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[ Abstract | Background and purpose: Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignancies, with a 5-



324 FERM, T SUMO2/MSHIRRMI X2 X BMHBERIRSERESBHREMR

year survival rate below 10%. Gemcitabine remains a first-line chemotherapeutic agent for PDAC; however, its efficacy is frequently

compromised by the development of acquired drug resistance. SUMOylation, a key post-translational modification, has been
implicated in cancer progression and chemoresistance, yet its role in gemcitabine resistance in PDAC remains insufficiently defined.
This study aimed to investigate the contribution of SUMOylation to PDAC chemoresistance and to identify the critical SUMO
isoform and its downstream substrates. Methods: A gemcitabine-resistant PANCI1 cell line (PANC1_GR) was established, and the
expression of SUMO1, SUMO2, and SUMO3 was assessed by Western blot. The SUMO-activating enzyme inhibitor ML-792 was
used to suppress global SUMOylation, and cell proliferation and apoptosis were evaluated using the cell counting kit-8 (CCK-8)
assay and flow cytometry, respectively. Lentiviral-mediated knockdown of SUMO1, SUMO2, SUMO3, and RRM1 was performed to
assess changes in gemcitabine sensitivity (ICs,) and apoptosis. SUMO2 immunoprecipitation combined with mass spectrometry was
employed to identify SUMO2-modified target proteins. Transcriptomic sequencing following gemcitabine plus ML-792 treatment
was used to analyze differentially expressed genes and pathway enrichment. Statistical analyses were conducted using Student's z-
tests or one-way ANOVA. This study was approved by the Animal Ethics Committee of the Experimental Center of Fudan
University Shanghai Cancer Center (ethics approval No. FUSCC-IACUC-2023280). Results: SUMO1, SUMO2, SUMO3
conjugation levels were markedly elevated in gemcitabine-resistant cells, and ML-792 effectively reduced global SUMO2, SUMO3
modification while enhancing gemcitabine-induced apoptosis. Among the SUMO isoforms, only SUMO2 knockdown significantly
increased gemcitabine sensitivity. SUMO2, SUMO3 Co-IP combined with mass spectrometry identified RRM1 as a major SUMO2-
modified substrate, with its SUMOylation markedly enhanced in resistant cells and significantly suppressed by ML-792. RRM1
knockdown phenocopied the effects of SUMO2 inhibition, promoting apoptosis and reducing the ICs, of gemcitabine.
Transcriptomic analysis further revealed that inhibition of SUMO2 modification disrupted key pathways associated with drug
resistance, including DNA replication and mismatch repair, thereby diminishing cellular chemoresistance. Collectively, these
findings indicate that SUMO2-mediated SUMOylation of RRM1 may play a regulatory role in gemcitabine resistance in PDAC.
Conclusion: The SUMO2 - RRMI1 axis may be associated with the development of gemcitabine resistance in PDAC, and
modulation of SUMO2-mediated RRM1 modification could offer a potential direction for further investigation.
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Fig. 1 SUMOylation effects gemcitabine resistance in pancreatic cancer cells

A: ICy, values of PANC1 gemcitabine-resistant cells. B: Protein expression levels of SUMO1 and SUMO2/3 in resistant versus control cells. C: CCK-
8 assay results showing the inhibitory effect of the SUMO-activating enzyme inhibitor ML-792. D: Western blot analysis of SUMO1 and SUMO2/3
expression following treatment with increasing concentrations of ML-792. E-F: Flow cytometry analysis of apoptosis in PANC1 and MIA PaCa-2
cells after combined treatment with ML-792 and gemcitabine. Data were presented as the X+s. " P<0.05; " P<0.01; - P<0.001; . P<0.000 1;
ns: Not significant. GR: Gemcitabine-resistant. GEM: Gemcitabine. MG: Combined treatment with ML-792 and gemcitabine.
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Fig.2 Knockdown of SUMO2 modulated gemcitabine sensitivity in pancreatic cancer cells
A-B: Western blot validation of SUMOI, SUMO2, and SUMO3 knockdown in pancreatic cancer cell lines. C-D: Apoptosis analysis of PANC1 and

MIA PaCa-2 cells following SUMOI knockdown. E-F: Apoptosis analysis of PANC1 and MIA PaCa-2 cells following SUMO3 knockdown. G-H:
Apoptosis analysis of PANC1 and MIA PaCa-2 cells following SUMO2 knockdown, demonstrating the strongest enhancement of gemcitabine-

e

induced apoptosis. Data were presented as the xs. " P<0.05, " P<0.01; "
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Fig. 3 In vivo study showed that SUMO2 knockdown enhances the sensitivity of pancreatic cancer cells to gemcitabine

A: Representative images of nude mouse xenografts derived from PANCI and MIA PaCa-2 cells. Each group contained 5 animals. Tumor volume
was measured and compared using Student’s ¢ test. B: Xenograft tumor tissues were stained for Ki-67 proliferation (x20). Ki-67 proliferation-high

cells were quantified and statistically analyzed by Student’s 7 test. Data were
1; ns: Not significant.
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Tab.2 Immunoprecipitation-based proteomic analysis results

Gene symbol PANC !_GR PANC 1 A Un‘ique

peptides peptides peptides
RRM1 7 1 6
PKM 10 5 5
ACTB 7 7 0
TRIM28 12 9 3
FLNA 11 8 3
SUPTSH 6 3 3
RANGAPI 13 11 2
HSPAS8 7 6 1
PML 2
VIM 9 9 0

3 ik
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presented as the F+s. "1 P<0.05; ": P<0.01; *": P<0.001, """ P<0.000
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Fig. 4 Western blot analysis of SUMO2 and RRM1 protein expression

A: Western blot analysis of SUMO2/3 following immunoprecipitation. B: Western blot analysis of RRM1 following immunoprecipitation. C:
Western blot analysis of RRM1 expression in gemcitabine-resistant PANC-1 cells. D-E: Western blot detection of SUMO2/3 and RRM1 after ML-

792 treatment. F: Reverse immunoprecipitation showing Western
Immunoprecipitation.
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Fig. 5 Effect of inhibiting SUMO2 modification on RRM1 function

A: Western blot validation of RRM1 knockdown in pancreatic cancer cell lines. B: Determination of the optimal cutoff value for RRM1 expression
using the Cancer Genome Atlas datasets. C: Kaplan-Meier survival analysis comparing overall survival between RRM1-high (#=96) and RRM1-low
(n=75) patient cohorts. D-E: Apoptosis analysis following RRMI knockdown. F: Volcano plot of differentially expressed genes after combined
treatment with gemcitabine and ML-792. G: Kyoto Encyclopedia of Genes and Genomes pathway enrichment Dot plot of differentially expressed
genes. H-I: Heatmaps showing different gene expression in the mismatch repair and DNA replication pathways. Data were presented as the ¥+s. . p<
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0.05; **: P<0.01; :P<0.001; :P<0.000 I;ns: Not significant. GEM: Gemcitabine. MG: Combined treatment with ML-792 and gemcitabine.
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