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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Resistance to therapeutic interventions for pancreatic
ductal adenocarcinoma remains challenging.
Phosphatidylinositol-3-kinase signaling is critical for
pancreatic ductal adenocarcinoma maintenance and
progression, but pharmacologic targeting has failed to
yield significant clinical benefits.

NEW FINDINGS

Simultaneous inhibition of phosphatidylinositol-3-kinase
α/δ, combined with small ubiquitin-like modifier-
activating E1 targeting, triggered synthetic lethality. In
syngeneic immune-competent pancreatic ductal
adenocarcinoma models, this combination therapy
reduced tumor growth and promoted immune cell
infiltration.

LIMITATIONS

Combining phosphatidylinositol-3-kinase α/δ and small
ubiquitin-like modifier inhibitors triggered an immune-
assisted anti-tumor response, marked by an
unexpected immunophenotype, a phenomenon that
requires further investigation in future studies.

CLINICAL RESEARCH RELEVANCE

The dual targeting of phosphatidylinositol-3-kinase α/δ
and small ubiquitin-like modifier shows efficacy,
manageable toxicity in mice and potential for clinical
translation in pancreatic ductal adenocarcinoma, a
cancer with significant unmet medical needs.

BASIC RESEARCH RELEVANCE

Blockade of the phosphatidylinositol-3-kinase pathway
leads to the adaptive activation of the small ubiquitin-like
modifier (SUMO)ylation machinery and vice versa. Only the
combined inhibition of both phosphatidylinositol-3-kinase
α and δ with a clinical-grade E1 small ubiquitin-like modifier
inhibitor induced synergistic cell death in vitro and
demonstrated synergy in an immunocompetent in vivo
model. Our work highlights the unexpected requirement of
phosphatidylinositol-3-kinase α and δ in the small
ubiquitin-like modifier–ylation-associated stress response.

§ Authors share co-senior authorship.

Abbreviations used in this paper: AKT, protein kinase B; Cas, clustered
regularly interspaced short palindromic repeats-associated; CD, cluster
of differentiation; CRISPR, clustered regularly interspaced short palin-
dromic repeats; cycIF, cyclic immunofluorescence; GSEA, gene set
enrichment analysis; KRAS, Kirsten rat sarcoma viral oncogene homo-
logue; MYC, myelocytomatosis oncogene; PDAC, pancreatic ductal
adenocarcinoma; PDO, patient-derived organoid; PI3K, phosphatidyli-
nositol-3-kinase; PI3Ki, phosphatidylinositol-3-kinase inhibitor; RAS, rat
sarcoma; RCD, regulated cell death; RNAseq, RNA sequencing; SAE1,
small ubiquitin-like modified-activating enzyme subunit 1; snRNA, single
nuclei RNA; SOC, standard of care; SUMO, small ubiquitin-like modifier;
SUMOi, small ubiquitin-like modifier E1 inhibitor; TME, tumor
microenvironment.

Most current article

© 2026 The Author(s). Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
0016-5085

https://doi.org/10.1053/j.gastro.2025.08.018

316 Köse et al Gastroenterology Vol. 170, Iss. 2

G
I

C
A

N
C

E
R



ß

γ

δ

α δ

α δ

Methods

Pharmacologic Screen
≥

μ

Western Blot

Growth Curves by Cell-Live Imaging
×

CRISPR/Cas9-based Gene Editing
α

δ

μ

In Situ Resistance Assay

>

Toxicity Analysis in Mice

Statistics

<

February 2026 PI3K and SUMO Signaling in PDAC 317

G
I

C
A

N
C

E
R



Results

The SUMOylation Pathway Is Activated by PI3K

Inhibition

α δ

α δ

SUMOylation Inhibition Induces PI3K

Dependence

α δ ß

γ

318 Köse et al Gastroenterology Vol. 170, Iss. 2

G
I

C
A

N
C

E
R



Simultaneous Inhibition of PIK3α/δ and SUMO Is

Required to Induce Synthetic Lethality
α δ

α
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Figure 1. SUMOylation is enriched upon PI3K targeting in PDAC. (A) Distribution of single-sample (ss)GSEA enrichment
scores for proteins of the Kyoto Encyclopedia of Genes and Genomes (KEGG) PI3K-AKT pathway in indicated PDAC
subtypes. The large dashed lines inside the violin plot indicate the median and the smaller dashed lines indicate the
interquartile range. (RPPA, Reverse Phase Protein Array, The Cancer Genome Atlas database). **P < .01 by t test. (B).
Distribution of ssGSEA enrichment score for messenger RNA of the KEGG PI3K-AKT pathway in mesenchymal (mes) C1
and epithelial (epi) C2 murine PDAC subtypes.24 ****P < .0001 by t test. (C) Top KEGG pathways enriched in post-
chemotherapy PDOs shows an up-regulation of the PI3K-AKT pathway upon treatment.25 TGF, transforming growth
factor. (D) Results from genome wide CRISPR-knockout PI3K-inhibition resistance screen performed in MiaPaCa-2.27

GSEA analysis (Reactome) of negatively selected genes revealed a synthetic lethal interaction between PI3K inhibition
and SUMOylation inhibition. GTPase, guanosine-5′-triphosphatases. (E) Immunoblot analysis shows indicated proteins
upon PI3K inhibition with pictilisib (1000 nmol/L) in MiaPaCa-2 for indicated time points. ß-Actin served as the loading
control. UBA2, ubiquitin-like modifier activating enzyme 2. (F) Top: Transcript levels SUMO core components of
MiaPaCa-2 cells—parental and resistant to copanlisib (R-500 nmol/L; R-1000 nmol/L). UBE2, ubiquitin-conjugating
enzyme E2. Bottom: Immunoblot of SUMO core components in copanlisib resistant (R-500 nmol/L; R-1000 nmol/L)
and parental MiaPaCa-2 cells. (G) Illustration of the global- and phosphoproteomics experimental setup. MiaPaCa-2
cells were treated for 6 or 24 hours with copanlisib (1000 nmol/L) or treated with dimethyl sulfoxide (vehicle-control).
(H) Relative SUMO1/2/3 protein expression upon PI3K inhibition with copanlisib (1000 nmol/L, 6 or 24 hours; n = 3). P
value by t test as indicated or *P < .05. The range bars designate standard deviation. (I) GSEA of SUMOylation-related
gene sets (Reactome) upon PI3K inhibition with copanlisib (1000 nmol/L) for 6 or 24 hours compared with vehicle/
dimethyl sulfoxide control in MiaPaCa-2. (J) Phosphorylation of indicated PI3K-Akt-mechanistic target of rapamycin
(MTOR) downstream targets (mass spectrometry) upon PI3K-inhibition with copanlisib (1000 nmol/L) for 6 or 24 hours
compared with vehicle/ dimethyl sulfoxide control (MiaPaCa-2). GSKA, glycogen synthase kinase-3 alpha; FOXO1,
forkhead box protein O1.
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Figure 3. Double targeting of PI3Kα/PI3Kδ and SUMOylation induces synthetic interaction. (A). Zero Interaction Potency (ZIP)
synergy scores upon combination of subasumstat and indicated PI3K inhibitors in MiaPaCa-2. Cells were treated with single
and combination treatments using a 4 × 5 matrix. Cell confluency was assessed after 96 hours, and clonogenic assay
quantification was imaged. Synergy score was determined by SynergyFinder using the ZIP method (n = 3). (B) Proliferation of
MiaPaCa-2 supplemented with 500 nmol/L subasumstat, 5 μmol/L of indicated PI3K-specific inhibitors, or the combination of
both. Cell confluency data were obtained by live cell imaging (12-hour intervals over 72 hours; n = 3). The range bars
designate standard deviation. (C) Immunoblot analysis of p110α/δ expression in MiaPaCa-2 harboring a CRISPR/Cas9-
mediated PI3Kα-de(p)letion. (D) Proliferation of p110α-depleted MiaPaCa-2 supplemented with 500 nmol/L subasumstat,
5 μmol/L idelalisib, or the combination (left), and p110δ-depleted MiaPaCa-2 supplemented with 500 nmol/L subasumstat, 5
μmol/L alpelisib, or the combination (right). Cell confluency data were obtained by live cell imaging (12-hour intervals over 72
hours; n = 3). **P< .01 by analysis of variance. The range bars designate standard deviation. (E) Landscape plots depict the
synergistic area of concentrations of idelalisib and subasumstat combination treatment in p110α-de(p)leted MiaPaCa-2
treated for 96 hours (left) and of concentrations of alpelisib and subasumstat combination treatment in p110δ-depleted
MiaPaCa-2 treated for 96 hours (right). Data (n = 3) were obtained by confluency measurement. (F) Immunoblot analysis of
indicated proteins in MiaPaCa-2 harboring a CRISPR/Cas9-mediated PI3Kδ-de(p)letion.
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Figure 4.Multiomics analysis identifies an RCD-pattern in PDAC upon dual inhibition of PI3Kα/δ and SUMO. (A) Illustration of
the experimental multiomics setup followed to elucidate the mechanistic effects of the single and combination treatments.
Hallmark single-sample (ss)GSEA of (B) transcriptome and (C) proteome results upon treatment with subasumstat (200 nmol/
L), copanlisib (1000 nmol/L), or the combination of both for 24 hours compared with vehicle/dimethyl sulfoxide (DMSO)
control in MiaPaCa-2. (D) Top enriched overlapping gene sets of transcriptome and proteome analyses upon combination
treatment. (E) Relative protein expression analysis of indicated forms of RCD in MiaPaCa-2 supplemented with DMSO,
subasumstat (200 nmol/L), copanlisib (1000 nmol/L), or the combination for 24 hours. (F) Flow cytometry of propidium iodide/
annexin-V staining of MiaPaCa-2 after subasumstat (200 nmol/L), copanlisib (1000 nmol/L), or combination treatment sup-
plemented with zVAD-fmk (50 μmol/L) for 24 hours (n = 3). *P < .05 by analysis of variance. (G) Venn diagram overlapping the
top enriched Reactome gene sets from indicated phosphoproteomes (n = 5, each condition). mRNA, messenger RNA; NFKB,
nuclear factor κ-light-chain-enhancer of activated B cells; PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid.
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Figure 5. PDOs and in situ resistant assays reveal reduced tumor cell growth upon PI3Kα/δ and SUMO inhibition. (A) PDOs
from 5 patients with PDAC were isolated and used for drug testing and transcriptomic profiling (schematic overview). (B) Left:
Mutation status of KRAS, CDKN2A, TP53, and SMAD4, and GSEA of indicated PDOs. PAN2T, PAN17T, and PAN70T display
mesenchymal-like features (mes); PAN41T and PAN74T display epithelial-like features (epi). Right: Representative phase-
contrast images (similar magnification) of PDOs. EMT, epithelial-mesenchymal transition. (C) Cell viability, measured by
adenosine triphosphate quantification (CellTiter-Glo) 96 hours after treatment with indicated concentrations of FOLFIRINOX
(folinic acid, fluorouracil, irinotecan, and oxaliplatin) mes and epi PDOs (n = 3). (Original magnification, 20× objective.) (D) Cell
viability of PDOs supplemented for 96 hours with subasumstat (10 nmol/L), pictilisib (indicated concentration), or the com-
bination of both measured by adenosine triphosphate quantification (CellTiter-Glo) (n = 3). The range bars designate standard
deviation. (E) GSEA (Reactome) of transcriptome data depicts increased SUMOylation signatures in mes-PDOs (responder),
compared with nonresponding epi-PDOs. (F) In situ resistance assay in mesenchymal murine PDAC cell line 9091PPT and the
2 basal-like human PDAC cell lines PSN1 and Panc1. Log-rank P value is indicated.
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Figure 6. Enhanced efficacy of combined subasumstat and copanlisib treatment in immunocompetent mice. (A) Analysis of
mass spectrometry data from MiaPaCa-2 cells treated with subasumstat (200 nmol/L), copanlisib (1000 nmol/L), combina-
tion, or dimethyl sulfoxide as vehicle control (n = 3, each condition), reveals a significant induction of major histocompatibility
complex (MHC)-I–associated proteins expression upon combination treatment. B2M, ß2 microglobulin; CALR, calreticulin;
HLA, human leukocyte antigen; TAP, transporter associated with antigen processing; TAPBP, TAP binding protein. (B) GSEA
(gene ontology [GO]/biological process) indicates up-regulated MHC-I and antigen processing and presentation upon
combination treatment in MiaPaCa-2. (C) Experimental setup to investigate the combination treatment in orthotopic PDAC
tumors (D–M). Mesenchymal 9091PPT cells were orthotopically transplanted. Mice were treated with vehicle, subasumstat,
copanlisib, or the combination with the indicated schedule. (D) Tumor burden was measured over time and shows signifi-
cantly decreased volume in response to combination therapy (n = 5 mice, each cohort). **P < .01 by analysis of variance
(ANOVA) with Tukey’s post hoc test; ns, not significant. (E) Quantification of indicated markers normalized to DNA (4′,6-
diamidino-2-phenylindole) show significantly increased CD3+ T-cell infiltration upon combination treatment, without signif-
icant change in CD4+, CD8+ and programmed cell death protein 1 (PD1+) cells. Dark dashed lines inside the violin plot
indicate the median, light dashed lines indicate the interquartile range. P value determined by analysis of variance (ANOVA)
with Tukey’s post hoc test (bottom). (F) Representative images of histologic hematoxylin-eosin (HE) stains and immune
histochemical analysis for CD3 expression of tissue sections of tumors from orthotopically transplanted mice. Scale bars, 50
μmol/L (right). CD3 quantification in 5 mice (n = 5 high-power fields each). P value determined by ANOVA with Tukey’s post
hoc test (left). (G) snRNAseq of tumors from orthotopically transplanted mice treated with vehicle, subasumstat, copanlisib, or
the combination. Uniform Manifold Approximation and Projection (UMAP) colored according to cell types (left). Visualization
of the cell density within each cohort (embedding density estimation). (H) UMAP colored according to T-cell phenotype (left).
Visualization of the cell density within each condition (embedding density estimation). (I) Mean expression of Xcl1 and Il18r1 in
T-cell cluster per pseudobulk expression. P values are based on pseudobulk differential expression genes. (J) Representative
images of tissue sections of tumors from orthotopically transplanted mice upon treatment, labeled with 4′,6-diamidino-2-
phenylindole (DAPI), Ki67, CD8, or chemokine ligand 5 (CCL5). Scale bars, 200 μm–20 μm (top). P value determined by
ANOVA with Tukey’s post hoc test (bottom). (K) UMAP colored according to macrophage phenotype (left). Visualization of the
cell density within each condition, using embedding density estimation. (L) M2 score (top) M1 score (bottom) expression in
the macrophage cluster upon no, monotreatment, or combination treatment. Left: UMAP plots for vehicle and combination
treatment. Center: M2/M1 scores of all treatment groups. Right: Individual M1/M2 scores of the mean of each tumor. Box and
whisker plot: The boxes indicate the 25th percentile (bottom border), median (center line), and 75th percentile (top border), the
whiskers show the maximum and minimum ranges, and the circles indicate outliers. (M) Representative image of tissue
sections of tumors from orthotopically transplanted mice upon treatment, labeled with DAPI and CD68, Scale bars, 200 μm–
20 μm (top). Bottom: Quantification of CCL5 in CD68+ cells. ROI, region of interest. P value determined by ANOVA with
Tukey’s post hoc test.
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