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Abstract 52 

Aberrant epigenetic regulation is a central driver of tumorigenesis, and the reversibility of 53 

epigenetic modifications underscores their potential as therapeutic targets. Epigenetic factors 54 

often function in a highly context-dependent manner, necessitating rigorous study of their dynamic 55 

and complex roles. Here, we uncovered an intricate regulation of tumor development and 56 

plasticity by the KDM6 family of H3K27me3 histone demethylases in pancreatic ductal 57 

adenocarcinoma (PDAC), a disease with sustained high mortality and limited treatment options. 58 

Temporally resolving KRAS-driven tumor development revealed a switch from tumor suppressive 59 

to oncogenic functions for KDM6B, with implications for tumor aggressiveness in rodents and 60 

patients. These oncogenic functions were mediated by regulation of NOTCH signaling, a pathway 61 

known to promote PDAC tumorigenesis. Concurrent elimination of KDM6A and KDM6B led to 62 

profound phenotypic changes resembling sarcomatoid carcinomas, a rare, poorly characterized 63 

subtype of human PDAC. These tumors exhibited altered oncogenic networks, including NOTCH 64 

and JNK signaling, that may support development of therapies tailored to molecular subtypes. 65 

Given the critical and distinct activities of KDM6 histone demethylases during PDAC development, 66 

targeting KDM6 activities may be beneficial in the right cellular and temporal context. 67 

 68 

Statement of Significance 69 

Histone demethylases KDM6A and KDM6B dynamically modulate pancreatic cancer 70 

development, aggressiveness, and plasticity by altering NOTCH signaling, providing a rationale 71 

for developing selective KDM6 inhibitors.  72 
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Introduction 73 

 74 

Pancreatic cancer continues to carry one of the most dismal prognoses of all malignancies, mostly 75 

due to late detection and a scarcity of effective therapeutic options1. Over the last several years, 76 

whole-genome and transcriptome sequencing studies have provided key insights into the 77 

underlying diverse mutational landscape and identified several molecular subtypes of pancreatic 78 

ductal adenocarcinoma (PDAC), the most common form of pancreatic cancer2–4. Despite these 79 

efforts in characterizing the molecular heterogeneity in PDAC few therapies against novel targets 80 

have been advanced5. In addition to genomic alterations, aberrant epigenetic regulation of gene 81 

expression is a major contributor to PDAC tumorigenesis, cell plasticity and drug resistance6–8. 82 

Yet, the mechanistic actions of many targetable epigenetic drivers remain to be elucidated. 83 

Recent evidence suggests critical roles of Kdm6a (also known as Utx) and Kdm6b (Jmjd3), 84 

closely related histone demethylases that specifically erase repressive trimethylated lysine 27 of 85 

histone 3 (H3K27me3), in pancreatic tumorigenesis. While Kdm6a is X-linked and constitutively 86 

expressed in many tissues, the expression of autosomally encoded Kdm6b is induced by stress 87 

such as inflammatory cytokines, hypoxia and oncogenic stress9. The third family member, Kdm6c 88 

(Uty), is located on the Y chromosome and has minimal demethylase activity, thus Kdm6c is 89 

unlikely to compensate for a loss of Kdm6a and Kdm6b10. Mutations within the KDM6A gene are 90 

associated with a subset of PDAC patients and its inactivation has previously been shown to be 91 

a driver of PDAC tumorigenesis, resulting in the development of the squamous subtype of 92 

pancreatic cancer2,3,11–14. In contrast, Kdm6b functions appear to be more nuanced, as it has been 93 

implicated in both tumor promoting and restraining functions in pancreatic and other cancers15–18. 94 

Here, we set out to further elucidate the mechanistic underpinnings of Kdm6a and Kdm6b in 95 

pancreatic cancer tumorigenesis. This work was further motivated by the translational potential of 96 

a readily available, targeted Kdm6 inhibitor with promising chemotherapeutic effects19. 97 
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Our studies establish Kdm6b as a novel oncogenic driver of pancreatic cancer via the epigenetic 98 

regulation of Notch ligand Jagged1. Notably, the combined loss of Kdm6a and Kdm6b results in 99 

a rare sarcomatoid pancreatic cancer subtype with mesenchymal characteristics, indicating that 100 

Kdm6a and Kdm6b have synergistic functions that mediate cell plasticity. Our findings thus point 101 

to critical and distinct activities of Kdm6 histone demethylases during PDAC development 102 

depending on the precise cellular and temporal context. We provide compelling evidence that 103 

developing inhibitors specifically targeting Kdm6b may have therapeutic potential for treating 104 

pancreatic cancer and other malignancies where pan-Kdm6 inhibition may have adverse effects.  105 

 106 

Materials and Methods 107 

 108 

Mice 109 

The following mouse strains were used in this study: Kdm6aflox (Jackson #024177, RRID: 110 

IMSR_JAX:024177), Kdm6bflox (Jackson #029615, RRID: IMSR_JAX:029615), LSL-KrasG12D (gift 111 

from D. Tuveson, Cold Spring Harbor Laboratory20, RRID: IMSR_JAX:008179), p48CreER (gift from 112 

C. Wright, Vanderbilt University21, RRID: IMSR_JAX:019378), and Rosa26-mTmG (Jackson 113 

#007676, RRID: IMSR_JAX:007676). Mice were maintained on a mixed genetic background and 114 

a balance of males and females was used for all experiments. Tamoxifen citrate (Teva 115 

Pharmaceuticals) was given by oral gavage of 3 doses of 6.7mg at 7-9 weeks of age. All animals 116 

were housed in the barrier facility according to protocols approved by the University of California 117 

San Francisco Institutional Animal Care Use Committee (IACUC). 118 

 119 

Histology and Immunohistochemistry 120 

Tissues were fixed in Z-Fix (Anatech Ltd., 174) overnight at 4 °C, processed for paraffin 121 

embedding and cut into 5 µm sections. Paraffin-embedded sections were stained with either 122 
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hematoxylin (Sigma, MHS32) and eosin (Sigma, HT110132) or Alcian Blue (Sigma, B8438) and 123 

Nuclear Fast Red (Vector Laboratories, H-3403) according to standard protocols. Picrosirius Red 124 

staining kit (Abcam, ab150681) was used according to manufacturer’s instructions and 125 

counterstained with Weigert′s iron hematoxylin (Sigma, HT1079). For immunohistochemical 126 

analysis, antigen retrieval was performed by boiling in Citrate buffer (BioGenex, HK086) for 15 127 

min. Sections were blocked for 1 hour with 10% FBS in PBS at room temperature and incubated 128 

with primary antibodies in blocking solution overnight at 4 °C, followed by incubation with either 129 

Alexa fluorophore-conjugated secondary antibodies (1:500, Thermo Fisher) or biotin-conjugated 130 

secondary antibody (1:400, Jackson Immunoresearch) for 1 hour at room temperature. For 131 

immunofluorescence, slides were mounted with DAPI (Thermo Fisher, P36981). For 132 

immunohistochemistry, sections were further incubated for 30 min in ABC solution (Vector 133 

Laboratories, PK-6100), developed using the DAB Substrate Kit (Vector Laboratories, SK-4100) 134 

as per manufacturer’s instructions and counterstained with hematoxylin. For human tissues, IHC 135 

for Notch1, Jagged1 and KDM6B was performed using a Bond RXm system with pre-treatment 136 

with Epitope Retrieval Solution 2 (Leica Biosystems); IHC for Kdm6a was performed on a 137 

Benchmark XT (RRID: SCR_026335) system with pre-treatment with Cell Conditioning Solution 138 

2 (Ventana Medical Systems). Antibody binding was either detected with a polymer refine 139 

detection kit without post primary reagent or with an ultraView universal DAB detection kit and 140 

visualized with DAB as a dark brown precipitate, followed by hematoxylin counterstaining. All 141 

primary antibodies used in this study are included in Supplementary Table S1. For Alcian Blue 142 

staining, slides were scanned at 20X or 40X magnification and one section per animal was 143 

quantified using QuPath (RRID: SCR_018257). Percentages were recorded as Alcian Blue 144 

positive area versus whole section area, excluding lymph nodes. For Picrosirius Red staining, 145 

one stained slide per animal was scanned using polarized light microscopy on a Nikon Eclipse 146 

TE2000-U (RRID: SCR_023161) and quantified using Fiji (ImageJ, RRID: SCR_002285). 147 

 148 
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IHC evaluation of patient samples 149 

All studies involving patient specimens were performed with appropriate institutional review board 150 

(IRB) or ethics approvals and written informed consent was obtained from patients unless 151 

otherwise noted. The UCLA PDAC tissue microarray has been previously described22. PDAC and 152 

patient-matched normal pancreas and PanIN lesions were obtained from archival tissue blocks 153 

from treatment-naive patients undergoing surgical resections of stage I/II tumors at UCLA. The 154 

study was conducted in accordance with the U.S. Common Rule and the ethical principles of the 155 

Belmont Report. The construction and use of TMAs and patient records was performed under 156 

UCLA institutional review board approved protocol (IRB-11-0512) with an exemption for patient 157 

informed consent approved on the basis of the use of remnant pathology material and deidentified 158 

patient data (exempt category 4). The clinicopathological variables used for analysis of the tissue 159 

microarray were based on the 7th edition of the AJCC/UICC TNM staging system for pancreatic 160 

cancer. KDM6B histoscores are based on a semi-quantitative assessment of nuclear staining (0-161 

300, staining intensity [0-3] multiplied with percentage of tumor cells with that intensity [0-100]). 162 

Values shown represent averages of 2-3 cores per tumor and one core per PanIN and adjacent 163 

normal tissue.  164 

SCP cases were retrospectively identified, and archival tissue was provided as unstained 165 

anonymized or de-identified slides from Johns Hopkins University (JHU) pancreatectomy biobank 166 

(6 cases), the Mayo Clinic Biobank (1 case), an Italian institution database (2 cases) and the 167 

tissue bank of the University Hospital of the Technical University of Munich (4 cases). Studies 168 

were conducted in accordance with the revised US Common Rule, The Declaration of Helsinki, 169 

the Belmont Report, and CIOMS. The JHU pancreatectomy biobank (IRB00138853) and 170 

database are IRB approved and prospectively maintained institutional tissue collection biobank 171 

and patient database. Samples and clinical data were collected from PDAC patients who 172 

underwent surgical resection at the Johns Hopkins Hospital. All patients from whom samples were 173 

collected for the biobank provided written consent to collect, store, and use tissue samples in 174 
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future institutional, multi-institutional and international research. The Mayo Clinic Biobank 175 

samples were collected as part of clinical care. Studies are approved under IRB 21-006453 and 176 

18-003263 with an exemption for patient informed consent. The study at the Italian institution was 177 

was approved by the local ethical committee as a part of a national-based study on PDAC rare 178 

histotypes and subtypes (Bari ethical committee, date of approval: 10-01-2018, project n.242, 179 

code: 708/CE). The TUM TMA is part of a PDAC cohort that has been described previously. 180 

Briefly, it consists of patients who underwent pancreatic resection for PDAC at the Department of 181 

Surgery, TUM University Hospital Klinikum rechts der Isar (Germany) and was assembled 182 

retrospectively. Usage of this material was approved by the TUM Ethics Committee (1926/2007 183 

and 126/2016). For each tissue the Immunoreactive Score23 was calculated as a product between 184 

the proportion of positive tumor cells (0-4) and staining intensity (0-3). 185 

 186 

RNA isolation and Reverse Transcription-qPCR 187 

RNA was isolated using the RNeasy Mini Kit (Qiagen, 74106) according to manufacturer’s 188 

instructions. cDNA was generated using the SuperScript III First Strand synthesis kit (Thermo 189 

Fisher Scientific, 18080085) with 500-1000 ng of RNA and random hexamers. Quantitative PCR 190 

(RT-qPCR) was performed using FastStart Universal SYBR Green mix (Sigma, 4913914001). 191 

RNA expression of target genes was normalized to cyclophilin. RT-qPCR primer sequences are 192 

included in Supplementary Table S2. 193 

 194 

RNA-sequencing and analysis 195 

For bulk RNA-seq, a stranded mRNA library was prepared by PolyA capture and paired-end 196 

sequencing was performed by Novogene, generating 40-50 million reads per sample. Quality of 197 

raw FASTQ sequences was assessed using FASTQC (RRID: SCR_014583). To process RNA-198 

seq libraries, adapter sequences were trimmed using Cutadapt version 1.14 (requiring a length 199 

of >10 nucleotides after trimming, RRID: SCR_011841) and quality-filtered by requiring all bases 200 
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to have a minimum score of 20 (-m 20 -q 20). Only reads that passed the quality or length 201 

threshold on both strands were used for mapping. Reads were aligned to the mouse genome 202 

GRCm38 (mm10) with the STAR Aligner (version 020201, RRID: SCR_004463). Ensembl 203 

reference annotation version 89 was used to define gene models for mapping quantification. 204 

Uniquely mapped reads for each gene model were produced using STAR parameter ‘–quant- 205 

Mode GeneCounts.’ Differential expression analysis was performed in R using DESeq2 (v.1.16.0, 206 

RRID: SCR_015687) with default parameters, including Cook’s distance treatment to remove 207 

outliers. The codes are available upon request. Gene Set Enrichment Analysis was performed 208 

using the GSEAPreranked option in GSEA 4.1.0 (RRID: SCR_003199) with default parameters. 209 

The ranked input file was generated by ordering genes according to signed log2FC x -210 

log10(adjusted p-value). The analysis was based on predefined gene sets from the Molecular 211 

Signatures Database (MSigDB v7.4, RRID: SCR_016863). To calculate the accurate p-values, R 212 

package fgsea (v1.31.4, RRID: SCR_020938) was run using the same gene sets. 213 

 214 

10X Xenium sequencing and analysis 215 

Formalin fixed, paraffin embedded mouse pancreas tissue sections were processed for spatial 216 

transcriptomics data using the Xenium In Situ platform (10x Genomics, RRID: SCR_023910) 217 

following the manufacturer’s protocol, using a custom Xenium RNA v1 gene panel consisting of 218 

475 genes. The tissue sections were processed, imaged, and sequenced at the Core Facility 219 

Comparative Experimental Pathology at the Institute of Pathology of the Technical University of 220 

Munich (RRID: SCR_028771). Raw Xenium output files were obtained from the core facility for 221 

downstream bioinformatics analysis. A total of 15 Xenium datasets were processed using 222 

InSitupy24 (version 0.11.4, RRID: SCR_028769). For each sample, Xenium cell-level and 223 

transcript-level data were imported into an InSituData object using the read_xenium function. 224 

Corresponding H&E whole-slide images acquired on the same tissue section were then 225 

automatically registered to the Xenium nuclear (DAPI) image using the InSituPy image 226 
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registration pipeline. Tissue compartments were manually annotated in QuPath (version 0.7.0) to 227 

select only tumor regions. The resulting region masks were exported as GeoJSON files and 228 

subsequently imported into the InSituData object as region annotations, enabling histology-229 

guided restriction of downstream transcriptomic analyses to defined pathological compartments. 230 

Within this annotated InSituPy object, we computed standard per-cell quality control metrics using 231 

calculate_qc_metrics, followed by filtering of low-quality cells and lowly detected genes with 232 

filter_cells(xd, min_genes = 20) and filter_genes(xd, min_cells = 5), respectively. The resulting 233 

filtered count matrix was then normalized and log-transformed using the InSituPy 234 

normalize_and_transform function, yielding a normalized expression matrix that was used for all 235 

subsequent downstream analyses. For each inSitu sample, an AnnData object was first exported 236 

after subsetting to tumor region only, and these sample‑level AnnData objects were then 237 

concatenated into a single dataset. The combined AnnData was integrated using the ResolVI 238 

model from scvi‑tools25 (version 1.4.2, RRID: SCR_026673) to obtain a batch‑corrected latent 239 

space. Based on this integrated embedding, a standard Scanpy26 (version 1.12.1, RRID: 240 

SCR_018139) workflow was applied, including construction of the neighborhood graph, UMAP 241 

embedding, and Leiden clustering at a resolution of 1.5 to derive fine‑grained clusters. Clusters 242 

were subsequently curated into major cell types based on canonical marker gene expression. 243 

Specific populations were subsequently reclustered at a resolution of 1.0 to resolve additional 244 

cellular subtypes. Palantir27 (version 1.4.4, RRID: SCR_027194) pseudotime analysis was 245 

perfomed on ductal and sarcomatoid clusters by choosing a start cell from within the ductal 246 

cluster. For visualization of dynamic gene expression changes over pseudotime, MAGIC-imputed 247 

values from the MAGIC_imputed_data layer were used. Spatial co-occurrence of cell populations 248 

were quantified using the co-occurrence probability module implemented in Squidpy28 (version 249 

1.8.1, RRID: SCR_026157) tool. Distance-resolved co-occurrence profiles were computed 250 

between the ductal/sarcomatoid cluster and all other annotated cell types. 251 

 252 
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Western blotting 253 

Cells were lysed in Pierce RIPA Buffer (Thermo Scientific, 89901) containing 1X PhosSTOP 254 

phosphatase inhibitor (Sigma Aldrich, 4906845001), 1X complete protease inhibitor cocktail 255 

(Roche, 11697498001) and 100 mM PMSF. The insoluble fraction was separated from the lysate 256 

by centrifugation at 20,817 x g. PVDF membranes were incubated with the primary antibodies 257 

overnight at 4 °C, followed by incubation with HRP-conjugated secondary antibodies for 1 hour at 258 

RT. Membranes were developed using SuperSignal West Pico PLUS Chemiluminescent 259 

Substrate (Thermo Scientific, 34580). Antibodies are listed in Supplementary Table S1. 260 

 261 

Chromatin immunoprecipitation followed by qPCR (ChIP-qPCR) 262 

ChIP was performed as previously described29,30. Briefly, cells were fixed using 1% formaldehyde 263 

(Thermo Scientific, 28908). Nuclei were isolated using lysis buffer [167.5 mM NaCl, 5 mM EDTA 264 

pH 7.5, 50 mM Tris pH 7.5, 0.5% NP40, 1% Triton X-100, and protease inhibitors] and chromatin 265 

was sonicated in 0.1% SDS sonication buffer using a Bioruptor® Pico sonicator (Diagenode, 266 

RRID: SCR_028774). Sheared chromatin was then immunoprecipitated with antibodies against 267 

IgG (Cell Signalling #2729, RRID: AB_1031062), H3K4me3 (Millipore #05-745R, RRID: 268 

AB_1587134), or H3K27me3 (Abcam #ab6002, RRID: AB_305237). DNA was purified using 269 

MinElute PCR Purification Kits (QIAGEN) and quantitative PCR (qPCR) was performed to 270 

measure DNA enrichment, using Power SYBR Green Master Mixes on a QuantStudio 7 Flex 271 

Real-Time PCR system (Applied Biosystems). Primer sequences are detailed in Supplementary 272 

Table S3. 273 

 274 

Flow cytometry 275 

Cells were dissociated to single cells using 0.25% Trypsin-EDTA and filtered through a 40 µm 276 

strainer. After blocking for 15 min with anti-mouse CD16/CD32 FcγR block (BioXCell #BE0307, 277 

RRID: AB_2736987), cells were incubated with primary antibody or isotype controls for 1 hour on 278 
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ice. If appropriate, cells were incubated with fluorophore-conjugated secondary antibodies (1:500, 279 

Thermo Fisher) for 30 min on ice. For compensation, UltraCompTM eBeads Compensation Beads 280 

(Invitrogen, 01-2222) were incubated with 1 µl of each primary antibody for 15 min on ice. Cells 281 

were analyzed on a BD LSRFortessa (RRID: SCR_018655) with FACSDiva software (RRID: 282 

SCR_001456). Antibodies are listed in Supplementary Table S1. 283 

 284 

Acinar cell isolation and culture 285 

Mouse pancreata were cut into small pieces and digested with 0.4 mg/ml Collagenase P (Sigma, 286 

11213865001) at 37 °C for 15 min. Tissue was washed twice with 5% FBS in HBSS-/- and filtered 287 

through a 100 µm strainer. The flow-through was layered over 30% FBS in HBSS-/- and 288 

centrifuged for 2 min at 300 x g to pellet the intact acini. Acini were let rest for 4-6 hours in acinar 289 

media (RPMI 1640 containing 10% FBS, 1X Penicillin/Streptomycin, 100 µg/ml soybean trypsin 290 

inhibitor, 1 µg/ml dexamethasone) before embedding in a 1:2 ratio of acinar media to growth 291 

factor-reduced Matrigel (Corning, 356231) on collagen I-coated 24-well plates (Corning, 354408). 292 

Acinar cells were grown for 4 days and images taken daily of 3 wells, 2 images per well. 293 

Quantification was performed on all images by counting the number of acini and ductal clusters 294 

present (at least 60 per time point). On day 4, cells were extracted by resuspending contents of 295 

wells in Cell Recovery Solution (Corning, 354253) and incubation at 4 °C for 1 hour, followed by 296 

subsequent RNA isolation. 297 

 298 

Generation of murine cancer cell lines 299 

A piece of the mouse tumor was minced into small pieces and digested in a solution containing 300 

0.5 mg/ml Collagenase Type I (Fisher Scientific, 17-018-029) for 25-30 min at 37 °C with 301 

occasional vigorous shaking of the tube. The cell suspension was filtered through a 100 µm 302 

strainer and the cells were plated on a collagen I-coated tissue culture dish (Corning, 354450). 303 

Experiments were performed after reaching passage 5 with no fibroblasts present in the culture 304 
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anymore. Cell lines were authenticated via genomic PCR to confirm recombination. Genomic 305 

DNA was isolated from cell pellets using QuickExtract DNA Extraction Solution (Epicentre, 306 

QE09050) according to manufacturer’s instructions followed by genotyping PCR using GoTaq 307 

Green Master Mix (Promega, M7123). The following primers were used to amplify the Kdm6b 308 

locus: Kdm6b_flox_fw 5’-CAGCGATCCTGACTTGTTCA-3’ or Kdm6b_Intron_fw 5’-309 

GTCAACCAGCCTTGAGGTGT-3’, Kdm6b_flox_rv 5’- GTGCCAAGGCTGGAGGA-3’. In case of 310 

incomplete recombination of the Kdm6b floxed allele, cells were transduced with Ad5CMVCre-311 

eGFP (University of Iowa, VVC-U of Iowa-1174), sorted for GFP+ cells three days later via FACS, 312 

subcloned and clones with successful recombination mixed together to obtain a new 313 

heterogenous cell line. All cell lines were regularly tested for Mycoplasma using the PCR-based 314 

Venor GeM Mycoplasma Detection Kit (Sigma, MP0025) with the last testing performed on 315 

01/14/22.  316 

 317 

Cell culture assays 318 

Murine cancer cell lines were cultured in DMEM supplemented with 10% FBS and 1X 319 

Penicillin/Streptomycin at 37 °C, 5% CO2. For cell proliferation assays, cells were seeded in 320 

quadruplicates and grown for 72 hours. For treatment experiments, cells were seeded in 321 

triplicates and the agent added after 4-5 hours of letting cells attach. Relative cell numbers were 322 

evaluated using CellTiter-Glo reagent (Promega, G7571) according to manufacturer’s 323 

instructions. The following inhibitors were used in this study: GSK-J4 (MedChemExpress, HY-324 

15648B), JNK-IN-8 (MedChemExpress, HY-13319), γ-Secretase Inhibitor XX - CAS 209984-56-325 

5 (Millipore, 565789). For tumorsphere assays, 1500 single cells were seeded in triplicates in 326 

ultra-low attachment 6-well plates (Corning, 3471) in DMEM/F12 supplemented with 1X 327 

Penicillin/Streptomycin, 2% B27 (Stem Cell Technologies, 05711), 1% N2 Supplement (Fisher 328 

Scientific, 17502048), 20 ng/ml EGF and 20 ng/ml FGF2. After 4 or 6 days, tumorspheres were 329 

manually counted using a stereo microscope or harvested for flow cytometry. For transwell 330 
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migration assay, cells were serum-starved for 16h in DMEM supplemented with 0.5% FBS prior 331 

to seeding 7 × 10⁴ cells in triplicates into the upper chamber of 8-μm pore membranes (Merck 332 

Millipore, Cat. No. PCEP24H48), while DMEM supplemented with 10% FBS was added to the 333 

lower chamber. After incubation for 30h, non-migrated cells were removed and migrated cells at 334 

the lower surface were fixed with 4% paraformaldehyde and stained with 0.2% crystal violet 335 

solution. 5 randomly selected fields were acquired per well using bright-field microscopy. The 336 

crystal violet-positive area was quantified using a custom-written macro in ImageJ (NIH). 337 

Transient transfections were performed using Lipofectamine™ 3000 Transfection Reagent 338 

(Thermo Fisher Scientific, L3000008) and P3000™ Enhancer Reagent according to the 339 

manufacturer's instructions. DNA–lipid complexes were prepared in Opti-MEM and incubated for 340 

10–15 min at room temperature. Cells were harvested and added directly to the DNA–lipid 341 

complexes in suspension (reverse transfection). 2.5 μg (6-well) or 500 ng (24-well) total plasmid 342 

DNA was used per well. Mouse Jagged1 (OriGene, NM_013822; MR212152) was cloned into a 343 

pCMV6-Entry vector containing a C-terminal Myc-DDK-tag. A pmaxGFP plasmid (Lonza) was 344 

used as transfection control. Following transfection, cells were cultured under standard conditions 345 

(37°C, 5% CO₂) and harvested 48h post-transfection for downstream analyses. 346 

 347 

Patient-derived pancreatic cancer organoids 348 

Pancreatic tumor specimens were obtained from patients undergoing surgical resection at the 349 

Medical Center of the University of California at San Francisco. Samples were collected under 350 

approved protocol CC#134510 from the UCSF Molecular Profiling in Gastrointestinal 351 

Malignancies and Registry Oversight Committee. PDO1 line was derived from a fine needle 352 

aspirate sample, minced and digested in digestion buffer (DMEM/F12, 5 mg/ml Collagenase II, 353 

1X Penicillin/Streptomycin, 10 mM HEPES and 100 µg/ml  Primocin) for 10 min shaking at 37 °C. 354 

Digestion procedure was repeated 2 additional times with fresh digestion buffer after letting 355 

undigested tissue fragments settle and removing the supernatant. All supernatant fractions were 356 
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pooled and centrifuged at 200 x g for 5 min at 4 °C. The pellet was resuspended in growth factor-357 

reduced Matrigel (Corning, 356231) and 50 µl drops plated in 24-well plates. Matrigel was allowed 358 

to solidify in a CO2 incubator (5% CO2, 37 °C) and complete human organoid media added to 359 

each well. PDO2 line was derived from pleural effusion fluid, centrifuged at 530 x g for 10 min, 360 

washed in PBS and centrifuged again. The cell pellet was resuspended in Matrigel and plated as 361 

described above. The complete human organoid media for each line is listed in Supplementary 362 

Table S4. For viability assays, 1x10^4 cells were seeded in triplicates in 15 µl Matrigel on 96-well 363 

plates. Treatments were started after letting organoids recover for 3-7 days, for the duration 364 

indicated in the figure legends. Relative cell numbers were determined using 3D CellTiter-Glo 365 

reagent (Promega, G9681) according to manufacturer’s instructions. For RNA isolation, Matrigel 366 

was dissolved using Cell Recovery Solution (Corning, 354253) for 1 hour at 4 °C with occasional 367 

manual agitation and proceeded with the RNeasy Micro Kit (Qiagen, 74004) according to 368 

manufacturer’s instructions. 369 

 370 

Statistical analysis 371 

The number of biological replicates and independent experiments performed, as well as the 372 

statistical tests used to determine statistical significance are indicated in the figure legends. All 373 

tests were performed using the GraphPad Prism (versions 9.1.2 and 11.0.0, RRID: SCR_002798) 374 

software. If appropriate, outliers were determined using the ROUT test with Q = 10%. 375 

 376 

Data availability 377 

Bulk RNA-sequencing datasets generated for this study have been deposited at NCBI Gene 378 

Expression Omnibus (GEO, RRID: SCR_005012) under GSE202300. Spatial transcriptomics 379 

datasets have been deposited under GSE341984. Processed files and all other raw data 380 

generated in this study are available upon request from the corresponding author. 381 

 382 
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Results 383 

 384 

KDM6B negative PDAC has a better prognosis 385 

In contrast to the putative driver mutations occuring in the known tumor suppressor gene KDM6A, 386 

genetic alterations in its related family member KDM6B are less frequent in PDAC based on 387 

cBioPortal data (1.4%, 13/910 cases, Supplementary Fig. S1A). Deletions of KDM6B were 388 

coincidental with those of TP53, likely due to their close genetic proximity of ~100 kilobases. 389 

These observations point to potentially non-redundant functions of KDM6A and KDM6B in PDAC 390 

and challenges in assigning KDM6B activities in humans due to its fate being closely tied to TP53 391 

loss. We assessed KDM6B levels on tissue microarrays (TMAs) of treatment naïve resectable 392 

human PDAC cases with matching pancreatic intraepithelial neoplasia (PanIN) and adjacent 393 

normal tissue of a previously described cohort from the University of California, Los Angeles 394 

(UCLA cohort)22. KDM6B histoscores were significantly increased for PanIN and PDAC epithelial 395 

cells compared to normal ducts, with variable levels in PDAC cases (Fig. 1A, B). Patients with 396 

KDM6B negative tumors (histoscore <40) had a longer median survival (Fig. 1C, p=0.0344) 397 

despite the fact that no significant difference in lymph node status or tumor grade, stage or size 398 

was observed between KDM6B positive and negative tumors (Supplementary Table S5). 399 

Similarly, KDM6B expression levels were not correlated with any of these clinicopathological 400 

variables (Supplementary Fig. S1B). Furthermore, in a PDAC cohort from the Technical University 401 

of Munich (TUM cohort) consisting of partially matched primary and metastatic tumors we 402 

detected robust KDM6B staining in metastases with a trend towards higher Immunoreactive 403 

Scores compared to primary tumors (Fig. 1D), indicating sustained expression during PDAC 404 

progression. Summarily, these findings show that KDM6B expression is observed in human 405 

PDAC and that higher expression levels indeed correlate with shortened survival, suggesting an 406 

oncogenic role for this histone demethylase in pancreatic cancer. 407 

 408 
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Loss of Kdm6b impairs acinar identity and accelerates Kras driven neoplasia 409 

While human histology provides valuable insights into cancer morphology and subtypes, it does 410 

not reveal insights into gene requirements during disease formation. Kdm6a and Kdm6b are 411 

robustly expressed in the healthy mouse pancreas in both exocrine and endocrine cells 412 

(Supplementary Fig. S2A), indicating that genetically modified transgenic mice could illuminate 413 

Kdm6 functions during disease progression. Since Kdm6b has a vital role during the development 414 

of the endocrine pancreas31, we utilized the inducible p48CreER knock-in allele (Supplementary Fig. 415 

S2B) crossed to a conditional Kdm6bflox allele and administered tamoxifen to adult mice 416 

(Supplementary Fig. S2C) to determine the function of Kdm6b in mature acinar cells. Kdm6b 417 

expression was significantly reduced in acinar cells of p48CreER/+; Kdm6bfl/fl (Kdm6bKO) compared 418 

to control p48CreER/+; Kdm6b+/+ mice, while expression levels of Kdm6a and Kdm6c, the third 419 

member of the Kdm6 family, were not significantly changed (Supplementary Fig. S2D). 10 weeks 420 

post tamoxifen treatment the acinar architecture in Kdm6bKO mice was disrupted compared to 421 

controls, with individual acini appearing smaller and more condensed and being marked by a 422 

reduction in amylase staining (Supplementary Fig. S2E). Several genes expressed in pancreatic 423 

progenitors (Rbpj, Pdx1, Notch1, Sox9) were upregulated in Kdm6bKO, indicating a more 424 

immature state of the acinar cells (Supplementary Fig. S2F). These data suggest that Kdm6b is 425 

critical for maintaining the mature acinar differentiation state. 426 

To assess a potential role for Kdm6b in oncogenic Kras-driven neoplasia we next generated 427 

cohorts of p48CreER/+; LSL-KrasG12D/+; Kdm6bfl/fl (KCBKO) as well as control p48CreER/+; LSL-428 

KrasG12D/+; Kdm6b+/+ (KC) mice (Fig. 2A). 10 and 25 weeks after tamoxifen treatment, KCBKO mice 429 

exhibited an increased pancreas weight to body weight ratio (PW/BW) compared to KC (Fig. 2B), 430 

indicative of cellular and stromal expansion. Indeed, histologically KCBKO pancreata at 10 weeks 431 

post tamoxifen displayed more widespread areas of neoplasia compared to KC, including Alcian 432 

blue-positive acinar-to-ductal metaplasia (ADM) and low-grade PanIN accompanied by stromal 433 

remodeling, which was further increased at the 25 weeks time point (Fig. 2C, D). KCBKO further 434 
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showed a greater fibrillar collagen content compared to KC 10 weeks post tamoxifen, as also 435 

shown by increased Picrosirius red staining (Fig. 2E, F). To summarize, these results indicate 436 

that Kdm6b deficiency accelerates Kras-driven neoplasia derived from acinar cells. 437 

 438 

Kdm6b impedes PDAC progression and aggressiveness 439 

To interrogate the role of Kdm6b in later stages of PDAC tumorigenesis, we aged out KC and 440 

KCBKO mice until their humane endpoints. Surprisingly, despite the acceleration of neoplasia in 441 

KCBKO mice these animals did not exhibit a reduced median survival compared to KC mice (69.0 442 

vs. 73.1 weeks, Fig. 3A). Further, we did not observe a difference in PW/BW or PDAC incidence 443 

between genotypes (Fig. 3B, C) and histological examination of the tumors at end-stage revealed 444 

a similar range from mostly moderately to partially undifferentiated PDAC (Fig. 3C, D). However, 445 

similar to the early neoplasia stage, KCBKO tumors presented with higher collagen content 446 

compared to KC (Fig. 3D, E). Strikingly, there was a pronounced decrease in metastatic incidence 447 

in KCBKO mice compared to KC (16.7% vs. 64.3% of tumor-bearing mice, Fig. 3F), a finding that 448 

coincided with KCBKO tumors containing significantly fewer proliferating Ki-67+/CK19+ cells (Fig. 449 

3G, H). To gain insights into the cellular characteristics, we next generated cell lines from tumors 450 

of both genotypes (Supplementary Fig. S3A-C). Congruent with the in vivo data (Fig. 3G, H), 451 

KCBKO cells had a reduced proliferative capacity than KC cells when grown in 2D (Fig. 3I). Kdm6b 452 

loss further strongly impaired tumorsphere formation and expression of cancer stem cell (CSC) 453 

markers CD24 and EpCAM in KCBKO compared to KC cells, indicating that Kdm6b loss interferes 454 

with CSC formation (Fig. 3J, K). Despite the marked decrease in the occurrence of metastases in 455 

vivo, KCBKO cells did not exhibit an altered migratory phenotype in vitro as assessed by transwell 456 

migration assay (Supplementary Fig. S3D), suggesting that niche factors and stromal cells 457 

present in vivo are required to support cell migration. Furthermore, the loss of stem cell properties 458 

may also hinder effective metastatic dissemination in KCBKO. Summarily, our data indicate that 459 

Kdm6b has stage-specific and opposing effects on tumor development, impairing early neoplastic 460 
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transition while promoting oncogenic functions in PDAC cells to assert a more aggressive 461 

phenotype. The oncogenic activity in established PDAC is consistent with the higher rates of 462 

survival observed in human patients with PDAC lacking KDM6B expression (Fig. 1C). 463 

 464 

Oncogenic activities of Kdm6b are mediated by modulation of Notch signaling 465 

To understand the molecular underpinnings of the cellular changes induced by Kdm6b deficiency, 466 

we performed bulk RNA-sequencing on KC and KCBKO tumor-derived cell lines. 640 genes were 467 

significantly differentially expressed between the genotypes (Fig. 4A, Supplementary Fig. S3E) 468 

with 229 and 160 Gene Set Enrichment Analysis (GSEA) pathways significantly enriched in KC 469 

and KCBKO, respectively (padj<0.05, Fig. 4B). The top enriched pathways in KC cells were mostly 470 

related to cholesterol metabolism, DNA replication and Notch signaling, while KCBKO cells were 471 

enriched in invasiveness and epithelial-mesenchymal-transition (EMT) gene sets. The latter was 472 

surprising given their reduced metastatic burden in vivo and the unchanged migratory phenotype 473 

in vitro. A deeper look into the pathway genes revealed that those differentially expressed in 474 

KCBKO were largely involved in desmoplasia and stromal remodeling (e.g. MME, PLAU, MMP2, 475 

SERPINF1, LGALS1, PCOLCE, PDGFRA) rather than intrinsic drivers of EMT, possibly 476 

contributing to the increased fibrosis seen at 10 weeks post tamoxifen (Fig. 2E-F). Thus, Kdm6b 477 

elimination in the context of oncogenic Kras modulates signaling of PDAC to niche cells without 478 

promoting metastatic growth.  479 

We decided to further follow up on the Notch pathway as this signaling cascade has previously 480 

been implicated in promoting proliferation, invasiveness and cancer stem cell properties32,33. 481 

Several major pathway components, most notably the ligands Jagged1 and Jagged2 as well as 482 

Neurl1b, the ligand processing ubiquitin ligase, were downregulated in KCBKO cells (Fig. 4C-E, 483 

Supplementary Fig. S3F). Immunostaining of end-stage tumors confirmed the reduced Jagged1 484 

expression in KCBKO compared to KC, while Notch1 levels remained unchanged between 485 

genotypes (Fig. 4F). To test whether the reduction of Notch signaling might act as a potential 486 
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driver of the KCBKO phenotype we blocked the pathway with the well-described γ-secretase 487 

inhibitor XX which prevents cleavage of the receptor and thereby downstream pathway activation. 488 

Importantly, treating KC cells with XX reduced proliferation, with rates approaching those of 489 

KCBKO (Fig. 4G). Conversely, the inhibitor only had a minor effect on KCBKO cells presenting with 490 

already reduced Notch signaling. Ectopic expression of the ligand Jag1 in KCBKO cells via 491 

transient transfection led to a moderate increase in proliferation and formation of tumorspheres, 492 

trending toward values observed for control transfected KC lines. In contrast, overexpression of 493 

Jag1 in KC lines did not elevate proliferation or tumorsphere formation (Fig. 4H, I, Supplementary 494 

Fig. S3G). This partial rescue of Kdm6b-deficient PDAC cells would indicate that despite the 495 

requirement for Notch signaling in maintaining aggressive PDAC features, other factors contribute 496 

to assert the KCBKO phenotype. 497 

We then performed chromatin immunoprecipitation (ChIP) studies of H3K27me3 (repressive) and 498 

H3K4me3 (activating) histone marks at the promoter regions of select Notch genes to test whether 499 

Kdm6b H3K27me3 demethylase activity directly regulates their expression. Indeed, we found an 500 

increase in repressive H3K27me3 marks specifically at promoters of ligands Jag1, Jag2 as well 501 

as Neurl1b in KCBKO tumors, thus providing molecular evidence for their reduced expression, 502 

while levels were unchanged for Notch1 and Notch2 receptors (Fig. 4J). Activating H3K4me3 503 

marks were not affected at any target gene (Fig. 4K). These findings support our expression data 504 

and indicate that Kdm6b histone demethylase activity upregulates the expression of Notch 505 

pathway components specifically on the side of the signal sending cell, thereby likely reducing 506 

downstream signaling output in the receiving cell. Summarily, our data point to a direct and 507 

positive regulation of key Notch pathway genes by Kdm6b, which in turn drive tumor cell 508 

proliferation, stemness and metastasis in vivo. 509 

 510 

Combined Kdm6 deficiency modulates pancreatic cancer development and tumor subtype 511 
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Considering the homology and similar functions of Kdm6a and Kdm6b, we next investigated the 512 

effect of their combined loss on PDAC tumorigenesis. Due to its Y-linked nature and weak 513 

demethylase activity a compensatory effect of Kdm6c was unlikely, and thus it was not included 514 

in this study. Interestingly, Kdm6a/b double-KO (p48CreER/+; Kdm6afl/fl or fl/Y; Kdm6bfl/fl) acinar cells 515 

were largely protected from undergoing ADM ex vivo, which was not observed with loss of Kdm6b 516 

alone (Supplementary Fig. S4A-D). In support of the stabilizing effect on cell identity, expression 517 

of critical acinar as well as other lineage genes was largely unchanged in freshly isolated Kdm6a/b 518 

double-KO acinar cells (Supplementary Fig. S4E). To assess the roles of the demethylases in the 519 

context of oncogenic Kras we generated compound p48CreER/+; LSL-KrasG12D/+; Kdm6afl/fl or fl/Y; 520 

Kdm6bfl/fl (KCAKOBKO) mice (Supplementary Fig. S4F). In support of the impaired ADM phenotype 521 

in vitro, KCAKOBKO mice also exhibited a reduced neoplastic burden compared to KC at 10 weeks 522 

post tamoxifen (Supplementary Fig. S4G-I). Thus, while the loss of Kdm6b alone perturbs acinar 523 

identity and promotes ADM formation in vivo, the combined loss of both demethylases impairs 524 

such dedifferentiation. Notably, at 25 weeks post tamoxifen a switch toward increased neoplasia 525 

had occured in KCAKOBKO mice (Suplementary Fig. S4H, J). Further aging out KCAKOBKO mice 526 

resulted in an initial, slightly increased median survival compared to KC controls (80.9 vs. 73.1 527 

weeks, Fig. 5A), which was mainly observed in female mice (Supplementary Fig. S5A). However, 528 

the curves converged later with KCAKOBKO rapidly succumbing to disease with advanced age 529 

displaying an overall impaired life span. Upon histological examination we found that the majority 530 

(62.5%, vs. 7.7% in KC) of PDAC tumors arising from KCAKOBKO mice could be classified as 531 

sarcomatoid carcinoma of the pancreas (SCP, Fig. 5B, C, p=0.0139). SCP is an undifferentiated 532 

tumor type that also presents itself in human patients and has been reported as highly 533 

aggressive34. Another 25% of tumors presented as a mix of adeno- and sarcomatoid carcinoma, 534 

a phenotype that was observed in 30.1% of KC tumors as well. The SCPs exhibited spindle-535 

shaped neoplastic cells and an absence of gland formation, except for entrapped benign PanINs 536 

(Supplementary SFig. 5B, asterisk). Local invasiveness into the wall of blood vessels was also 537 
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observed for KCAKOBKO (Supplementary SFig. 5B, arrowheads), although there was no significant 538 

difference in the occurrence of macroscopic metastases compared to KC (Fig. 5D). An increase 539 

in PW/BW suggests that KCAKOBKO tumors were larger than those from KC (Fig. 5E). In addition, 540 

they were characterized by the absence of classical epithelial markers such as E-Cadherin and 541 

CK19 that were strongly present in KC tumors (Fig. 5F). Both KC and KCAKOBKO SCPs were 542 

positive for CK8, indicative of their epithelial origin, while KCAKOBKO tumor epithelial cells also 543 

expressed the mesenchymal marker vimentin. This partial EMT phenotype was indicated further 544 

in areas of KCAKOBKO tumors resembling transition zones in which E-Cadherin- and CK19-positive 545 

PDAC niches were adjacent to spindle-shaped cells negative for both markers (Supplementary 546 

Fig. S5C). Of note, only PanIN, but no other precursor lesions such as intraductal papillary 547 

mucinous neoplasm (IPMN) or mucinous cystic neoplasm (MCN) were found adjacent to tumors 548 

for both genotypes at end-stage (Supplementary Fig. S5D). 549 

To address the potential contribution of loss of Kdm6a to these phenotypes we further analyzed 550 

p48CreER/+; LSL-KrasG12D/+; Kdm6afl/fl or fl/Y (KCAKO) mice (Supplementary Fig. S5E). ADM and PanIN 551 

formation was almost completely abrogated 10 weeks post tamoxifen in KCAKO mice 552 

(Supplementary Fig. S5F, G), suggesting a requirement for Kdm6a activity for the transition from 553 

acinar to metaplastic duct-like cells. The loss of Kdm6a may therefore be the main cause for the 554 

reduced early neoplasia formation observed in KCAKOBKO (Supplementary Fig. S4H, I). Female, 555 

but not male, KCAKO mice were trending towards having an increased median survival compared 556 

to KC controls (93.3 vs. 73.1 weeks, Supplementary Fig. S5H). Unlike KCAKOBKO, KCAKO tumors 557 

were largely poorly differentiated or undifferentiated PDAC with no saromatoid component except 558 

for one animal (Supplementary Fig. S5I, J). Taken together, single loss of Kdm6a or combined 559 

loss of Kdm6a and Kdm6b in pancreatic acinar cells inhibits initiation of early neoplasia but only 560 

deficiency in both Kdm6a and Kdm6b promotes later formation of undifferentiated SCP in the 561 

context of oncogenic Kras. 562 

 563 

D
ow

nloaded from
 aacrjournals.​org/​cancerres/​article-pdf/​doi/​10.​1158/​0008-5472.​C

AN
-25-3126/​3835832/​can-25-3126.​pdf by guest on 08 O

ctober 2026



Kdm6-deficient sarcomatoid tumors have distinct cellular signatures 564 

We subsequently derived cell lines from KCAKOBKO tumors (Supplementary Fig. S6A, B), which 565 

maintained their spindle-shaped morphology in vitro and did not grow in colonies (Fig. 5G). 566 

Despite the increased PW/BW (Fig. 5E) there was no significant difference in proliferation 567 

compared to KC (Supplementary Fig. S6C). Bulk RNA-sequencing of KCAKOBKO vs KC cells 568 

resulted in 2,316 differentially expressed genes (DEGs, Fig. 5H, Supplementary Fig. S6D) and 569 

GSEA returned a large number of significantly enriched pathways, 670 in KC and 886 in 570 

KCAKOBKO (padj<0.05, Fig. 5I). In support of the observed switch from epithelial to mesenchymal 571 

markers (Fig. 5F), EMT pathways were enriched in KCAKOBKO cells while those related to 572 

epithelial differentiation were downregulated (Supplementary Fig. S6E, F). However, there was 573 

no difference in the migratory behavior of KCAKOBKO cells (Supplementary Fig. S6G), suggesting 574 

that the partial EMT phenotype in SCP cells as defined by co-expression of 575 

epithelial/mesenchymal markers (Fig. 5F) does not correlate with increased invasiveness and, 576 

ultimately, metastasis. Despite the phenotypic differences with regards to PDAC subtypes, we 577 

observed an even more profound downregulation of the same critical Notch components Jag1, 578 

Jag2 and Neurl1b, and to a lower extent Notch1 and Maml2 in KCAKOBKO cancer cells that we 579 

had identified in KCBKO mice (Suppl. Fig. 6H-J). These findings indicate that general loss of Kdm6 580 

histone demethylase activity perturbs Notch signaling, shapes PDAC plasticity and may serve as 581 

an underlying driver towards the development of undifferentiated sarcomatoid pancreatic tumors.  582 

We then asked whether KCAKOBKO SCP cells exhibit differences in their molecular signaling 583 

networks and indeed, GSEA analysis revealed profound global changes in the expression levels 584 

of signaling pathway components compared to PDAC cells derived from KC mice. Several 585 

‘interferon response’ as well as ‘JNK signaling’ pathways were enriched in KCAKOBKO combined 586 

with a simultaneous downregulation of Myc targets (Supplementary Fig. S6K). The increase in 587 

interferon and c-Jun N-terminal kinase (JNK) signaling was further confirmed on the RNA and 588 

protein level of the tumor-derived cell lines as well as in the primary tumors (Fig. 5J, K, 589 
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Supplementary Fig. S6L). Treating the cell lines with a specific JNK inhibitor (JNK-IN-8) revealed 590 

an increased sensitivity of KCAKOBKO cancer cells to JNK inhibition (Fig. 5L-N). These 591 

observations suggest overall altered oncogenic and metabolic networks in KCAKOBKO SCPs that 592 

may present novel vulnerabilies for targeted treatment.  593 

 594 

Spatial transcriptomics analysis reveals Kdm6-mediated plasticity in PDAC 595 

To further assess tumor composition, we performed spatial transcriptomics on end-stage tumor 596 

sections (n=5 for each KC, KCBKO, KCAKOBKO) using 10X Xenium technology. Processing and 597 

filtering resulted in 34 clusters that were assigned to the major cell types using known marker 598 

expression (Fig. 6A, B, Supplementary Fig. S7A). KCAKOBKO tumors displayed a reduced 599 

proportion of ductal cancer cells (from here on referred to as “ductal”) and a major proportion of 600 

sarcomatoid cancer cells (“sarcomatoid”) scarcely found in tumors from KC and KCBKO (Fig. 6C, 601 

Supplementary Fig. S7B-C). Other cell types were similarly distributed between genotypes except 602 

for a slight decrease in immune cells in KCAKOBKO. Sarcomatoid cells exhibited more 603 

transcriptional similarity with fibroblasts (e.g. high expression levels of Vim, Lox, Sparc) while 604 

simultaneously expressing epithelial markers Krt8 and Krt18 (Fig. 6D), as previously shown by 605 

IHC (Fig. 5F). They were also characterized by the expression of plasticity markers such as Spp1, 606 

Axl, Prrx1, Grem1 and Id3, as well as EMT markers (Twist1, Zeb1, Cdh2, S100a16). Particularly 607 

Spp1/osteopontin and the BMP inhibitor Grem1 have been reported as critical regulators of 608 

cellular heterogeneity and mesenchymal cell fate in PDAC35,36. Pseudotime analysis on the subset 609 

of malignant cells comprising only ductal and sarcomatoid clusters using Palantir27 revealed that 610 

sarcomatoid cells are positioned at the end of the inferred trajectory (Fig. 6E, F), suggesting that 611 

SCP might arise from bona fide existing adenocarcinomas. 612 

We next analyzed the stromal compartments of KC, KCBKO and KCAKOBKO tumors. When 613 

compared to KC, KCBKO tumors had increased levels of neutrophils while NK cells and 614 

lymphocytes were less abundant, indicating a potentially slightly increased immunosuppressive 615 
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TME (Supplementary Fig. S7D, E). In contrast, KCAKOBKO tumors exhibited a higher proportion of 616 

NK cells at the expense of pericytes and dendritic cells. However, these differences in infiltrating 617 

immune cell types were generally minor. Reclustering of fibroblasts identified two inflammatory 618 

(iCAF), two myofibroblast (myCAF) and one antigen-presenting (apCAF) cancer-associated 619 

fibroblast (CAF) clusters based on published gene signatures37, as well as a cluster of cells with 620 

strong expression of proliferation-associated genes thus labeled proliferative CAFs (pCAF, Fig. 621 

6G-I, Supplementary Fig. S7F, G). Notably, the iCAF2 cluster was expanded in both KCBKO and 622 

KCAKOBKO compared to KC tumors, while the myCAF1 cluster was reduced. iCAF2 cells were 623 

characterized by a profound loss of both pan-CAF markers, as well as some iCAF markers, 624 

particularly cytokines Il6, Ccl7, Ccl21a and Cxcl12, as well as Il1r1, pointing to a potentially 625 

impaired polarization of iCAF2 cells by Il1. Furthermore, iCAF2 cells expressed high levels of 626 

decorin (Dcn), a secreted ECM proteoglycan that has been proposed to limit cancer cell growth 627 

and reduce metastasis, with quiescent CAFs (qCAFs) being a major source in PDAC38. Despite 628 

the increased fibrosis seen at 10 weeks post tamoxifen (Fig. 2E-F), KC and KCBKO displayed a 629 

similar abundance of alpha-SMA positive CAFs in the TME (Supplementary Fig. S7H).  630 

We then investigated the co-occurrence of stromal cells with ductal (KC, KCBKO) or sarcomatoid 631 

(KCAKOBKO) cells. When compared to KC tumors, the vicinity of KCBKO ductal cells was more 632 

strongly depleted in iCAFs, apCAFs, NK cells and M2 macrophages, while being enriched in 633 

neutrophils and MDSCs (Fig. 6J). Whereas lymphocytes were strongly excluded from KC duct 634 

cells, they were infiltrating closer to KCBKO ductal cells. These observations suggest that Kdm6b-635 

deficient PDAC alters the immune landscape by modulating the local infiltration of immune cells, 636 

rather than their numbers, toward both apparent tumor-restraining (neutrophils, MDSCs) and 637 

tumor-promoting (lymphocytes) features. In summary, the changes in CAF abundance and 638 

localization, in particular iCAFs, together with the expression of stroma-modulating factors by 639 

PDAC cells (Fig. 4B) suggest a profoundly changed ECM and inflammatory environment that may 640 

work in tandem with impaired Notch signaling support the reduced proliferation and metastasis 641 
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observed in KCBKO. KCAKOBKO tumors exhibited an exclusion of most stromal cell types in the 642 

vicinity of sarcomatoid cells (Fig. 6J), pointing to an overall low stromal content in these tumors. 643 

Together with the high abundance of of decorin-positive iCAFs this may have implications on the 644 

invasiveness of SCP by restraining the partial EMT phenotype, ultimately resulting in similar 645 

migratory rates and metastasis observed for PDAC. 646 

 647 

Evaluation of KDM6 activities in human PDAC 648 

To determine whether molecular changes observed in the rodent PDAC models were mirrored in 649 

human samples, we obtained 13 human cases of the very rare SCP for immunohistological 650 

assessment. While KDM6B and NOTCH1 levels were comparable between an independent 651 

PDAC cohort and the SCP cases, JAG1 expression was significantly reduced in SCP tumors, 652 

further supporting the hypothesis that Notch signaling is altered in this subtype (Fig. 7A, B). 653 

Additional analysis in both PDAC and SCP cohorts revealed that expression of KDM6B and JAG1 654 

was trending towards being positively correlated (p=0.0695 and p=0.0696, respectively), 655 

suggesting a potential direct regulation between the genes (Fig. 7C). To further parse out the 656 

relationship between Kdm6 histone demethylases and the Notch signaling pathway, we then 657 

treated KC tumor cells with the selective Kdm6 inhibitor GSK-J4 targeting all Kdm6 family 658 

members. All cell lines were sensitive to GSK-J4 (IC50 values of 1.5-2.2 μM, Fig. 7D) and 659 

treatment led to a reduction of Jag1, but not Notch1, protein levels (Fig. 7E, F). This further 660 

indicates that Kdm6 activity positively regulates Notch signaling specifically via inducing the 661 

expression of its ligand Jagged1. Finally, we assessed whether KDM6 inhibition in patient-derived 662 

pancreatic cancer organoid (PDO) lines had therapeutically relevant effects. GSK-J4 treatment 663 

led to significantly reduced viability in two metastatic PDO lines (Fig. 7G-J). GSK-J4 in 664 

combination with Gemcitabine had an even more pronounced effect on reducing organoid viability 665 

in one PDO line compared to either Gemcitabine or GSK-J4 alone (Fig. 7H, I), suggesting a 666 

potential use of KDM6 inhibition together with conventional chemotherapy. Summarily, our data 667 
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raise the possibility of including KDM6 inhibition as another potential treatment option for PDAC 668 

patients in certain context. 669 

 670 

Discussion 671 

 672 

Despite a growing body of literature, much remains to be learned about the epigenetic control of 673 

pancreatic tumorigenesis and the implications for targeted therapies. We have focused our 674 

attention on the histone demethylases Kdm6a and Kdm6b essential for removing di-methylated 675 

and tri-methylated marks from histone H3 lysine 27 (H3K27me2/me3). Despite their close 676 

relationship these demethylases have distinct properties in cancer, with Kdm6a generally known 677 

for its tumor suppressor activity while we now show that Kdm6b displays context dependent 678 

oncogenic and tumor suppressor functions. A key finding of our study is the observation that 679 

Kdm6b tunes PDAC development and phenotype depending on the temporal context. Loss of 680 

Kdm6b accelerates ADM and PanIN formation, supporting a tumor suppressive role during early 681 

neoplasia. Despite this initial acceleration, subsequent PDAC formation and median survival are 682 

comparable in both KCBKO and KC cohorts. Together with more aggressive features of Kdm6b-683 

deficient tumors these findings are suggestive of an oncogenic requirement of Kdm6b in PDAC 684 

after the initial stages of neoplasia. This hypothesis is further supported by the observation that 685 

patients with Kdm6b-negative tumors display a better prognosis. The increased fibrosis and 686 

changes in CAF populations, most prominently the expansion of tumor-restraining decorin-687 

positive iCAFs, in KCBKO point to complex, cell non-autonomous functions of Kdm6b on the tumor 688 

environment in addition to the intrinsic functions on proliferation and stemness. Our data further 689 

support the notion that Notch signaling is a required component for the KCBKO phenotype, but to 690 

what extent this pathway is sufficient to drive tumor traits warrants further investigation. 691 

Our studies further reveal unanticipated synergy between Kdm6a and Kdm6b in regulating 692 

formation of pancreatic cancer subtypes. In the context of concomitant deletion of Kdm6a, the 693 
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resulting KCAKOBKO tumors display a sarcomatoid phenotype of PDAC, indicating a tumor cell-694 

intrinsic regulation of cellular plasticity by Kdm6 demethylases. The origins and molecular 695 

characteristics of the rare sarcomatoid carcinoma of the pancreas (SCP) are still poorly 696 

understood34,39. This type of undifferentiated cancer lacks a specific genetic signature compared 697 

to adenocarcinomas, thus pointing to epigenetic events or influences from the tumor 698 

microenvironment underlying this phenotypic variation40. Our findings clearly demonstrate that 699 

SCP caused by the loss of both Kdm6a and Kdm6b in the presence of oncogenic Kras 700 

preferentially forms via ADM and PanIN precursors. The occurrence of PDAC-to-SCP transition 701 

zones in a subset of KCAKOBKO tumors in conjunction with the trajectory analysis from spatial 702 

transcriptomic data suggest that SCP emerges via dedifferentiation of existing adenocarcinomas. 703 

These data further raise the question of whether SCP represents an independent subtype or 704 

rather the end of a spectrum of neoplastic plasticity from fully differentiated to undifferentiated 705 

pancreatic cancer. While loss of E-Cadherin and EMT characteristics have been previously 706 

reported for undifferentiated pancreatic carcinomas and were observed in KCAKOBKO SCP as well, 707 

our findings point toward a partial EMT phenotype that is not sufficient to drive the formation of 708 

metastasis, possibly due to a lack of permissive stromal elements as indicated by our spatial 709 

transcriptomics analysis. The current notion of SCP as a more advanced, invasive cancer 710 

state41,42 stems from a small number of patients and thus requires further validation. 711 

Few genetic mouse models have been described to develop sarcomatoid pancreatic tumors, for 712 

example those with Arid1a or Cdkn2a deletion43–45, however, SCP in these animals only occurs 713 

sporadically. Furthermore, loss of Hnf1a or Kdm6a resulted in tumors with sarcomatoid features 714 

yet without comprehensive SCP characteristics12,46. Notably, ablation of the Notch2 receptor in 715 

the context of oncogenic Kras caused a phenotypical switch from PDAC to sarcomatoid tumors 716 

with hallmarks of EMT and impaired Myc signaling, thus partially phenocopying our KCAKOBKO 717 

mouse model33. Of note, Kdm6b has previously been reported as both a co-activator of Notch 718 
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target genes and an inducer of Notch receptor expression in T-cell acute lymphoblastic leukemia 719 

(T-ALL)47–49. In other cellular context, Kdm6b was shown to directly activate transcription of 720 

Notch1 and Jagged1 by demethylation of H3K27me3 at the gene promoters50–52. To our 721 

knowledge, data presented here provide the first evidence linking Kdm6b activity to Notch 722 

signaling in PDAC and other solid cancers, manifesting mainly in de-repression of its ligand 723 

Jagged1 in tumor epithelial cells and thereby promoting downstream pathway activation in 724 

neighboring epithelial or stromal cells that respond to ligand-mediated activation. 725 

The downregulation of Notch components seen in KCBKO is further exacerbated in KCAKOBKO 726 

tumors, suggesting redundant functions of Kdm6a and Kdm6b in regulating Notch signaling and 727 

raising the question of a threshold of Notch pathway activity needed to maintain PDAC 728 

differentiation. Indeed, we found Jagged1 to be strongly downregulated in SCP cases compared 729 

to PDAC. This contrasts with a recent study indicating high Jagged1 levels in SCP, yet the number 730 

of cases assessed was smaller and lacked direct comparison to PDAC53. Conversely, NOTCH1 731 

loss of heterozygosity was reported in 1 out of 10 patients with SCP54. Taken together, these 732 

results corroborate aberrant Notch signaling as a characteristic of SCP. Whether sustained 733 

impaired Notch signaling is required to maintain the SCP phenotype remains to be elucidated. 734 

Given the profound changes in cell differentiation and the surrounding stroma, particularly CAF 735 

populations, it is likely that more complex mechanisms are at play. KDM6B levels however did 736 

not appear to have changed between PDAC and SCP, for which a larger cohort of SCP cases 737 

may be necessary to uncover potential differences. 738 

Despite a delay in cancer initiation, KCAKOBKO mice ultimately succumb to pancreatic tumors, 739 

likely having acquired alternative oncogenic mechanisms as a consequence of perturbed Notch 740 

and Myc signaling. One such example is the activation of a tumor-cell intrinsic interferon 741 

transcriptional program in KCAKOBKO SCP cells, which is normally suppressed by combined 742 

actions of Myc and Kras yet found enriched in a subset of human pancreatic tumors55,56. 743 
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Furthermore, KCAKOBKO cells exhibit increased JNK signaling and transcriptional upregulation of 744 

c-Jun, suggesting a previously unknown potential vulnerability of sarcomatoid tumors to JNK 745 

inhibition, which is already being explored as a potential treatment for pancreatic cancer57,58. 746 

In conclusion, our findings add Kdm6 demethylases as pivotal and upstream gatekeepers of 747 

cellular identity and regulators of Notch signaling in pancreatic cancer. Targeting Kdm6a/b using 748 

the selective inhibitor GSK-J4 in rodent PDAC and human PDO cells showed promising anti-749 

tumorigenic effects, which could be potentiated by synergistic effects of GSK-J4 and established 750 

chemotherapy57,59. Since simultaneous loss of Kdm6a and Kdm6b however leads to SCP in our 751 

mouse model, long-term dual Kdm6a/b inhibition may drive an undifferentiated phenotype with 752 

ultimately worse outcome. In light of our observations of primarily oncogenic activities of Kdm6b, 753 

the development of a Kdm6b-specific inhibitor to treat PDAC in a (neo)adjuvant setting may have 754 

significant translational potential. Further research is warranted to explore whether inclusion of 755 

such an inhibitor in therapeutic regimens for PDAC would lead to tumor regression and delayed 756 

metastasis, which would have significant implications on other cancers driven by oncogenic 757 

Kdm6b.  758 

There are several limitations of the study that need to be addressed in future work. The 759 

autochthonous mouse models utilized here may not fully recapitulate tumor development in 760 

patients and the mixed genetic background of the mice may have an influence on metastatic 761 

rates. The small size of the available SCP cohort limits generalization to the human disease and 762 

requires further validation using a larger SCP cohort, once more tissues become available. Lastly, 763 

the contribution of known off-target effects of GDK-J4 such as inhibition of H3K4 demethylases 764 

KDM5B/C cannot be excluded at this moment. Development of a more selective inhibitor, ideally 765 

specific to KDM6A and KDM6B, respectively, is required to precisely delineate their individual 766 

contributions and targetability during PDAC development.  767 

D
ow

nloaded from
 aacrjournals.​org/​cancerres/​article-pdf/​doi/​10.​1158/​0008-5472.​C

AN
-25-3126/​3835832/​can-25-3126.​pdf by guest on 08 O

ctober 2026



Acknowledgements 768 

The authors thank Dr. Maximilian Reichert, Dr. Eric Collisson, Dr. Veronica Cochrane and Dr. 769 

Aristeidis Papargyriou for providing feedback on the manuscript, Dr. Adrian Erlebacher for sharing 770 

mice and Dr. Chris Garcia for sharing reagents. The authors are grateful for the indispensable 771 

technical support from Phichitpol Carnese, Marianne Aniag, Debbie Ngow and Hannes Rolbieski 772 

and helpful discussions with all lab members. This work was supported by NIH grant 773 

R01CA172045, generous support from the Klein Family Foundation and the Bavarian 774 

Distinguished Professorship to MH. JPR and OMG were both supported through a Mark 775 

Foundation for Cancer Research Endeavour Program Award. Organoids were generated in 776 

the Roose Organoid D2B unit, supported through a UCSF PBBR TMC (Technologies, 777 

Methodologies, and Cores) grant, a gift from the UCSF Pathology department, a RAP UCSF 778 

HDFCCC grant, and a Shorenstein Foundation grant (all to JPR). We would like to acknowledge 779 

the Molecular Profiling in GI Malignancies and the UCSF Helen Diller Family Comprehensive 780 

Cancer Center Tissue Core/Biorepository for providing the biospecimens that made this research 781 

possible. CL is supported by the Italian Ministry of University and Research (PRIN 2022, CUP: 782 

B53D23008010006). The study sponsors had no role in study design, data collection and 783 

analysis, decision to publish, or preparation of the manuscript.  784 

D
ow

nloaded from
 aacrjournals.​org/​cancerres/​article-pdf/​doi/​10.​1158/​0008-5472.​C

AN
-25-3126/​3835832/​can-25-3126.​pdf by guest on 08 O

ctober 2026



References 785 

1. Siegel, R. L., Miller, K. D., Fuchs, H. E. & Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 72, 7–786 
33 (2022). 787 

2. Waddell, N. et al. Whole genomes redefine the mutational landscape of pancreatic cancer. 788 
Nature 518, 495–501 (2015). 789 

3. Bailey, P. et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 531, 790 
47–52 (2016). 791 

4. Raphael, B. J. et al. Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma. 792 
Cancer Cell 32, 185–203 (2017). 793 

5. Xu, Z. et al. Clinical Impact of Molecular Subtyping of Pancreatic Cancer. Front. Cell Dev. Biol. 9, 794 
743908 (2021). 795 

6. Lomberk, G. et al. Distinct epigenetic landscapes underlie the pathobiology of pancreatic cancer 796 
subtypes. Nat. Commun. 9, 1978 (2018). 797 

7. Ciernikova, S. et al. Epigenetic Landscape in Pancreatic Ductal Adenocarcinoma: On the Way to 798 
Overcoming Drug Resistance? Int. J. Mol. Sci. 21, 4091 (2020). 799 

8. Hung, Y.-H., Hsu, M.-C., Chen, L.-T., Hung, W.-C. & Pan, M.-R. Alteration of Epigenetic Modifiers in 800 
Pancreatic Cancer and Its Clinical Implication. J. Clin. Med. 8, 903 (2019). 801 

9. Salminen, A., Kaarniranta, K., Hiltunen, M. & Kauppinen, A. Histone demethylase Jumonji D3 802 
(JMJD3/KDM6B) at the nexus of epigenetic regulation of inflammation and the aging process. J. 803 
Mol. Med. 92, 1035–1043 (2014). 804 

10. Walport, L. J. et al. Human UTY(KDM6C) Is a Male-specific N ϵ -Methyl Lysyl Demethylase. Journal 805 
of Biological Chemistry 289, 18302–18313 (2014). 806 

11. Andricovich, J. et al. Loss of KDM6A Activates Super-Enhancers to Induce Gender-Specific 807 
Squamous-like Pancreatic Cancer and Confers Sensitivity to BET Inhibitors. Cancer Cell 33, 512-808 
526.e8 (2018). 809 

12. Kalisz, M. et al. HNF1A recruits KDM6A to activate differentiated acinar cell programs that 810 
suppress pancreatic cancer. EMBO J. 39, 1–21 (2020). 811 

13. Watanabe, S. et al. Loss of KDM6A characterizes a poor prognostic subtype of human pancreatic 812 
cancer and potentiates HDAC inhibitor lethality. Int. J. Cancer 145, 192–205 (2019). 813 

14. Tamagawa, H. et al. Wnt-deficient and hypoxic environment orchestrates squamous 814 
reprogramming of human pancreatic ductal adenocarcinoma. Nat. Cell Biol. 26, 1759–1772 815 
(2024). 816 

15. Sanchez, A. et al. The Functions of the Demethylase JMJD3 in Cancer. Int. J. Mol. Sci. 22, 968 817 
(2021). 818 

16. Yamamoto, K. et al. Loss of histone demethylase KDM6B enhances aggressiveness of pancreatic 819 
cancer through downregulation of C/EBPα. Carcinogenesis 35, 2404–2414 (2014). 820 

17. Kandimalla, R. et al. A 15-Gene Immune, Stromal, and Proliferation Gene Signature that 821 
Significantly Associates with Poor Survival in Patients with Pancreatic Ductal Adenocarcinoma. 822 
Clinical Cancer Research 26, 3641–3648 (2020). 823 

18. Wei, Y. et al. Loss of trimethylation at lysine 27 of histone H3 is a predictor of poor outcome in 824 
breast, ovarian, and pancreatic cancers. Mol. Carcinog. 47, 701–706 (2008). 825 

19. Hong, B.-J. et al. Oncogenic KRAS Sensitizes Lung Adenocarcinoma to GSK-J4–Induced Metabolic 826 
and Oxidative Stress. Cancer Res. 79, 5849–5859 (2019). 827 

20. Jackson, E. L. et al. Analysis of lung tumor initiation and progression using conditional expression 828 
of oncogenic K-ras. Genes Dev. 15, 3243–3248 (2001). 829 

21. Kopinke, D. et al. Ongoing Notch signaling maintains phenotypic fidelity in the adult exocrine 830 
pancreas. Dev. Biol. 362, 57–64 (2012). 831 

D
ow

nloaded from
 aacrjournals.​org/​cancerres/​article-pdf/​doi/​10.​1158/​0008-5472.​C

AN
-25-3126/​3835832/​can-25-3126.​pdf by guest on 08 O

ctober 2026



22. Manuyakorn, A. et al. Cellular Histone Modification Patterns Predict Prognosis and Treatment 832 
Response in Resectable Pancreatic Adenocarcinoma: Results From RTOG 9704. Journal of Clinical 833 
Oncology 28, 1358–1365 (2010). 834 

23. Remmele, W. & Stegner, H. E. [Recommendation for uniform definition of an immunoreactive 835 
score (IRS) for immunohistochemical estrogen receptor detection (ER-ICA) in breast cancer 836 
tissue]. Pathologe 8, 138–40 (1987). 837 

24. Wirth, J., Chernysheva, A., Lemke, B., Giray, I. & Steiger, K. InSituPy: a framework for histology-838 
guided, multi-sample analysis of single-cell spatial omics data. Bioinformatics 42, (2026). 839 

25. Gayoso, A. et al. A Python library for probabilistic analysis of single-cell omics data. Nat. 840 
Biotechnol. 40, 163–166 (2022). 841 

26. Wolf, F. A., Angerer, P. & Theis, F. J. SCANPY: large-scale single-cell gene expression data analysis. 842 
Genome Biol. 19, (2018). 843 

27. Setty, M. et al. Characterization of cell fate probabilities in single-cell data with Palantir. Nature 844 
Biotechnology 2019 37:4 37, 451–460 (2019). 845 

28. Palla, G. et al. Squidpy: a scalable framework for spatial omics analysis. Nat. Methods 19, 171–846 
178 (2022). 847 

29. Fadel, L. et al. Agonist binding directs dynamic competition among nuclear receptors for 848 
heterodimerization with retinoid X receptor. Journal of Biological Chemistry 295, 10045–10061 849 
(2020). 850 

30. Quagliarini, F. et al. Cistromic Reprogramming of the Diurnal Glucocorticoid Hormone Response 851 
by High-Fat Diet. Mol. Cell 76, 531-545.e5 (2019). 852 

31. Yu, X.-X. et al. Dynamics of chromatin marks and the role of JMJD3 during pancreatic endocrine 853 
cell fate commitment. Development 145, dev163162 (2018). 854 

32. De La O, J.-P. et al. Notch and Kras reprogram pancreatic acinar cells to ductal intraepithelial 855 
neoplasia. Proceedings of the National Academy of Sciences 105, 18907–18912 (2008). 856 

33. Mazur, P. K. et al. Notch2 is required for progression of pancreatic intraepithelial neoplasia and 857 
development of pancreatic ductal adenocarcinoma. Proceedings of the National Academy of 858 
Sciences 107, 13438–13443 (2010). 859 

34. Gkountakos, A., Simbolo, M., Bariani, E., Scarpa, A. & Luchini, C. Undifferentiated Sarcomatoid 860 
Carcinoma of the Pancreas: From Histology and Molecular Pathology to Precision Oncology. Int. J. 861 
Mol. Sci. 23, 1283 (2022). 862 

35. Lan, L. et al. GREM1 is required to maintain cellular heterogeneity in pancreatic cancer. Nature 863 
2022 607:7917 607, 163–168 (2022). 864 

36. Li, H. et al. SPP1 is required for maintaining mesenchymal cell fate in pancreatic cancer. Nature 865 
2025 648:8092 648, 203–209 (2025). 866 

37. Elyada, E. et al. Cross-species single-cell analysis of pancreatic ductal adenocarcinoma reveals 867 
antigen-presenting cancer-associated fibroblasts. Cancer Discov. 9, 1102–1123 (2019). 868 

38. Nagaraju, G. P. et al. Pancreatic ductal adenocarcinoma: integrating molecular insights for 869 
targeted interventions. Signal Transduction and Targeted Therapy 2026 11:1 11, 165- (2026). 870 

39. Blair, A. B. et al. Long-term survival after resection of sarcomatoid carcinoma of the pancreas: an 871 
updated experience. Journal of Surgical Research 219, 238–243 (2017). 872 

40. Faber, E. B. et al. Genomic Profiling of Rare Undifferentiated Sarcomatoid Subtypes of Pancreatic 873 
Carcinomas: In Search of Therapeutic Targets. JCO Precis. Oncol. 8, e2300595 (2024). 874 

41. Mattiolo, P. et al. Epithelial-mesenchymal transition in undifferentiated carcinoma of the 875 
pancreas with and without osteoclast-like giant cells. Virchows Archiv 478, 319–326 (2021). 876 

42. Bazzichetto, C. et al. Morphologic and Molecular Landscape of Pancreatic Cancer Variants as the 877 
Basis of New Therapeutic Strategies for Precision Oncology. Int. J. Mol. Sci. 21, 8841 (2020). 878 

D
ow

nloaded from
 aacrjournals.​org/​cancerres/​article-pdf/​doi/​10.​1158/​0008-5472.​C

AN
-25-3126/​3835832/​can-25-3126.​pdf by guest on 08 O

ctober 2026



43. Bardeesy, N. et al. Both p16Ink4a and the p19Arf-p53 pathway constrain progression of 879 
pancreatic adenocarcinoma in the mouse. Proceedings of the National Academy of Sciences 103, 880 
5947–5952 (2006). 881 

44. Aguirre, A. J. et al. Activated Kras and Ink4a/Arf deficiency cooperate to produce metastatic 882 
pancreatic ductal adenocarcinoma. Genes Dev. 17, 3112–3126 (2003). 883 

45. Wang, S. C. et al. SWI/SNF component ARID1A restrains pancreatic neoplasia formation. Gut 68, 884 
1259–1270 (2019). 885 

46. Yi, Z. et al. KDM6A Regulates Cell Plasticity and Pancreatic Cancer Progression by Noncanonical 886 
Activin Pathway. Cell. Mol. Gastroenterol. Hepatol. 13, 643–667 (2022). 887 

47. Ntziachristos, P. et al. Contrasting roles of histone 3 lysine 27 demethylases in acute 888 
lymphoblastic leukaemia. Nature 514, 513–517 (2014). 889 

48. Jin, Q. et al. USP7 Cooperates with NOTCH1 to Drive the Oncogenic Transcriptional Program in T-890 
Cell Leukemia. Clinical Cancer Research 25, 222–239 (2019). 891 

49. Tottone, L. et al. Histone Modifications Drive Aberrant Notch3 Expression/Activity and Growth in 892 
T-ALL. Front. Oncol. 9, 198 (2019). 893 

50. Na, J. et al. JMJD3 and NF-κB-dependent activation of Notch1 gene is required for keratinocyte 894 
migration during skin wound healing. Sci. Rep. 7, 6494 (2017). 895 

51. Katakia, Y. T. et al. Dynamic alterations of H3K4me3 and H3K27me3 at ADAM17 and Jagged-1 896 
gene promoters cause an inflammatory switch of endothelial cells. J. Cell. Physiol. 237, 992–1012 897 
(2022). 898 

52. Huang, Y., Pan, W. & Ma, J. SKP2-mediated ubiquitination and degradation of KLF11 promotes 899 
osteoarthritis via modulation of JMJD3/NOTCH1 pathway. FASEB Journal 38, (2024). 900 

53. Silvestris, N. et al. PD-L1 and Notch as novel biomarkers in pancreatic sarcomatoid carcinoma: a 901 
pilot study. Expert Opin. Ther. Targets 25, 1007–1016 (2021). 902 

54. Gkountakos, A. et al. Genomic characterization of undifferentiated sarcomatoid carcinoma of the 903 
pancreas. Hum. Pathol. 128, 124–133 (2022). 904 

55. Abt, E. R. et al. Reprogramming of nucleotide metabolism by interferon confers dependence on 905 
the replication stress response pathway in pancreatic cancer cells. Cell Rep. 38, 110236 (2022). 906 

56. Muthalagu, N. et al. Repression of the Type I Interferon Pathway Underlies MYC- and KRAS-907 
Dependent Evasion of NK and B Cells in Pancreatic Ductal Adenocarcinoma. Cancer Discov. 10, 908 
872–887 (2020). 909 

57. Lipner, M. B. et al. Irreversible JNK1-JUN inhibition by JNK-IN-8 sensitizes pancreatic cancer to 5-910 
FU/FOLFOX chemotherapy. JCI Insight 5, e129905 (2020). 911 

58. Recio-Boiles, A. et al. JNK pathway inhibition selectively primes pancreatic cancer stem cells to 912 
TRAIL-induced apoptosis without affecting the physiology of normal tissue resident stem cells. 913 
Oncotarget 7, 9890–9906 (2016). 914 

59. Wang, Q. et al. Elevating H3K27me3 level sensitizes colorectal cancer to oxaliplatin. J. Mol. Cell 915 
Biol. 12, 125–137 (2020). 916 

  917 
  918 

D
ow

nloaded from
 aacrjournals.​org/​cancerres/​article-pdf/​doi/​10.​1158/​0008-5472.​C

AN
-25-3126/​3835832/​can-25-3126.​pdf by guest on 08 O

ctober 2026



Figure legends 919 

 920 

Figure 1: KDM6B expression during PDAC development. (A) KDM6B histoscores of the UCLA 921 

cohort tissue microarrays of PDAC cases with corresponding adjacent normal and PanIN tissues. 922 

For PDAC values represent the average of 2-3 cores. (B) Representative images of IHC staining 923 

for KDM6B quantified in A. (C) Kaplan-Meier survival analysis of UCLA cohort patients with tumors 924 

negative (histoscore <40, n=23) or positive (histoscore >40, n=120) for KDM6B. Ticks represent 925 

censored patients. Median survival is 43.68 months (negative) vs. 21.48 months (positive), Log-926 

rank test. (D) Average KDM6B Immunoreactive Scores of primary tumor and partially matched 927 

metastasis tissues of a TUM PDAC cohort. Unless otherwise indicated, mean is shown with 928 

unpaired t-test, * p<0.05, *** p<0.001. All scale bars are 50 μm. 929 

 930 

Figure 2: Acinar-specific loss of Kdm6b promotes Kras-driven neoplasia. (A) Schematic of 931 

the genetic strategy for the conditional deletion of Kdm6b and activation of oncogenic Kras in 932 

acinar cells. Arrowheads denote loxP sites. (B) Pancreas weight over body weight ratio (PW/BW) 933 

at indicated time points. (C) Representative images of hematoxylin and eosin (H&E) and Alcian 934 

Blue stained pancreata at 10 and 25 weeks post TAM. (D) Quantification of Alcian Blue positive 935 

area at 10 and 25 weeks post TAM, with representative images shown in C. Dots indicate 936 

individual animals. (E) Representative images and (F) quantification of Picrosirius Red stained 937 

pancreata at 10 weeks post TAM. For all plots mean +/- SEM is shown with unpaired t-test, * 938 

p<0.05 and ** p<0.01. All scale bars are 100 μm. TAM: tamoxifen, wks: weeks. 939 

 940 

Figure 3: Loss of Kdm6b modulates PDAC progression. (A) Kaplan-Meier survival curve of 941 

indicated genotypes. Ticks represent censored animals. Median survival is 73.14 wks for KC 942 

(n=23) and 69.00 wks for KCBKO (n=17, p=0.1874, Log-rank test). (B) Pancreas weight over body 943 

weight ratio (PW/BW) of animals at end-stage. (C) Quantification of PDAC incidence and 944 
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classification of end-stage tumors determined by a pathologist in a blinded manner. (D) 945 

Representative H&E and Picrosirius Red images of end-stage tumors. (E) Quantification of 946 

Picrosirius Red staining of end-stage tumors with representative images shown in D. (F) 947 

Percentage of animals presenting with macroscopically visible metastasis upon necropsy at end-948 

stage with numbers of animals indicated. Fisher’s exact test, p=0.0214. (G) Representative 949 

images of immunostaining of end-stage tumors for cytokeratin 19 (CK19) and Ki-67. (H) ImageJ 950 

quantification of Ki-67+/CK19+ co-positive cells as a percentage of all CK19+ epithelial cells. 951 

Values are average of at least 4 independent high-power fields per animal. (I) CellTiter-Glo assay 952 

with tumor-derived cell lines, normalized to respective day 0 values. Mean +/- SEM of n=7 KC 953 

and n=5 KCBKO lines shown with 2-way ANOVA. Each value is the average of at least 3 954 

independent experiments. (J) Tumorsphere formation assay of tumor-derived cell lines with 955 

representative brightfield images (left) and quantification of tumorspheres per cell line (right) on 956 

day 4. Values are the average of 3 wells per independent cell line. (K) Flow cytometry analysis of 957 

day 4 tumorspheres and quantification of percent CD24+/EpCAM+ co-positive cells pre-gated on 958 

DAPI- population. Each value is an independent cell line. Unless otherwise indicated, mean +/- 959 

SEM is shown with unpaired t-test, * p<0.05, ** p<0.01. All scale bars are 100 μm. n.s.: not 960 

significant. 961 

 962 

Figure 4: Kdm6b is a critical regulator of Notch signaling in PDAC. (A) Volcano plot 963 

visualizing differentially expressed genes from bulk RNA-sequencing of KC (n=5) and KCBKO 964 

(n=4) cell lines. Dotted lines denote +/- 0.75 for log2 fold change (FC) and adjusted p-value (padj) 965 

<0.05. (B) Selection of top pathways enriched in KC or KCBKO by Gene Set Enrichment Analysis. 966 

(C) GSEA enrichment plot for indicated pathway. (D) RT-qPCR analysis for Notch pathway genes 967 

with dots denoting individual tumor-derived cell lines. (E) Western blot analysis of tumor-derived 968 

cell lines for Jagged1 (Jag1) and quantification, with intensities of Jag1 bands normalized to 969 

corresponding β-actin bands. (F) Representative images of immunostaining of end-stage tumors 970 
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for Notch1 and Jagged1 (Jag1). CK19: cytokeratin 19. Scale bars are 100 μm. (G) CellTiter-Glo 971 

assay with tumor-derived cell lines treated with DMSO or 10 μM γ-secretase inhibitor XX 972 

(NOTCHi) for 72 hours. Values are normalized to respective day 0 values. (H) CellTiter-Glo assay 973 

with tumor-derived cell lines transfected with GFPmax or mJag1 plasmid with readout of 974 

luminescence 48h after seeding. Each value represents the average of 2-3 independent 975 

experiments per cell line. (I) Quantification of tumorsphere formation assay of tumor-derived cell 976 

lines on day 6. Values are the average of 3 wells per cell line. (J), (K) ChIP-qPCR against 977 

H3K27me3 and H3K4me3 using tumor-derived cell lines and primers directed against the 978 

transcription start site (TSS) region of the indicated genes. Values represent individual cell lines 979 

or independent replicates thereof. For all plots mean +/- SEM is shown with unpaired t-test, * 980 

p<0.05, ** p<0.01 and *** p<0.001. n.s.: not significant. 981 

 982 

Figure 5: Combined loss of Kdm6a and Kdm6b delays neoplasia yet leads to sarcomatoid 983 

carcinoma with an altered oncogenic signaling network. (A) Kaplan-Meier survival curve of 984 

indicated genotypes. Ticks represent censored animals. Median survival is 73.14 wks for KC 985 

(n=23) and 80.86 wks for KCAKOBKO (n=17, p=0.8197, Gehan-Breslow-Wilcoxon test). (B) 986 

Quantification of PDAC incidence and classification of end-stage tumors determined by a 987 

pathologist in a blinded manner. Fisher’s exact test for occurrence of pure sarcomatoid 988 

carcinomas compared to all other tumor types, p=0.0139. (C) Representative H&E images of end-989 

stage tumors. (D) Percent animals presenting with macroscopically visible metastasis upon 990 

necropsy at end-stage with numbers of animals indicated. Fisher’s exact test, p=0.3496. (E) 991 

PW/BW of animals at end-stage. (F) Representative images of immunostaining of end-stage 992 

tumors for E-Cadherin (E-Cad), cytokeratin 19 (CK19), cytokeratin 8 (CK8) and vimentin (Vim). 993 

(G) Brightfield images of tumor-derived cell lines grown in adherent, low density condition. (H) 994 

Volcano plot visualizing differentially expressed genes from bulk RNA-sequencing of KC (n=5) 995 

and KCAKOBKO (n=4) cell lines. Dotted lines denote +/- 0.75 for log2 fold change (FC) and adjusted 996 
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p-value (padj) <0.05. (I) Selection of top pathways enriched in KC or KCAKOBKO by Gene Set 997 

Enrichment Analysis. (J) Representative images of immunostaining of end-stage tumors for Stat1 998 

and phospho-c-Jun (p-c-Jun). (K) Western blot analysis of tumor-derived cell lines. (L) CellTiter-999 

Glo assay with tumor-derived cell lines treated with different concentrations of JNK inhibitor JNK-1000 

IN-8 for 72 hours. Values are normalized to respective DMSO control and curves obtained by 1001 

nonlinear regression. Data points are mean +/- SEM of 3 wells per cell line. (M) Area under the 1002 

curve (AUC) calculated from graph in L for individual cell lines. (N) Viability for individual cell lines 1003 

for 10 μM JNK-IN-8 relative to DMSO control, as shown in L. Unless otherwise indicated, mean 1004 

+/- SEM is shown with unpaired t-test, * p<0.05 and ** p<0.01. All scale bars are 100 μm. TAM: 1005 

tamoxifen, wks: weeks, n.s.: not significant. 1006 

 1007 

Figure 6: Spatial transcriptomics uncovers plasticity and changes in stromal composition 1008 

of Kdm6-deficient tumors. (A) UMAP plot of 399,021 cells from 10X Xenium sequencing of 15 1009 

tumor samples (n=5 for each KC, KCBKO, KCAKOBKO). Each dot is a single cell colored by major 1010 

cell lineage. (B) Dot plot of cell lineage genes used for annotation of major cell type clusters shown 1011 

in A. (C) UMAP plots depicting the contribution of each genotype to the major cell type clusters. 1012 

(D) Heatmap of select top genes enriched in ductal, sarcomatoid or fibroblast clusters shown as 1013 

z-score normalized values. (E) UMAP plot of subclustering of ductal and sarcomatoid cells and 1014 

overlaid trajectory from ductal to sarcomatoid cells colored by inferred pseudotime using Palantir. 1015 

A start cell was selected from the ductal cluster, and all cells were ordered along the inferred 1016 

trajectory toward the sarcomatoid state. (F) Heatmap of MAGIC-imputed gene expression values 1017 

for select genes along the Palantir pseudotime. (G) UMAP plot of subclustering of fibroblasts, 1018 

colored by subtype. iCAF: inflammatory CAF, myCAF: myofibroblast CAF, apCAF: antigen-1019 

presenting CAF, pCAF: proliferative CAF. (H) Cell proportions for each fibroblast subtype by 1020 

genotype. Values are the average of 5 samples per genotype. (I) UMAP plots of cumulative iCAF 1021 

and pan-CAF scores calculated from the individual expression of previously reported marker 1022 

D
ow

nloaded from
 aacrjournals.​org/​cancerres/​article-pdf/​doi/​10.​1158/​0008-5472.​C

AN
-25-3126/​3835832/​can-25-3126.​pdf by guest on 08 O

ctober 2026



genes. (J) Cluster co-occurrence score computed for all clusters relative to ductal or sarcomatoid, 1023 

respectively (p(exp|ductal)/p(exp), p(exp|sarcomatoid)/p(exp)), at increasing distance across the 1024 

tissue. Scatter plots of representative tissues with each dot representing a single cell using 1025 

original cell coordinates, colored by cell type annotation. 1026 

 1027 

Figure 7: Kdm6b tunes human PDAC phenotypes via Jagged1. (A) Average Immunoreactive 1028 

Scores of sarcomatoid carcinoma of the pancreas (SCP) cases and a TUM PDAC tissue 1029 

microarray stained for KDM6B, NOTCH1 or JAG1. (B) Representative images of corresponding 1030 

hematoxylin and eosin (H&E) and immunostaining quantified in A. Scale bars denote 50 μm. (C) 1031 

Scatterplots of Immunoreactive Scores of JAG1 vs. KDM6B for the indicated human PDAC 1032 

tissues with Spearman correlation and lines depicting linear regression. (D) CellTiter-Glo assay 1033 

with tumor-derived cell lines treated with different concentrations of GSK-J4 for 72 hours. Values 1034 

are normalized to respective DMSO controls and curves obtained by nonlinear regression. Data 1035 

points are the average of 3 wells per cell line. Smaller graph is showing IC50 values for each cell 1036 

line. (E) Western blot analysis of cell lines treated with 1.5 μM GSK-J4 or DMSO for 72 hours. (F) 1037 

Quantification of Western blot shown in E, with intensities of Jagged1 bands normalized to 1038 

corresponding β-actin bands. Unpaired t-test. (G)-(J) 3D CellTiter-Glo assays of two different 1039 

metastatic patient-derived PDAC organoid lines with indicated treatments for 4 or 6 days, 1040 

respectively, normalized to DMSO control. 10 μM GSK-J4, Gem: Gemcitabine, used at 25 nM (G, 1041 

H) or 5 nM (I, J). Mean of 3-4 independent experiments +/- SD shown with unpaired t-test. 1042 

Representative brightfield images on day 4 or 6, respectively, are shown in G and I. Scale bars 1043 

denote 100 μm. * p<0.05, ** p<0.01, and *** p<0.001.   1044 

 1045 
 1046 
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