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ABSTRACT 
 

Therapeutic potential of USP14 and UCHL5 mediated ERRα 
regulation to control mitochondrial function in pancreatic cancer 

 

 
 

Pancreatic ductal adenocarcinoma (PDAC), majority subtype of pancreatic cancer, is lethal 

disease showing a five-year survival rate of about 10%. The rapid proliferation and metabolic 

characteristic of PDAC require an increased protein turnover rate, leading proteotoxic stress. The 

high proteasome activity of PDAC makes it a promising target for therapeutic target for PDAC. 

Two proteasomal deubiquitinases, Ubiquitin specific peptidase 14 (USP14) and Ubiquitin 

carboxyl-terminal hydrolase isozyme L5 (UCHL5), act as ubiquitin-trimmer on substrates. 

Interestingly, analysis of PDAC sequencing data showed that aggressive ductal cells exhibited high 

expression levels of USP14 and UCHL5, which correlated with poor patient survival rate. It was 

verified by mutiple sequencing analysis and immunohistochemistry assay. 

To address USP14 and UCHL5 as potential therapeutic targets, this study investigated what 

phenotypic changes of PDAC cell lines exhibited after treatment with b-AP15, a specific dual 

inhibitor of USP14 and UCHL5. As expected, b-AP15 treatment showed significant proliferation 

inhibition in PDAC cell lines and even xenograft models, suggesting potential therapeutic efficacy. 

To elucidate mechanisms of cellular phenotypic changes to faster cell growth, transcriptomics and 

proteomics were employed. These comprehensive analyses revealed that a critical impact on 

mitochondrial function in PDAC cells. Importantly, the data indicated a inhibition of oxidative 

phosphorylation through estrogen-related receptor alpha autophagical degratation. These findings 

suggest the potential of b -AP15 as a therapeutic strategy targeting PDAC. 

 

 

 

                                                                                

Key words: Pancreatic ductal adenocarcinoma, USP14, UCHL5, ERRα, oxidative phosphorylation
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1. INTRODUCTION 

 
Pancreatic cancer is a mortal disease with the five-year survival rate of 13% in 20241. Despite 

accounting for only 3% of all cancer cases, pancreatic cancer is the third leading cause of cancer 

death1. If these trends persist, it is projected to become the second leading cause of death by 20302. 

Pancreatic ductal adenocarcinoma (PDAC) is the dominant subtype of pancreatic cancer presenting 

about 90% of cases3,4. The cancer cells of PDAC originate from aggresiveness of pancreatic ductal 

epithelial cell5, presenting high somatic mutation rate of  KRAS, P53, CDKN2A and SMAD46-8. 

The genetic changes of PDAC cells induce uncontrol of proliferation along with supression of 

immunity by tumor microenviroment9. Due to the critical danger of PDAC to patients, developing 

effective strategies to address this disease is essential. 

The therapeutic approaches to PDAC include surgical procedures such as the 

pancreaticoduodenectomy10, radiotherapy11 and chemotherapy12. The chemotherapy regimens 

involve gemcitabine, 5-fluorouracil, the FOLFIRINOX protocol, erlotinib and nab-paclitaxel12. The 

most chemotherapies target mechanisms of cell cycle inhibition. However, the emergence of 

regimen resistance remain a challenging point in PDAC therapy13. 

Ubiquitin-proteasome system (UPS) is a cellular process of controlling proteasomal degradation 

of ubiquitinated protein. Ubiquitin ligation to lysine residues on proteins by E1, E2 and E3 equips 

the proteins with diverse functions14, called ubiquitination. K48-linked ubiquitin, for example, is 

known to induce proteasomal degradation of substrate proteins. The proteasome is a major player in 

proteolysis, composed of two 19S regulatory particles and 20S core particle15. The 19S regulatory 

particle, lid part of proteasome, recognizes polyubiquitin chains of recreuited substrates by 

ribophorin 1 (RPN1), ribophorin 10 (RPN10) and ribophorin 13 (RPN13), and deubiquitinase them 

by proteasomal deubiquitinases, USP14 and UCHL5. Specifically, USP14 and UCHL5 cleave 

polyubiquitin chains of substrates16. A crucial function of USP14 and UCHL5 is the recycle of 

detached ubiquitins from substrates into the cytoplasmic free ubiquitin pool 17,18. Then the remained 

substrates are entered to 20S core particles, consisting of ring structure which degrades the substrate. 

Proteostasis, a protein homeostasis, refers to the regulation of the protein turnover cycle including 

protein synthesis, folding, conformational stability and degradation19. As exprected the cancer cells 

are highly rely on proteostasis mechanism due to factors such as mutant and overexpressed proteins20. 
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To address proteostasis imbalance, the cancer cells require a increased UPS and chaperone 

activity21,22. Bortezomib23, Carfilzomib24 and Ixazomib25, currently FDA-approved proteasome 

inhibitors, have an inhibition mechanism by targetting the 20S core particle. These proteasome 

inhibitors have applications in hematologic cancer therapy such as multiple myeloma and mantle 

cell lymphoma23-25. Encouragingly, they are being actively investigated in solid tumors, such as 

colorectal26, gastric27, prostate cancer28, and breast cancer29. Interestingly, it has been suggested that 

the proteasome activity is a necessary for initiating Pancreatic Intraepithelial Neoplasia (PanIN)30, 

the histological precursor of PDAC31. Given the increased proteasome activity in cancer cells21, 

these researches highlight the proteasome as a promising target for potential PDAC therapy. 

Here I hypothesized that the function of USP14 and UCHL5 increased in parallel with proteasome 

activity in PDAC cells, and aimed to apply both proteins as proteasome controllers to PDAC. To 

investigate the clinical potential significance of USP14 and UCHL5 in PDAC, published 

transcriptomic data were employed, including the bulk RNA sequencing (bulk RNA-seq), single cell 

RNA sequencing (scRNA-seq) and spatial single cell RNA sequencing (spatial scRNA-seq). The 

analysis results showed that PDAC patient tissues exhibited increased expression levels of USP14 

and UCHL5 compared to normal pancreaic tissues. Additionally, the reverse correlation of both 

genes expression levels and survival probabilty was demonstrated in Kaplan-Meire assay. The 

implication of relation between both genes and PDAC aggressiveness was revealed. 

Subsequently, b-AP15, the dual specific inhibitor of USP14 and UCHL532, was engaged to 

explore the potential of these proteins as therapeutic targets for PDAC. The small molecule b-AP15 

abrogates the proteasomal deubiquitination of the 19S regulatory particles33. The b-AP15 compound 

has been the subject of extensive research with the aim of inducing apoptosis through proteasome 

inhibition34-36. The results of one research have demonstrated that apoptosis occurs as a consequence 

of the stabilization of death receptor 5 (DR5/TNFRSF10B), the receptor for TNF-related apoptosis-

inducing ligand (TRAIL), which is known to induce apoptosis34. Nevertheless, no prior studies had 

previously been conducted on this compound in the context of PDAC. Therefore, in this study, b-

AP15 was investigated as a potential novel therapeutic molecule for PDAC. 

The administration of b-AP15 significantly inhibited cell growth rate of PDAC cell lines and in 

vivo xenograft models. Then, the transcriptomic and proteomic analysis was conducted to elucidate 

the mode of action of b-AP15 on PDAC cell lines, presenting increased proteotoxic stress and 

oxidative stress, and reduced OXPHOS. Importantly, the protein expression levels of estrogen-
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related receptor alpha (ERRα; ESRRA), key site-specific transcription factor of mitochondrial 

biosynthesis37-39, was reduced at the b-AP15 treatment conditions. Considering studies targeting 

mitochondrial complexes in PDAC cells as therapeutic strategies, controlling ERRα using USP14 

and UCHL5 is an intriguing mechanism.  

In this study, I present cellular phenotypic changes and mechanisms of b-AP15 treatment on 

PDAC cell lines. Chiefly, the inhibition of both USP14 and UCHL5 reduced cell prolifeation 

throught diminishing OXPHOS via ERRα autophagic degradation in PDAC, suggesting novel 

therapeutic potiential targets. 
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2. MATERIALS AND METHODS 

 
2.1. TCGA pancreatic cancer dataset 

To compare the expression levels of USP14 and UCHL5 between PDAC and normal tissues, and 

perform correlation analysis, merged Pancreatic Adenocarcinoma (PAAD) data set from TCGA 

and Genotype-Tissue Expression (GTEx) were employed using GEPIA (https://gepia.cancer-

pku.cn)40. A comparative analysis of the expression levels of USP14 and UCHL5 in normal (n = 

171) and PAAD (n = 179) samples was used. For corrleation analysis, PAAD patients (n = 179) 

samples were utilized with the Pearson statistics. 

To investigate clinical implication of USP14 and UCHL5 in PDAC, the sequencing expression 

data of PAAD (n = 178) was collected using the TCGAbiolinks package (v.2.29.6) in R. Then, data 

was normalized to Trimmed Mean of M-value (TMM) expression levels using the edgeR pacakge 

in R. For phenotypic analysis, patients were splited into USP14 High or USP14 Low groups and 

UCHL5 High or UCHL5 Low groups based on USP14 and UCHL5 levels. And principal component 

analysis (PCA) was performed using FactoMineR package (v.2.8) and factoextra package (v.1.0.7) 

in R. For survival probability analysis, Kaplan-Meier analysis was performed ising clinical data of 

PAAD. 

 

2.2. Kaplan-Meier analysis 
Survival probability analysis was performed using Kaplan-Meier analysis. For PAAD patients, 

clinical data of TCGA was employed, visualized by GraphPad. And it was validated by additional 

PDAC data analysis using Kaplan-Meier Plotter database (https://kmplot.com/analysis/). 

 

2.3. Spatial scRNA-seq analysis (Visium) 
Spatial scRNA-seq analysis was performed to confirm the expression patterns of USP14 and 

UCHL5 in aggressive pancreatic ductal cell using three PDAC patients Visium data from 

GSE211895. The three PDAC patietns data was collected from Gene Expression Omnibus (GEO) 

and processed using Seurat package (v.4.3.0) in R. PCA was performed to reduce dimensions and 

Uniform Manifold Approximation and Projection (UMAP) was used to visualized in two-
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dimension. Among clusters, cluster with high ductal cell marker genes, EPCAM and TSPAN3, and 

prolifeartion marker genes, MKI67 and TOP2A was designated as Cycling Ductal Cells. Patient A 

for Cluster 2, Patient B for cluster 0, Patient C for Cluster 2. The expression levels of EPCAM, 

USP14 and UCHL5 in two-demensions were visualized using spatial feature plot. The spatial plot 

of USP14 and UCHL5 were merged to determine how the two genes are co-expressed and overlap 

with EPCAM expression and the Cycling Ductal cell cluster. 

  

2.4. Immunohistochemistry (IHC) assay 
IHC was performed to compared proitein expression levels between normal pancreas and PDAC 

tissues. Tissue slide was stained using diluted monoclonal specific antibodeis for USP14 (1:100; 

Santa Cruz Biotechnology, USA) and UCHL5 (1:100; Santa Cruz Biotechnology, USA). After 

staining, cytoplasmic USP14 and UCHL5 expression was scored as: 0, 1+, 2+ and 3+. For intensity 

of USP14 and UCHL5, ImageJ (v.1.52a) was used. 

 

2.5. scRNA-seq analysis 
To investigate PDAC cancer cells on single cell levels, scRNA-seq analysis was performed using 

29 patients PDAC patients scRNA-seq data from GSE154778, GSE155698 and GSE212966. All 

patients data were collceted from GEO and processed using Seurat package in R. Quality control 

was processed to select singlets using DoubletFinder package (v.2.0.3) in R and 29 data were 

integerated to one merged data. The integrated data was performed PCA, visualized by UMAP and 

identified to 8 clusters based on expression levels of marker genes. 

The ductal cell cluster for KRT19, TSPAN3, and SOX9; the acinar cell cluster for CTRC, CTRB1, 

and PRSS1; the T cell cluster for CD3E, CD3D, and CD8A; the B cell cluster for CD19, MS5A1, 

and CD79A; the macrophage cluster for CD14, CD163, and CD68; the endothelial cell cluster for 

CDH5, CLDN5, and PEACAM1; the fibroblast cluster for LUM, COL1A1, and COL5A2; and the 

mast cell cluster for CPA3, TPSAB1, and TPSB2. Their marker genes were verified using dot pot 

and feature plot. 

For trajectory analysis, pseudotime was estimated using Monocle3 package (v.1.3.1) and slingshot 

package (v.2.2.1) in R. The independent pseudotime results from two packages were correlated and 

visualized by feature plot and feature scatter plot. For Gene Set Enrichment Analysis (GSEA), fgsea 
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pacakge (v.1.27.0) was used. Additionally, single sample GSEA (ssGSEA) was performed using 

escape package (v.1.4.0).  

 

2.6. Cell culture 
Human PDAC cell lines, PANC1 and MIAPACA2 were purchased from American Type Culture 

Collection (ATCC; USA). The cells were cultured at 10cm culture plate (Falcon) in 5% CO2 

incubator at 37°C. Cell was maintained with Dulbecco’s Modified Eagle Medium (DMEM; 

Corning, USA) supplemented with 10% fetal bovine serum (FBS; Corning, USA) and 1% 

penicillin-streptomycin (Gibco). Cell lines were subcultured at pproximately 70-80% confluency 

using 0.25% trypsin-EDTA (Gibco, USA). 

 

2.7. Cell proliferation assay 
Proliferation rate of PDAC cells was measured using Cell Counting Kit-8 (CCK8; Dojindo, 

Japan) according to manufacturer’s instructions. PDAC cell lines were seeded into 96-well plates 

(Falcon, USA). Under the experimental conditions specified, 10 µL of CCK-8 solution was added 

to each well (100 µL). The cells were then incubated at 5% CO2 incubator for 1 hr. Then, 

absorbance was measured at 450 nm using a microplate reader to assess cell proliferation rate. 

 

2.8. Colony formation assay 
To measure coloy formation rate of PDAC cells, crystal violet staining was employed. First, 

PDAC cells were seeded to 6-well plates (Falcon, USA) and were incubated at 5% CO2 incubator 

for 10 days. Then, cells were washed using phosphate-buffered saline (PBS; Corning, USA), fixed 

with methanol, and stained with 0.1% crystal violet for 10 min. 

 

2.9. Wound healing assay 
To estimate recovery rate of scratched PDAC cells, wound healing assay was performed. Cells 

were seeded into 6-well plates, scratched and incubated at 5% CO2 incubator. Then, it was 

visualized at time points of 0, 24, 48, and 72 hr to measure the recovery rate. 
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2.10. Cell cycle assay 
The ratio of cell cycle phase was estimated by propidium iodide (PI; Invitrogen, USA) staining. 

Under the experimental conditions specified, PDAC cells were washed with PBS, stained with PI 

staining solution (35 μg/mL PI, 100 µg/mL RNase A (Thermo Fisher Scientific, USA), and 0.1% 

Triton X-100 (Amresco, USA)) for 30 min. Flow cytometry data were acquired with BD 

FACSVerse (BD Biosciences, USA) and collected with BD FACSuite (BD Biosciences, v.1.0.6), 

analyzed using FlowJo (BD Biosciences, v.10.7.1). 

 

2.11. Tumor xenografts 
To validate in vivo analysis using b-AP15, tumor xenograft model was employed. The female 

BALB/c nude mice were purchased from Orient Bio (South Korea). The nude mice were housed 

in specific-pathogen-free conditions in individually ventilated cages, under 30–70% humidity, 21–

26°C temperature, and a 12-hr light–dark cycle. 

Approximately, 1 x 10^6 MIAPACA2 cells resuspended with 1:1 Matrigel (Corning, USA) were 

injected subcutaneously in the right flank of mice. After 2 weeks, tumor grew to about 100 mm3, 

the mice were randomly divided into two groups. Then, each group were intraperitoneally injected 

with either vehicle (DMSO: PEG400: PBS = 1: 6: 3) or b-AP15 (7.5 mg/kg; b-AP15: PEG400: 

PBS = 1: 6: 3) for 3 times a week. The tumor volume was calculated following formula: (width^2 

x length) x 0.5. After 11 times of injections, the in vivo xenograft models were sacrificed on 26 day 

before the largest tumor volume of the mouse reached 2000 mm3. Tumors were removed from 

sacrificed mouse, photographed, and weighted. All animal experiment was approved by the 

Institutional Animal Care and Use Committee of Yonsei University College of Medicine (IACUC), 

according to guidelines by the Association for Assessment and Accreditation of Laboratory Animal 

Care International (AAALAC International). 

 

2.12. Protein extraction and western blotting 
Protein extraction for protein immunoblotting was performed using EBC200 lysis buffer (50 mM 

Tris-HCl, pH 8.0, 200 mM NaCl, 0.5% NP-40) supplemented with Protease Inhibitor (GenDEPOT, 

USA). Total cell lysates were centrifuged at 4°C, 13,000 rpm, for 15 min. Then, supernatants were 

transfer to new tubes and concentration of proteins were estimated using the BCA Protein Assay 
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kit (Thermo Fisher Scientific, USA). Equal amounts of proteins mixed with 4X Laemmli sample 

buffer (Bio-Rad, USA) were seqparted by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and transfer to polyvinylidene difluoride (PVDF; Bio-Rad, USA). 

Subsequently, the PVDF was blocked with 5% skim milk (BD, USA) in tris-buffered saline Tween-

20 (TBS-T) for 1h and probed with the primary antibody for overnight. After washing PVDF with 

TBS-T, it was probed with horseradish peroxidase conjugated secondary antibody and washed with 

TBS-T. The immunoblots were visualized using enhanced chemiluminescence solution (Bio-Rad, 

USA). 

The primary specific antibodies against ubiquitin (1:2000), and ERRα (1:2000) were purchased 

from Cell Signaling Technology (USA), against K48-ubiquitin (1:2000) was purchased from 

Abcam (USA), and against USP14(1:2500), UCHL5 (1:2500), and α-actinin (1:5000) were 

purchase from Santa Cruz Biotechnology (USA). The horseradish peroxidase conjugated secondary 

antibodies against mouse IgG (1:10000) was purchased from Cell Signaling Technology (USA), 

and against rabbit IgG (1:10000) was purchased from Abcam (USA). 

 

2.13. LC/MS (proteomics) 
Total protein lysates were transported to ebiogen Inc. (https://www.e-biogen.com). Brieflty, for 

digestion, the lysates were processed the filter aided saample preparation (FASP) digestion through 

reducing with 5 mM TCEP, alkylating with 50 mM IAA and digestion using ABC with trypsin. 

Then, desalting was processed using C18 Micro Spin Column (Thermo Fisher Scientific, USA). 

Proteomics data was collected was conducted with the desalted samples using UPLC Orbitrap 

exploris 480 (Thermo Fisher Scientific, USA). Data analysis was processed using Proteome 

Discoverer (Thermo Fisher Scientific, USA). 

 

2.14. RNA extraction and real-time quantitative PCR 
Total RNA was extracted using TRIzol reagent (Invitrogen, USA) according to manufacturer’s 

instructions. Then, cDNA construction was performed using ImProm-II Reverse Transcriptase 

(Promega, USA). For real-time quantitative PCR was performed using cDNA, TOP Real qPCR 2X 

Pre-MIX (Enzynomics, Korea) and specific paired primers on a CFX Connect Real-Time PCR 

System (Bio-Rad, USA). Gene expression was normalized to the 36B4 as housekeeping gene using 
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ΔΔCt method. The sequences of the primers used in the qPCR are shown below. 

36B4 (F: CGTCCTCGTTGGAGTGACA, R: CGGTGCGTCAGGGATTG) 

ATF4 (F: CCCTTCACCTTCTTACAACCTC, R: TGCCCAGCTCTAAACTAAAGGA) 

DDIT3 (F: GGAAACAGAGTGGTCATTCCC, R: CTGCTTGAGCCGTTCATTCTC) 

ATF3 (F: TGCTCAGAGAAGTCGGAAGAA, R: TGGCACAAAGTTCATAGGGCA) 

HSPA1A (F: CGGCACTCTGGCCTCTGATT, R: GACCCGCCTTTTCCCTTCTG) 

HSPA6 (F: CAAGGTGCGCGTATGCTAC, R: GCTCATTGATGATCCGCAACAC) 

DNAJA1 (F: AGGAGCAGTAGAGTGCTGTCC, R: TCTCGAACTATCTTCCTTCCGT) 

GPX1 (F: CAGTCGGTGTATGCCTTCTCG, R: GAGGGACGCCACATTCTCG) 

GPX4 (F: GAGGCAAGACCGAAGTAAACTAC, R: CCGAACTGGTTACACGGGAA) 

GSS (F: TACGGCTCACCCAATGCTC, R: CTATGGCACGCTGGTCAAATA) 

HMOX1 (F: AAGACTGCGTTCCTGCTCAAC, R: AAAGCCCTACAGCAACTGTCG) 

SOD1 (F: GGTGGGCCAAAGGATGAAGAG, R: CCACAAGCCAAACGACTTCC) 

ESRRA (F: AGGGTTCCTCGGAGACAGAG, R: TCACAGGATGCCACACCATAG) 

NDUFA2 (F: GCAGCAAGTCGAGGAGTCG, R: CGTTTCTCAATGAAGTCCCTGA) 

SDHA (F: CAGCATGTGTTACCAAGCTGT, R: GGTGTCGTAGAAATGCCACCT) 

COX8A (F: TTACCTCCTGCTTCGTGACC, R: CACTCTGGCCTCCTGTAGGT) 

 

2.15. Bulk RNA-seq (transcriptomics) 
Extracted total RNA was transported to Macrogen Inc. (https://dna.macrogen.com). Briefly, the 

libraries were constructed using TruSeq Stranded mRNA Library Prep Kit (Illumina, USA) 

according to manufacturer’s instructions. Then, sequencing was performed on NovaSeq6000 

(Illumina, USA) platform using a NovaSeq 6000 S4 Reagent Kit (Illumina, USA). Raw sequencing 

data, FASTQ file, were qulitified using FastQC (v0.11.7), trimmed using Trimmomatic (v.0.38), 

mapped using HISAT2 (v.2.1.0) and Bowtie2 (v.2.3.4.1), and assembled using StringTie (v.2.1.3.b). 

The raw count expression value was subjected to TPM normalization. The normalized expression 

values were used to calculate differential expression genes (DEGs), conducted using edgeR 

package. 
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2.16. Immunoprecipitation (IP) assay 

Proteins extracted from cell lines were quantified using a BCA assay after lysis. Approximately 

10% of the total protein extract was collected, mixed with 4X Laemmli sample buffer and boiled 

at 100°C for 5 min. The remaining protein samples were precleared with sepharose beads (CL4B 

2: Protein A 1: Protein G 1; Cytiva, USA) to limit unspecific binding of IgG. The precleared protein 

samples were incubated overnight with antibody specific for ERRα or IgG on a rotator at 4°C. Then 

samples were incubated with sepharose beads for 1 h on a rotator at 4°C. After that, they were 

washed with EBC 200 lysis buffer. 2X Laemmli sample buffer diluted from 4X Laemmli sample 

buffer were mixed with washed samples and boiled. These boiled samples were subjected to SDS-

PAGE, transferred onto membranes, and visualized using western blotting as previously described 
 

2.17. ROS analysis 

Cellular reactive oxygen species (ROS) levels were estimated using DCFDA/H2DCFDA – 

Cellular ROS Assay Kit (Abcam, USA) according to manufacturer’s instructions. Under the 

experimental conditions specified, cells were stained with 10 μM DCFDA into 96-well black plates 

(Falcon, USA). Then, ROS data was evaluated using a fluorometer with an excitation wavelength 

of 485 and emission wavelength of 535 nm. 
 

2.18. Oxidized protein assay 

Oxidized protein assay was conducted using Oxidized Protein Western Blot Detection Kit 

(Abcam, USA) according to manufacturer’s instructions. Briefly, protein lysates were extracted 

using Extraction Buffer and concentration of proteins were evaluated using the BCA Protein Assay 

kit. Then, equal amounts of proteins were incubated with sodium dodecyl sulfate (SDS) and 2,4-

Dinitrophenylhydrazine (DNPH) Solution for 15 min at room temperature, and samples were added 

Neutralization Solution. The samples were processed western blotting assay with 5000X Primary 

anti-DNP Antibody and 5000X HRP Conjugated Secondary Antibody. 
 

2.19. Luciferase assay 
Luciferase assay was conducted to assess the activity of the estrogen-related receptor response 
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element (ERRE) motif (sequence: TCAAGGTCA), binding sequence of ERRα, using ERRE 

promoter luciferase reporter plasmid (3xERRE-luciferase; Addgene, USA) and β-galactosidase 

plasmid. Lipofectamine 3000 transfection reagent (Invitrogen, USA) was used to transfect the 

plasmids into cells. Protein extraction was used luciferase lysis buffer (12.5% Glycerol (Thermo 

Fisher Scientific, USA), 5 mM CDTA (Millipore, USA), 12.5 mM Trisphosphate (Tris, Bio-Rad, 

USA; Phosphoric acid, Sigma, USA), 0.1% Triton-X100 (Amresco, USA), 1 mM Dithiothreitol 

(TCI, Japan) and seeded into 96-well white plates (SPL, Republic of Korea). Luciferase activity 

was measured with Microplate luminometer (EG&G, USA) using Luciferase Buffer (90 mM KPO4 

(SAMCHUN, Republic of Korea), 10 mM MgCl2 (Sigma, USA), 20 mM ATP (TCI, Japan), 0.5 

mM D-luciferin (Promega, USA) and β-galactosidase activity was assessed with absorbance of 420 

nm using ONPG Buffer (51 mM NA2HPO4 (SAMCHUN, Republic of Korea), 34 mM NAH2PO4 

(Amresco, USA), 1 mM MgCl2, 1 mM ONPG (Sigma, USA). The ERRE activity was normalized 

to β-galactosidase activity. 
 

2.20. Chromatin Immunoprecipitation (ChIP) assay 

ChIP assay was conducted to assess the activity between ERRα and the its binding site, ERRE, 

around mitochondrial genes. First, cells were fixed with 16% Formaldehyde (Thermo Fisher 

Scientific, USA) for cross-linking. 125 mM glycine (Amresco, USA) was added to quench the 

cross-linking. Then, nuclear extraction was performed with Nuclear Lysis Buffer (150 mM NaCl, 

50 mM Tris-HCl, 5 mM EDTA, 0.5% NP-40). Sonication was conducted with Sonication Buffer 

(10 mM EDTA, 50 mM Tris-Hcl) supplemented SDS using Covaris M220 (USA). The sheared 

sampels were diluted with Dilution Buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM 

Tris-HCl) and incubated with antibodies at 4°C for overnight using rotater. Sepharose beads were 

used to bind antibodies and washed with TSE buffers (TSE1: 0.1% SDS, 1% Triton X-100, 2 mM 

EDTA, 20 mM Tris-HCl and 150 mM NaCl; TSE2: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 

20 mM Tris-HCl and 500 mM NaCl), 3rd Wash buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 

1 mM EDTA and 10 mM Tris-HCl) and TE buffer (1 mM EDTA and 10 mM Tris-HCl). DNA was 

eluted using Elution buffer (1% SDS, 50 Mm EDTA and 50 mM Tris-HCl) supplemented with 1 

μl Proteinase K (20μg/μl) and samples were incubated at 65 °C for overnight to perfrorm reverse-

crosslinking. The eluted DNA was purified using QIAquick PCR Purification Kit (QIAGEN, 

Germany). Subsequently, qPCR was conducted using purified DNA. 
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CYTB (F: GCCTGCCTGATCCTCCAAAT, R: AAGGTAGCGGATGATTCAGCC) 

B2M (F: CCAGCAGAGAATGGAAAGTCAA, R: TCTCTCTCCATTCTTCAGTAAGTCAACT) 
 

2.21. mitochondrial DNA/nuclear DNA (mtDNA/nDNA) ratio assay 
The copy ratio of mtDNA/nDNA was estimated using extracted genomic DNA using PureLink 

Genomic DNA Mini Kit (Invitorgen, USA) according to manufacturer’s instructions. Then, qPCR 

was conducted using genomic DNA. The copy number of CYTB was empleyed as mtDNA while 

B2M as nDNA41. Expression levels of CYTB was normalized to B2M using ΔΔCt method and 

ratio of CYTB/B2M was calculated. The sequences of the primers used in the qPCR are shown 

below. 
 

2.22. Immunocytochemistry (ICC) assay 
ICC assay was performed to visualize cellular mitochondria using MitoTracker Deep Red FM 

(Invitrogen, USA). Cells were seeded to Lab-Tek II Chamber Slide (NUNC, USA) and stained with 

250 nM MitoTracker Deep Red FM at 5% CO2 incubator for 45min. Then, 4% formaldehyde was 

used to fix the cells at 37 °C for 15 min, 0.5% Triton-X100 was employed for permeabilization for 

10 min, and Hoechst 33342 was utilized for nuclear staining for 5 min. Microscope cover glass 

were mounted using Faramount Mounting Medium, Aqueous (Agilent, USA). Image was 

visualized using Confocal microscope LSM 700 (Carl Zeiss, Germany). 
 

2.23. XF analysis 
The oxygen consumption rate (OCR) was estimated using Seahorse XF HS Mini analyzer 

(Agilent, USA) with Seahorse XFp Cell Mito Stress Test Kit (Agilent, USA). Cells were seeded 

into Seahorse XFp Cell Culture Miniplates (Agilent, USA). Subsequently, the media in which the 

cell lines were incubated was replaced with XF DMEM media (Agilent, USA) supplemented with 

4.5 g/L glucose (Agilent, USA), 1 mM pyruvate (Agilent, USA), and 200 mM glutamine (Agilent, 

USA). OCR value was assessed via serial injection of 2 μM Oligomycin, 2 μM Carbonyl cyanide-

p-trifluoromethoxyphenylhydrazone (FCCP), and 1 μM Rotenone/Antimycin A. OCR value was 

normalized to protein concentration.  
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3. RESULTS 

 
3.1. TCGA analysis presenting phenotypic differences based on USP14 

and UCHL5 in PDAC 
First, PAAD from TCGA database was employed to analyze the connotation of USP14 and 

UCHL5 expression in clinical PDAC patients. The merged transcriptomic data of PAAD and GTEx, 

normal pancreas tissue database, was used to compare expression levels of USP14 and UCHL5 

between normal patient tissues (n = 171) and PDAC patient tissues (n = 179). As expected, given 

that proteasome activity is high in cancer20, it showed that PDAC patients exhibited significantly 

elevated (p < 0.0001) expression levels of both genes compare to normal patients (Fig. 1A). Then, 

Pearson corrlation analysis was conducted to confirm co-expression of both genes. The analysis 

results presented that expression levels of USP14 and UCHL5 revealed positive correlation 

coefficient (r = 0.7 and p = 0.0) in PAAD (Fig. 1B). Given that USP14 and UCHL5 localize in a 

19S regulatory particle, it might be inferred that the role of both genes could be crucial in PDAC. 

Subsequently, PAAD patients were divided into USP14 Low and USP14 High groups and UCHL5 
High and UCHL5 Low based on upper or lower 50% of expression levels. Among the PAAD patients, 

both USP14 Low and UCHL Low patients were designated as USP14/UCHL5 Low (n = 56), both USP14 
High and UCHL5 High were designated as USP14/UCHL5 High (n = 56), and remained patients were 

designated as Others (n = 66) (Fig. 1C). To investigate distribution of expression patterns, PCA was 

conducted on the three groups. The result presented that USP14/UCHL5 Low group was placed at the 

bottom left position, while USP14/UCHL5 High group was placed at the top right position (Fig. 1D). 

Then, Kaplan-Meier analysis was conducted to confirm the survival probability of PAAD. 

Importantly, USP14/UCHL5 High patients had a significanctly higher death probability (p = 0.0140) 

compared to USP14/UCHL5 Low patients (Fig. 1E). Additionaly, Kapan-Meier plotter database was 

employed to validate the consistency. The PDAC patients of Kapan-Meier plotter database were 

divided into top 33% or bottom 33% of USP14 and UCHL5. It showed that patients with high USP14 

(p = 0.0022) and UCHL5 (p = 0.0003) expression exhibited a lower survival probability (Fig. 1F-

G). It demonstrated that the expression patterns were divided by expression levels of two genes, 

indicating a kind of phenotypic difference related to survival probability. 
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Figure 1. PDAC patients exhibiting different phenotype based on USP14 and UCHL5. (A) Box 

plot comparing USP14 and UCHL5 expression levels between normal pancreas tissues and PDAC 

tissues from merged data of PAAD and GTEx. (B) Pearson correlation plot showing the positive 

correlation (r = 0.7) between USP14 and UCHL5 expression levels in PDAC. (C) Table 

summarizing the division of PAAD patients based on USP14 and UCHL5 expression levels. (D) 

PCA plot illustrating phenotypic diffrences between USP14/UCHL5 Low and USP14/UCHL5 High 

groups. (E) Kaplan-Meier curve comparing survivla rate between USP14/UCHL5 Low and 

USP14/UCHL5 High groups. (F-G) Survivlal probability of PDAC patients with top 33% versus 

botom 33% USP14 and UCHL5 expression levels. **** p < 0.0001. 
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3.2. Spatial expression of USP14 and UCHL5 in PDAC 
To investigate spatial RNA expression levels of USP14 and UCHL5, spatial scRNA-seq analysis 

was conducted. The spatial scRNA-seq data of GSE211895 was collected from GEO database. The 

samples from three PDAC donors, Patient A, Patient B and Patient C, were analyzed using Seurat 

package in R. First, the hematoxylin and eosin (H&E) stain and the divided clusters by processing 

through PCA and UMAP were visualized (Fig. 2A). Each divided cluster was presentative of a 

unique cell type, the epithelial ductal cells were focused to select malignant cells in PDAC. Marker 

genes of epithelial ductal cells, EPCAM and TSPAN3, were utilized. The clusters expressed both 

EPCAM and TSPAN3 were identified as the epithelial ductal cells, while those that co-expressed the 

cell proliferation marker genes, MKI67 and TOP2A, were classified as the Cycling Ductal Cell 

(Patient A: Cluster 2; Patient B: Cluster 0; Patient C: Cluster 2) (Fig. 2B, 2C). Interestingly, the 

Cycling Ductal Cell cluster was co-localized with the expression levels of USP14 (red) and UCHL5 

(blue) along as EPCAM (green) (Fig. 2D). Especially, merged USP14 and UCHL5 (pink) exhibited 

same expression pattern. The violin plot of USP14 and UCHL5 showed the Cycling Ductal Cell 

cluster exhibited significantly increased USP14 (p < 0.0001) and UCHL5 (p < 0.0001) than other 

clusters (Fig. 2E). The spatial scRNA-seq analysis presented that the expression of USP14 and 

UCHL5 was highly enriched in the Cycling Ductal Cell clusters, malignant PDAC cells. 

Then, to validate the spatial scRNA-seq, IHC was performed using specific antibodies against 

USP14 and UCHL5. The IHC staining images displayed protein expression levels and were scored 

as negative (0), weakly positive (1+), moderately positive (2+) and strongly postivie (3+). The score 

of USP14 was presented as 2+ in normal tissues and 3+ in PDAC (Fig. 3A), while the score of 

UCHL5 was presented as 0 in normal tissues and 1+ in PDAC (Fig. 3B). The intensity of both genes 

in epithelial ductal cells showed quantitative value of protein expressions (Fig. 3C). IHC assay 

presented increased expression levels of USP14 and UCHL5 in PDAC tissues compared to normal. 

The spatial expression of RNA and protein analysis suggested that both genes were upregulated in 

ductal cells and they might be therapeutic targets for PDAC patients. 
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Figure 2. Spatial RNA-seq analysis presenting increased USP14 and UCHL5 in PDAC. (A) 

Visualizaion of H&E staining of slide, differentiated spatial clusters in slide image and spatial 

clusters in UMAP. The analysis of spatial scRNA-seq was utilized GSE211895, employed three 

donors. (B) Dot plots illustrating expression levels of epithelial ductal cell and proliferative cell 

marker genes across clusters. (C) Dimension plots of the Cycling Ductal Cell clusters. (D) Feature 

plots of expression of EPCAM (green), USP14 (red), UCHL5 (blue) and merged USP14 and UCHL5 
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(pink). (E) Violin plots comparing USP14 and UCHL5 expression levels across Cycling Ductal Cell 

clusters, demonstrating increased expression. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 3. IHC assay presenting increased USP14 and UCHL5 in PDAC. (A) IHC staining for 

USP14 in normal pancreas (score: 2+) and PDAC (score: 3+) tissues. (B) IHC staining for UCHL5 

in normal pancreas (score: 0) and PDAC (score 1+) tissues. (C) Comparison of USP14 and UCHL5 

expression intensity in epithelial ductal cells between normal and PDAC tissues. **** p < 0.0001. 
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3.3. Aggressive ductal cells with enhanced USP14 and UCHL5 

expression along with proliferation and OXPHOS in PDAC 
To overcome the limitation of spatial scRNA-seq, which provides only a bulk resolution per spot, 

scRNA-seq analysis was performed using the seurat package in R. This method allowed for the 

identification of various cellular types and facilitated the discovery of additional implications of 

USP14 and UCHL5 in pancreatic ductal cells. The scRNA-seq data of GSE154778, GSE155698 

and GSE212966 were collected from GEO database (Fig. 4A). Total 29 patient samples were 

downloaded and processed through quality control. Then, integration of the samples was performed 

to create a merged seurat object. About 100,000 cells were used in scRNA-seq analysis. The cells 

were performed PCA to reduce demension and the cells were visualized using UMAP, displaying 

identified 8 different clusters (Fig. 4B). Therefore, distinguished clusters were annotated using 

marker genes of lineages. Marker genes used for cell differentiation included CPA3, TPSAB1, 

TPSB2 for mast cells, LUM, COL1A1, COL5A2 for fibroblasts, CDH5, CLDN5, PEACAM1 for 

endothelial cells, CD14, CD163, CD68 for macrophages, CD19, MS4A1, CD79A for B cells, CD3E, 

CD3D, CD8A for T cells, CTRC, CTRB1, PRSS1 for acinar cells and KRT19, TSPAN3, SOX9 for 

ductal cells (Fig. 4C, 4D). The ductal cell cluster was further subsetted to investigate the roles of 

USP14 and UCHL5 specifically in these cells. 

Subsequently, the pseudotime analysis was conducted to research cellular trajectory of 

differentiation in ductal cells using Monocle3 package and Slingshot package in R. Two pseudotime 

values were independently calculated and visualized using UMAP (Fig. 5A, 5B). The trajectories 

indicated by both pseudotime values assessed that the final trajectory was top left side. The 

correlation between two pseudotime values was evaluated using Pearson correlation analysis (r = 

0.84, p < 0.001) (Fig. 5C). In order to validate the results of the pseudotime analysis, the cellular 

proliferation marker genes, MKI67 and TOP2A, were employed. Interestingly, high expression 

levels of MKI67 and TOP2A were observed at the terminal ends of the pseudotime trajectories, 

corresponding to highly proliferative cells (Fig. 5D, 5E). Therefore, Subcluster of top left part was 

designated as Cycling Ductal cell cluster, while remaining cluster was designated as Ductal cell (Fig. 

5F). Critically, the Cycling Ductal cell cluster exhibited significantly elevated expression levels of 

USP14 and UCHL5 (Fig, 5G). Moreover, the positive correlation of USP14 and UCHL5 was 

demonstrated using Pearson correlation analysis (r = 0.40, p < 0.0001) (Fig. 5H). These findings 

suggest that proliferative ductal cells show increased expression of USP14 and UCHL5, raising the 
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possibility that these proteins may play a role in malignancy. 

GSEA was performed to identify phenotype differences between the Ductal and Cycling Ductal 

cell clusters. As expected, Cycling Ductal cell cluster displayed increased E2F Targets, MYC targets, 

G2M Checkpoint and OXPHOS, which are well-known hallmarks of cancer (Fig. 5I). In this study, 

we focused on E2F targets (p = 0.0025), which directly influence cellular growth, and OXPHOS (p 

= 0.0026), which drives energy production (Fig. 5J, 5K). Of particular interest was the finding that 

cell cycle and mitochondrial function exhibited a positive correlation with USP14 and UCHL5 (Fig. 

5L). 

Molecular profiling of PDAC tumors divides pancreatic ductal cells into two climical subtypes, 

classical and basal-like subtypes42-44. The classical PDAC subtype exhibits a greater degree of 

differentiation with more favorable outcomes of patients, while the basal-like PDAC subtype 

presents less differentiation with worse outcomes of patients. Give that scRNA-seq analysis data 

were combined with 29 PDAC patients, Cycling Ductal cell clusters could be mixed with two 

subtypes of tumor ductal cells. Therefore the clusters were divided into Cycling Classical Ductal 

cells and Cycling Basal-like Ductal cell cluseters based on the expression levels of their marker 

genes (Fig. 6A). Marker genes used for PDAC subtypes included GATA3, PDX1, and HNF4A for 

classical ductal cells, ZEB1, FOXM1, and VIM for basal-like ductal cells. 

As expected, Cycling Classical Ductal cell and Cycling Basal-like Ductal cell clusters exhibited 

with higher expression levels of USP14 and UCHL5 than Ductal Cell cluster (Fig. 6B). Interestingly 

Cycling Basal-like Ductal Cell cluster presented higher expression levels of USP14 than Cycling 

Classical Ductal cell cluster, while similar expression levels of UCHL5. USP14 seems to be more 

reflective of the aggressiveness of different subtypes of PDAC than UCHL5. These findings strongly 

suggest that the proliferative ductal cells are associated with aggressiveness correlated with USP14 

and UCHL5 expression. 
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Figure 4. Integration of scRNA-seq data using the 29 PDAC patients. (A) Schematic overview 

of sample collection and integration process for scRNA-seq analysis. The data from the total 29 

PDAC patients were obtained from GSE154778, GSE155698 and GSE212966. (B) Dimension plot 

illustrating the distribution of 8 PDAC clusters. (C-D) Dot plot and dimension plots presenting the 

marker genes for the 8 distinc cell clusters. 
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Figure 5. scRNA-seq analysis revealed increased USP14 and UCHL5 concomitant with 

proliferation and OXPHOS in aggressive ductal cells in PDAC. (A-B) Feature plots of the 

pseudotime values, the cellullar differentiation trajectory, in ductal cells. The pseudotime values was 

calculated by Monocle3 and Slingshot package in R. The endpoint of the trajectory is indicated by 

the top left corner. (C) Correlation plot of two pseudotime values demonstrating positive correlation 

(r = 0.84) between two pseudotime values in ductal cells. (D-E) Feature plots of MKI67 and TOP2A 

expression in the ductal cells. (F) Dimension plot of the ductal cells subdivided into Ductal and 

Cycling Ductal cell group. (G) Violin plot comparing USP14 and UCHL5 expression between the 

two groups. (H) Correlation plot showing postitive correlation (r = 0.40) between USP14 and 

UCHL5 expression in the ductal cells. (I) GSEA analysis identified enriched pathways including 

E2F Targets, MYC Targets, G2M Checkpoints, and OXPHOS in Cycling Ductal cells using the 

HALLMARK database. (J-K) GSEA enrichment plots for E2F Targets and OXPHOS in the Cycling 

Ductal cells. (L) Correlation plot presenting the positivie correlation between GSEA results and 

USP14 or UCHL5 expression in the ductal cells. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001. 
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Figure 6. Expression levels of USP14 and UCHL5 in PDAC subtypes. (A) Dimension plot of 

PDAC subtypes, Ductal Cell, Cycling Classical Ductal Cell and Cycling Basal-like Ductal Cell, with 

corresponding violin plots depicting the expression of their specific marker genes. (B) Violin plots 

comparing the expression levels of USP14 and UCHL5 across Ductal Cells, Cycling Classical 

Ductal Cells, and Cycling Basal-like Ductal Cells. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001. 
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3.4. Dual inhibition of USP14 and UCHL5 by b-AP15 suppressed 

proliferation of PDAC 
The clinical implications of USP14 and UCHL5 in PDAC was elucidated that aggressive ductal 

cells exhibited upregulated expression of both genes by the previous clinical analysis. Importantly, 

the ductal cells with higher expression of USP14 and UCHL5 enhanced proliferation and OXPHOS 

activity, which could influence the patient's survival probability. These findings lead to the 

hypothesis that USP14 and UCHL5 play a critical role in PDAC and possibility for therapeutic 

targets. To explore the potential of USP14 and UCHL5 as therapeutic targets, the PDAC cell lines, 

PANC1 and MIAPACA2 were employed45. Both cell lines have been used as in vitro models for 

PDAC for decades. USP14 and UCHL5 were inhibited using b-AP1533, specific dual inhibitor. 

The proliferation rates of PANC1 and MIAPACA2 were determined to determine the efficacy of 

inhibiting PDAC cell growth. The PDAC cells were incubated with vehicle control, 1 μM and 2 μM 

b-AP15 and measured proliferation rate at 0, 24, 48 and 72 hr time point. The assay results revealed 

that inhibition of cell multiplication was confirmed at 1 μM b-AP15 (p < 0.0001) and 2 μM b-AP15 

(p < 0.0001) (Fig. 7A). The process of cell division was observed to be virtually halted, confirmed 

by colony formation assay. The central region of the cell plate of 1 μM b-AP15 formed fewer 

colonies compared to the control group (Fig. 7B). The slowed cell proliferation was also 

demonstrated in a wound healing assay. The wound area of scratched cells showed that the b-AP15 

group was significantly higher than the control group (PANC1 p = 0.0016, MIAPACA2 p = 0.0035) 

(Fig. 7C). To determine the cell cycle phase of the slowed proliferation, it was measured by 

flowcytometry using propidium iodide. The analysis results revealed that cell growth inhibition 

using 1 μM b-AP15 resulted in significant accumulation of cells in the G1 phase (PANC1 p < 0.0001, 

MIAPACA2 p < 0.0001) compared to control group (Fig. 7D). These findings suggested inhibition 

of USP14 and UCHL5 could reduce cell proliferation in PDAC cell lines. 

The xenograft models were developed to assess the ability of b-AP15 to inhibit PDAC 

proliferation in vivo. The BALB/c nude mice, an immunodeficient models, were implanted with 

MIAPACA2 cells, which exhibit benefit with a faster growth rate than PANC1 cells. Mixtures of 

suspended MIAPACA2 cells with Matrigel were injected to right plank of mices and implanted 

mices were randomly splited into control group (n = 8) and b-AP15 group (n = 8). Day 0 was defined 

as the time when the tumor volume about 100 mm3 per group (control group v = 96.1 mm3, b-AP15 

group v = 99.1 mm3, p = 0.852) (Fig 8A). From that Day 0 on, 7.5 mg/kg b-AP15 was injected 
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intraperitoneally three times a week until the tumor volume reached 2,000 mm3. Mice were 

sacrificed on Day 27 when the largest tumor volume in the control group measured 1890 mm3. 

Tumor volume measured from Day 0 to Day 27 showed that tumor growth was significantly 

inhibited (Day27 p = 0.0008) in the b-AP15 group (Fig. 8B). Tumors were extracted from mice and 

weighed, and a significant reduction (p = 0.0024) in tumor weight was observed, similar to the 

reduction in volume (Fig. 8C). Lastly, the extracted tumor was visualized (Fig, 8C). The results of 

both in vitro and in vivo experiments indicated that the inhibition of USP14 and UCHL5 is an 

effective method for reducing the proliferation of PDAC models. 
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Figure 7. USP14 and UCHL5 inhibition suppressed proliferation of PDAC cell lines. (A) 

Proliferation curve of PDAC cells treated with vehicle, 1 μM and 2 μM b-AP15. (B) Colony 

formation assay demonstrating reduced cell growth in the b-AP15 group compared to the control. 

(C) Wound healing assay showing differences in cell migration speed between control and b-AP15 

groups. (D) Cell cycle analysis showing a significant G1 phase arrest in the b-AP15 group compared 

to the control, as illustrated by histogram and bar plot representations of cell cycle phase distribution. 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 8. USP14 and UCHL5 inhibition suppressed tumor growth in PDAC xenograft models. 

(A) Experimental schematic of PDAC xenograft models. Tumor growth was monitored until Day 

27, prior to reaching a maximum volume of 2000 mm³. (B) Tumor growth curves demonstrating 

significantly reduced tumor volume (Day27 p < 0.0001) in the b-AP15 group. (C) Bar plot 

comparing tumor weight between control and b-AP15 groups. (D) Representative images of 

extracted tumors from xenograft models illustrating suppressed tumor proliferation in the b-AP15 

group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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3.5. Proteomics and transcriptomics analyses revealed that USP14 and 

UCHL5 inhibition triggered proteotoxic stress and mitochondrial 

dysfunction in PDAC 
Previous findings demonstrated that USP14 and UCHL5 inhibition using b-AP15 strongly 

suppressed proliferation of PDAC in vitro and in vivo models. In order to gain insight into the 

mechanisms by which the inhibition of proteasomal deubiquitinases affects cell growth, 

investigation at both the protein and RNA levels was conducted. 

To assess the expression levels of proteins and RNA, proteomic and transcriptomic analyses were 

performed by LC/MS and bulk RNA-seq (Fig. 9A). For LC/MS For LC/MS, FASP-digested protein 

samples were analyzed by mass spectrometry, and protein abundance was quantified using Proteome 

Discoverer software. For bulk RNA-seq, fragmented RNA samples were ligated with unique 

adapters at their 5' and 3' ends to generate cDNA fragments suitable for library construction and 

sequencing. The FASTQ files, generated by the Illumina sequencing platform, were subjected to 

processing to estimate the expression levels of RNA. The protein and RNA expression levels 

obtained were employed in the analysis of the mechanisms underlying the effects of b-AP15. In both 

cases of differentially expressed proteins (DEP; fold change ≥ 2, p < 0.05) and differentially 

expressed genes (DEG; fold change ≥ 2, p < 0.05), the number of upregulated proteins/genes 

exceeded than that of downregulated (Fig. 8A). Nevertheless, there was a paucity of overlapping 

proteins/genes between DEP and DEG, and thus they were not employed in analysis. 

Therefore, instead of utilizing DEP and DEG, we performed GSEA using total proteins/genes 

with Gene Ontology (GO) database. Enrichment maps were generated by GSEA results with the 

normalized enrichment score (NES) (p < 0.05) in the same direction of between both cells using the 

EnrichmentMap in Cytoscape (Fig. 9B). Subsequently, the related nodes were grouped by the 

AutoAnnotate in Cytoscape. The enrichment map demonstrated a reduction of the respiratory 

complex activity in the protein/gene levels and increased unfolded protein response (UPR) activity. 

This finding was supported by the top and bottom 10 NES of GO gene sets in the GSEA results 

using bulk RNA-seq (Fig. 9C). The NES of UPR-related genes, such as those involved in protein 

refolding and chaperone activity, was observed to increase, while the NES of mitochondrial complex 

and OXPHOS-related genes was found to decrease. GSEA using the HALLMARK database 

demonstrated increased UPR (PANC1 p = 0.028, MIA2PACA2 p = 0.033) and decreased OXPHOS 
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(PANC1 p = 0.000, MIAPACA2 p = 0.022), exhibiting consistency with the GO database (Fig. 9D). 

The top 10 gene sets from the GO database were used to analyze overlapping genes for each set 

(Fig. 9E). Among the upregulated gene sets, multiple 70-kilodalton heat shock protein (HSP70) 

family members, including HSPA6 and HSPA1A, were shared by PANC1 and MIAPACA2. 

Conversely, downregulated respiratory complex genes such as NDUFA2, NDUFA3, NDUFA7, 

NDUFC1, and NDUFS7 were common to both cell lines. A volcano plot of LC/MS and bulk RNA-

seq fold change revealed increased chaperone and ubiquitin proteins/genes and decreased 

mitochondrial proteins/genes (Fig. 9F). Interestingly, the volcano plot demonstrated the 

accumulation of ubiquitin, which resulted from the inability of ubiquitinated substrates to undergo 

degradation due to the inhibition of USP14 and UCHL5. Notably, the reduced expression of 

mitochondrial respiratory complex genes, essential for efficient energy production through 

OXPHOS, suggests impaired mitochondrial biosynthesis. Given the established link between 

mitochondrial gene expression and cellular function of ERRα, I hypothesize that decreased ERRα 

activity contributed to reduced mitochondrial biosynthesis. 

To confirm the activity of ERRα, the motif activity of ERRα, ERRE, was focused on. Identified 

using JASPAR CORE 202446, ERRE has the sequence TCAAGGTCA (Fig. 9G) and is essential for 

ERRα DNA binding. Integrated Motif Activity Response Analysis (ISMARA) was performed with 

bulk RNA-seq. ISMARA estimates transcription factor activity based on gene expression changes 

associated with the presence of their binding motifs. By correlating gene expression with motif 

enrichment, ISMARA quantifies the impact of transcription factors on gene regulation. The 

ISMARA results demonstrated that reduced motif activity of ERRα in both b-AP15 treated cell 

groups (Fig. 9H). 

The presented proteomic and transcriptomic data indicated that PDAC cells treated with b-AP 

exhibited augmented UPR and, conversely, diminished OXPHOS, suggesting impaired 

mitochondrial function. To elucidate the underlying mechanisms linking USP14 and UCHL5 

inhibition to these phenotypic changes, further in vitro mechanistic studies were required.
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Figure 9. b-AP15 inducing increased UPR activity and decreased OXPHOS activity using LC/MS 

and bulk RNA-seq analysis in PDAC. (A) Experimental schematic of LC/MS and bulk RNA-seq 

analysis. (B) Enrichment map illustrating positive (red) and negative (blue) NES values of LC/MS 

and bulk RNA-seq using GO database. (C) Bar plots of positive and negative top 10 NES values of 

PANC1 and MIAPACA2 using GO database. (D) Enrichment plot showing increased NES of UPR 

(PANC1 p = 0.028, MIAPACA2 p = 0.033) and decreased NES of OXPHOS (PANC1 p = 0.000, 
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and MIAPACA2 p = 0.022) in both cell lines. (E) Overlapping genes of gene sets using top 10 GO 

database. (F) Volcano plots of LC/MS and bulk RNA-seq showing decreased fold change of 

chaperone and ubiquitin proteins/genes, and increased respiratory complex proteins/genes. (G) 

Sequence logo of ERRE, ERRα binding motif sequence, presenting sequence TCAAGGTCA. (H) 

Motif activity of ERRα comparing control and b-AP15 in PANC1 and MIAPACA2. * p < 0.05, ** 

p < 0.01, *** p < 0.001, **** p < 0.0001. 
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3.6. UPR induced by USP14 and UCHL5 inhibition led accumulation of 

oxidized proteins in PDAC 
First, experiments were conducted to identify proteomic and transcriptomic phenotypic changes 

in PDAC cells treated with b-AP15. In the normal condition of UPS cells, ubiquitinated substrates 

are deubiquitinated and degraded by proteasomal deubiquitinases (Fig. 10A). Nevertheless, the 

inhibition of USP14 and UCHL5, which are components of the 19S regulatory particle of the 

proteasome, resulted in the accumulation of ubiquitin (Fig. 10B). Immunoblot analysis of ubiquitin 

revealed that the increased accumulation of ubiquitin, particularly high-molecular-weight proteins. 

Among the ubiquitins, K48-ubiquitin, which is known to be subject to proteasomal degradation, 

demonstrated the most significant accumulation of ubiquitin in b-AP15 groups. The ubiquitin data 

confirmed the accumulation of ubiquitinated substrates with USP14 and UCHL5 inhibition as 

theorized. 

The endoplasmic reticulum (ER) is an intracellular organelle that plays a povital role in protein 

biosynthesis. The ER induces the UPR to address accumulated unfolded and misfolded proteins, 

kwown as ER stress, before they cause catastrophic damage to the cell47. Protein kinase R-like 

endoplasmic reticulum kinase (PERK/EIF2AK3) detects the accumulation of unfolded or misfolded 

proteins in the ER lumen48. Subsequently, the phosphorylation of PERK, which is an activated form 

of PERK, facilitates the translation of activating transcription factor 4 (ATF4) in response to ER 

stress49. The ubiquitinated substrates accumulation by USP14 and UCHL5 inhibition induced 

significantly increased RNA expression levels (p < 0.0001) of ATF4 (Fig. 9C). The RNA expression 

levels of DNA damage inducible transcript 3 (DDIT3) and ATF3, which are downstream target genes 

of ATF450, were increased (p < 0.0001) in b-AP15 groups (Fig. 9C). In addition, RNA expression 

levels of chaperones, HSPA1, HSPA6 and DNAJA1, were significantly increased in b-AP15, 

according to bulk RNA-seq (Fig. 9E, 9F, 10D). 

Given, the established relationship between induced ER stress, oxidative stress and redox 

system51-54, the study focused on this particular aspect (Fig. 11A). The level of oxidative stress was 

quantified by measuring the intracellular ROS using the DCFDA assay, which revealed a significant 

increase in PANC1 (p < 0.0001) and MIAPACA2 (p < 0.0001) of the b-AP15 groups (Fig. 11B). 

The expression levels of SOD1, which catalyzes the conversion of superoxide (O2
•−) to hydrogen 

peroxide (H2O2)55, was significantly elevated in b-AP15 group. In addition, the expression levels of 
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HMOX1, signature of oxidative stress56,57, was also increased in b-AP15 group. The increased SOD1, 

ROS and HMOX1 by USP14 and UCHL5 inhibition demonstrated that critical oxidative stress was 

induced. 

In the glutathione in redox system, the tripeptide glutathione (GSH) is converted to glutathione 

disulfide (GSSG) by the reduction of ROS to H2O58,59. Glutathione synthetase (GSS) synthesizes 

glutathione, while glutathione peroxidase 1 (GPX1) and GPX4 directly reduce ROS using GSH. 

Interestingly, the redox system was impaired in b-AP15 group (Fig. 11C). The expression levels of 

GSS, GPX1 and GPX4 were significantly reduced in b-AP15 group in PDAC cells. Importantly, the 

GSH/GSSG ratio decreased significantly from 27.2 to 8.7 in PANC1 (p = 0.0003) and 26.7 to 7.2 in 

MIAPACA2 (p = 0.0010). 

The inhibition of USP14 and UCHL5 suppressed proteasomal degradation and led accumulation 

of the ubiquitinated substrates. It induced ER stress, oxidative stress, and impaired redox system. 

The accumulated ROS with disturbed redox system eventually ushered to protein oxidation (Fig. 

11D), which would have affected cell proliferation60,61. 
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Figure 10. b-AP15 induced UPR in PDAC. (A) Mechanism of UPR induced by b-AP15 in PDAC 

cells. Accumulatio of ubiquitinated substrates led ATF4 signaling and chaperone genes expressions. 

(B) Immunoblotting of Ubiquitins and K48-Ubiquitins in PANC1 and MIAPACA2. (C) Bar plots 

of ATF4 signaling genes presenting increased expression levels of ATF4, DDIT3 and ATF3 in b-

AP15 groups. (D) Bar plots of chaperone genes showing increased expression levels of HSPA1A, 

HSPA6 and DNAJA1 in b-AP15 groups. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 11. Accumulation of oxidized proteins mediated UPR in PDAC. (A) Schemic process of 

accumulation of oxidized proteins. (B) Bar plots of ROS, SOD1 and HMOX1 comparing between 

control and b-AP15 groups. (C) Bar plots of GPX1, GPX4, GSS and GSH/GSSG ratio comparing 

between control and b-AP15 groups. (D) Accumulation of oxidized proteins in b-AP15 treated 

PDAC cells. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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3.7. Autophagic lysosomal degradation of ERRα mediated by the 

USP14 and UCHL5 inhibition 
Inhibition of USP14 and UCHL5 led to the accumulation of oxidized proteins, which, together 

with increased UPR and oxidative stress, could critically affect cancer cell growth. To investigate 

how this oxidative stress leads to reduced OXPHOS, the expression levels of ERRα were analyzed 

at both RNA and protein levels, focusing on transcription and translation. Despite the decreased 

ERRα motif activity observed in bulk RNA-seq analysis (Fig. 9H), the RNA expression levels of 

ERRα were not significantly different between the control and b-AP15 groups (Fig. 12A). However, 

the protein expression levels of ERRα were reduced in the b-AP15 group (Fig. 12B). Treatment with 

1 µM b-AP15 resulted in a time-dependent decrease in protein expression levels of ERRα in both 

cell lines at 0, 3, 6, 12 and 24 h. In addition, treatment with 0.0, 0.5, 1.0 and 2.0 µM b-AP15 at 24 h 

decreased protein expression levels of ERRα in a dose-dependent manner. This suggests that while 

ERRα was continuously transcribed at the RNA level, its protein levels were reduced due to 

enhanced cellular degradation in the b-AP15-treated group. 

MG132, a proteasome inhibitor62,63, and Bafilimycin A1, an autophagy inhibitor64,65, were used 

to determine if ERRα degradation occurred via the proteasomal or autophagic-lysosomal pathways. 

Cells were treated with b-AP15 for 12 h, followed by treatment with 10 µM MG132 for 8 to 10 

hours, which did not affect ERRα protein expression levels (Fig. 12C). In contrast, treatment with 

400 nM Bafilomycin A1 for 6 to 12 hours reversed the decreased ERRα expression levels in both 

cell lines (Fig. 12D). These findings demonstrated that autophagy, triggered by the inhibition of 

USP14 and UCHL5, resulted in the lysosomal degradation of ERRα. 

To further investigate the interaction of ERRα-USP14, and ERRα-UCHL5, immunoprecipitation 

assay was performed using overexpressed 293T cell lysates. ERRα was overexpressed with USP14 

or UCHL5 in 293T cells and harvested to determine direct interactions of these proteins. As expected, 

formation of protein complexes of ERRα-USP14 and ERRα-UCHL5 was confirmed by 

immunoprecipitation assay (Fig. 13A, 13B). These data suggest that ERRα may serve as a common 

regulatory target of USP14 and UCHL5, potentially contributing to its proteasomal degradation. 

Inhibition of USP14 and UCHL5 shifted ERRα degradation from a proteasomal to an autophagic 

pathway. 
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Figure 12. USP14 and UCHL5 inhibition reduced ERRα expression by autophagic lysosomal 

degradation in PDAC. (A) RNA expression levels of ERRα comparing control and b-AP15 groups 

in PDAC. (B) Immunoblot images illustrating decreased ERRα expression in response to time-

dependent and dose-dependent b-AP15 treatment in PDAC cells. (C, D) Immunoblot images of 

ERRα expression in response to b-AP15 treatment with MG132 or Bafilomycin A1. * p < 0.05, ** 

p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 13. Immunoprecipitation assay presenting protein complexes between ERRα, USP14 

and UCHL5. (A, B) Immunoblot images of USP14 and UCHL5 immunoprecipitated by ERRα 

antibody. Proteiens extracted from cell lysates were obtained from 293T cells overexpressing ERRα 

along with USP14 or UCHL5. Input samples (left), immunoprecipitation with IgG control (IP: IgG; 

middle), and immunoprecipitation with ERRα (IP: ERRα; right) are shown, indicating the formation 

of protein complexes between ERRα and USP14/UCHL5. 
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3.8. Reduction of mitochondrial biosynthesis mediated ERRα 

suppression in PDAC 
First of all, to confirm the binding activity of ERRα to ERRE by b-AP15, a luciferase assay was 

performed using a 3X ERRE-luciferase plasmid (Fig. 14A). ERRE is the binding motif site of ERRα, 

the sequence of which is TCAAGGTCA. The PDAC cells transfected with this luciferase plasmid 

could be estimate as the binding activity of ERRα by luciferase assay. The luciferase assay reulsts 

revealed that b-AP15 treatment with 0.0 uM, 0.5 uM and 1.0 uM in PANC1 and MIAPACA2 

showed a dose-dependent decreased luciferase activity (Fig. 14B). The results demonstrated that 

binding activity of ERRα to ERRE was diminished, which could be interpreted as a decrease in the 

expression of ERRα target genes. 

To identify the target genes of ERRα, ERRα-ChIP-seq data of GSE16316666 from GEO was 

employed. GSE163166 data, consisting of ERRα and input samples, was utilized to identify specific 

target genes of ERRα in MDA-MB-231 cells, a breast cancer cell line. The analysis was performed 

on UCSC genome browser and the location of ERRE was identified using JASPAR CORE 2024. 

The ChIP-seq analysis demonstrated that the ERRE (yellow) located in the highest peaks (red) near 

the respiratocy complex genes (blue) including NDUFA2, SDHA, COX8A, NDUFS7, NDUFS5, 

NDUFV2, COX6B1, and ATP5PO (Fig. 14C, 15A). Given the mitochondrial biosynthesis function 

of ERRa and the overlaps of the highest peaks with ERRE, it was anticipated that the reduction in 

the binding activity of ERRa to ERRE could influence the expression of these genes. Among them, 

three respiratory complex 1 to 3 genes, NDUFA2, SDHA and COX8A, were employed in the ChIP 

assay. 

A statistically significant reduction of expression levels was observed for NDUFA2, SDHA and 

COX8A in the b-AP15 group compared to the control group in PDAC (Fig. 14C). To demonstrate 

the decrease in target gene expression due to decreased binding ERRE of ERRα, the ERRα-ChIP 

assay in MIAPACA2 was performed. The primers for the ChIP-qPCR were designed to capture the 

highest peak and the sequnce containing the ERRE. ERRα-ChIP-qPCR results presented that 

targeting the ERRE sequences using the primers were higher in ERRα samples compared to IgG 

samples, indicating that the ERRα-ChIP was successful. Subsequently, the results demonstrated that 

the ERRE near NDUFA2 (p = 0.0003), SDHA (p = 0.0064) and COX8A (p = 0.0036) were 

significantly diminished in the b-AP15 group compared to the control group. The results of this 

study showed that USP14 and UCHL5 supression reduced ERRE binding activity of ERRα, 
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resulting in significant downregulation of ERRα target genes expression. 

To confirm the reduction in mitochondrial biosynthesis, mtDNA assessment was performed. It 

was estimated by extracting total genomic DNA from PDAC cells and normalizing of mtDNA 

relative to nDNA. Cytochrome b/CYTB, a representative of mtDNA, is one of the components of 

the respiratory chain complex 3, and β2 microglobulin/B2M, a representative of nDNA, is one of 

the histocompatibility complex (MHC) class I components. The mtDNA/nDNA ratio results 

demonstrated a statistically significant reduction in the b-AP15 group relative to the control group 

in both cell types (Fig. 16A). 

Subsequently, ICC was performed to identify mitochondrial copy changes caused by decreased 

mitochondrial biosynthesis. The nuclei were stained with Hoechst33342 (blue) and the mitochondria 

were stained with Mitotracker (red) (Fig. 16B). The two stained images were merged to present the 

overall stain appearance of the cell. The b-AP15 group exhibited diminished mitochondrial staining 

in both PANC1 and MIAPACA2 cells relative to the control group. To quantify the mitochondria 

stain, its intensity was measured and results demonstrated that both PANC1 (p < 0.0001) and 

MIAPACA2 (p < 0.0001) were significantly reduced by about half in the b-AP15 group compared 

to control group (Fig. 16C). These data suggest that USP14 and UCHL5 inhibition suppressed the 

mitochondrial biosynthesis by reducing the binding activity of ERRα to ERRE. 
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Figure 14. ChIP assay presenting decreased ERRα binding activity to ERRE by USP14 and 

UCHL5 inhibition. (A) Luciferase plasmid containing 3X ERRE promoter assessing binding 

activity of ERRα to ERRE in transfected cells. (B) Luciferase assay presenting comparison of ERRE 

activity n PANC1 and MIAPACA2 cells treated with b-AP15. Bar graphs presenting changes in 

binding activity upon treatment with 0.5 μM and 1.0 μM b-AP15. (C) mRNA epression levels in 

control and b-AP15 groups (left pannel), ERRα-ChIP-seq analysis using GSE163166 (middle pannel) 

and ERRα-ChIP-qPCR in control and b-AP15 groups (right pannel) of respiratory complex genes, 

NDUFA2, SDHA and COX8A. For Chip-seq analysis, the highest peaks were indicated in red, 
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ERRE were highlighted in yellow, and qPCR primer regions were shown in green. * p < 0.05, ** p 

< 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 15. ChIP analysis presenting ERRα binding ERRE near respiratory complex gene. (A) 

Additional ERRα-ChIP-seq analysis using GSE163166 presenting near the respiratory complex 

genes, NDUFS7, NDUFS5, NDUFV2, COX6B1, and ATP5PO, exhibited the presence of ERRE as 

the highest peak of ERRα. The highest peaks were indicated in red and ERRE were highlighted in 

yellow. 
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Figure 16. Suppression of mitochondria biosynthesis via USP14 and UCHL5 inhibition. (A) 

Comparison of mtDNA/nDNA ratio between control and b-AP15 groups in PANC1 and 

MIAPACA2. (B) ICC staining nuclear (Hoechst33342; blue) and mitochondria (Mitotracker; red) 

using. The images were taken with a fluorescence microscope. (C) Quantification of mitochondria 

illustrating the intensity of Mitotracker in control and b-AP15 groups in PDAC. * p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001. 
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3.9. OXPHOS repression mediated by USP14 and UCHL5 inhibition 
To demonstrate that USP14 and UCHL5 inhibition mediated decrease in mitochondrial 

biosynthesis resulted in a phenotype with abnormal OXPHOS, the oxygen consumption rate (OCR) 

via XF analysis was performed. The assessed OCR serves as an indicator of mitochondrial function, 

which can be utilized for the estimation of OXPHOS. To reduce the oxygen consumption rate (OCR), 

2 μM oligomycin and 1 μM rotenone/antimycin A (R/A), which inhibit respiratory complex 5 and 

1/3, were employed. Additionally, 2 μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP), uncoupling agent inducing maximum OCR, was employed. From this XF analysis, basal 

respiration, maximal respiration, spare respiratory capacity and ATP production parameters were 

obtained. 

The XF assay results showed an overall trend of siginificantly decreased OCR in the b-AP15 

group compared to control group (Fig. 17A). The basal OCR was found to be significantly reduced, 

as were its maximal respiration and spare respiratory capacity (Fig. 17B). This resulted in a reduction 

in ATP production, which is the primary function of the mitochondria and the electron transport 

chain. Moreover, the reduction in estimated ATP production was corroborated by cellular ATP ratio 

measurements (Fig. 17C). These findings revealed that mitochondrial dysfunction was induced by 

inhibition of USP14 and UCHL5, critically reducing cellular energy sources. 
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Figure 17. OXPHOS repression induced by USP14 and UCHL5 inhibition. (A) OCR comparing 

control and b-AP15 groups in PDAC cells upon response to Oligomycin, FCCP and 

Rotenone/antimycin A (R/A). Oligomycin is the respiratory complex 5 inhibitor, FCCP is the 

uncoupling agent, and R/A is the respiratory complex 1 and 3 inhibitor. (B) The estimation of several 

mitochondrial parameters, including basal respiration, maximum respiration, spare respiratory 

capacity, and ATP production, conducted using OCR data presenting mitochondrial dysfunction in 

the b-AP15 group. (C) The cellular ATP ratio between the control and b-AP15 groups showing 

evidence of a direct decrease in energy production. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001.  
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4. DISCUSSION 
Here this study demonstrated that the proteasomal deubiquitinases, USP14 and UCHL5, were 

overexpressed in pancreatic ductal cells in PDAC. Targeting these proteins with b-AP15 induced 

proteotoxic and oxidative stress, while simultaneously disrupting cancer cell proliferation and 

mitochondrial function through autophagic degradation of ERRα. The above findings suggested that 

inhibition of USP14 and UCHL5 is novel therapeutic target for PDAC. 

PDAC remains a formidable challenge due to its aggressiveness and resistance issuess of regimen. 

Despite advances in understanding of PDAC, the 5-year survival rate of PDAC patients is still very 

poor. There is a fully unmet need for cancer cell-specific and effective targets for PDAC. Therefore, 

variable target genes for therapeutic strategies are currently under investigation, with numerous 

findings emerging from scRNA-seq analysis in recent years. The published sequencing data were 

employed in this dissertation to find out the clinical implication of USP14 and UCHL5. 

My initial hypothesis, that USP14 and UCHL5 expression levels are elevated in PDAC, was 

validated by spatial scRNA-seq analysis and IHC assay. Moreover, increased expression levels of 

USP14 and UCHL5 were observed in aggressive ductal cells, as identified through the pseudotime 

using scRNA-seq analysis. Given that USP14 and UCHL5 expression were correlated to poor 

survival rate in PDAC patients, this study concentrated on USP14 and UCHL5 as potential novel 

therapeutic targets for aggressive ductal cells in PDAC. 

First of all, in vitro and in vivo experiments using b-AP15 were performed. The proliferation of 

PDAC cell lines, PANC1 and MIAPACA2, were suppressed in the b-AP15 group compared to the 

control group. The supplementary results of the colony formation and wound healing assays 

indicated that efficacy of b-AP15 in PDAC cell lines. In vivo xenograft assay demonstrated that b-

AP15 significantly inhibited tumor growth in xenograft models, demonstrated the efficacy of b-

AP15 on even in vivo research. 

To research the proliferation suppression mechanism of b-AP15, the LC/MS and bulk RNA-seq 

analysis were conducted. The calculated protein and RNA expression levels were facilitated as the 

investigation of the cellular phenotypic changes induced by b-AP15. The GSEA results showed that 

there were two main phenotypic changes, UPR and OXPHOS. b-AP15 treatment inhibited the 

function of the 19S regulatory particles of the proteasome, preventing proteasomal degradation. This 

proteotoxic stress resulted in oxidative stress, including ROS, and cellular impairment of the redox 

system. The increased process from superoxide to ROS and the decreased ability of glutathione to 
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reduce ROS eventually led to the accumulation of ROS in the cell, ultimately leading to the oxidized 

protein accumulation. 

Concurrently, the significant diminishment of OXPHOS, a marker of mitochondrial function, was 

driven by b-AP15. In particular, the decrease in motif activity of ERRα, which is involved in 

mitochondrial biosynthesis, was observed in bulk RNA-seq analysis. The most interesting point was 

ERRα expression pattern at the protein and RNA levels. The impact of b-AP15 on RNA expression 

levels was unaltered, whereas a critical reduction in protein expression was observed. The reduction 

of protein expression was found to be both dose- and time-dependent in b-AP15 treatment, 

suggesting that the protein were processed degradation following RNA translation. My first 

experimental hypothesis was that the degradation of ERRα was due to proteasomal degradation, 

given that proteasomal degradation is directly affected by the 20S core particle. However, MG132, 

a proteasome inhibitor, did not affect any protein expression levels of ERRα. Subsequently, given 

that huge proteotoxic stress was induced by b-AP15 treatement, bafilomycin A1, the inhibitor for 

autophagic degradation, was employed. Importantly, the autophagy inhibition prevented ERRα 

degradation by b-AP15. These findings revealed that the degradation of ERRα was caused by 

autophagic degradation. Furthermore, it constituted a crucial element in elucidating the observed 

decline in OXPHOS. 

The activation of ERRα is contingent upon its binding to the ERRE binding motif site. Therefore, 

an ERRE-luciferase plasmid was employed to simulate the ERRE binding activity of ERRα. As 

expected, the results showed that the ERRE binding activity of ERRα was reduced in b-AP15 group, 

as evidenced by a reduction in luciferase activity. To predict which gene expression is affected by 

ERRα, the exact locations of the ERRE near the predicted genes were identified through a publicly 

available ERRα-ChIP-seq analysis. The respiratory complex genes, NDUFA2, SDHA, COX8A, and 

others exhibited the highest ERRα ChIP peaks. Importantly, these peaks were located within ERRE. 

To confirm it, I performed ChIP using an ERRα specific antibody and obtained samples for the 

control and b-AP15 groups. ChIP-qPCR revealed that the ERRE peak signals near the predicted 

genes were down-regulated by b-AP15, suggesting that the decreased activity of ERRα affected the 

expression of the predicted respiratory complex genes. In addition, the inhibition of USP14 and 

UCHL5 led to a decrease in the mtDNA/nDNA ratio and a reduction in mitochondrial copies. The 

subsequent OXPHOS assay results were significantly reduced in the b-AP15 group, with multiple 

parameters indicating overall mitochondrial dysfunction. 
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While this study provided valuable insights into the underlying mechanisms of b-AP15, further 

investigations are necessary to explore the combinatorial effects of b-AP15 with existing anti-PDAC 

agents, gemcitabine and paclitaxel. A recently published paper presented an intriguing finding that 

gemcitabine resistance in pancreatic cancer cell lines, PANC1 and MIAPACA2, was associated with 

enhanced mitochondrial function67. In addition, other research also demonstrated that gemcitabine-

resistant MIAPACA2 exhibited higher OCR than control cell68. In patients resistant to the first line 

anti-cancer agent gemcitabine, targeting USP14 and UCHL5 might also serve as a therapeutic 

strategy for resistant cancer cells through inducing mitochondrial dysfunction. 

Collectively, these findings revealed the novel mechanisms of b-AP15 on PDAC. By inducing 

proteotoxic stress and targeting ERRα for autophagic degradation, b-AP15 effectively suppressed 

PDAC cell proliferation and tumor growth. These results highlighted the therapeutic potential of 

targeting USP14 and UCHL5 as a PDAC therapeutic strategy. 
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5. CONCLUSION 
This study demonstrates that USP14 and UCHL5, overexpressed in pancreatic ductal cancer cells, 

are correlated to survival rate of PDAC patients. By inhibiting USP14 and UCHL5 with b-AP15, I 

demonstrated significant suppression of PDAC cell growth and tumor development. Mechanistically, 

b-AP15 induces proteotoxic and oxidative stress, leading to mitochondrial dysfunction through 

ERRα degradation. These findings highlight the therapeutic potential of targeting USP14 and 

UCHL5 for PDAC treatment. 
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Abstract in Korean 

 

췌장암에서 USP14과 UCHL5 매개 ERRα 조절에 의한 

미토콘드리아 기능 조절의 치료 잠재력 

 

췌장암의 주요 아형인 췌관 선암종은 5년 생존율이 약 10%에 불과한 치명적인 

질환이다. 췌관 선암종의 빠른 증식과 대사 특징으로 인해 단백질의 회전율이 

증가되고 이로 인해 단백질 독성 스트레스가 증가한다. 높은 프로테아좀 활성은 췌관 

선암종의 치료를 위한 유망한 표적이 됩니다. 두 개의 프로테아좀 탈유비퀴틴 효소인 

USP14와 UCHL5는 세포내에서 유비퀴틴 조절자로 작용합니다. 흥미롭게도 췌관 

선암종의 시퀀싱 데이터들을 분석한 결과 USP14와 UCHL5는 췌관 암세포에서 높게 

발현되었으며, 이는 환자 생존율 저하와 상관관계가 있는 것으로 나타났습니다. 이는 

추가적인 시퀀싱 분석과 면역조직화학 분석을 통해서도 확인되었습니다. 

USP14와 UCHL5를 잠재적 치료 표적으로 삼기 위해 이 연구에서는 USP14와 

UCHL5에 대한 특정 이중 억제제인 b-AP15를 처리한 후 췌관 선암종 세포주가 

표현형 변화를 보이는 메커니즘을 조사했습니다. 예상대로 b-AP15 치료는 췌관 

선암종 세포주와 이종 이식 모델에서도 유의미한 증식 억제 효과를 보여 잠재적인 

치료 효능을 시사했습니다. 세포의 빠른 성장에 따른 세포 표현형 변화를 규명하기 

위해 전사체 및 단백질체 분석했습니다. 이러한 종합적인 분석 결과, 췌관 선암종 

세포의 미토콘드리아 기능에 중대한 영향을 미친다는 사실이 밝혀졌습니다. 중요한 

것은 ERRα 활성 조절을 통해 산화적 인산화를 억제하는 것으로 나타났습니다. 

이러한 연구 결과는 PDAC 를 표적으로 하는 치료 전략으로서 b-AP15의 잠재력을 

시사합니다. 

 
 

_______________________________________________________________________________ 

핵심되는 말 : 췌장암, USP14, UCHL5, ERRα, 산화적 인산화 
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