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ABSTRACT 
OBJECTIVE: Intraductal Papillary Mucinous Neoplasms (IPMNs) are cystic lesions and bona fide precursors 
for pancreatic ductal adenocarcinoma (PDAC). Recently, we showed that acinar to ductal metaplasia, an 
injury repair program, is characterized by a transcriptomic program similar to gastric spasmolytic 
polypeptide expressing metaplasia (SPEM), suggesting common mechanisms of reprogramming between 
the stomach and pancreas. The aims of this study were to assay IPMN for pyloric markers and to identify 
molecular drivers of this program. 
 
DESIGN: We analyzed RNA-seq studies of IPMN for pyloric markers, which were validated by 
immunostaining in patient samples. Cell lines expressing KrasG12D +/- GNASR201C were manipulated to 
identify distinct and overlapping transcriptomic programs driven by each oncogene. A PyScenic-based 
regulon analysis was performed to identify molecular drivers in the pancreas. Expression of candidate drivers 
was evaluated by RNA-seq and immunostaining. 
 
RESULTS: Pyloric markers were identified in human IPMN. GNASR201C drove expression of these markers in 
cell lines and siRNA targeting of GNASR201C or KrasG12D demonstrates that GNASR201C amplifies a mucinous, 
pyloric phenotype. Regulon analysis identified a role for transcription factors SPDEF, CREB3L1, and 
CREB3L4, which are expressed in patient samples. siRNA-targeting of Spdef inhibited mucin production. 
 
CONCLUSION: De novo expression of a SPEM phenotype has been identified in pancreatitis and a pyloric 
phenotype in KrasG12D-driven PanIN and KrasG12D;GNASR201C-driven IPMN, suggesting common mechanisms 
of reprogramming between these lesions and the stomach. A transition from a SPEM to pyloric phenotype 
may reflect disease progression and/or oncogenic mutation. IPMN-specific GNASR201C amplifies a mucinous 
phenotype, in part, through SPDEF.  
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2024. ; https://doi.org/10.1101/2024.02.25.581948doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.25.581948


INTRODUCTION 

Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of cancer-related deaths in the United 

States and is slated to become second by the year 20301. This is largely due to late detection – pancreatic 

tumors are clinically silent, approximately 85% of patients present with incurable locally advanced or 

metastatic disease, and distant metastatic spread occurs when the tumors are small (<5mm). On the other 

hand, the time required for PDAC to emerge from a normal cell is long, some 15-20 years2. Thus, improving 

our understanding of the early events in neoplastic transformation is necessary and crucial to allow earlier 

diagnosis of PDAC, and also important therapeutically, to gain insights into how progression to cancer can 

be blocked or even reversed.  

 

A major obstacle to the study of early events in pancreatic carcinogenesis is that the main precursor to 

PDAC, pancreatic intraepithelial neoplasia (PanIN), is not clinically manifested, but typically a histological 

footnote on surgical pathology reports. PanIN, like PDAC, is clinically silent and radiographically occult. 

Intriguingly, the opposite is true of intraductal papillary mucinous neoplasms (IPMN), which contribute to 

approximately 25% of cases of PDAC3. As IPMN are cystic rather than microscopic like PanIN, they are easily 

identified on abdominal imaging scans and as a result, 90% are diagnosed before cancer is present4, 5. 

Patients with IPMN typically have a long window of opportunity for surveillance and intervention before 

invasive disease develops.  

 

Oncogenic mutations in KRAS are common in human PanIN lesions and have been shown to drive 

tumorigenesis through increasingly dysplastic grades of PanIN to PDAC in genetically engineered mouse 

models (GEMMs)6. Like PanIN, IPMN harbor KRAS mutations (~80%) but may additionally express oncogenic 

GNAS (~66%) driver mutations7-9. In GEMMs, combined expression of both Kras and GNAS has been shown 

to accelerate PDAC formation through a mixed phenotype of PanIN and IPMN10. IPMN may be further 

subclassified by a combination of morphology and molecular markers including gastric foveolar 

(MUC6+MUC5AC+), intestinal (MUC2+MUC5AC+), and pancreatobiliary, which is widely considered to be 

an advanced form of gastric-type IPMN11, 12.  

 

Metaplasia is thought to be an initiating event in both PanIN and IPMN formation. Metaplasia is a pathological 

term for the transdifferentiation of one cell type to another and is a form of plasticity common to injury and 

oncogene-induced disease progression in the gastrointestinal tract13-15. While it is largely thought to mitigate 

injury, it is also considered to be the first step in tumorigenesis in several organs. Metaplasia falling under 

the general rubric of pyloric-like has been reported in stomach injury and tumorigenesis, colonic adenoma 

formation, and pancreatic injury and tumorigenesis occurring through PanIN progression16-19. Gastric 

metaplasia, or spasmolytic polypeptide expressing metaplasia (SPEM), is the best characterized and reflects 

the transition of gastric chief cells (digestive enzyme producing cells) to a phenotype described by the 

expression of specific markers (e.g. MUC6, TFF2, AQP5, CD44v9, GKN3, etc.)20-22. When SPEM is 

accompanied by the presence of a foveolar pit cell lineage (TFF1, GKN1, GKN2, MUC5AC), the phenotype is 

a pyloric metaplasia due to a recapitulation of the pylorus region of the stomach23, 24. Recently, we combined 
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single cell RNA-sequencing (scRNA-seq), electron microscopy, and histopathology and showed that injury-

induced acinar to ductal metaplasia (ADM) in the pancreas results in the formation of chemosensory tuft 

cells, hormone-producing enteroendocrine cells, and a population bearing canonical markers of SPEM16. ADM 

and PanIN resulting from oncogenic KrasG12D expression are also characterized by SPEM with the additional 

formation of a separate, distinct foveolar pit cell-like population, reflecting pyloric metaplasia16, 17. The 

functional role of individual pyloric markers has previously been studied in GEMMs of gastric disease25, 26, 

however, the program itself is hypothesized to represent a shared mechanism by which gastrointestinal 

organs respond to injury and tumorigenesis24. Here, we assayed IPMN for the expression of pyloric markers 

to determine if this program is enriched in or differentiates IPMN from PanIN lesions. We show that oncogenic 

GNAS is sufficient to drive a pyloric phenotype, including gastric markers, mucus production, and epithelial 

plasticity, and identify critical transcriptional regulators of this program. 

 

MATERIALS AND METHODS: 

Human Samples. A cohort of 41 patients with intraductal papillary mucinous neoplasms (IPMNs) ranging 

from low-grade (LG) dysplasia, high-grade (HG) dysplasia, to invasive were selected from Vanderbilt 

University Medical Center’s institutional cohort with institutional review board approval (#110061). Normal 

stomach body, small intestine, and colon tissues were used as controls to threshold signal intensity.  

 

Mice. Mice were housed in accordance with National Institutes of Health guidelines in an American 

Association for Accreditation of Laboratory Animal Care-accredited facility at M.D. Anderson Cancer Center. 

The M.D. Anderson Institutional Animal Care and Use Committees (IACUC) approved all animal studies. LSL-

KrasG12D/+, Ptf1aCre/+, LSL-rtTA-TetO-GNASR201C (Kras;GNAS) mice have previously been described6, 10, 27. 

Mice were given a diet containing doxycycline (Tusculum Feed Center, #9205-0827) beginning at 8 weeks 

of age for a period of either 10 or 20 weeks. 

 

Multiplex Immunohistochemistry (MxIHC). Formalin-fixed paraffin-embedded tissues from the patient 

cohort were sectioned at 4 µm, heated to 60 °C for 30 min, deparaffinized in xylene, and rehydrated in an 

ethanol gradient. Slides were stained with Mayer hematoxylin (Sigma-Aldrich, MHS32), coverslipped with 

30% glycerol (Sigma-Aldrich, G5516) in phosphate-buffered saline (PBS) and scanned with an Olympus 

VS200 slide scanner (Olympus, Tokyo, Japan). Slides were de-coverslipped by immersion in PBS and 

underwent antigen retrieval in 10 mM sodium citrate pH 6.0 with a microwave set at maximum power until 

boiling bubbles appeared, reduced to minimum power for 20 minutes, and left at RT for 30 minutes. Slides 

were treated with 3% hydrogen peroxide for 10 minutes, blocked with Protein Block, Serum-Free (Agilent 

Dako, X090930-2) for 10 minutes, and incubated with the primary antibody overnight. Secondary antibodies 

were incubated for 1 hour, and the signal was revealed with AEC+ High Sensitivity Substrate Chromogen 

(Dako Agilent, K3469). The slides were then coverslipped with 30% glycerol (Sigma-Aldrich, G5516) in 

phosphate-buffered saline (PBS). Slides were scanned with the VS200. Slides were de-coverslipped by 

immersion in PBS and underwent a 2-minute double-distilled water, 2 minutes 70% ethanol, 2 minutes 95% 

ethanol, 2 minutes ethanol, 2-minute double-distilled water sequence to eliminate the 3-amino-9-
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ethylcarbazole (AEC) chromogen. Slides then restarted the previous sequence at the antigen retrieval step 

until all primary antibodies (Table S1) were performed. Scans were loaded in QuPath v0.4.028 and 

registered with the image-combiner v0.3.0 package.  

 

Standard histological staining. Murine tissues were cut in 5 µm sections, mounted, and stained as 

previously described16. Sections were deparaffinized in xylene, rehydrated in a series of graded ethanols, 

and then washed in PBST and PBS. Endogenous peroxidase activity was blocked with a 1:50 solution of 30% 

H2O2:PBS followed by microwave antigen retrieval in 100 mM sodium citrate, pH 6.0. Sections were blocked 

with 1% bovine serum albumin and 5% normal goat serum in 10 mM Tris (pH 7.4), 100 mM MgCl2, and 

0.5% Tween-20 for 1hr at room temperature. Primary antibodies (Table S1) were diluted in blocking 

solution and were incubated on tissue sections overnight. Slides were then washed, incubated in 

streptavidin-conjugated secondaries (Abcam) and developed with DAB substrate (Vector). Periodic Acid 

Schiff/Alcian Blue (PAS/AB) staining was performed per the manufacturer’s instructions (Abcam, ab245876). 

For standard IHC on human tissue sections, antigen retrieval was performed with pH 6.0 citrate buffer in a 

pressure cooker at 105°C for 15 minutes, with a 10-minute cool down. Blocking was performed in 0.03% 

H2O2 containing sodium azide for 5 minutes and primary antibodies (Table S1) were incubated for 60 

minutes before detection (Dako EnVision+ System-HRP labeled Polymer) for 30 minutes and development 

for 5 minutes. All slides were scanned on the VS200. 

 

IHC quantification. MxIHC Quantification. Areas measuring 250 x 250 µm2 were acquired blindly on the 

hematoxylin layer, querying normal ducts, acinar-to-ductal metaplasia (ADM), low-grade dysplasia (LG), 

high-grade dysplasia (HG), and invasive disease under the supervision of a board-certified pathologist 

(VQT). Up to 3 areas of normal, ADM and INV, and up to 5 areas of LG and HG, were selected per patient 

(when present). An automated watershed threshold pixel detection was adjusted based on the staining 

patterns on the control stomach, small intestine, and colon tissues. Automated AEC deconvolution was 

performed in QuPath v0.4.0 by loading them as a H-DAB slide. An automatic calculation of the surface area 

with the AEC color deconvolution intensity over the threshold was then generated. Pseudocolors were given 

to each stain for the figures. Monoplex Quantification of SPDEF, CREB3L1 and CREB3L4. Scans of 

SPDEF, CREB3L1, and CREB3L4 were obtained with the VS200 and loaded in QuPath v0.4.328. Color 

deconvolution of the hematoxylin stain was performed to select up to 3 areas of normal ducts, ADM, LG, 

HG, and INV. By consensus, one student and a board-certified pathologist (VQT) scored the nucleus and 

cytoplasm of cells on a scale of 0-1-2-3. Cell type quantification in murine IPMN. Scans of H&E staining 

from Kras;GNAS mice +/- doxycycline chow for 10 or 20 weeks  (n = 3/condition, n = 12 total) were scored 

by a pathologist (VQT) and areas of IPMN and/or PanIN lesions were identified (n = 3, up to 6 regions/slide). 

Serial sections were stained for DCLK1 (tuft cells), synaptophysin (enteroendocrine cells), or PAS/AB (all 

mucins) and 1-6 lesions were identified per area of IPMN and/or PanIN (when present). All steps of analysis 

were performed blinded. Positive DCLK1 or synaptophysin cells were manually counted and divided by the 

number of nuclei per lesion to identify percent of that lesion constituted by a given cell type. To quantify 

PAS/AB mucin staining, lesions were annotated as regions of interest and manually drawn in FIJI. Total 
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signal and PAS/AB signal were thresholded to include only stained areas and percent positive area was 

calculated. 

 

Cell culture and GnasR201C induction. Murine cell lines generated from Kras;GNAS mice10 (4838 and 

C241) were cultured in RPMI with L-glutamine (Corning 10-040-CV), 10% Tet system approved FBS (Gibco 

A4736401) and 1 x antibiotic/antimitotic (Corning 30-004-CI). To induce human GNASR201C expression, cells 

were stimulated with 1 µg/ml doxycycline (RPI Research Products International D43020) for 48-72 hours. 

Western blotting was conducted using Bio-Rad Mini-Protean 4-20% TGX gels, PVDF membranes and the 

Trans Blot Turbo system. Blocking was done in 5% non-fat milk. Primary antibodies are listed in Table S1. 

Blots were imaged using Immobilon HRP Substrate (WBKLS0500) and processed using an Amersham AI600 

imaging system. For quantitative real-time polymerase chain reaction (qRT-PCR), RNA was isolated using 

Quick-RNA MiniPrep kits (Zymo Research R1055), and concentration was measured using NanoDrop 2000. 

qRT-PCR was performed using a Luna Universal One-Step RT-qPCR Kit (New England Laboratories, E3005) 

and analyzed using Bio-Rad CFX96 system and CFX Manager 3.1. Primers are listed in Table S2. For 

immunofluorescence, cells were seeded on a Matrigel-coated coverslip (1:50 dilution) (Corning, 356231) 

and fixed with 4% PFA (Electron Microscopy Services, 15712) for 15 minutes at room temperature. Following 

fixation, cells were washed 5 times in PBS and blocked and permeabilized using buffer containing 1% BSA 

(w/v), 5% donkey serum (v/v), 5% goat serum (v/v) and 0.3% Triton-X for 30 minutes at room 

temperature. Coverslips were washed in PBS 5 times. For primary incubation, primary antibodies  (Table 

S1) were diluted in blocking buffer (5% donkey serum, 1% BSA and 0.05% Triton-X) and incubated at 37°C 

for 2 hours. Coverslips were washed 5 times in PBS and secondary antibody diluted in blocking buffer was 

added. Secondary antibodies were incubated at 37°C for 1 hour. Coverslips were washed 5 times in PBS 

and mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen, P36931) and imaged on the 

VS200 or an Echo Revolve microscope.  

 

Immunofluorescence analysis. Cell line immunofluorescence images were analyzed for corrected total 

cell fluorescence (CTCF) using Fiji29. Briefly, representative ROIs in each image were selected using the 

freehand selection tool. The area, mean, integrated density, and raw integrated density were calculated for 

each ROI. The same values were also taken from the background. To calculate the CTCF, the following 

formula was used: raw integrated density – (area*average background mean). Images were analyzed for 

the area per cell in Fiji using custom macros. To measure this, the number of cells was calculated by 

adjusting the threshold (15, 255), using the Watershed feature to segment nuclei from each other and then 

using the analyze particles feature (size = 30 to infinity) to count the number of nuclei. To calculate the 

area, the image was thresholded once again (25, 255) and the analyze particles feature (size = 30 to 

infinity) was used to find the area of each stain. The area per cell was calculated by taking the total area 

and dividing it by the number of cells in each image. 

 

siRNA knockdown of target genes. Spdef knockdown was accomplished in 4838 cells by siRNA mediated 

knockdown. siRNA for Spdef (#184152, Thermo-Fisher) and a nonspecific control (Silencer Negative Control 
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No. 1 siRNA, Thermo-Fisher) were transfected using lipofectamine RNAiMAX (#13778075, Thermo-Fischer). 

4838 cells were seeded in 6cm dishes with 1µg/ml of doxycycline for 48 hours. At 40% confluency, cells 

were transfected for a final concentration of 20 pmol. After 72 hours, RNA was extracted, or cells were 

prepared for immunofluorescence. Lipid nanoparticle (LNP)-encapsulated siRNA to target Kras or GNAS was 

generated by microfluidic mixing of LNPs (Precision Nanosystems) and siRNA (Axolabs). 4838 cells were 

seeded in a 6 well plate. At 50% confluency, media was replaced with that containing 1 µg/ml doxycycline 

for 8 hours. At that time, 20 µl of LNP-siRNA was added for a final concentration of 2 µg/ml. Treated cells 

were collected 4 days later for analysis by qRT-PCR or western blotting. siRNA used is as follows (all LGC 

Axolabs): KRAS, sense strand 5’-ggGaacAACuaUaaagAasa-3’ and antisense strand 5’-

dTUUCUUUAUAGUuGUUCCCusu-3’; GNAS, sense strand 5’-cuUcgcUGCugUguccUgsa-3’ and antisense strand 

5’-dTCAGGACACAGCaGCGAAGusu-3’; and control Fluc, sense strand 5’-cuuAcGcuGAGuAcuucGAdTsdT-3’ 

and antisense strand ‘UCGAAGuACUcAGCGuAAGdTsdT-3’.  

 

Analysis of published single-cell RNA sequencing datasets. Processed count matrices from Bernard 

et al., were downloaded from the Gene Expression Omnibus (GEO) database30. Data analyses were executed 

using a dual-language approach, encompassing R (version 4.3.1, 2023-06-16) and Python (version 3.9.13, 

2022-08-25), both tailored for a 64-bit macOS Ventura 13.4 platform. R integrated packages utilized in the 

study comprised `ggplot2 (3.4.3)`, `dplyr (1.1.3)`, `patchwork (1.1.3)`, `SeuratObject (4.1.3)`, `Seurat 

(4.3.0.1)`, `umap (0.2.10.0)`, `stxBrain.SeuratData (0.1.1)`, and `SeuratData (0.2.2)`. Python libraries 

of interest included `anndata (0.9.2)`, `scanpy (1.9.5)`, and `pandas (2.1.1)`. Seurat objects were 

established and normalized; individual Seurat objects representative of the six patient datasets from 

Bernard et al., were synthesized and post-merged into a unified object. Consolidated data were filtered to 

cells with a minimum of 300 genes, manifesting less than 15% mitochondrial genes (percent.mt<0.15). 

Emphasis was subsequently placed on identifying and leveraging highly variable features, with the selection 

of top 2,000 features (nFeature_RNA > 2000) via the `FindVariableFeatures()` function. Post scaling, data 

was subjected to Principal Component Analysis (PCA) to demarcate inherent patterns. Exploiting the 

dimensionality reduced space (spanning the first 20 principal components), cellular neighborhoods were 

mapped with the ̀ FindNeighbors()` function (dims = 1:20,k.param = 20) and clusters were discerned using 

`FindClusters()` with a resolution parameter set at 0.5. For downstream analysis, the MuDataSeurat tool, 

accessible on [GitHub] (https://github.com/PMBio/MuDataSeurat), was employed to convert Seurat objects 

into the `.h5ad` format compatible with the `Scanpy` library. UMAPs labeled by sample or for individual 

gene markers ('CD44','MUC2','TFF2','PTPRC','EPCAM','AQP5','MUC5AC',etc.) were plotted for visualization.  

 

Datasets from Bockerstett et al21., were downloaded from NCBI (NCBI accession numbers SRX7069341 and 

SRX7069340)31 and underwent quality control (QC), normalization, and clustering utilizing Seurat. For both 

WT samples, the inclusion criteria were set for cells exhibiting more than 750 features (nFeature_RNA > 

750), with mitochondrial gene content (percent.mt) exceeding 12.5% yet remaining below 60%. Clustering 

parameters specified a resolution of 0.6, employing dimensions 1 to 35, with 10 nearest neighbors 

(n.neighbors = 10) and a k parameter of 10 (k.param = 10). Dimensionality for subsequent analyses was 
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determined based on the elbow plot. WT2 followed a similar QC protocol, with an adjusted clustering 

resolution of 0.7 to accommodate the distinct cellular composition and dynamics inherent to the sample. 

Post QC, WT1 and WT2 samples were merged using Seurat's `merge()` function, and batch effects were 

subsequently addressed through the application of the FastMNN algorithm, available within the 

‘SeuratWrappers’ package. The merged WT dataset, thereafter, referred to as wt.fmnn, was analyzed using 

FastMNN (`RunFastMNN(object.list = SplitObject(wt, split.by = "orig.ident"))`). Dimensionality reduction 

and cellular neighborhood mapping were achieved through `RunUMAP` and `FindNeighbors`, respectively, 

utilizing 50 dimensions (dims = 1:50) as dictated by the prior selection, with clustering achieved via 

`FindClusters` at a resolution of 0.5. An analogous methodology was applied to the two acute samples 

(Acute1 and Acute2), encompassing individual QC, processing, and integration, followed by batch effect 

mitigation using FastMNN. Cell types within both WT and acute integrated datasets were annotated based 

on a comprehensive set of gene signatures provided by the original article21. After the integration and 

annotation phases, the data were exported into the ̀ .h5ad` format for compatibility with the Scanpy Python 

toolkit as stated before. Within Scanpy, specific gene signatures associated with pancreatitis, and GNAS and 

Kras knockdown, were overlaid onto the datasets using the `sc.tl.score_genes` function. 

 

Bulk human RNA sequencing analysis. Compartment-specific gene expression profiles of human IPMN 

(n = 19), PanIN (n = 26) and PDAC (n = 197) were generated using laser capture microdissection with 

subsequent RNA sequencing as previously described32-34. Differentially expressed genes between human 

IPMN and PanIN were identified leveraging a generalized linear model as implemented in DESeq2 R 

package35 and genes exhibiting a false discovery rate ≤ 0.05 were considered significantly differentially 

expressed. 

 

Bulk murine RNA collection and sequencing analysis. RNA was extracted from either 4838 or C241 

cells (+/- doxycycline) using Quick-RNA MiniPrep (Zymo Research R1055) and quality was measured using 

an Agilent Bioanalyzer; RNA Qubit assay was performed to measure RNA quantity. Poly(A) RNA enrichment 

was conducted using NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB E7490), and the sequencing 

library was constructed using the NEBNext Ultra II RNA Library Prep Kit (E7765L) following the 

manufacturer’s instructions. End repair, A-tailing, and adapter ligation was performed to generate the final 

cDNA library. Library quality was assessed using a Bioanalyzer and quantified using a qPCR-based method 

with the KAPA Library Quantification Kit (KK4873) and the QuantStudio 12K instrument. 150 bp paired-end 

sequencing was performed on the NovaSeq 6000 platform targeting 50M reads per sample. Raw sequencing 

data (FASTQ files) obtained from the NovaSeq 6000 was subjected to quality control analysis, including read 

quality assessment. Real Time Analysis Software (RTA) and NovaSeq Control Software (NCS) (1.8.0; 

Illumina) were used for base calling. MultiQC (v1.7; Illumina) was used for data quality assessments. Paired-

end RNA sequencing reads (150bp long) were trimmed and filtered for quality using Trimgalore v0.6.7 

(https://doi.org/10.5281/zenodo.7598955). Trimmed reads were aligned and counted using Spliced 

Transcripts Alignment to a Reference (STAR) v2.7.9a with the -quantMode GeneCounts parameter against 

the mm39 mouse genome and GENCODE comprehensive gene annotations (Relsease M31)36. ~50-100 
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million uniquely mapped reads were acquired per sample. Sample read counts were normalized and 

differential expression was performed using DESeq2 v1.34.035. Genomic features counted fewer than five 

times across at least three samples were removed. False discovery rate adjusted for multiple hypothesis 

testing with Benjamini-Hochberg (BH) procedure p value < 0.05 and log2 fold change >1 was used to define 

differentially expressed genes. Gene set enrichment analysis (GSEA) was performed using the R package 

Clusterprofiler37 with gene sets from the MSigDB database38. 

 

pySCENIC and gene regulatory network (GRN) inference. To infer the GRN in pyloric metaplasia of 

the pancreas, we performed SCENIC using pySCENIC functions on a scRNA-seq dataset of murine 

pancreatitis16, 39. This protocol allows the reconstruction of regulons (TF and known target genes) from gene 

co-expression data, assesses regulon activity in single cells, and can be used to find regulon-enriched cellular 

clusters. Specifically, we ran v0.11.0 of pySCENIC in a Singularity container built from the Docker Hub 

image, on ACCRE, Vanderbilt’s High Performance Computing cluster. Following the quality control and 

feature selection performed in Seurat, we exported its raw counts to a matrix that was then converted to a 

LOOM file. Alongside a list of 1170 mouse TFs, this gene expression matrix served as input for calculating 

gene co-expression modules via GRNBoost2. To account for the stochastic nature of GRNBoost2, we 

calculated the co-expression modules 100 times and then retained only TF/target gene associations that 

exist in at least 80% of the runs. We then merged the results of these 100 runs as a left outer join operation 

and averaged the IM values reported for each association. This consensus GRN was then used as input for 

module pruning, where we filtered out indirect gene targets lacking the cis-regulatory motif associated with 

the TF. This step used SCENIC’s RcisTarget and ranking databases for motifs (mm9-tss-centered-5kb-

7species.mc9nr.feather) in the promoter of the genes [up to 500 base pairs (bp) around the transcriptional 

start site (TSS). The resulting coexpressed TF-target genes are then grouped into regulons. Lastly, the 

activity of the regulons was computed using SCENIC’s AUCell function, which uses the “area under the 

curve” (AUC) to calculate whether a subset of the input gene set is enriched within the expressed genes for 

each cell. These activity data were further binarized (assigned an ON or OFF value, per regulon, per cell) by 

threshold on the AUC values of the given regulon. Both the AUCell and binarized regulon activity matrices 

were integrated into Seurat object via the “CreateAssayObject” function, for downstream analysis and 

visualization40. UMAP visuals of the binary and AUC metrics were created from Seurat’s DimPlot() function. 

Heatmap visuals of binary regulon matrix were performed by ComplexHeatmap R package41. Network plots 

were created from Cytoscape from top 10% based on IM reported for TF/target association from the 

coexpression modules42. 

 

Statistical Analysis. Statistical analyses and data processing were performed in Image J or Prism 

(GraphPad, San Diego, CA). Statistical significance was calculated by either 2-tailed unpaired t-tests 

assuming equal variance or 1-way analysis of variance. Data are expressed as mean ± standard deviation. 
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RESULTS 

Human IPMN recapitulate pyloric metaplasia. Metaplastic tissue bearing markers of the gastric pylorus 

has been reported in injury and tumorigenesis in several gastrointestinal organs16-19. To evaluate expression 

of pyloric metaplasia markers in IPMN, we evaluated expression of MUC5AC (foveolar pit lineage marker), 

TFF2, AQP5, and CD44 (SPEM markers), which produces splicing variant CD44v9, in published RNA-seq 

datasets derived from patient samples. Previously, Bernard et al., generated a single cell RNA-sequencing 

(scRNA-seq) dataset composed of epithelium and stroma from either low-grade or high-grade IPMN (n = 2 

each) or IPMN associated PDAC (n = 2)(Figure 1A-C)30. Analysis of this dataset for molecular markers of 

IPMN subtype revealed widespread expression of MUC5AC throughout the epithelium of all samples, with 

MUC6 and MUC2 differentiating gastric- from intestinal-type IPMN, respectively (Figure 1D). Expression of 

TFF2 and AQP5 was enriched in the epithelium whereas CD44 was identified in both the epithelium and 

stroma (Figure 1E). To evaluate a second dataset, we interrogated bulk RNA-seq generated by Maurer et 

al., of laser capture dissected epithelium or stroma from patient IPMN (n = 19), PanIN (n = 26), or PDAC 

(n = 197 epithelium, 124 stroma)33, 34. Like our analysis of IPMN scRNA-seq data, we identified expression 

of TFF2 and AQP5, enriched in the epithelium of all disease states, and CD44, in both epithelial and stromal 

populations (Figure 1F). Finally, we examined expression of a SPEM gene signature generated from our 

previously published murine pancreatitis scRNA-seq dataset, in the Maurer dataset. We identified 

enrichment of several additional markers in pre-invasive PanIN and IPMN, as compared to PDAC (Figure 

S1)16. 

 

To confirm expression of pyloric metaplasia markers in patient IPMN, we conducted multiplex 

immunohistochemistry (MxIHC) on a cohort of 41 patients with IPMNs ranging from low-grade to high-grade 

dysplasia to locally invasive disease. Serial staining was conducted for MUC5AC, AQP5, and CD44v9 and 

expression scored in multiple tissue compartments within each sample. Signal for each stain was 

automatically detected using QuPath and overlaid to generate merged images (Figure 2A)28. Altogether, 

expression was evaluated in normal ducts (n = 95-109 regions of interest, ROIs), acinar to ductal metaplasia 

(ADM, n = 109 ROIs), low-grade IPMN (n = 110 ROIs), high-grade IPMN (n = 70 ROIs), and foci of invasive 

PDAC (n = 22 ROIs). All markers were detected; interestingly, protein localization changed between low- 

and high-grade IPMN (Figure 2B). In low-grade IPMNs, CD44v9 was consistently expressed within crypts 

the base of the IPMN epithelial component mimicking gastric SPEM, in a generally mutually exclusive pattern 

with MUC5AC (Figure 2B). AQP5 mostly correlated with CD44v9, as described in the SPEM signature at the 

protein level. In high-grade IPMN, both SPEM and gastric foveolar marker MUC5AC co-localized, 

recapitulating a pyloric phenotype (Figure 2B). Consistent with previous reports; we identified a significant 

increase in MUC5AC expression between normal ducts and IPMN and a significant decrease in expression 

with progression from low to high-grade IPMN and then to invasive30. Expression of both AQP5 and CD44v9 

increased with disease progression, reaching significance in low and high-grade IPMN (Figure 2C). 

Collectively, these data demonstrate that a significant increase in pyloric metaplasia marker expression 

accompanies IPMN formation in patients.  
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Oncogenic GNAS drives a pyloric-type phenotype. While PanIN and IPMN have both been shown to 

express oncogenic KRAS, a large fraction of IPMN is additionally characterized by the expression of oncogenic 

GNAS8. To determine if GNASR201C expression contributes to the pyloric phenotype described above, we 

examined marker expression in two cell lines (4838, C241) derived from LSL-KrasG12D/+, Ptf1aCre/+, LSL-

rtTA-TetO-GNASR201C (Kras;GNAS) mice. Mice expressing KrasG12D have been shown to largely form PanIN; 

additional expression of GNASR201C results in a mixed phenotype dominated by IPMN, cyst-like lesions and 

accelerated progression to PDAC10. Both cell lines harbor a KrasG12D mutation but conditionally express 

human GNASR201C upon doxycycline (DOX) treatment10. In addition to increased GNASR201C expression with 

DOX, we also identified elevated mRNA levels of SPEM marker Aqp5 (Figure 3A-B). To then test whether 

GNASR201C drives a pyloric-like transcriptomic program, the 4838 and C241 cell lines were treated +/- DOX 

and underwent RNA sequencing (n = 6, 3 biological replicates/condition) (Figure 3C, Figure S2, File S1-

2). As expected, there was a significant increase in human (huGNAS), but not murine Gnas (muGnas) 

expression (Figure 3D). Significant differences were identified between the two cell lines, likely due to 

biological heterogeneity or differences in tumor suppressor mutations (Figure S2A), however, upon DOX 

treatment, both cell lines upregulated expression of pyloric markers (Figure 3E). This included markers 

associated with both gastric foveolar pit cells (Gkn1, Gkn2, Tff1, Mucl3) and SPEM (Tff2, Aqp5, Gkn3) 

(Figure 3E-F). Interestingly, we also saw an increase in the expression of markers of gastric chief cells 

(Pga5, Pgc) (Figure 3F). To confirm the increase in expression of select markers with GNASR201C, we 

conducted immunofluorescence (IF) on 4838 and C241 cells +/- DOX. As shown in Figure 3G-H, we saw a 

significant increase in both AQP5 and CD44v9 in overall expression and intensity. Collectively, these data 

demonstrate that IPMN-driver GNASR201C induces a pyloric phenotype characterized by the upregulation of 

SPEM and foveolar pit cell markers.  

 

Oncogenic GNAS drives a mucinous phenotype in vivo. In addition to pyloric markers, we noted what 

appeared to be an increase in mucin production by DOX-treated cells. Mucin production is characteristic of 

the gastric pylorus and increases under conditions of gastrointestinal injury or oncogenesis. Consistent with 

this, we found that GNASR201C mutation is associated with high expression of mucin genes in a small number 

of cancer cell lines (cBioPortal, Figure S2F). To determine if GNASR201C is sufficient to drive mucin 

production, we interrogated our RNA-seq dataset and found a significant increase in Muc1, Muc5b, and 

Muc3a expression in both cell lines, as well as an increase in Muc5ac specifically in C241. Interestingly, we 

also noted an increase in mucin N-acetylgalactosaminyltransferases B4galnt3 and Galnt2 (Figure 4A). Gene 

expression changes in additional mucins (e.g., Muc20, Muc3) and mucin modification genes (e.g., B4galt1, 

St3gal4, Galnt6) were identified as well (File S1-2). To confirm increased mucin production, both cell lines 

were stained with lectin GSII, which broadly labels mucins. We identified an increase in both expression and 

intensity in both cell lines with DOX treatment (Figure 4B-C). Consistent with RNA-seq data, MUC5AC 

expression increased with DOX treatment only in C241 cells (Figure 4D-E). Collectively, these data 

demonstrate that GNASR201C expression is sufficient to drive a pyloric phenotype as well as enhanced mucin 

production in IPMN-like pancreatic cancer cells. 
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Like IPMN, PanIN are also considered to be mucinous precursors to PDAC, however they are not known to 

express oncogenic GNAS mutations and are not defined by large pools of mucin. To identify potential 

differences between PanIN and IPMN, we performed differential gene expression analysis on the bulk PanIN  

(n = 26) and IPMN (n = 19) RNA-seq from the Maurer dataset33, 34. At the molecular level, both precursor 

lesions were very similar, however, we did identify gene expression differences suggesting divergence in 

cellular composition. PanIN had higher expression of tuft (SUCNR1, AVIL, PTGS1), and enteroendocrine 

(HHEX, NEUROD1) markers, while IPMN expressed higher levels of mucus cell markers (MUC13, MUC5AC, 

MUC2), consistent with our cell line data (Figure 5A, File S3).  

 

To determine whether GNASR201C preferentially drives mucus cell production and if PanIN and IPMN differ in 

cellular composition, we next evaluated cell type abundance in KrasGNAS mice. Pancreas tissues were 

collected from KrasGNAS mice treated with or without DOX for either 10 or 20 weeks (n = 3 

mice/condition)10. H&E were then evaluated by a pathologist (VQT) for disease progression and cyst 

formation. When combined, the two groups were found to be equivalent in terms of disease progression, 

however, DOX treatment was found to enhance cyst formation (Figure S3A), as previously described10. 

Regions of cyst/IPMN and PanIN lesions were then identified by H&E (~3 regions of each/slide), with most 

mice harboring both lesion types (up to 6 areas identified/mouse). Serial sections were stained for tuft cell 

marker DCLK143, enteroendocrine cell (EEC) marker synaptophysin44, 45, and for mucins (PAS/AB) and 

quantified. As shown in Figure 5B, GNASR201C expression was sufficient to significantly decrease tuft (9.9%, 

45 lesions vs. 5.2%, 52 lesions) and enteroendocrine cell numbers (3.1%, 42 lesions vs. 1.2%, 52 lesions) 

while significantly increasing mucin production (19.6%, 40 lesions vs. 26.6%, 52 lesions) in low grade 

lesions, consistent with our analysis of human data (Figure 5A, File S3). This phenotype, however, was 

lost over time with disease progression in mice treated +/- DOX for 20 weeks, harboring more advanced 

disease (Figure 5B-C). Interestingly, and in contrast to human cysts/IPMN, many of the larger cysts that 

formed were relatively devoid of all three cell types as compared to PanIN (Figure S3B); further differences 

between GNASR201C-induced disease in humans and mice remain to be assessed. 

 

Oncogenic Kras and GNAS drive distinct and overlapping transcriptomic programs. While GNASR201C 

predominantly drives the proliferation of mucin-releasing cells, both KrasG12D and GNASR201C can drive IPMN 

formation. Further, both PanIN and IPMN are characterized by pyloric metaplasia. To identify distinct 

pathways driven by each oncogene, we treated 4838 cells +/- DOX with siRNA and performed RNA-seq 

(Figures 6A, S3, File S4). As shown in Figure 6B, siRNA treatment significantly reduced expression of 

GNAS (both human and murine) or Kras as compared to control. Interestingly, Kras knockdown resulted in 

a significant increase in murine Gnas expression, suggesting compensatory signaling between the two 

oncogenes. Gene signatures were created for knockdown of Kras or GNAS as compared to control and 

compared (Figure 6C). As shown in Figure 6D, targeting each oncogene decreased expression of both 

distinct and overlapping genes. GNAS knockdown reduced expression of many, but not all, genes 

upregulated by DOX treatment, confirming specificity (Figure 6E, S4A, File S5). Complete knockdown of 

all DOX-induced genes was not achieved, likely due to the partial knockdown of GNASR201C or compensation 
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by murine Gnas (Figure 6B). Knockdown of Kras resulted in decreased expression of several pro-

tumorigenic signaling pathways (Myc, Hif1a, MAPK signaling genes) and targeting either gene reduced 

expression of specific mucins or N-acetylgalactosaminyltransferases (Figure 6E, File S6-7). Consistent 

with in vivo phenotypes, targeting either Kras or GNAS was found to reduce expression of pyloric markers 

(Aqp5, Gkn1), as well as other genes identified in the DOX treatment signature (Cftr, Prom1, Il33) (Figure 

6B, 6E). Co-targeting both Kras and GNAS in combination showed similar results (Figure S4B-C). 

Altogether, these data suggest that, while both oncogenic Kras and GNAS can drive a pyloric gene expression 

signature, additional expression of GNASR201C amplifies this phenotype. 

 

Finally, to better understand how closely the GNASR201C, KrasG12D, or the pancreatitis-induced (SPEM-like, 

no oncogenic mutations) transcriptomic signatures resemble pyloric metaplasia, we overlaid these gene 

signatures on scRNA-seq of normal or injured (SPEM) murine stomach generated by Bockerstett et al31. In 

the normal stomach, the pancreatitis SPEM signature was enriched in gastric chief cells, while the oncogene-

driven signatures were more similar to foveolar pit cells. In gastric injury, all signatures enriched in SPEM, 

with the oncogene-driven gene signatures shifting towards foveolar pit cell enrichment, reflecting pyloric 

metaplasia (Figure 6F). The implications of this shift are currently unknown but may represent changes 

associated with tumor progression.  

 

Identification of master regulators of pyloric metaplasia. Previously, we showed through scRNA-seq, 

immunostaining, and electron microscopy that pancreatitis is characterized by a cell population resembling 

SPEM16. To identify master regulator transcription factors driving this phenotype, we performed a PyScenic-

based Regulon analysis on our scRNA-seq dataset (~13,000 cells), which identifies candidate factors by 

expression of known downstream target genes (Figure 7A). Among the candidate regulators, we identified 

the transcription factor Spdef, which has been shown to be the master regulator of mucin-producing goblet 

cell formation in the stomach, intestines, and lung (Figure 7B)46-48. Consistent with a role for driving mucin 

production, we found that GNAS mutations in human cell lines are associated with both elevated mucin and 

SPDEF expression (Figure S2F, Figure 7C) and that GNASR201C expression is sufficient to drive Spdef 

expression in Kras;GNAS murine cell lines (4838 and C241) (Figure 7E). Among the top 10% of predicted 

Spdef target genes, we identified several SPEM markers (Gkn3, Muc6) as well as additional transcription 

factors predicted to drive this phenotype (Creb3l1, Creb3l4) (Figure 7D, File S8). Like Spdef, GNASR201C 

was sufficient to increase expression of both Creb3l1 (4838 cells) and Creb3l4 (4838 and C241 cells) (Figure 

7E). Regulon analysis predicted that both Creb3l1 and Creb3l4 regulate expression of canonical SPEM 

markers (Aqp5, Tff2, Muc6, among others) as well the expression of each other (Spdef, Creb3l1 and Creb3l4) 

(Figure S5-6, FileS9, File S10). To compare these data to GNASR201C-induced changes in gene expression, 

we first overlaid the DOX-on gene signatures from both the 4838 and C241 cell lines onto the pancreatitis 

scRNA-seq dataset and identified enrichment in the SPEM cluster (Figure 7F-G); expression patterns closely 

resembled that for Spdef (Figure 7B). We next examined changes in expression for Spdef, Creb3l1, and 

Creb3l4 target genes with DOX treatment and GNASR201C expression. We identified an increase in target 

genes with DOX treatment in both cell lines for all three transcription factors, including SPEM markers 
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(Figure 7H, S7, S8), suggesting that GNASR201C drives expression of a pyloric metaplasia program through 

the activity of one or more of these master regulator transcription factors. Consistent with this, treatment 

of 4838 cells with Spdef siRNA significantly decreased mucin marker GSII as compared to control (Figure 

7I-K). 

 

To investigate the relevance of SPDEF, CREB3L1, and CREB3L4 to human IPMN and PDAC, we next examined 

expression in patient samples. First, we interrogated the bulk RNA-seq dataset generated by Maurer et al., 

of  IPMN (n = 19), PanIN (n = 26), and PDAC (n = 197 epithelium, 124 stroma)33, 34. Expression of all three 

transcription factors was elevated in the epithelium of all disease states, as well as elevated CREB3L1 in the 

stroma (Figure 8A). To examine protein expression, we next conducted IHC on 23 tissue samples collected 

from patients with IPMN +/- associated PDAC and scored expression. Regions of interest encompassed 

normal ducts (n = 43-45), acinar to ductal metaplasia (ADM, n = 39-41), LG IPMN (n = 51-54), HG IPMN 

(n = 27-33), and invasive PDAC (n = 9-10). Low expression of all three transcription factors was detected 

in a portion of normal ducts with expression increasing in ADM and reaching significance for SPDEF and 

CREB3L1 (Figure 8B-C). While CREB3L4 expression remained low throughout IPMN to PDAC progression, 

SPDEF remained high, though expression did not significantly increase between LG IPMN and PDAC. 

CREB3L1 expression, though, did significantly increase with disease progression from normal ducts through 

IPMN to PDAC (Figure 8B-C). Collectively, these data suggest a role for predicted master regulators of 

pyloric metaplasia in IPMN progression in patients.   

 

DISCUSSION 

PanIN and IPMN, the two most prevalent PDAC precursor lesions, are defined by mucin-producing cells 

harboring defining genetic alterations. The involvement of pyloric metaplasia has been described previously 

in murine PanIN and we confirm a similar process here in human and murine IPMNs16, 17. Pyloric metaplasia-

defining MUC5AC, CD44v9, and AQP5 are strongly expressed in acinar-to-ductal metaplasia and their co-

expression is identified in dysplastic stages of IPMN progression (Figure 2). Furthermore, PanIN and IPMN 

pyloric metaplasia cells harbor similar whole-transcriptomic signatures, reciprocating gastric SPEM and 

foveolar pit cell lineages and raising the possibility of a conserved program between these organs16, 17. The 

identification of similar processes of injury and repair between gastrointestinal organs could lead to the 

discovery of targetable pathways for multiple inflammatory or pre-malignant conditions. 

 

IPMNs differ clinically from PanIN through their capacity to be detected by routine imaging due to their 

larger size and cystic nature, filled with mucin. To the best of our knowledge, there is no insight as to why 

these precursors behave distinctly yet ultimately complete their sequence by transforming into 

adenocarcinomas with ductal features. We discovered that both oncogenic KRAS and GNAS drive pyloric 

metaplasia signatures, yet oncogenic GNASR201C amplifies a mucinous phenotype, consistent with a role 

described for GNASR201H49. In vivo, oncogenic GNAS also increased the relative proportion of mucin-

expressing cells in early lesions likely leading to the formation of cysts. Concomitantly, other cell types 

associated with KRAS activation, such as tuft and enteroendocrine cells, show a relative reduction following 
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GNAS activation. Previously, we showed that tuft cell ablation accelerated pancreatic tumorigenesis through 

PanIN progression50; the lower abundance of tuft cells in KrasGNAS mice may partially explain the 

accelerated phenotype in these mice10. 

 

As oncogenic GNAS mutations are largely restricted to IPMNs in humans, our finding suggests that GNAS 

could be driving the formation of these disease-defining cysts. These findings concur with those by Liffers 

et al., which show that human PanIN and gastric-type IPMN are remarkably similar at the transcriptomic 

level but highlight MUCL3 as a distinctive marker expressed only in gastric IPMNs11. Our findings show that 

oncogenic GNAS drives MUCL3 expression and is the likely root cause for this difference (Figure 3). A core 

limitation of this interpretation is the existence of IPMNs lacking GNAS mutations. We are hard pressed to 

understand what drives cyst formation in these cases, though our data suggest that KRAS is sufficient and 

that these IPMN may be MUCL3-negative. Studies in mice have suggested the formation of IPMN-like, AQP5+ 

lesions driven be oncogenic KRAS and nuclear expression of GSK3b51. Further, a recent study shows that 

loss of RNF43 expression in the context of oncogenic KRAS expression is sufficient to drive IPMN/cyst 

formation and accelerated tumorigenesis in mice52. A follow-up study highlighting the features, size, and 

mucin content of patient IPMN could shed further light into the discrepancies between IPMNs and PanIN. 

 

Through siRNA testing and regulon analyses, we found that oncogenic GNAS likely drives this mucin-

producing phenotype through a master-regulator SPDEF-CREB3L1-CREB3L4 axis. Indeed, these markers 

increase in expression as early as the acinar-to-ductal metaplasia phase, and CREB3L1 expression continues 

to increase with disease progression. SPDEF activity is a conserved process identified in the gastric, 

intestinal, and pulmonary epithelial response to injury and dysplasia, and was recently shown to drive a 

mucinous phenotype in PanIN46-48, 53. GNAS mutations have been suggested to drive a mucinous phenotype 

in other conditions, such as mucinous carcinomatosis of the appendix, describing a common role for this 

oncogene in tumorigenesis54. This further corroborates that not only is pyloric metaplasia conserved between 

organs, but also that distinct master regulators underly these processes and the transition between cell 

states. While some studies have been conducted looking at the functional role for individual pyloric markers 

in disease progression26, it remains to be determined if SPEM and the subsequent addition of a foveolar pit 

lineage, or pyloric metaplasia, is protective or reflects a detectable sign of disease progression. 

 

 

FIGURE LEGENDS 

 

Figure 1. Analysis of IPMN RNA-seq datasets reveals markers of pyloric metaplasia. SCANPY plots 
of (A) scRNA-seq data from Bernard et al.30, of tissue from patients with low grade (LG) or high grade (HG) 
IPMN (n = 2 each), or pancreatic cancer associated with IPMN (PDAC, n = 2). Expression of (B) Epithelial 
marker EPCAM, (C) immune cell marker PTPRC/CD45, (D) molecular markers of IPMN subtype or (E) SPEM 
markers trefoil factor 2 (TFF2), aquaporin 5 (AQP5), and CD44. (F) Barplots comparing expression 
(log2TPM) of microdissected epithelium and matched stroma from Maurer et al.33, from patients with IPMN 
(n = 19), PanIN (n = 26), and PDAC (n = 197 epithelium, 124 stroma) for TFF2, AQP5, and CD44. **, p < 
0.01; ****, p < 0.001. 
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Figure 2. Pyloric metaplasia markers are upregulated in human IPMN. (A) Pseudo-colored 
immunohistochemical staining for pyloric metaplasia markers MUC5AC (red), AQP5 (yellow) or CD44v9 
(green), top row, and automated detection of signal (bottom row) by QuPath to merge MxIHC data28. (B) 
Examples of hematoxylin staining or merged MxIHC staining of low grade (left) or high grade (right) IPMN. 
Scale bars, 20 µm. (C) Quantification of staining in (A-B) for 41 IPMN patients including normal ducts (n = 
95-109), acinar to ductal metaplasia (n = 109), low grade IPMN (n = 110), high grade IPMN (n = 70), and 
invasive IPMN (n = 22). *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001. 
 
Figure 3. Oncogenic GNAS drives a pyloric metaplasia program in IPMN. (A) qPCR for human GNAS 
(huGNAS) and Aqp5 in murine cell lines treated +/- doxycycline (DOX)(n = 3 technical replicates). (B) 
Western blot for human GNASR201C. (C) Principal component analysis (PCA) of RNA-seq conducted on both 
cell lines +/- DOX (n = 6, 3 biological replicates). (D) Barplots of murine (ms) or human (hu) GNAS 
expression, determined by RNA-seq, in both cell lines. (E) Heatmap of top upregulated genes in both cell 
lines with DOX. Upregulated genes include gastric pit cell markers Mucl3, Gkn1 and Gkn2. (F) Barplots 
showing upregulation of gastric pit cell marker Tff1, pyloric markers Tff2, Aqp5, and Gkn3, and gastric chief 
cell markers Pgc and Pga5 with DOX treatment. (G) Immunofluorescence and quantification of signal area 
and intensity for AQP5 and (H) CD44v9 in both cell lines +/- DOX (n = 3 biological replicates). Scale bars, 
25 µm. Black bars, control; white bars, DOX treatment. *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, 
p < 0.001. 

 

Figure 4. Oncogenic GNAS drives mucin production. (A) Barplots showing upregulation of mucin 
genes Muc1, Muc5b, and Muc3a and mucin modification genes B4galnt3 and Galnt2 in both 4838 and 
C241 with DOX treatment and GNASR201C expression, and Muc5ac in C241 alone. (B) Representative IF 
and (C) quantification of signal area and intensity for broad mucin marker GSII (n = 3 biological 
replicates). (D) Representative IF and (E) quantification of signal area and intensity for mucin MUC5AC (n 
= 3 biological replicates). Scale bars, 25 µm. *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001. 
 

Figure 5. GNASR201C expression preferentially drives mucus cell formation in vivo. (A) Heat map 
showing expression of select tuft cell, enteroendocrine cell (EEC), or mucus cell gene markers from Maurer 
et al.33, from the epithelium of human IPMN (n = 19), PanIN (n = 26), or PDAC (n = 197)16, 33. (B) 
Quantification of tuft cell number (DCLK1+), enteroendocrine cell number (Synaptophysin+), or mucus cell 
area (PAS/AB+) per epithelial component of lesions in KrasGNAS mice +/- DOX as determined by t test. (C) 
Representative images of H&E, DCLK1 or synaptophysin IHC, or PAS/AB (mucin) staining in PanIN or 
cyst/IPMN from KrasGNAS mice +/- DOX. Scale bars, 100 µm for the top three rows, 200 µm for the bottom 
row. *, p < 0.05; **, p < 0.01; ****, p < 0.001. 
 

Figure 6. Oncogenic Kras and GNAS drive distinct and overlapping transcriptomic programs. (A) 
PCA of RNA-seq conducted on cell line 4838 treated +/- DOX followed by CTRL siRNA or siRNAs targeting 
Kras, GNAS, or both Kras+GNAS (n = 3 per condition). (B) Barplots showing expression of huGNAS, 
msGnas, Kras, or Aqp5 under all conditions. (C) Heatmap showing select genes upregulated by DOX or 
down regulated by GNAS, Kras, or Kras+GNAS siRNA combined. (D) Venn diagram of genes down regulated 
in DOX treated cells with either Kras or GNAS siRNA. (E) Select genes down regulated by only Kras or GNAS 
siRNA or common to both. (F) Uniform manifold approximation and projection (UMAP) of scRNA-seq data 
collected from normal murine stomach (top) or a model of acute gastric injury (bottom), overlaid with either 
murine pancreatitis, GNAS-off or Kras-off gene signatures. *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, 
p < 0.001. 

 
Figure 7. Master regulator transcription factor SPDEF gene targets are upregulated by oncogenic 
GNAS. (A) UMAP of scRNA-seq data collected from a murine model of pancreatitis showing the formation 
of a gastric SPEM16. (B) RNA expression or binarized activity of Spdef predicted by regulon analysis overlayed 
on the UMAP from (A). (C) Expression of SPDEF is enriched in human cancer cell lines bearing GNAS 
mutations. (D) Plot of Spdef targets predicted by regulon analysis identifying gastric SPEM markers (Gkn3, 
Muc6) and transcription factors Creb3l1 and Creb3l4. (E) Barplots showing increased expression of Spdef, 
Creb3l1, and Creb3l4 in IPMN cell lines with DOX treatment. (F) DOX/GNAS-on gene signatures from IPMN 
cell line 4838 or (G) C241 overlayed on the UMAP in (A) showing overlap with Spdef expression. (H) 
Heatmap of Spdef target gene expression in control or DOX-treated 4838 cells. (I) qPCR for Spdef, (J) 
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immunofluorescence for GSII and (K) quantification of GSII area or intensity in 4838 cells treated with DOX 
and either control (CTRL) or Spdef siRNA. Scale bars, 5 µm. **, p < 0.01; ***, p < 0.005; ****, p < 0.001. 
 
Figure 8. Predicted pyloric metaplasia master regulator transcription factors are expressed in 
human IPMN. (A) Barplots comparing expression (Log2TPM) of microdissected epithelium and stroma from 
Maurer et al.33 from IPMN (n = 19), PanIN (n = 26), and PDAC (n = 197 epithelium, 124 stroma) for SPDEF, 
CREB3L1, and CREB3L4. (B-C) Representative immunohistochemistry and quantification for SPDEF, 
CREB3L1, and CREB3L4 conducted on 23 IPMN patient specimens including normal ducts (n = 95-109), 
acinar to ductal metaplasia (n = 109), low grade IPMN (n = 110), high grade IPMN (n = 70), and pancreatic 
cancer (Invasive, n = 22). *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001. 

 
Figure S1. Expression of pyloric metaplasia markers in human pre-malignant lesions and PDAC. 
Heat map showing expression of SPEM markers identified in a murine model of pancreatitis in a previously 
reported dataset of laser capture dissected epithelium from patient IPMN (n = 19), PanIN (n = 26), and 
PDAC (n = 197)16, 33, 34.  

 

Figure S2. GNASR201C expression drives transcriptomic changes in PDAC cell lines. (A) Heat map 
of differentially expressed genes between cell lines 4838 and C241. (B) GSEA analysis of gene expression 
signature changes in 4838 or (C) C241 cells with DOX treatment. (D) GO analysis of gene expression 
signature changes in 4838 or (E) C241 cells with DOX treatment. (F) MUC5AC, MUC5B, and MUC13 
expression in PDAC tumors from cBioPortal with wild type (n = 96) or mutant GNASR201C/H (n = 4)55. ***, 
p < 0.005; ****, p < 0.001.     
 
Figure S3. GNASR201C expression drives a cystic phenotype in vivo. (A) Quantification of highest-
grade lesion or cystic score in KrasGNAS mice +/- DOX (combined 10- and 20-weeks treatment). Grade, 1 
= 1/3 of tissue is low grade; 2 = 2/3 of tissue is low grade; 3 = high grade; 4 = invasive. Cystic score, 0 = 
no cysts; 1 = mild; 2 = extensive. (B) Quantification of tuft cell number (DCLK1), enteroendocrine number 
(SYP, synaptophysin), or mucinous area (PAS/AB) in lesions from KrasGNAS mice +/- DOX (for 10 or 20 
weeks) plotted by lesion type (PanIN or IPMN/cyst). *, p < 0.05; ***, p < 0.005; ****, p < 0.001. 
 

Figure S4. Validation of KRAS and GNAS-specific siRNA. (A) Screening of Kras siRNA in human 
pancreatic cancer cell lines PANC1 or MiaPaCa2 by qPCR. (B) Selected Kras siRNA reduces pERK and 
KRASG12D expression in 4838 and C241 cells by Western blot. (C) Screening of GNAS siRNA in 4838 or C241 
cells by qPCR. (D) Selected GNAS siRNA reduces GNASR201C expression in 4838 and C241 cells by Western 
blot. *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001. 
 

Figure S5. Oncogenic Kras and GNAS drive distinct and overlapping transcriptomic programs. 
Heatmap, Venn diagram or top 40 gene target list for differentially expressed genes between (A) genes 
upregulated with DOX and downregulated with GNAS siRNA, (B) DOX treated cells treated with either Kras 
siRNA or Kras and GNAS siRNA in combination, or (C) DOX treated cells with either GNAS siRNA or Kras 
and GNAS siRNA in combination. 
 

Figure S6. Creb3l1 and Creb3l4 are predicted regulators of pancreatitis induced SPEM. RNA 
expression or binarized activity of (A) Creb3l1 or (B) Creb3l4 predicted by Regulon analysis overlayed on 
the UMAP from Figure 7A. 
 

Figure S7. Creb3l1 and Creb3l4 are predicted regulators of pyloric-type metaplasia. Plots of either 
(A) Creb3l1 or (B) Creb3l4 predicted target genes generated from PyScenic Regulon analysis of scRNA-seq 
data generated from murine pancreatitis16. Select markers are circled in red. 
 
Figure S8. Spdef and Creb3l4 target genes increase with GNASR201C expression. Heat maps of (A) 
SPDEF target genes overlaid on RNA-seq data of C241 cells +/- DOX and GNASR201C expression or (B) 
CREB3L4 target genes overlaid on RNA-seq data of either 4838 (left) or C241 (right) cells +/- DOX. Top 
10% of gene targets are shown. Select markers are bolded. 
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Figure S9. Creb3l1 target genes increase with GNASR201C expression. Heat maps of CREB3L1 target 
genes overlaid on RNA-seq data of either 4838 (left) or C241 (right) cells +/- DOX and GNASR201C 
expression. Top 10% of gene targets are shown. Pyloric-type metaplasia markers are highlighted. 
 
 

Antibody Company Catalog # Dilution, 
WB 

Dilution, 
IHC or IF 

AQP5 Sigma-
Aldrich 

HPA065008 N/A 1:500 

CD44v9 (human) Cosmo Bio LKG-M003 N/A 1:250 
CD44v10e16 (mouse) Cosmo Bio LKG-M002 N/A 1:250 
CREB3L1 Sigma HPA024069 N/A 1:300 
CREB3L4 Sigma HPA038122 N/A 1:300 
DCLK1 Abcam Ab37994 N/A 1:500 
ERK (phosphorylated) Cell Signaling 4370 1:1000 N/A 
GAPDH Cell Signaling 5174 1:1000 N/A 
GNAS (R201C) GeneTex GTX135412 1:1000 N/A 
GSII Invitrogen L21415 N/A 1:250 
KRAS (G12D) Cell Signaling 14429 1:1000 N/A 
MUC5AC Invitrogen MA-12178 N/A 1:500 
SPDEF Lifespan 

Bioscience 
LS-C-499857 N/A 1:300 

Synaptophysin (SYP) Cell Marque 336R-94 N/A 1:500 
Table S1. Primary antibodies used for western blot (WB), immunohistochemistry (IHC), or 
immunofluorescence (IF) studies. 
 

Gene Forward Primer Reverse Primer 

huGNAS CCT GAG TGT GAT GAA CGT GCC TG CGA AGC AGG TCC TGA TCG CTC 

RPLPO GCC AAT AAG GTG CCA GCT G CTC CCA CCT TGT CTC CAG TC. 

Aqp5 GCC ATC TTG TGG GGA TCT AC CCC AGA AGA CCC AGT GAG AG 

Kras GAG AGG CCT GCT GAA AAT GAC TG GTC CCT CAT TGC ACT GTA CTC CTC 

Spdef TCC TCT CTG CTC ACT CTG AA AGA GCT CAT GTG TAT CCC TAG A 

Table S2. Primers for qRTPCR. 
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