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Background: The prognosis for unresectable pancreatic cancer remains poor, with limited biomarkers available to predict treatment
response and survival. This study aimed to identify novel protein biomarkers associated with therapeutic resistance in this disease.
Methods: We performed proteomic analysis by Data-Independent Acquisition mass spectrometry on FFPE tissues from 10 patients
with unresectable pancreatic cancer, comparing treatment-sensitive and treatment-resistant groups. Differentially expressed proteins
were identified, and the candidate was validated by immunohistochemistry in an independent cohort of 91 patients. Survival analysis
and Cox regression were used to evaluate the prognostic significance of protein expression.

Results: In this study, proteomic analysis revealed Ubiquitin-fold modifier 1 (UFMI1) as a significantly upregulated protein in
treatment-resistant. High UFM1 expression was significantly associated with advanced TNM stage (P < 0.05) and poorer treatment
response (P = 0.016). Patients with high UFM1 expression had significantly shorter median PFS (6.5 vs 12.0 months; HR = 0.335,
95% CI: 0.209-0.537, P < 0.001) and OS (10.4 vs 20.5 months; HR = 0.298, 95% CI: 0.184-0.484, P < 0.001) compared to those with
low expression. Multivariate Cox regression confirmed UFM1 as an independent prognostic factor for both PFS (HR = 0.343, P <
0.001) and OS (HR = 0.304, P < 0.001).

Conclusion: UFM1 is a promising prognostic biomarker for unresectable pancreatic cancer, with high expression indicating
aggressive disease and inferior outcomes. These findings support its potential utility in risk stratification and treatment
personalization.
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Introduction

Pancreatic cancer, a highly lethal malignancy of the digestive system, is linked to an increasing prevalence and mortality
rate globally, particularly in cases of unresectable pancreatic cancer, including locally advanced and metastatic pancreatic
cancer." With 30-35% of the cases being diagnosed as locally advanced and 50-55% as metastatic, surgical intervention
is no longer an option for most patients.>> The prognosis for unresectable pancreatic cancer is extremely poor, with
a 5-year survival rate of 5%—10%." This poses a significant challenge in clinical management.

The current treatments for unresectable pancreatic cancer include chemotherapy, radiotherapy, and anti-angiogenic
therapy. However, despite recent advancements in research, the overall therapeutic outcomes remain unsatisfactory.
For instance, a Phase II clinical study demonstrated that gemcitabine combined with albumin-paclitaxel converted
unresectable disease to surgically resectable disease in only 16% (17/106) of the patients.” The MPACT study revealed
that the median OS in the nab-paclitaxel plus gemcitabine group was 8.5 months, with 20% (80/431) of patients
experiencing progressive disease (PD) as the best response.® In addition, emerging therapies, including
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immunotherapy and targeted therapies, have demonstrated limited promise for treating unresectable patients with
pancreatic cancer. The phase II trial of sotolacib for the treatment of patients harboring the KR4S G12C mutation has
shown enhanced efficacy; however, the median progression-free survival (PFS) was only 4.0 months (95% CI,
2.8-5.6), and the median overall survival (OS) was 6.9 months.” The Check PAC study demonstrated that the
combination of nivolumab and ibritumomab with radiotherapy yielded a higher clinical benefit rate (34.2% vs
17.1%) in patients with metastatic pancreatic cancer. However, the median OS of patients in both treatment arms
was only 3.8 months.® These data indicate that current treatment regimens confer limited benefits to the outcome of
unresectable pancreatic cancer.

The pathogenesis of pancreatic cancer and its recalcitrance to therapy are driven by a confluence of genetic,
cellular, and  microenvironmental  factors.”!'  Genetically, sequential alterations in drivers such
as KRAS, TP53, CDKN2A, and SMAD4 orchestrate tumor initiation and progression.'”'* At the cellular level,
reprogrammed metabolism and dysregulated DNA damage response (DDR) pathways further promote survival and
adaptation.'> Perhaps most critically, the tumor microenvironment in pancreatic cancer is characterized by a dense
fibroinflammatory stroma that fosters immunosuppression through the recruitment of regulatory T cell, myeloid-

derived suppressor cell, and tumor-associated macrophages,'®'”

while simultaneously creating a physical and bio-
chemical barrier to drug delivery.'®

Circulating biomarkers remain central to non-invasive monitoring. Carbohydrate antigen 19-9 (CA19-9) is the most
widely utilized serum marker, holding significant value in the diagnosis, assessment of treatment response, and detection
of recurrence in pancreatic ductal adenocarcinoma (PDAC). CA19-9 is the sole FDA-approved serum biomarker for the
early detection, progression, and monitoring of treatment response in pancreatic cancer. Serum CA19-9 levels correlate
with therapeutic response and overall survival in PDAC patients.'”?° However, the utility of CA19-9 in predicting
baseline therapeutic efficacy is suboptimal due to its moderate specificity and susceptibility to false elevations in benign
biliary conditions.?' Circulating tumor DNA (ctDNA), particularly profiling of KRAS mutations, is a rapidly advancing
field. KRAS gene mutations are present in nearly all PDACs, making ctDNA KRAS a candidate alternative disease
biomarker.>? The ultrasensitive nature of ctDNA detection highlights its potential for use in the detection, prognosis, and
assessment of therapeutic response in PDAC. It shows promise for real-time monitoring of tumor dynamics, minimal
residual disease, and emerging resistance mechanisms, yet its standardization for routine prognostication and its cost-
effectiveness require further validation.”>** Research efforts have identified other potential biomarkers, including human
equilibrative nucleoside transporter 1 (hENT1) for gemcitabine sensitivity.”> SMAD4 loss associated with a more
aggressive phenotype, and various stromal or immune signatures.”*?’ However, the translation of these markers into
routine clinical prognostication and decision-making has been hampered by a lack of standardization in assay methods
and validated cut-off values.

Post-translational modifications, particularly those within the ubiquitin and ubiquitin-like modifier (UBL) systems,
are fundamental regulators of the oncogenic processes described above. Ubiquitin-fold modifier 1 (UFM1) is a recently
characterized UBL that is conjugated to target proteins via a dedicated enzymatic cascade—a process termed
ufmylation.”®?° This cascade involves the E1 activating enzyme UBAS5, the E2 conjugating enzyme UFC1, and the
primary E3 ligase UFLI (the “writer”).?*~° This modification can be reversed by the specific protease UFSP2 (the
“eraser”’). Ufmylation is essential for cellular processes relevant to cancer, including endoplasmic reticulum homeostasis,
the DNA damage response, and the regulation of cell proliferation and survival.>*? Perturbations in the UFM1 pathway
have been implicated in the pathogenesis and poor prognosis of several malignancies, such as oral squamous cell
carcinoma and gastric cancers.>>** Given its central role in managing cellular stress and promoting survival, we
hypothesized that the UFM1 system might be a critical, yet unexplored, contributor to therapeutic resistance in pancreatic
cancer.

In light of the limitations of current biomarkers and the urgent need for reliable predictors of therapeutic response in
unresectable pancreatic cancer, this study aimed to identify novel protein biomarkers associated with treatment resistance
using a proteomics approach. Specifically, we sought to evaluate the prognostic significance of UFM1 and its potential

utility in clinical risk stratification.
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Materials and Methods

Patients and Sample Collection

A total of 10 formalin-fixed and paraffin-embedded (FFPE) specimens from 10 patients with pretreated, unresectable
pancreatic cancer were collected for proteomic analysis. The treatment-sensitive group consisted of five patients with
a survival duration exceeding 550 days; those meeting the criteria for Partial Response (PR) were included in this cohort.
The treatment-resistant group consisted of five patients who experienced rapid progression after three courses of
treatment. In addition, a cohort of 91 patients with unresectable pancreatic cancer was identified for immunohistochem-
istry (IHC) and survival analyses. All these patients were treated at Shandong Cancer Hospital between January, 2018,
and January, 2021. The study follow-up period extended from the time of initial diagnosis to the last follow-up date in
August 2023, with survival outcomes recorded accordingly. Clinical data, including age, sex, stage, and treatment
modalities, were obtained from the patients’ medical records. The efficacy of the treatment was evaluated in accordance
with the RECIST 1.1 criteria, and the survival time of the patients was also documented. All FFPE tissue samples used
for immunohistochemical analysis were reviewed by an experienced pathologist to confirm the presence of representative
tumor regions prior to staining.

Dewaxing Treatment and Pressure Cycling Technology-Based Protein Digestion

The staining rack with the FFPE samples was placed in the 37°C oven for 30 min. Heptane was then added to the staining
jar in which the sample was submerged and the lid placed to cover the jar. After 10 min of standing at ambient
temperature, the liquid was discarded; this process of addition of heptane and discarding the liquid was repeated. Next,
100% ethanol was added to the staining jar to cover the sample and the lid used to cover the jar and discard the liquid.
Then, 90% ethanol and 75% ethanol were added in that order and the liquids discarded each time. Deionized water was
added to the staining jar to soak the sample; the samples were then taken out individually and transferred to pressure
cycling technology (PCT) tubes (Pressure BioSciences, South Easton, USA) with a blade. After adding 12.5 pL of 100
mM Tris hydrochloride (Tris-HCI, pH = 10) to the PCT tubes containing the samples, the tubes were agitated on
a horizontal shaker (Thermo Fisher Scientific, Waltham, USA) at 600 rpm for 30 min at 95°C. Next, 6 M urea/2
M thiourea/100 mM triethylammonium bicarbonate (TEAB, 30 uL), 200 mM Tris (2-carboxyethyl) phosphine (TCEP,
5 pL), and 800 mM iodoacetamide (IAA, 2.5 pl) was added to conduct reduction and alkylation reactions using a PCT
System (Pressure BioSciences, South Easton, USA) at 45,000 psi for a total of 90 cycles at 30°C; every cycle included
30s of high pressure and 10s of ambient pressure. TEAB (85 pL) was added to the PCT tubes to lower the urea
concentration to <1.5 M. Thereafter, we added 10 pL of trypsin (0.5 pg/pL) and 5 pL of Lys-C (0.25 pg/uL) to digest the
proteins at 20,000 psi for a total of 120 cycles at 30°C; every cycle included 50s of high pressure and 10s of ambient
pressure. We transferred the trypsinized peptides to 1.5-mL tubes and added 10% TFA (15 pL) to terminate the reaction.
The sample pH was confirmed to be 2—3. The samples were then desalted with SOLAp (Thermo Fisher Scientific™, San
Jose, USA), and the desalted peptide samples were sent for mass spectrometric (MS) analysis.

Mass Spectrometry

An ultrahigh performance liquid chromatography (UHPLC) system (Bruker Daltonics, Bremen, Germany) — nanoElute
model — coupled with a timsTOF Pro mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with
a CaptiveSpray ion source was used to conduct liquid chromatography—mass spectrometry for data-independent
acquisition (DIA). Mobile phase A consisted of 100% water with 0.1% formic acid, and mobile phase B comprised
100% acetonitrile with 0.1% formic acid. Every reagent used was of MS grade (Thermo Fisher Scientific,
Waltham, USA).

For the proteomic analysis, we employed DIA for all samples during which we initially added peptides onto a pre-
column (Bruker Acclaim PepMap 100 C18, 5 mm x 300 um internal diameter [i.d.], 5 pm particle size, 100 A pore size)
at 217.5 bar before adding them to an analytical column (Bruker Acclaim PepMap RSLC C18, 1.9 um particle size, 120
A pore size, 150 mm x 75 pm i.d.) maintained at 40°C. The flow rate was set to 300 nL/min and examined them with
a 60-min LC gradient (0—50 min, 5-27% B; 50-60 min, 27-40% B). Mass spectrometry parameters included PASEF MS
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mass scanning at 100—1700 m/z, 1/k0 scanning at 0.6—1.6, and a peak detection threshold at 5000 counts; PASEF MS/MS
scanning count set to 10, charge of 0-5, and peak detection threshold at 2500 counts per second (cts/s).

MS Data Processing

DIA-NN (1.8.1) and the Human protein database accessed at UniProtKB on 15 May 2023 (Fasta file including 42,431
reviewed protein sequences) were employed to analyze the MS data, with the false discovery rate being set at 0.01. The
data were normalized to the total peptide level. All other parameters were at default values.

Statistical and Bioinformatics Analyses

A total of 9522 proteins were detected from 10 pancreatic cancer FFPE tissue samples, with an overall missing rate of
10.51%. We used seqKNN v1.0.1 to impute the missing values and handle outliers in the data. To compare protein levels
in different groups, we computed log2 (fold change) based on average values. The group pair was examined using two-
sided unpaired Welch’s #-test. Finally, B-H correction was utilized to determine adjusted P-values. We defined
B-H adjusted P-values as <0.05 and |log2 (fold change) >0.585 to select differentially expressed proteins.

All the statistical and bioinformatics analyses were performed in R (v.4.0). The missing value was imputed with 0. We
carried out principal component analysis for visualizing group separation using the statistics package of R. Moreover, this
study utilized R package cluster Profiler for performing gene ontology and Kyoto Encyclopedia of Genes and Genomes
analyses. GSEA was implemented using the R/Bioconductor package clusterProfiler. Fold changes in proteins were
ranked in a descending manner for both phenotypes. Later, the whole list was used for assessing the gene set distribution
for the determination of the enrichment score during GSEA.

Multiple Immunofluorescence Analysis (mlF) and Multichannel Imaging

Deparaffinization of tissue sections was done through the addition of a gradient of xylene solutions and rehydration done
by the addition of a decreasing gradient of ethyl alcohol. AR6 buffer (Akoya Biosciences, Marlborough, USA) was used
for antigen retrieval in a microwave oven (Panasonic, Osaka, Japan) set to 750 W for 15 min. Endogenous peroxidase
was inactivated by incubation in 3% H202 for 10 min. Multiplex immunohistochemistry was performed by several
rounds of staining, each including a protein block with 1% bovine serum albumin followed by the addition of a primary
antibody and the corresponding secondary horseradish peroxidase-conjugated anti-mouse and anti-rabbit immunoglobu-
lins (Akoya Biosciences, Marlborough, USA). The slides were then incubated in different Opal fluorophores (1:100)
diluted in 1X Plus Amplification Diluent (Akoya Biosciences, Marlborough, USA). After tyramide signal amplification
and covalent linkage of the individual Opal fluorophores (Akoya Biosciences, Marlborough, USA) to the relevant epitope
or epitopes, the primary and secondary antibodies were removed via antigen retrieval as previously mentioned and the
next cycle of immunostaining was initiated. The sequence of primary antibody and Opal fluorophore was anti-CK (ZM-
0069, dilution 1:200, ZSGB-BIO, Beijing, China)/Opal 480 and anti-UFM1 (AB109305, dilution 1:200, Abcam,
Cambridge, UK)/Opal 520. All slides were counterstained with spectral 4’,6-diamidino-2-phenyldindole (DAPI, Akoya
Biosciences, Marlborough, USA) and mounted with Anti-fade fluorescence mounting medium (ab104135, Abcam,
Cambridge, UK). Multichannel imaging was performed on a PANNORAMIC SCAN II Imaging System (3Dhistech,
Budapest, Hungary) equipped with a 20x Plan-Apochromat objective (numerical aperture = 0.8). Fluorescence signals
were captured using specific filter sets: Opal 480 (excitation/emission: 470/500 nm), Opal 520 (500/530 nm), and DAPI
(350/470 nm), with exposure times optimized to avoid signal saturation (Opal 480: 500 ms; Opal 520: 600 ms; DAPI:
300 ms). Image analysis was conducted using CaseViewer software (v2.4, 3Dhistech, Budapest, Hungary). The slides
were imaged at X200 magnification.

IHC

Pre-treatment pathological specimens were collected from a validation cohort comprising 91 patients with unresectable
pancreatic cancer and subjected to immunohistochemical staining using a Leica Bond-Max automated staining system
(Leica Biosystems, Wetzlar, Germany) following the manufacturer’s standard protocol to analyze protein levels. Briefly,
deparaffinization and rehydration were performed automatically, followed by antigen retrieval with AR6 buffer (Akoya
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Biosciences, Marlborough, USA) at 95°C for 20 min. Sections were blocked with 1% bovine serum albumin for 30 min
and incubated with anti-UFM1 antibody (AB109305, dilution 1:200, Abcam, Cambridge, UK) at 4°C overnight. After
washing with phosphate-buffered saline (PBS), sections were incubated with a horseradish peroxidase-conjugated
secondary antibody (ZSGB-BIO, Beijing, China) for 30 min at room temperature, followed by visualization with 3,3’-
diaminobenzidine (DAB) substrate (ZSGB-BIO, Beijing, China) and counterstaining with hematoxylin. Stained slides
were scanned using a PANNORAMIC SCAN II Imaging System (3Dhistech, Budapest, Hungary) at x40 magnification.
The percentage of protein-positive cells was quantified using QuPath software (v0.4.4, University of Edinburgh, UK)
with a standardized thresholding algorithm. Using the median value (43.8%) as the cutoff, patients were classified into

high- and low-expression groups.*>=

Statistical Analysis

Any discrepancy in protein intensities in both groups was determined using a two-sided Student’s #-test. Differences in
baseline characteristics between both groups were assessed by Chi-square and Fisher’s exact tests; the relationship
between the treatment response and clinicopathological factors was also evaluated. Univariate as well as multivariate
regression was performed using Cox proportional hazard models for identifying variables independently for predicting
PFS and OS. We also employed the Kaplan—Meier method for assessing the PFS and OS of the patients, followed by
a log rank to compare the rates. P < 0.05 indicated significant differences, with all tests being two-tailed. Data analyses
and graphing were conducted using SPSS software (v 27.0) and R software (v 4.3.2.3).

Results
UFMI as a Differentially Expressed Protein Related to Treatment Sensitivity

To unravel the molecular mechanisms related to treatment response and survival outcomes, we conducted ad hoc
proteomic profiling. A total of 9522 proteins were identified from 10 pancreatic cancer FFPE tissue sample. There
were 226 differentially expressed proteins between the treatment-resistant and treatment-sensitive groups (Figure 1A).
Compared to the treatment-resistant group, 122 proteins were upregulated in the treatment-sensitive group (eg PDGFA,
Log2FC=+0.75; GXYLT2, Log2FC=+0.88; CCN1, Log2FC=+0.11; SRPX2, Log2FC =+1.23; and SERPINB2, Log2FC
=+1.84;), while 104 proteins were downregulate (e.g, UFM1, Log2FC =—0.72; CMPK1, Log2FC=-0.79; NHERFI,
Log2FC=-1.01; NIPSNAP2, Log2FC =—-0.77; and AKR7A3, Log2FC =—1.66)(see Figure 1B). The proteins that were
highly expressed in the treatment-resistant group are implicated in several pathways, including cellular aldehyde
(metabolic), fructose 1,6—bisphosphate (metabolic), cellular amino acid (catabolic), cellular amino acid (catabolic),
fibroblast activation, and alpha—amino acid (catabolic) processes (Figure 1C).

The pivotal role of UFM1 in post-translational modification pathways, including protein modification and regulation,
cellular stress responses, as well as cell survival and proliferation, coupled with recent literature reports emphasizing the
significance of UFM1 in the onset and prognosis of various tumors,®’ >’ further substantiates its high relevance to our
study. Consequently, we selected UFM1 for in-depth analysis. As shown in Figure 1D, UFM1 is present in the cytoplasm
of epithelial cells. Its expression within the tumor was significantly higher in the treatment-resistant group than in the
treatment-sensitive group, as evidenced by IHC images from the cohort (Figure 1E). These findings indicate that UFM1
may be useful as a biomarker for predicting the treatment response in patients with unresectable pancreatic cancer.

Patients’ Baseline Characteristics in Validation Cohort

All patients enrolled in this study had a definitive pathological diagnosis of pancreatic cancer, as determined by hematoxylin
and eosin and IHC staining. The validation cohort of IHC specimens ultimately comprised 91 patients, including 56 (61.5%)
males and 35 (38.5%) females, with a median age of 63 years (range 35-81years). The median rate of UFM1-positive cells
was 43.8%. A total of 37 (40.7%) patients were classified as stage III, while 54 (59.3%) were classified as stage IV. Of the
stage IV patients, 14 (25.9%) received a combination of radiotherapy and chemotherapy, while 40 (74.1%) received
chemotherapy alone. In contrast, 25 (67.5%) of the stage III patients received a combination of radiotherapy and chemother-
apy, while 12 (32.5%) received chemotherapy alone. No correlation was observed between UFM1 protein levels and patient
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Figure | Proteomic analysis of patients with unresectable pancreatic cancer and representative immunohistochemical and multiplex immunofluorescence images of the
target proteins. (A) Heatmap representation of the abundance profiles of all proteins in treatment-resistant and - sensitive groups. Colors represent normalized gene
expression levels: red indicates high expression, and blue indicates low expression. (B) Volcano plot of differentially expressed proteins (red, up; blue, down; gray,
nonsignificant). Key candidates, including UFMI, are labeled. (C) Bar graph illustrating enriched pathways identified based on significantly upregulated/downregulated
proteins. (D) A multispectral mixed image of panel | from the mIF showing representative illustrations of tumor cells and UFMI. The red box demarcates a region of interest
(with a magnified inset showing details of this region). The scale bar indicates the actual length in the image. (E) Representative immunohistochemical images of PDAC tissues
with high and low expression of UFMI. Images show staining results for different experimental group. Brown staining indicates positive expression of the target protein. The
scale bar indicates the actual length in the image.

Abbreviations: mIF, multiplex immunofluorescence; PDAC, pancreatic ductal adenocarcinoma; UFMI, Ubiquitin-fold modifier 1.

characteristics such as sex, age, Eastern Cooperative Oncology Group performance status, T stage, and N stage (P > 0.05).
However, a correlation was observed with respect to the TNM stage (AJCC 8th edition), with a higher proportion of patients
with stage IV in the high UFMI1 expression group than in the low-UFM1-expression group (see Table 1, Figure 2A and B).
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Table | Clinicopathologic Characteristics of Patients in Different UFMI Expression Levels

Variables Total (n =91, 100.00%) UFMI Expression P value
Low (n = 46, 50.50%) | High (n = 45, 49.50%)

Sex (%) 0.573
Male 56 (61.54) 27 (58.70) 29 (64.44)
Female 35 (38.46) 19 (41.30) 16 (35.56)

Age (%) 0.333
<60 39 (42.86) 22 (47.83) 17 (37.78)
>60 52 (57.14) 24 (52.17) 28 (62.22)

ECOG PS* 0.701
0 28 (30.77) 15 (32.61) 13 (28.89)
[ 63 (69.23) 31 (67.39) 32 (71.11)

Smoking 0.941
Yes 30 (32.97) 15 (32.61) 15 (33.33)
No 61 (67.03) 31 (67.39) 30 (66.67)

Drinking 0.320
Yes 26 (28.57) 11 (23.91) 15 (33.33)
No 65 (71.43) 35 (76.09) 30 (66.67)

Diabetes 0.592
Yes 14 (15.38) 8 (17.39) 6 (13.33)
No 77 (84.62) 38 (82.61) 39 (86.67)

cT (%) 0.154
[ I (1.10) 0 (0.00) I (2.22)
2 8 (8.79) 2 (4.35) 6 (13.33)
3 21 (23.08) 9 (19.57) 12 (26.67)
4 61 (67.03) 35 (76.09) 26 (57.78)

cN (%) 0.682
0 43 (47.25) 23 (50.00) 20 (44.44)
| 42 (46.15) 2| (45.65) 2| (46.67)
2 6 (6.59) 2 (4.35) 4 (8.89)

cTNM stage® (%) <0.001°
1] 37 (40.66) 27 (58.70) 10 (22.22)
v 54 (59.34) 19 (41.30) 35 (77.78)

CAI19-9 (%) 0.472
<37 19 (20.88) 11 (23.91) 8 (17.78)
>37 72 (79.12) 35 (76.09) 37 (82.22)

CEA (%) 0.760
<5 50 (54.95) 26 (56.52) 24 (53.33)
>5 41 (45.05) 20 (43.48) 2| (46.67)

Treatment (%) 0.164
cd 52 (57.14) 23 (50.00) 29 (64.44)
C+R® 39 (42.86) 23 (50.00) 16 (35.56)

Notes: *, ECOG PS, Eastern Cooperative Oncology Group performance status; ®, The clinical staging of pancreatic cancer was based
on AJCC eighth edition. ¢, Bold font indicates statistically significant differences (P < 0.05). ¢, Chemotherapy alone. ¢, Radiotherapy
combined with chemotherapy.

Abbreviations: cTNM, clinical tumor-node-metastasis; CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; UFMI,
Ubiquitin-fold modifier 1.

Outcomes Correlated with UFMI Expression Levels

Among the 91 patients, 27 achieved a PR as their best objective response, 33 had stable disease (SD), and 31 showed PD.
The proportion of UFM1-positive cells was significantly lower in the PR + SD group compared to the PD group (P=
0.016, Figure 2C).
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compared to those with PR or SD. (D) Kaplan-Meier curves show PFS for patients stratified by UFMI expression levels (High vs Low, using the median IHC value as the
cutoff). (E) Kaplan-Meier curves show OS for patients stratified by UFM| expression levels.

Abbreviations: UFMI, Ubiquitin-fold modifier I; HE, hematoxylin and eosin; IHC, immunohistochemistry; TNM, tumor-node-metastasis; PR, partial response; SD, stable
disease; PD, progressive disease; PFS, progression-free survival; OS, overall survival.

The results of the survival analysis indicated that the median PFS in the low UFMI expression group was
significantly longer than in the high UFM1 expression group (12.0 months vs 6.5 months, HR = 0.335, 95% CI:
(0.209, 0.537), P < 0.001, Figure 2D). The median OS in the low UFM1 expression group was 20.5 months, while the
median OS in the high UFMI1 expression group was 10.4 months. Thus, the high expression group exhibited
a significantly lower median OS than the low expression group (HR = 0.298, 95% CI: 0.184, 0.484, P < 0.001,
Figure 2E).

The better survival outcomes of the low UFM1 expression group compared with the high UFMI1 expression group
appeared to be consistent across all patient subgroups. In patients who received chemotherapy alone, the median PFS
(HR = 0.214, 95% CI: 0.102-0.451, P<0.001, Figure 3A) and OS (HR = 0.242, 95% CI: 0.126-0.465, P<0.001,

8 https: Cancer Management and Research 2026:18



Wang et al @

UFM1 Expression = High = Low UFM1 Expression = High = Low
1.00 1.00
Log rank P <0.001 Log rank P <0.001
El HR (95%CI): 0214 (0.102 - 0.451) HR (95%CI): 0.242 (0.126 - 0.465)
g =l
3 075 £ 015
9 Z
8 5
& 7
g E
8 0s0 3 050 PSS | 0
.°n s
= 2
b £
5 =
) el
= oo S 02
3035 8 0.2
2 [
S
[
0.00 0.00
0 6 12 18 24 30 36 42 48 54 o 6 12 18 24 30 36 42 48 54
Time(months) Time(months)
Number at risk Number at risk
High 29 14 0 0 0 0 0 0 0 0 High 29 4 7 1 1 0 0 0 0 0
Low 23 16 10 2 2 2 2 2 1 0 Low 23 21 17 9 7 7 s 3 2 0
UFM1 Expression = High % Low UFM1 Expression = High = Low
1.00 1.00
Log rank P=0.030 Log rank P = 0012
E HR (95%CI): 0471 (0.235 - 0.944) HR (95%CI): 0380 (0.174 - 0.832)
s =
5 s CI
@ 075 = 0.75
8 3
8 5
& a
& =
S [
£ 050 O 050
: —
a =
« £
5 ]
z E
Z 025 € 025
2 &
S
&
0.00 0.00
0 6 12 13 2 30 36 a2 43 54 0 6 12 13 2 30 36 2 48 54
‘Time(months) ‘Time(months)
Number at risk Number at risk
High 16 11 2 1 1 0 0 0 0 0 High 16 15 7 5 3 3 2 2 2 0

Low 23 18 12 8 6 4 3

©
o

Low 23 23 20 17 11 11 8 4 3 0

Figure 3 UFMI expression is associated with survival outcomes in patients with unresectable pancreatic cancer receiving different treatment regimens. (A) Progression-free
survival (PFS) and (B) overall survival (OS) in patients treated with chemotherapy alone, stratified by UFMI expression level. (C) PFS and (D) OS in patients treated with
chemoradiotherapy, stratified by UFMI expression level.

Abbreviations: UFMI, Ubiquitin-fold modifier |; PFS, progression-free survival; OS, overall survival.

Figure 3B) were longer in the low UFMI1 expression group than in the high UFM1 expression group. In patients who
received a combination of radiotherapy and chemotherapy, the low UFM1 expression group showed a better median PFS
(HR = 0.471, 95% CI: 0.235-0.944, P = 0.030, Figure 3C) and OS (HR = 0.380, 95% CI, 0.174-0.832, P = 0.012,
Figure 3D) than the high UFM1 expression group.

COX Regression Analysis

A Cox regression analysis of multivariate factors demonstrated that TNM stage (HR = 0.456, 95% CI: 0.276, 0.754, P =
0.002) and UFM1 expression (HR = 0.343, 95% CI: 0.207, 0.567, P < 0.001) were independent predictors of PFS (see
Table 2). Additionally, TNM stage (HR = 0.243, 95% CI: 0.127, 0.465, P < 0.001), treatment regimens (HR = 0.548, 95%
CI: 0.326, 0.919, P = 0.023), and UFM1 expression (HR = 0.304, 95% CI:0.182, 0.510, P < 0.001) were also identified as
independent predictors of OS. Thus, high UFM1 expression was associated with poor survival outcomes in patients with
pancreatic cancer.
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Table 2 Univariate and Multivariate Analysis of Clinicopathologic Characteristics for PFS and OS

Variables PFS Univariate Analysis PFS Multivariate Analysis OS Univariate Analysis OS Multivariate Analysis
HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

Age

< 60 years 1.038(0.673,1.601) | 0.865 1.069(0.671,1.703) | 0.779

2 60 years Reference Reference

Sex

Female 0.953(0.614,1.479) | 0.831 0.909(0.564,1.466) | 0.696

Male Reference Reference

ECOG PS

0 Reference Reference

1-2 1.086(0.687,1.719) | 0.724 1.009(0.611,1.666) | 0.972

Smoking

YES Reference Reference

NO 0.835(0.527,1.323) | 0.443 0.949(0.581,1.549) | 0.833

Drinking

YES Reference Reference

NO 0.746(0.460,1.209) | 0.235 0.989(0.590,1.658) | 0.967

Diabetes

YES Reference Reference

NO 1.528(0.825,2.830) | 0.177 1.434(0.713,2.886) | 0.312

Clinical T stage

TI-T3 1.427(0.900,2.264) | 0.131 1.942(1.199,3.145) | 0.007 0.763(0.443,1.314) | 0.330

T4 Reference Reference

Clinical N stage

NO 1.157(0.753,1.779) | 0.505 0.650(0.406,1.039) | 0.072

N+ Reference Reference

Clinical TNM stage

1] 0.368(0.231,0.588) | <0.001 | 0.456(0.276,0.754) | 0.002 0.224(0.130,0.385) | <0.001 | 0.243(0.127,0.465) | <0.001

v Reference Reference

CAI9-9

<37 1.012(0.600,1.705) | 0.964 0.990(0.568,1.727) | 0.972

>37 Reference Reference

CEA

<5 0.865(0.562,1.331) | 0.510 0.881(0.555,1.400) | 0.593

>5 Reference Reference

Treatment

ct Reference Reference

C+R® 0.586(0.377,0911) | 0.018 0.661(0.412,1.061) | 0.087 0.451(0.277,0.735) | 0.001 0.548(0.326,0.919) | 0.023

UFMI Expression

Low 0.335(0.209,0.537) | <0.001 | 0.343(0.207,0.567) | <0.001 0.298(0.184,0.484) | <0.001 | 0.304(0.182,0.510) | <0.001

High Reference Reference Reference Reference

Notes: “Chemotherapy alone. bRadiotherapy combined with chemotherapy.
Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; cTNM, clinical tumor-node-metastasis; CA19-9, carbohydrate antigen 19-9; CEA,
carcinoembryonic antigen; UFMI, Ubiquitin-fold modifier |.

Discussion

Despite chemo and/or radiotherapy offering survival benefits, many patients with unresectable pancreatic cancer still

experience rapid progression, highlighting the need for a biomarker to predict treatment efficacy and survival in these

patients.>***! In the present study, we identified UFM1 as a predictive biomarker for the clinical outcome of these

patients. UFM1 is a ubiquitin-like protein that modifies protein substrates via the process of UFMylation.?° The ubiquitin

and ubiquitin-like protein systems regulate a wide range of cellular functions, and their dysregulation is linked not only to

protein synthesis and homeostasis within the endoplasmic reticulum but also to the progression of cancer.
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Tissue-based biomarkers offer insights into the tumor’s intrinsic biology and potential drug vulnerabilities. As the
primary transporter of gemcitabine, hENT1 has consequently been investigated as a predictive biomarker for response to
gemcitabine-based therapies.”>"*> While high hENT1 expression correlates with benefit from gemcitabine, its predictive
value is regimen-specific and not applicable to modern first-line regimens like FOLFIRINOX. SMADA4 is a critical tumor
suppressor gene that mediates the transforming growth factor-beta signaling pathway. Inactivation of SMAD4 occurs in
approximately 50-55% of PDAC cases.** Although SMAD4 loss is a well-established marker of disease aggressiveness,
correlating with a more invasive phenotype, higher metastatic rates, and poorer prognosis, its value as a predictor of
specific treatment response remains unclear.*> With the advent of targeted therapies, biomarkers like mismatch repair
deficiency (AMMR)/microsatellite instability-high (MSI-H) and KRAS G12C mutations have defined small but actionable
subsets of patients eligible for immunotherapy or targeted agents, respectively. However, their prevalence in pancreatic
cancer is low.*® In this context, UFM1 presents distinct advantages: First, it is a functional protein directly implicated in
core resistance pathways like DNA damage response and immune modulation, providing a biological rationale for its
association with poor outcomes. Second, it retained independent prognostic value for both PFS and OS in multivariate
analysis, surpassing the prognostic power of TNM stage alone in our cohort. Third, its assessment via IHC on FFPE
tissue is highly feasible and integrable into standard pathological workflows. The primary challenges for its clinical
translation will be the prospective validation in larger, multi-center cohorts and the establishment of a robust, quantitative
scoring system to define “high” expression. Nevertheless, its strong association with treatment resistance positions UFM1
as a promising candidate for risk stratification and a potential companion diagnostic for therapy selection.

The mechanistic link between high UFMI1 expression and treatment resistance likely involves the ufmylation of
specific downstream targets that promote cell survival under therapeutic stress. As a core subunit of the MRE11-RADS50-
NBS1 complex, MRE11 plays a crucial role in the detection and repair of DNA double-strand breaks.*” Studies indicate
that MRE11 ufmylation promotes the activation of ATM kinase, a key regulator of DDR.*® Furthermore, UFLI, the
UFM1 E3 ligase, triggers replication fork degradation by MRE11 in BRCA1/2-deficient cells under replication stress.*’
UFM1-mediated ufmylation regulates the stability of Programmed Death-Ligand 1 (PD-L1) by inhibiting its ubiquitin-
proteasome degradation.’® PD-L1 is a critical immune checkpoint molecule expressed on tumor cells that suppresses
anti-tumor immune responses by binding to PD-1 on T cells.”’ This regulation plays a crucial role in tumor immune
evasion. For instance, research suggests that dysregulation of ufmylation can contribute to tumor immune evasion and is
considered a potential therapeutic target.’® While the specific role of the ufmylation system in tumor development and
progression 1is still being explored, its abnormal expression and dysfunction have been observed in various cancers,
including pancreatic cancer.’” Given its critical roles in multiple cellular processes, targeting the ufmylation system holds
promise for enhancing the sensitivity of pancreatic cancer to chemotherapy, radiotherapy, or immunotherapy.> Future
research needs to validate this strategy through preclinical studies to identify specific ufmylation substrates and to
determine the efficacy and safety of targeted interventions.

Intriguingly, analysis of public transcriptomic data (TCGA-PAAD) did not show a significant upregulation
of UFM1 mRNA in pancreatic tumors compared to normal tissue. This discrepancy suggests that the elevated UFM1
protein levels we observed are likely regulated at a post-transcriptional level. Potential mechanisms include enhanced
translation of UFM I mRNA or increased stability of the UFM1 protein, both of which could lead to protein accumulation
without a corresponding increase in mRNA.*! This highlights the importance of direct protein measurement in biomarker
discovery and presents a compelling avenue for future research. In future studies, we will further validate the functional
role of UFM1 in chemoresistance by knocking out or overexpressing UFM1 in established PDAC models (PANC-1, MIA
PaCa-2) and evaluating gemcitabine sensitivity through CCK-8 and apoptosis assays.

The survival benefit of adding radiotherapy for the treatment of unresectable patients with pancreatic cancer is
controversial. The Phase III randomized clinical trial LAPO7 demonstrated that the addition of radiotherapy (54 Gy) to
chemotherapy compared to chemotherapy alone did not significantly improve OS in patients with locally advanced
pancreatic cancer (median OS: 15.2 months vs 16.5 months; HR: 1.03; 95% CI: 0.7971.34).54 Nevertheless, the COX
regression analysis of our present study indicated that combined radiotherapy is an independent protective factor
affecting patient survival. Indeed, the efficacy of combined radiotherapy may be affected by the chemotherapeutic
agents, radiation dose fractionation, and the side effects of combination therapy. Notably, UFMI1 expression was
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significantly associated with TNM stage, with higher levels in stage IV patients, suggesting its role in disease progression
and potential as a severity marker.

It should be noted that our study has some limitations. First, this study was retrospective in nature, which
introduced the potential for selection bias and confounding variables. Despite the multifactorial regression analysis
attempting to control for some of the confounding factors, there is still a possibility that unrecognized confounding
variables may have affected the interpretation of the results. Second, the sample size included in this study was
relatively small. Although we validated our lead candidate, UFM1, in a larger independent clinical cohort (n=91) using
IHC, further prospective validation in multi-center studies with larger sample sizes is essential to confirm its robust
prognostic value and establish clinically applicable cut-off values In future studies, we will increase the sample size for
proteomic analyses to provide datasets with greater statistical significance. Finally, it should be noted that this study
relied heavily on IHC and proteomics techniques, which are inherently subject to a certain amount of technical
variability and batch effects that may have impacted the accuracy of the results. Despite the rigorous quality control
measures implemented, it was not possible to completely eliminate the potential for bias due to these technical
limitations.

In conclusion, this study identified UFM1 as a marker linked to the treatment efficacy of unresectable pancreatic
cancer, with its expression correlating to poorer clinical outcomes and shorter survival. Our findings provide a strong
rationale for its further investigation and support its potential utility in risk stratification and treatment personalization,
pending validation in larger, prospective cohorts.
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