT model with the exception of fragment transplants, which were not as phenotypically
complex based on Phenotypic volume comparison (Fig. 2D). Similar results were seen when
examining the compositional entropy of each model system based on predefined classical,
basal, and mesenchymal cell states according to the Markov classification (Fig. 2E). We
compared the gene-expression of each cell state in the autochthonous model to the various
orthotopic models (Supplementary Fig. S4A,B; Supplementary Table S2). While we were
able to identify differentially expressed genes in each cell state, the overall heterogeneity
of the cell states was still predominantly explained by the continuum across the classical,
basal, and mesenchymal cell states (Supplementary Fig. S4B). In sum, our data indicates
that, similar to autochthonous tumors, orthotopic transplants are composed of a complex,
heterogenous mixture of cell states along a classical-basal-mesenchymal axis.
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Establishing primary cell lines from dissociated tumors exerts selective pressure and a
bottleneck effect, which may drastically influence phenotypic diversity. Yet given their low
cost and tractability, 2D and 3D organoid culture models are widely used in the field

to investigate PDAC biology. To investigate heterogeneity in these models, we performed
scRNA-seq on tumor cell lines established in either 2D adherent or 3D organoid culture
conditions. Consistent with the selective pressure associated with cell culture conditions,
we observed markedly reduced heterogeneity in the /in vitro conditions: KPCT cells

grown in 2D culture were predominantly basal with rare classical cells (Fig. 2F, top left;
Supplementary Fig. S3B,C), whereas 3D organoid cultures demonstrated the inverse (Fig.
2F, bottom left; Supplementary Fig. S3B,C). Notably, despite these classifications, cells

in 2D and 3D culture did not exhibit the fully classical or basal extremes observed in

vivo, but were rather concentrated at the center of the ternary plots (Fig. 2F, left). This

was accompanied by reduced expression of the classical and basal markers in culture
(Supplementary Fig. S3A). Of note, we did not observe significant differences in cell state
heterogeneity when comparing media composition reported by Boj et al. (28) compared to
low-serum medium not supplemented with specific growth factors (20) (Supplementary Fig.
S5A). In sum, our results indicate that /n vitro culture conditions fail to recapitulate /n vivo
PDAC cell states.

Strikingly, the constrained phenotypic space of the /n vitro culture conditions dramatically
expanded upon orthotopic transplantation, with reemergence of the full spectrum of
classical, basal, and mesenchymal phenotypes (Fig. 2F, right) as well as significant
increases in both phenotypic volume and compositional entropy (Fig. 2G). This included
the emergence of all three phenotypic extremes and robust re-expression of defined cell
state markers (Fig. 2F, right; Supplementary Fig. S3A). Our data shows that the classical-
basal-mesenchymal axis, the main axis of heterogeneity in autochthonous KPCT tumors,

is established in orthotopic transplants. However, we observed that the gene expression
distance between autochthonous and transplant cells consistently exceeds the internal
variability of autochthonous cells (Supplementary Fig. S5B), indicating that other sources
of heterogeneity distinguish autochthonous tumors from transplants. Specifically, the KPCT
cells in autochthonous tumors display a higher number of differentially expressed genes
across the three cell states when compared to tumor transplants. Many of these genes,
especially in classical and basal cells, come from a branching acinar lineage in the
autochthonous tumors or are related to ribosomal function (Supplementary Table 2 and

not shown). Another class of genes are classical, basal, or mesenchymal markers that are
expressed more strongly in autochthonous tumors when compared to the transplant models.

Immunocompromised NSG mice provide a convenient and rapid platform for orthotopic
transplantation, however the resulting tumors evolve in a tumor-microenvironment lacking
an adaptive immune system. To investigate the degree to which the adaptive immune

system might impact intratumor heterogeneity, we performed orthotopic transplants of
tumor fragments, primary 2D, and primary 3D organoid cell lines into syngeneic
immunocompetent (F1) hosts (Supplementary Fig. S6A). Similar to our results in NSG
mice, tumors derived from orthotopic transplantation of tumor fragments, 2D and 3D murine
cell lines into F1 mice exhibited the full spectrum of classical, basal, and mesenchymal cell
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states. We observed similar phenotypic volume and compositional entropy in F1 compared
to NSG mice, with fragment derived tumors again skewing towards a more mesenchymal
cell state (Supplementary Fig. S6A-C). We were able to identify differentially expressed
genes comparing the NSG to F1 models, most notably the enrichment of inflammatory
pathways, in particular interferon(IFN)-a and IFN-y, in the F1 tumors (Supplementary Fig.
S6D-F). However, the overall heterogeneity of the cell states continued to be predominantly
defined by the continuum of classical, basal, and mesenchymal cell states.

We found that the cancer cells in the autochthonous KPC GEMM and in all KPC transplant
models organized along an epithelial-mesenchymal continuum (Fig. 1 and Fig. 2). At the
center of this principal axis of heterogeneity, we observed the basal cell state that was
conserved across all /n vivo model systems. In addition to a specific basal gene expression
program, this state co-expresses low levels of both classical and mesenchymal signature
genes and shows a high degree of gene expression entropy (Fig. 3A; Supplementary

Fig. S2C,D). To develop insights into the PDAC cell state continuum at the chromatin
level, we performed single-cell assay for transposase-accessible chromatin using sequencing
(SCATAC-seq) on autochthonous KPCT tumors. Consistent with the sScRNA-seq data, we
observed a continuum of chromatin accessibility states spanning classical, basal, and
mesenchymal phenotypes (Fig 3B). This progression was associated with an increase in
global chromatin accessibility, with classical cells having the least open loci and cells

with the basal and mesenchymal phenotypes exhibiting substantially higher chromatin
openness (Fig. 3C). As expected, classical cells exhibited accessibility at epithelial and
classical marker genes, such as Epcamand Lgals4, respectively, whereas mesenchymal
genes such as Vim were not accessible (Fig. 3D, Supplementary Fig. 7A). Conversely,

cells in the mesenchymal state had decreased accessibility at epithelial genes. Interestingly,
cells in the basal phenotype uniquely showed co-accessibility at epithelial/classical and
mesenchymal genes (Fig. 3D, Supplementary Fig. S7A). This bivalent chromatin state

and the co-expression of classical and mesenchymal genes suggested that the basal
phenotype may be functionally highly plastic, poised to engage either the classical or
mesenchymal differentiation programs. Further supporting high plasticity of the basal state,
it demonstrated concordance with a high-plasticity cell state (HPCS) that we recently
discovered in lung adenocarcinoma (46) (Supplementary Fig. S7B).

To functionally investigate the plasticity of the basal cells, we sought to identify a marker
gene enabling their lineage-tracing /n situ in established PDAC tumors. Interestingly, we
observed strong enrichment of the adult epithelial stem cell marker Leucine-rich repeat-
containing G protein-coupled receptor-5 (Lgr5) in the basal cells (Fig. 3E, Supplementary
Fig. S7C). In mice, we observed co-localization of an Lgr5-GFP reporter and the basal
marker CK17 in PDAC tumors in KPCT;: Lgr5¢FP-CreER/* mice (Supplementary Fig. S8A).
Conversely, the classical epithelial marker galectin-4 or the mesenchymal marker vimentin
were not co-expressed with Lgr5 (Supplementary Fig. S8A). Combined analysis of normal
pancreas from Genotype-Tissue Expression Program (GTEX) and tumors from The Cancer
Genome Atlas (TCGA) revealed that LGR5 is robustly upregulated in human PDAC when
compared to normal pancreas (Supplementary Fig. S8B). /n situ hybridization of primary
human PDAC tissues uncovered spatially restricted L GR5 expression in a subset of tumor
cells (Supplementary Fig. S8C). We observed similar restricted expression of LGR5in
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published human PDAC scRNA-seq data (47) (Supplementary Fig. S8D). Interestingly, in
contrast to our mouse data where the Lgr5 cells had a strong basal phenotype, in human

data the LGR5+ cells overlapped more with the classical cell state (Supplementary Fig. S8D,
right panel).

Having established that Lgr5is a marker of the murine PDAC basal cell state, we

crossed Lgr5CERTZ and Rosa26™ MG alleles into the Kras™SF-G12D/+ - Tp53 fri/fi- pox -
Flp; (KPF) PDAC model. In these KPF; Lgr5CreERTZ/CreERTZ - Rosa26™TMG/* mice, PDAC
tumorigenesis is initiated by FIp recombinase and the Lgr5+ lineage can be inducibly
labeled with a heritable genetic switch from membrane-associated (m)tdTomato to mGFP
allele using a single pulse of tamoxifen in established tumors (Fig. 3F). To measure
plasticity of the basal cells, we performed scRNA-seq on mGFP+ descendants of the Lgr5+
cells at 3 days (baseline after tamoxifen washout) and at 10 days after the tamoxifen pulse
in the orthotopic tumor fragment model (Fig. 3F,G). TdTomato-expressing descendants of
Lgr5- cells were also subjected to SCRNA-seq as an internal control. Notably, 3 days

after the initial tamoxifen pulse PDAC cells expressing mGFP mRNA were significantly
enriched for Lgr5 expression and had a strong overlap with the basal phenotype (Fig 3G,
top row). In contrast, 10 days after tamoxifen pulse mGFP+ cells displayed decreased Lgr5
expression and had diffused away from the basal state, showing increased overlap with the
classical and mesenchymal cell states (Fig. 3G bottom row). This corresponded with an
increase in phenotypic diversity and compositional heterogeneity of mGFP+ cells (Fig. 3H,
Supplementary Fig. S9A). We confirmed these results /n situ by immunofluorescence: GFP+
cells did not express classical or mesenchymal markers galectin-4 (Fig. 3l, top panel) or
vimentin (Fig. 31, bottom panel), respectively, at baseline (3 days post-tamoxifen). However,
consistent with the scRNA-seq data, we detected co-expression of mGFP and galectin-4

or vimentin at 10 days post labeling in subsets of PDAC cells (Fig. 31), indicating that

the LGR5+ cells can differentiate into either classical or mesenchymal states, respectively
(Fig. 3J). We observed similar results when performing scRNA-seq and lineage tracing in
autochthonous PDAC tumors (Supplementary Fig. S9B-D). Taken together, these results
demonstrate that the basal PDAC cell state is endowed with high plasticity.

Discussion

We found that the classical, basal, and mesenchymal cancer cell states described here
overlap with previously reported transcriptional subtypes of human PDAC (9,10,12,19,20).
Thus, cell state heterogeneity in the genetically engineered KPC mouse model is concordant
with the spectrum of cell states observed in human PDAC. The mouse model largely
mirrored the human continuum of cell states, centering on a basal cell state that

was characterized by co-expression of and accessible chromatin at both epithelial and
mesenchymal genes. Interestingly, previous studies have demonstrated that the PDAC
cells with the most metastatic capacity reside in a hybrid (or partial) EMT state (16,17),
suggesting that retention of both mesenchymal and epithelial features may confer a high
capacity for adaptation, such as is required of cancer cells for colonizing a distant tissue
site. Our results suggest that the basal state harboring these hybrid features is endowed
with increased adaptability and plasticity also at the primary site. Similar high-plasticity
cell states have recently been reported in cutaneous and lung squamous cell carcinomas
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(48), lung adenocarcinoma (46), small-cell lung cancer (43), and prostate cancer (49).
Interestingly, the basal cells shared features of a high-plasticity cell state that we recently
uncovered in lung adenocarcinoma (46). These findings raise the tantalizing possibility that
the molecular mechanisms controlling plastic or hybrid cell states may be shared across
cancer types; such mechanisms are an important area of further investigation.

Our studies leverage a murine KP(fl/fl)C model to investigate tumor heterogeneity and
plasticity, which has a less variable tumor time course and more rapid progression than
other commonly used KPC models employing either 7rp5370%X* or Trp537172H* gllelic
configurations (24). 7P53deletion is uncommon in human PDAC, and mouse models of
PDAC have demonstrated that 77p53 mutations have novel gain of function properties
that promote invasion and metastasis (50,51). Furthermore, 7rp53 mutations have been
implicated in remodeling the tumor microenvironment (52,53). The degree to which 7P53
mutations influence plasticity and tumor heterogeneity warrants further inquiry.

A predominance of the basal cell state signature in PDAC bulk gene expression analysis is
associated with poor prognosis and aggressive clinical features in patients, such as advanced
stage and resistance to chemotherapy (12,54). Our results demonstrate the basal cell state

is a transition state between the classical and mesenchymal phenotypes. Expanding on this
observation, elimination of the basal cell state would be expected to blunt the ability of

the classical cells to transition into mesenchymal cells and vice versa. Based on previous
work, targeting the basal cells could also suppress metastasis (16,17). Furthermore, plasticity
contributes significantly to the failure of chemo-, targeted- and immunotherapies across
cancers, allowing cancer cells to acquire states that are adapted to therapy (4,17,55). Taken
together, targeting the basal cell state either via cell ablation therapies or by disrupting its
molecular drivers may have therapeutic potential for suppressing plasticity in PDAC.

Although still incomplete, a picture of transcriptional regulators (56) and
microenvironmental inputs (20) driving the basal state has begun to emerge. Interestingly,
WNT/B-catenin signaling is one of the defining attributes of the human basal PDAC cells
(20). In agreement, we found that the murine basal cells express Lgr5, an established WNT
target gene and epithelial stem cell marker (33). Interestingly, LGR5 is also expressed

in human PDAC, although its expression is enriched in the classical cell state. Despite

this difference, mouse Lgr5 provided a useful cell state marker for the purposes of

our study. By combining fluorescence switch-based lineage-tracing of the Lgr5* murine
PDAC cells and scRNA-seq we demonstrated that the basal cells are bi-potent in their
differentiation potential /n situin established tumors. These experiments highlight the power
and sensitivity of fluorescence-based tracing combined with scRNA-seq for investigating
cell state heterogeneity. LGRS is not expressed in the normal pancreas but is induced in
plastic epithelial progenitors upon pancreas injury (57). We found that the transition from
the classical state to the basal state in the PDAC cell state continuum is accompanied by a
drastic increase in overall chromatin accessibility. Taken together, the basal state in PDAC
may be associated with regenerative programs, which are known to involve the acquisition
of plasticity that is defined by increased chromatin accessibility (58). Regenerative pathways
and molecular mechanisms controlling the expansion of chromatin accessibility in the basal
cell state may present additional entry points for therapeutic interventions in PDAC.
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A major challenge in developing novel therapeutic strategies for PDAC has been the limited
success of /n vitroand in vivo pre-clinical models to accurately predict responses to
investigational therapeutics in clinical trials. Recent work has demonstrated that PDAC
cells are more sensitive to chemotherapy in 3D organoid culture, which enriches for the
classical state, than in the more basal-like 2D culture conditions (13,20). Forcing basal gene
expression in 3D organoids by stimulation with TGF-p promoted chemoresistance (20).
Thus, the transcriptional state and the diversity of such states are critical determinants of
treatment response in PDAC and other cancers (4). We observed that transplanted tumors
that included stroma from the primary tumor, such as unsorted tumor cells or primary tumor
fragments, skewed towards a more mesenchymal phenotype, whereas transplants of purified
tumor cells had a more balanced intratumoral diversity. The evolution of the tumor stroma
over time, the differences between stroma in the primary autochthonous and transplanted
settings, and how these differences influence cell state heterogeneity, remains an important
open question.

Our results indicate that the 2D culture and 3D organoid culture conditions produce
homogenous cell states where basal and classical gene expression signatures are mixed.
However, upon orthotopic transplantation cells from either condition reconstitute the
classical, basal, and mesenchymal phenotypic extremes observed in the autochthonous
tumors. This finding suggests that cell culture intermediates can be safely used to
experimentally manipulate or expand cells and still generate transplant tumors that are
biologically highly similar to the primary tumors. Although organoids incorporate many
features of PDAC tumors that are lost in 2D culture, such as 3D cell-cell interactions
(13,28), our results indicate that the full spectrum of intra-tumoral heterogeneity can only
be achieved in /n vivo model systems. This has broad biological and clinical significance
across the constellation of human cancers. Future work will elucidate whether human
patient-derived PDAC models and models of other cancers similarly reconstitute cell state
heterogeneity upon transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Single-cell profiling of autochthonous murine PDAC reveals a continuum of
transcriptional cell states along the epithelial-mesenchymal transitional axis.

(A) Experimental workflow. (B). Uniform Manifold Approximation and Projection (UMAP)
embedding of scRNA-seq profiles of 14,392 cells from 15 independent tumors, classified

as classical (purple), basal (green) or mesenchymal cells (orange). (C) UMAP projection

of previously described classical and basal expression profiles of SCRNA-seq data. Scale
represents gene signature score, with color scale from 1st to 99th percentile. (D) Ternary
plot depicting the cell state classification probability of each cell, calculated by a Markov
absorption classifier trained on a small subset of classical, basal and mesenchymal cells,
colored by subtype (purple — classical; green — basal; orange — mesenchymal). (E)
Diffusion-based pseudotemporal ordering of cells along the classical-basal-mesenchymal
axis. (F) Expression of specific classical, basal, and mesenchymal gene signatures along

the pseudotemporal axis. Columns represent the smoothed (sliding window smoother with
n=250 cells) expression of individual genes along the pseudotemporal axis. The panel on

the leftmost side shows the fractions of classical (purple), basal (green), and mesenchymal
(orange) cells along the same pseudotime axis using the same smoothing approach. (G) Left
Representative UMAP embedding displaying the expression of candidate marker genes,
Lgals4 (classical), Krt17(basal), and Vim (mesenchymal). Scale represents size factor
normalized log2-transformed UMI counts, with color scale from 1st to 99th percentile.
Right: 400x Representative immunofluorescence images from KPCTPDAC tumors showing
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galectin-4, CK17, and vimentin in PDAC cells (green in respective panels, from left
to right); tdTomato™ cancer cells are red. (H) Schematic depicting model of axis of
heterogeneity in PDAC.
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Figure 2. The fidelity of cancer cell states is dependent on the model system.
(A) Orthotopic modeling workflow. Note that in addition to orthotopic tumors, 2D and

3D cell cultures were also processed independently for sScRNA-seq directly from culture
conditions (red dashed box). (B) UMAP embedding of PDAC cells from autochthonous and
orthotopic models after projection into the autochthonous gene expression space. Cells are
colored according to subtype (purple — classical; green — basal; orange — mesenchymal)
based on Markov adsorption classification. (C) Representative cellular heterogeneity in each
PDAC model system. First row. PDAC tissues stained with hematoxylin and eosin at 200x
magnification. Scale bar: 100 um. Second row: UMAP embedding of each model system
(colored dots) onto the full data set (grey dots) depicting the distribution of individual cells
throughout phenotypic space. Third row. Ternary plots of predicted subtype probability

per cell, calculated by Markov absorption colored by subtype (purple — classical; green

— basal; orange — mesenchymal). Note that all models recapitulate all three cell states

to some degree. Fourth row. Ternary plots depicting the overall subtype classification of
each individual tumor sample (dots). Note some inherent sample-to-sample (inter-tumoral)
heterogeneity in each model system. (D) Box plot of phenotypic volume based on unbiased
global transcriptional heterogeneity of each model system calculated. Vertical black line
represents the mean phenotypic volume of the autochthonous samples as reference. Higher
values are associated with increased spread of cells over phenotypic space. Each dot
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represents an individual sample. (E) Box plot of the compositional heterogeneity based the
relative frequency of classical, basal, and mesenchymal cells in each tumor. Values represent
the Shannon entropy of the fractions of classical, basal, and mesenchymal cells. Higher
values indicate a more balanced composition of cell states. Vertical black line represents the
mean phenotypic volume of the autochthonous samples as reference. (F) Paired phenotypic
heterogeneity in 2D and 3D organoid cell culture and orthotopic transplant. Left panef
Ternary plots of individual cells isolated from 2D (top) and 3D organoid cell culture
(bottom). Right panel Ternary plots of cells isolated from orthotopic tumors derived

from the same cell culture conditions displayed on the left. Within each panel, the top

plots display the cell state classification of all cells per model and their distribution in
combined UMAP space. Note the /n vitro enrichment of epithelial phenotypes, and the
robust re-establishment of all cell states after orthotopic transplantation. (G) Box plots of
(top) the phenotypic volume and (bottom) compositional entropy of cell in /n vitro cell
culture conditions and their matched orthotopic transplants.
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Fligw_'e_3. Lineage-tracing of a subset of basal state cells demonstrates functional phenotypic
asticity.

I?A) Pseﬁdotime analysis of cell states demonstrating mixed classical and mesenchymal
expression profiles within the basal cell phenotype. Colored lines represent the average
model-fitted expression of all pseudotime-dependent genes belonging to either the classical
(purple), basal (green) and mesenchymal | (orange) gene expression clusters established in
Fig. S2C. Shading represents the area between the 51 and 95t percentile of genes. The
panel on the top shows the fraction of classical (purple), basal (green) and mesenchymal
(orange) along the same pseudotime axis divided into ten bins. (B) Single-cell assay for
transposase-accessible chromatin using sequencing (SCATAC-seq) of autochthonous KPCT
tumors at 7-8 weeks of age (7= 4). (C) Total chromatin accessibility, calculated as number
of fragments per cell. (D) Accessibility of representative loci in each cell state. Note co-
accessibility at classical (Lgals4) and mesenchymal ( Vim) marker genes in the basal state.
(E) Lgr5 overlaps with basal cell phenotype in the autochthonous (left) and fragment-based
(right) tumor models. UMAPs displaying Lgr5 expression. Scale represents size factor
normalized log2-transformed UMI counts, with color scale from 1st to 99th percentile. (F)
Schematic of KPF; Rosa26™MTMG/* - | gr5CTeER/CIEER |ineage-tracing system. (G) Lineage-
tracing of fragment derived KPF; Rosa26™TMG/* - | gr5CreER/CIEER yymors. Top: Day 3 and
Bottom. Day 10 post-tamoxifen labeling. Left; average expression of Lgr5in tdTomato* vs.
GFP* cells at day 3 and day 10. Note the initial enrichment of Lgr5 gene expression at
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day 3, which is no longer present at day 10, reflecting transition of the basal cells to other
cell states. Right: UMAP embedding displaying the position of GFP™ traced cells either as
single cells. Note how at day 3 the cells occupy a relatively restricted phenotypic space
and diffuse over time. (H) Phenotypic volume of fragment derived GFP* traced cells over
time. (1) Immunofluorescence of the classical marker galectin-4 and mesenchymal marker
vimentin in the Lgr5-traced cells. At initial labeling, Lgr5-traced cells express GFP but
do not express galectin-4 or vimentin. Second insert shows traced cells at day 10, with
white arrows indicating co-expression of GFP with galectin-4 (top) or vimentin (bottom)
consistent with the acquisition of classical and mesenchymal phenotypes, respectively. (J)
Graphical summary of lineage-tracing system demonstrating plasticity of the basal cell
population.
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