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Abstract

BACKGROUND AND AIMS: Aberrant acinar to ductal metaplasia (ADM), one of the earliest
events involved in exocrine pancreatic cancer development, is typically studied using pancreata
from genetically engineered mouse models.
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METHODS: We used primary, human pancreatic acinar cells from organ donors to evaluate the
transcriptional and pathway profiles during the course of ADM.

RESULTS: Following 6 days of three-dimensional culture on Matrigel, acinar cells underwent
morphological and molecular changes indicative of ADM. mRNA from 14 donors’ paired cells
(day 0, acinar phenotype and day 6, ductal phenotype) was subjected to whole transcriptome
sequencing. Acinar cell specific genes were significantly downregulated in the samples from the
day 6 cultures while ductal cell-specific genes were upregulated. Several regulons of ADM were
identified including transcription factors with reduced activity (PTF1A, RBPJL, and BHLHAL15)
and those ductal and progenitor transcription factors with increased activity (HNF1B, SOX11,
and SOX4). Cells with the ductal phenotype contained higher expression of genes increased in
pancreatic cancer while cells with an acinar phenotype had lower expression of cancer-associated
genes.

CONCLUSION: Our findings support the relevancy of human in vitro models to study pancreas
cancer pathogenesis and exocrine cell plasticity.

Keywords
Acinar ductal metaplasia; Pancreas; Pancreatic cancer; Organoid

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is among the most lethal of all cancers with

a 5-year survival of only 10%.1 PDAC is predicted to become the second most deadly
cancer in the United States by 2030.2 Invasive PDAC develops via low-grade to high-
grade precursor lesions known as pancreatic intraepithelial neoplasia (PanIN).2 PanIN-2

is typically proceeded by activating mutations in KRAS, an oncogene that is mutated in
more than 90% of PDAC. Studying the early events in the development of human PDAC

is challenging because the disease is often diagnosed in patients at a late stage, often once
the tumor has metastasized. For these reasons, PDAC pathogenesis is more often studied in
genetically modified mouse models (GEMMs).*/

Studies in GEMMs reveal an underlying role for pancreatic acinar cells in PDAC
development.8-11 In mice, PanINs are preceded by the process of acinar ductal

metaplasia (ADM).1213 The hallmarks of ADM include loss of zymogen granules, the
transdifferentiation of acini into duct-like structures with reduced expression of acinar
markers such as amylase (AMY2A) or carboxypeptidase (CPA2), and increased ductal
markers such as cytokeratin 19 (KRT19). ADM is a natural process that occurs following
pancreatic injury to protect acinar cells from further damage. In mouse models of PDAC,
ADM is achieved by restricted expression of Kras in acinar cells,11:14 pancreatitis, 1> TGF-
a,16 or other factors that activate EGFR.13 ADM is believed to be irreversible in GEMMs
with mutant Kras, under conditions of aberrant growth factor signaling or in situations with
altered expression of key drivers of the process.1”-19 We recently reported that pancreatic
ductal cells that have underwent ADM can be pharmacologically reversed in vitro to a
more acinar phenotype.2® Using an inducible form of mutant Kras, Collins et al. showed
that PanINs revert to ADMs and eventually to acinar cells following Kras inactivation
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upon doxycycline withdraw.# In the context of mutant KRAS, dedifferentiated acinar cells
are believed to give rise to PDAC that is akin to the classical subtype while ductal cells
presumably give rise to a basal-like subtype that is characterized with worse survival
outcome.?!

ADM is commonly studied in vitro using three-dimensional (3-D) cultures by plating mouse
acini on the extracellular matrix Matrigel or on collagen supplemented with TGF-q.41322:23
While a role for ADM in the development of PDAC in mice has been established, evidence
for the contributions of ADM in the development of human PDAC is still unknown. ADM
has been less well studied in humans due to a scarcity of human acinar cells for research.
Limitations of human acinar tissues for biomedical research are due in part to the secluded
anatomic location of the pancreas precluding safe biopsy and a lack of nontransformed
human acinar cell lines. ADM culture has been performed with human pancreatic acini
using nonislet cell fractions of normal primary human pancreatic exocrine cell acini obtained
from islet isolation centers.24-27 Whole transcriptome RNA sequencing of FACS sorted
acinar and ductal cells identified that the transcriptional regulator MECOM was unique for
dedifferentiated acinar cells and that MECOM suppresses acinar cell death by permitting
cellular dedifferentiation.24 Reported here are key modifications to existing protocols that
allowed for successful 3-D culture and transdifferentiation of human pancreatic acini. Our
findings demonstrate that regulation of many of the transcription factors and pathways that
occur in PDAC are recapitulated using this human organoid model of normal pancreatic
acini.

Primary human acinar cultures for studying pancreatic ADM

Fresh islet-depleted pancreas digests were shipped in culture media on ice packs and
received within 24 h from collaborating islet isolation centers. Cells were suspended in
Matrigel and their ability to undergo ADM was monitored daily. The Matrigel media
collapsed during the 6-day incubation from 4 of the first 8 donors’ cultures. To address this
concern, soybean trypsin inhibitor was added to inactive any trypsin that may be released
and compromising the Matrigel integrity (Figure A1A and B). Liu et al.2” cultured primary
human acinar cells in serum-free conditions in Matrigel plus TGF-S. These conditions

were attempted here; however, adding 0.5 ng/mL of TGF-£to the culture media did not
enhance ADM but inhibited it and therefore all cultures were performed without TGF-S8
supplement (Figure A1C). Once these modifications were made, we maintained viability and
successfully performed transdifferentiation to ductular morphology on 36 of 36 organoid
cultures. Shown in Figure 1A are the cell viability and transdifferentiation from 10 of the
acinar cultures. To isolate RNA with high integrity for gene expression analysis, cells were
separated from the Matrigel using a protocol recently published by our group.28 Using these
modifications, RNA with RINs of 7 or more was isolated from 14 pairs of samples (Table
Al). gRT-PCR was performed on the day 0 and day 6 RNA and demonstrated reduction of
acinar and increase in ductal and progenitor gene expression (Figure 1B).
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Twenty five percent of protein coding genes are differentially expression during ADM

Total RNA from 14 pairs of day 0 and day 6 cells was sequenced using Novoseq 6000,
generating an average of 86,000 reads per sample. Unsupervised hierarchical clustering was
performed on the 14 pairs of samples to determine the association between transcriptional
profiles, ADM status, and demographic data collected from each donor. Unsupervised
hierarchical clustering of the top 2000 most differentially expressed genes indicates that

the transcriptional response profiles for cells undergoing 6 days of ADM clustered tightly
and were completely distinguished from the baseline cells collected at day 0 (Figure 2A).
Principal component analysis (PCA) of all expressed protein coding genes shows 4 distinct
clusters that are matched to the ADM status of samples and donor’s gender (Figure 2B).

Applying K-Means unsupervised clustering on the top 2000 most differentially expressed
genes, we identified 3 distinct clusters based on their expression pattern across all samples
(Figure A2A). Of these 3 clusters, 2 consist of genes mostly upregulated (cluster A) or
downregulated (cluster B) in the day 6 ADM samples (cluster A: ductal cluster, cluster B:
acinar cluster). Enrichment analysis revealed that pathways enriched in the cluster B are
those involved in pancreatic secretion, protein digestion and absorption, starch and sucrose
metabolism, and MAPK signaling pathway, thus validating the association of this cluster to
the acinar phenotype (Figure A2B). Noticeably 2 cancer-related KEGG pathways, chemical
carcinogenesis and proteoglycans in cancer, are enriched in the ductal cluster (P< .0001
and P=.0011, respectively). To obtain statistically significant genes, enriched pathways and
transcription factors, we compared the transcription level of protein coding genes between
human primary cells at day 6 vs day 0 of ADM.

A total of 4575 transcripts were identified as differentially expressed between day 6 vs day

0 of ADM (fold change more than or less than 2, £<.05). Of these differentially expressed
genes, 2509 genes (12.9% of total protein coding genes) were upregulated and 2066 genes
(10.6% of total) were downregulated in day 6 vs day 0 of ADM (Figure 2C). As anticipated,
the expression of a number of acinar genes and transcription factors were reduced at day 6 of
ADM including CEL, CELAL, PNLIP, PRSS2, BHLHA15, PTF1A, and RBPJL (Figure 3).
Many ductal-associated and progenitor (eg, CFTR, KRT17, HNF1B, PROM1, and EPCAM)
and cancer-associated (TGFB1, EGFR, MMP14, IGF1R, and ITGB1) genes were increased
at day 6 of ADM. In general, collagens were increased at day 6 (eg, COLO10A1, COL11Al,
and COL1AZ1,; Figure 3).

Identification of ADM regulators

Gene Set Enrichment Analysis (GSEA) was applied to the RNA sequencing data obtained
at day 0 and day 6. Performing GSEA on 6449 curated gene sets, including a number of
canonical pathways such as KEGG and Biocarta, yielded those gene sets that are negatively
enriched in acinar cells at day 0 and those gene sets that are positively enriched in ductal
cells at day 6. Interestingly, the top ductal enriched gene sets were those genes upregulated
in pancreatic cancer (Figure 4A). All of the top enriched gene sets in the day 6 ductal

cells are multicancer invasive signature, those associated with collagen fibrils and collagen
degradation and TGF-regulated epithelial mesenchymal transition. The top 5 pathways
negatively enriched in the day 6 acinar cells are those related to translation (Figure 4A).
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GSEA was used to identify the top transcription factors that regulate ADM. We identified
40 regulons positively or negatively correlated with upregulated and downregulated genes
at day 6 of ADM using a two-tailed GSEA. SOX11 and RBPJL are examples of
transcription factors with positive (ADM driver) and negative (acinar driver) enrichment
scores, respectively (Figure 4B and C). The acinar driver regulons include GATA4, PTF1A,
RBPJL, and BHLHA15 whose activity is reduced at day 6 of ADM (Figure 4D). ADM
driver genes, those genes with increased activity at day 6, include HNF1B, SOX4, SOX11,
STAT2, and STATS.

Ingenuity pathway analysis was used to identify the top upstream pathways regulating
ADM. The top activated upstream growth factor regulated pathways during human ADM
include TGFBL1, TGFB2, and TGFB3 (Table 1) while the top upstream cytokine-regulated
pathways activated during ADM include several interleukins and interferons (Table 2). We
then compared the top 10 upstream regulators from our in vitro human ADM to those
literature datal? obtained from laser microdissected mouse tissues undergoing ADM in vivo.
Interestingly, there was a fair degree of overlap between the 2 datasets including the top 2
ranked pathways angiotensinogen (AGT) and TGFB1 (Table 1). TNF was the top activated
cytokine in both the human and mouse datasets; other overlapping cytokines include IL1A
and oncostatin M (OSM) (Table 2).

Co-regulation and inference of dual regulons

Following RTNduals workflow,2° we re-analyzed pairs of regulons identified in the previous
section to classify sets of ADM-associated transcriptional regulators with shared targets/
regulons (dual regulons). We identified 103 transcription factors that form 335 dual regulons
with a significant overlap. Among the significant dual regulons are RBPJL ~ SOX4 and
BHLHA15~RBPJL. RBPJL ~ SOX4 is an example of a dual regulon in which the regulators
cooperate by influencing the shared target genes in the opposite direction (Figure A3)

while BHLHA15~RBPJL is a dual regulon that influences shared target genes in the

same direction (Figure A4). For the RBPJL ~ SOX4 dual regulon, RBPJL has a negative
enrichment score while SOX4 is positive (Figure A3A and B). Four of the many overlapping
genes of the BHLHA15~S0OX4 dual regulon were selected for further analysis including

the acinar genes CPA1 and AMY 2A and the tumor associated genes ITGB1 and MMP14.
Comparing the day 0 and day 6 gene expression of RBPJL to the acinar and tumor genes
showed indirect correlations between RBPJL and the tumor genes (Figure A3C and E) and a
direct correlation between RBPJL with AMY2A or CPA1 (Figure A3G and I). Correlations
in the opposite direction were observed for the negative regulator SOX4 and the tumor

and acinar genes (Figure A3D, F, H and J). Thus, SOX4 expression and activity positively
correlates with tumor genes but negatively correlates with acinar genes while the opposite is
true for RBPJL (Figure A3K and L).

PDAC-associated genes are increased during ADM of normal pancreas

We next examined the expression pattern of a selected set of 345 genes previously identified
as those associated with the pancreatic acinar/ductal phenotype30:31 or genes associated
with the onset or progression of PDAC30:32-34 (Table A2). Comparing the ADM expression
data to those data obtained from published single cell RNA sequencing?! revealed that
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as expected, ductal genes were increased at day 6 while acinar genes were decreased at

day 6 of ADM (Figure 5). Comparisons between the ADM data from our study and those
data obtained from 4 published studies of PDAC gene expression showed that the day 6
ADM samples contained higher expression of those tumor-associated genes or genes that
are increased in PDAC while the reverse was true at day 0 (Figure 5). These findings
demonstrate similar trends of genes differentially expressed during in vitro ADM of normal
pancreas compared to those genes that are differentially expressed in PDAC.

Our data confirm that Matrigel alone can induce ADM of normal human pancreas. To
further explore the impact of additional factors on the molecular and morphological features
of ADM, 5% FBS was added to the cell culture media. The percentage of cells undergoing
ADM in the presence or absence of FBS was compared for 3 different donors’ tissues. ADM
was significantly enhanced in the presence of FBS (Figure 6A). RNA sequenced from the

3 plus FBS cultures (day 6 of ADM) was compared to the data from 14 donors minus

FBS (day 6). The top 3 enriched pathways (all categories) from the IPA include TNF, AGT,
and IL1B. Applying the gene set associated with KRAS addiction to the GSEA3® showed
positive enrichment in the FBS compared to the minus FBS-treated ADM cultures (Figure
6B and C). The GSEA for 2 cytokines known to induce ADM (TNF and 1L.17)36 revealed
that both TNF and IL17 were positively enriched when the acini were cultured with serum
(Figure A5).

Discussion

We describe here a robust, in vitro 3-D model to examine human exocrine cell pancreatic
plasticity with morphological and molecular features of ADM. We report that normal human
pancreatic acini cultured in serum-free conditions on growth factor reduced Matrigel was
sufficient to induce ADM. However, we find that acini cultured with FBS underwent

more robust ADM compared to serum-free cultures and that pathways and gene sets

were enriched with serum including KRAS (Figure 6). Several differences in the culture
conditions exist between the present study and previously published work on human

ADM in vitro models. The research from the Rooman and Houbracken laboratories
transdifferentiated acinar cells in suspension cultures in media supplemented with FBS.24-26
Zhang et al. cultured primary human pancreatic acini on Matrigel in media supplemented
with 1% FBS, dexamethasone, and TGF-a.37 Liu et al. induced in vitro ADM in normal
human pancreatic acini cultured in serum-free conditions in Matrigel supplemented TGF-
B27 Of 11 cytokines evaluated as additives, including TGF-a, only TGF-A promoted the
conversion of human acinar cells to CD133+ ductal-like cells; the authors conclude that
human and mouse acinar tissue require different signals to induce ADM. In our hands,
adding TGF-gto the culture media had the opposite effect and reduced duct formation
(Figure A1A and B). Thus, our findings more closely align with those of Baldan,2° et al.,
rather than Liu,%’ et al. The culture conditions and components for the present study as well
as other published studies using human ADM assays 242737 are listed in Table A3.

A large number of genes were differentially expressed between day 0 and day 6 of
ADM (Figure 2). Moreover, many highly significant regulons and regulon activity profiles
associated with ADM were obtained (Figure 4). There appears to be a small but perhaps
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significant sex difference (Figure 2B) that may be due to the inclusion of Y-chromosome-
linked genes in the dataset. These data illustrate that not only are there profound differences
in the expression and activity of acinar and ductal genes during ADM but also that our
methodology for performing gene expression analysis is suitable for primary cells derived
from pancreas that has traditionally been difficult to work with due to digestive enzyme
release during exocrine cell isolation.

In a gene expression network of regulators-regulons, a phenotypic outcome is a result of
cooperation and competition of multiple transcription factors and transcriptional regulators
within the network. We provide correlations of dual regulons that influence shared, predicted
target genes including those that effect shared target genes in the same direction (Figure

A4) and those that impact shared target genes in the opposite directions (Figure A3). Some
of the dual regulons described here have been experimentally verified while others have

not. An example of an experientially validated dual regulon is BHLHA15~RBPJL that
promoted acinar gene expression including CEL and PDE3B (Figure A4). RBPJL is part of
the PTF1 transcriptional complex and together with BHLHA15 (MIST1) co-regulate many
genes involved in specialized pancreatic acinar cellular processes.38

Caution should be exercised when comparing the results of ADM performed using acinar
cells from GEMMs to those using healthy human pancreatic acinar tissue. We report that
many transcriptional regulons that are activated or repressed during ADM in mice were
recapitulated in human ADM. These include decreased expression and activity of acinar-
associated transcriptional regulons shown to regulate ADM in GEMMs (BHLHA15,39
GATA4,%0 PTF1A,18 RBPJL,*! and XBP142) and an increase in ductal-associated and
progenitor-associated regulons such as HNF1B,43 SOX11,44 SOX4,4% and STAT2/646
(Figure 4D). Transcription factors previously reported as driving ADM in mice (KLF4,47:48
ATF3,%9 and FOSL15%) were suppressed during ADM in our 3-D model (Figure 4D). SOX9
is a well-known progenitor cell marker whose expression is increased during in vitro human
ADM.25-27 While SOX9 mRNA increased 2-fold by qPCR (Figure 1B), we did not detect
SOXQ9 as a significant regulon (Figure 4D). Deletion of SOX9 in the presence of oncogenic
Kras completely blocked development of ADM and PanINs in GEMMs.14 However, in the
context of normal pancreas with wild type KRAS, the contribution of SOX9 in ADM may be
more nuanced.

Several noteworthy differences exist between experimental in vitro models of mouse and
human ADM. In vitro ADM is typically studied in very young mice (6-8 weeks of age),
whereas human studies such as ours used mostly adult pancreata (Table Al). Mouse acini
undergo ADM when cultured with collagen/TGF-a 1322 or on growth factor reduced
Matrigel cultured in the absence of TGF-a.2%-51 We and others?4-26 induced ADM in
human tissues in the absence of additives such as TGF-a or TGF-g. Unlike its counterpart
in GEMMs, all published work with human in vitro ADM has been performed on normal
pancreatic acinar cells?4-27 rather than pancreatitis or PDAC-derived acini. Despite these
differences, it is interesting that such a large number of PDAC-associated genes highly
correlate with the gene expression/regulon activity observed in healthy pancreas undergoing
ADM (Figures 5 and 6). Since many PDAC-related genes and pathways correlate with
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ADM, our approach of studying ADM in normal human pancreas may be used to further
advance the mechanism of human ADM and the contributions of ADM to human PDAC.

Methods

Human pancreatic acini

Fresh islet-depleted cell fractions containing digested acinar clusters from cadaveric
pancreas donors were shipped overnight in PIM-T media (1% PIM-G; 2.5% AB serum;

10 wg/mL ciprofloxacin hydrochloride; 100 tg/mL Trypsin Inhibitor from Glycine Max)
from pancreatic isolation centers: NIDDK Integrated Islet Distribution Program (Dr Joyce
Niland, PI), University of Miami (Dr Camillo Ricordi, Director), University of Pennsylvania
(Dr Ali Naji, Director), Alleghany Islet Isolation Facility (Dr Rita Bottina, Director), nPOD
Islet Isolation project (Drs. Clayton Mathews and Alberto Pugliese, Directors), and Prodo
Laboratories, Inc. (Aliso Viejo, CA). The study protocol was reviewed and approved as
classified as “Non-Human Subjects” by the University of Florida Institutional Review
Board, an independent ethics committee (IRB201902530), waiving the need for consent.
Donor demographics are presented in Table Al.

3-D culture for human ADM

Upon arrival, the aqueous pancreas digest was left undisturbed for several minutes, then
acinar clusters were collected from the bottom of the bottle using a serological pipette.

The cells were resuspended and passed through a series of cell strainers (pluriSelect) in

the following sequence: 500 gm then 300 xm then 200 wm then 100 um. The filtrate was
centrifuged at 700x g for 3 minutes at 4°C and the cell pellet was resuspended in ice

cold 50:50 DMEM (4.5 g/L D-Glucose) and F12K Nutrient Mixture. The cell suspension
was diluted accordingly with media (such that there will be approximately 400 acinar
clusters per well of a 96-well plate) and mixed with growth-factor reduced ice cold Matrigel
(Corning) at a 1:1 ratio and plated in a 96-well plate at 200 ¢4 per well. The plate was
incubated at room temperature for 10 minutes, then at 37°C for 20 minutes to solidify the
Matrigel. Cell cultures were supplemented with 100 /4 of warm 50:50 DMEM:F12K and 0.1
mg/mL soybean trypsin inhibitor (Sigma) and maintained at 37°C in 5% CO,. Media were
replenished daily.

Viability of cultured human acini and ductal cells

Matrigel cultures were rinsed 3 times with 400 ¢4 warm PBS, then incubated in 100 /4 of 10
UM calcein AM (Thermo Fisher) for 20-30 minutes at 37°C. Fluorescence was then imaged
and photographed at 495 nm excitation using a Nikon Ts-S/L100 epifluorescence inverted
microscope.

RNA isolation

Matrigel cultures were rinsed once from 96-well plates with 200 4 of cold-PBS. The
Matrigel was removed from the cells from both the day 0 and day 6 cultures using low
speed centrifugation at 4°C and the cells were lysed in 700 gL of Trizol reagent as
previously noted.?8 Total RNA was extracted from Trizol lysate using Qiagen miRNesay
Mini Kit (Qiagen, 21700r) as per the protocol’s instructions. RNA was eluted in 30 gL
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RNase/DNase—free water. RNA was quantified using a NanoDrop spectrophotometer and
RNA integrity was assessed using the Agilent TapeStation RNA screen. RNA samples with
RINs more than 7 were used for cDNA library preparation.

Sixty ng of total RNA was converted to cDNA in a 20-4 RT reaction using random primers
and Moloney murine leukemia virus reverse transcriptase (Thermo). gPCR was performed
using the QuantStudio 7 Flex Real-Time PCR System (Thermo). Data are presented using
the 2728CT method relative to 18S rRNA. Primer sequences are available upon request.

Library preparation for NovaSeg6000 sequencing

RNAseq libraries were constructed using 60 ng of total RNA (each sample processed
individually) as input. The preparation was performed using the reagents provided in

the NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina (NEB #E7760S,

New England Biolabs, USA), in conjunction with the NEBNext Poly(A) mRNA Magnetic
Isolation Module (NEB #E7490) and the NEBNext Multiplex Oligos for lllumina (96
Unique Dual Index Primer Pairs, NEB #6440s). Briefly, RNA was fragmented in a solution
containing divalent cations, with incubation at 94°C. Next, first-strand cDNA synthesis was
performed using reverse transcriptase and oligo(dT) primers. Synthesis of double-stranded
cDNA was done using the 2nd strand master mix provided in the kit, followed by end-
repair and dA-tailing. At this point, lllumina-specific adaptors were ligated to the sample.
Library enrichment and indexing were performed using UDI barcoded primers and 13
cycles of amplification, followed by purification with NEBNext Sample Purification Beads
(NEB #E7767S). The library size and mass were assessed by analysis in the Agilent
TapeStation using a DNA1000 Screen Tape. Typically, a narrow distribution with a peak
size approximately 300 bp was observed. Quantitative PCR was used to validate the library’s
functionality, using the KAPA library quantification kit (Kapa Biosystems, catalog number:
KK4824) and monitoring on the ABI7900HT real-time PCR system. In preparation for
sequencing on the NovaSeq6000 Illumina sequencer (see below), 35 uniquely barcoded
libraries were normalized to 2.5 nM and pooled (equimolarly).

[llumina NovaSeq6000 sequencing

Normalized libraries were submitted to the Free Adapter Blocking Reagent protocol (FAB,
Cat# 20024145) to minimize the presence of adaptor-dimers and index hopping rates. The
library pool was diluted to 0.8 nM and sequenced on one S4 flow cell lane (2 x 150

cycles) of the lllumina NovaSeq6000. The instrument’s computer used the NovaSeq Control
Software v1.6. Cluster and SBS consumables were v1.0. The final loading concentration

of the library was 160 pM with 1% PhiX spike-in control. One lane generated 3.27 billion
paired-end reads (981.5 Gb) with an average Q30% = 92.5% and Cluster PF = 85.4%.
FastQ files were generated using the BCL2fastQ function in the lllumina BaseSpace portal.
An average of 93.4 million paired-end reads per sample after demultiplexing. Curated
datasets were posted to the Gene Expression Omnibus repository under accession number
GSE179248.
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Transcriptional activity of genes with known functions

We annotated 6 sets of genes previously associated with acinar/ductal phenotype of pancreas
or genes associated with onset or progression of PDAC, from the literature. Annotated

gene sets are included known PDAC-related genes,33 upregulated genes identified in the
meta-analysis of PDAC tumors,32 and early stage PDAC.34 The acinar/ductal specific genes
and transcription factors are adopted from30:31.52 (Table A2 for the complete list of genes
and sources).

Gene regulatory network analysis

A regulatory network of transcription factors and their target gene sets (eg, regulons)

was built using the gene expression data. We then identified transcription factors that are
linked to more genes in the upregulated or downregulated target gene sets than would be
expected by chance. Transcription factors used in this analysis consist of a curated list

of high confidence human transcription factors.>3 We inferred the relative activity of 462
candidate regulator genes by obtaining a list of regulator genes from DoRothEA which

is a gene set resource containing signed transcription factor-target interactions.>3 We used
the RTN method (Reconstruction of Transcriptional regulatory Networks)®# to identify the
important regulator-targets associations that controls ADM expression program. To identify
transcription factors that are drivers or suppressors of ADM, we divided the regulon into 2
sets of activated and repressed genes for each significant transcription factor based on the
coefficient values. The regulon activity for all TFs are estimated by 2-tailed GSEA function
in RTN package.>>:56 We used Regulon activity profiles to identify the association of each
regulon to pre-ADM of post-ADM phenotype.>” RTNduals package?® was used to identify
significant co-regulatory associations between regulons (ie, dual regulons).

Gene regulatory network analysis

The known and putative gene regulatory networks were reconstructed in R using the RTN
package?® for visualization. This computational framework establishes interactions and
structure of the network by mapping the interactions between upregulated transcription
factors identified through motif enrichment and their respective heterogeneous genes
identified by HeteroPath. GSEA (Broad Institute) and Ingenuity Pathway Analysis (Qiagen)
were used as intended by the developers.

Conclusion

Our findings demonstrate that regulation of many of the transcription factors and pathways
that occur in PDAC are recapitulated using this human organoid model of normal pancreatic
acini and support the relevancy of human in vitro models to study pancreas cancer
pathogenesis and exocrine cell plasticity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Validation of human pancreatic exocrine cell ADM. (A) Representative bright field and
corresponding calcein AM (green) fluorescence images of duct formation at culture day 6
from 10 pancreas donors. (B) gRT-PCR of RNA isolated at day 0 and day 6 of culture. The
fold change was calculated as the gene expression at day 6 relative to day 0 normalized

to 18S rRNA. Each data point represents an individual donor. Error bars std. dev. Data are

presented for AMY2A, CPA1 (acinar) and KRT19, SOX9 (ductal, progenitor) genes.
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Unsupervised hierarchical clustering and PCA reveal distinctive acinar cell gene expression
profiles. Transcriptional profiles of primary human acinar cells were used for unsupervised
hierarchical clustering (A), PCA (B) and identifying differential gene expression between
day 0 and day 6 of ADM. (A) Samples were ordered by unsupervised hierarchical
clustering. Heatmap columns represents 28 samples (from 14 donors). ADM status and
donors’ demographic data are shown at the top. Rows are the top 2000 highly expressed
genes. (B) PCA of the variance in gene expression for the primary human acinar cells

using all protein coding transcripts (19,626 genes). Each point represents one sample. ADM
status of samples and donors’ gender are specified by color and shape. (C) Volcano plot of
differential gene expression of primary human acinar cells in day 0 vs day 6 of ADM. X-axis
and y-axis represent log2 fold-change and statistical significance of difference between
compared samples respectively. Dots represent the average values of transcripts. The
significantly up-regulated and down-regulated genes are indicated with red dots. Threshold
for considering a gene as significantly differentially expressed: fold change > 2 ([log2]>1;
vertical dash lines (C) and adjusted Pvalue of < .05 [horizontal dash line (C)].
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Figure 4.
GSEA and regulon activity profiles of individual samples from day 6 vs day 0 of ADM.

(A) Top 5 positively enriched ductal pathways (red) and top 5 negatively enriched acinar
pathways (green) on day 6 of ADM. Two-tailed GSEA graph illustrating the activity and
directionality of regulons associated with the transcription factors SOX11 (B) and RBPJL
(C) during ADM. (D) Regulon activity profile for the 40 most active transcription factors
regulating ADM. Transcription factors are shown on the heat map rows that promote ADM
(ADM driver regulons) and those that promote the acinar state (acinar driver regulons). Heat
map columns represents 28 samples (from 14 different donors).
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Figure 5.

Expression pattern of genes previously identified as those associated with pancreatic acinar/
ductal phenotype or genes associated with onset or progression of PDAC. Three hundred
sixty eight known acinar, ductal, and PDAC associated genes were selected and annotated
based on the literature review. Columns are 28 samples ordered by unsupervised hierarchical
clustering and rows are 268 selected genes ordered based on fold change values between
day 0 and 6 of ADM. Bars indicate gene annotations based on the literature. Eighty

seven percent of the selected genes (345 genes) were among the differentially expressed
genes. The majority of genes upregulated on day 6 were annotated for ductal genes and
transcription factors or genes overexpressed in early and later stages of PDAC tumor
development.
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Figure 6.

Page 20

Serum stimulates ADM and positively enriches for KRAS gene set. The addition of 5%
FBS to the cultures (A) enhanced the amount of ADM compared to those identical donor’s
tissues cultured in serum-free conditions. Data are the mean + std. dev of 3 donors acinar
tissues undergoing ADM over 6 days of culture. (B—C) GSEA shows positive enrichment
of plus FBS (red) compared to minus FBS (blue) data for the Singh KRAS dependency

signature gene set.
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