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A B S T R A C T   

Thyroid hormone receptor-interacting protein 13 (TRIP13) is involved in cancer progression, but its role in 
pancreatic ductal adenocarcinoma (PDAC) is unknown. Thus, we assessed the expression, functional role, and 
mechanism of action of TRIP13 in PDAC. We further examined the efficacy of TRIP13 inhibitor, DCZ0415, alone 
or in combination with gemcitabine on malignant phenotypes, tumor progression, and immune response. We 
found that TRIP13 was overexpressed in human PDACs relative to corresponding normal pancreatic tissues. 
TRIP13 knockdown or treatment of PDAC cells with DCZ0415 reduced proliferation and colony formation, and 
induced G2/M cell cycle arrest and apoptosis. Additionally, TRIP13 knockdown or targeting with DCZ0415 
reduced the migration and invasion of PDAC cells by increasing E-cadherin and decreasing N-cadherin and 
vimentin. Pharmacologic targeting or silencing of TRIP13 also resulted in reduce expression of FGFR4 and STAT3 
phosphorylation, and downregulation of the Wnt/β-catenin pathway. In immunocompromised mouse models of 
PDAC, knockdown of TRIP13 or treatment with DCZ0415 reduced tumor growth and metastasis. In an immu
nocompetent syngeneic PDAC model, DCZ0415 treatment enhanced the immune response by lowering expres
sion of PD1/PDL1, increasing granzyme B/perforin expression, and facilitating infiltration of CD3/CD4 T-cells. 
Further, DCZ0415 potentiated the anti-metastatic and anti-tumorigenic activities of gemcitabine by reducing 
proliferation and angiogenesis and by inducing apoptosis and the immune response. These preclinical findings 
show that TRIP13 is involved in PDAC progression and targeting of TRIP13 augments the anticancer effect of 
gemcitabine.   

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer 
with a 5-year survival rate of 8 %; worldwide, it is the fourth leading 
cause of cancer-associated mortality [1]. By 2030, it is projected to 
become the second leading cause of cancer-related deaths [1,2]. The 
main causes of high mortality are aggressive tumor biology, anatomical 

location of the pancreas, advanced stages at the time of diagnosis, and 
poor response or resistance to conventional chemotherapeutic drugs [3]. 
Thus, there is a need to identify molecular determinants that regulate 
the progression of PDAC and serve as therapeutic targets. 

Thyroid hormone receptor-interacting protein 13 (TRIP13), an 
enzyme of AAA-ATPase family, facilitates the assembly or degradation 
of protein complexes and is involved in various biological functions, 
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including spindle assembly checkpoint [4] and DNA repair pathways 
[5]. Upregulation of TRIP13 contributes to progression of various 
human cancers, including prostate cancer [6], ovarian cancer [7], he
patocellular carcinoma (HCC) [8], colorectal cancer (CRC) [9–11], 
breast cancer [12,13], lung adenocarcinoma [14], bladder cancer [15], 
multiple myeloma [16,17], human papillomavirus-driven cancers [18], 
and head and neck cancer [19,20]. For glioblastomas, TRIP13 induces 
its progression through the FBXW7/c-MYC pathway, and its increased 
expression correlates with poor survival [21]. In B-cell malignances, 
TRIP13 regulates deubiquitination of tumor suppressor and oncogenic 
proteins to accelerate tumor progression [22]. In multiple myeloma, 
aberrant activation of TRIP13 expression promotes EZH2 deubiquiti
nation and thus enhances stemness and drug resistance [23]. 

Increased expression of TRIP13, regulated by various microRNAs 
(miR129, miR144, miR-192, miR-515, and miR-4693), PNPT1, and 
ACTN4, contributes to the pathogenesis of various types of cancers [8, 
10,11,24–26]. TRIP13 is located at chromosome 5p15.33, and, in lung 
adenocarcinomas, there is amplification of this region [27]. However, 
the amplification of TRIP13 in PDAC is rare (~5 %) (www.cBioPortal. 
org). A small molecule inhibitor DCZ0415, specifically targeting 
TRIP13, was developed and tested in multiple myeloma [17] and CRC 
[28]. However, the oncogenic role of TRIP13 in PDAC progression is not 
known. 

In the present study, we aimed to elucidate the oncogenic role, 
functional relevance, molecular mechanisms of TRIP13 and evaluate 
anti-tumor immune response, and clinical significance of inhibiting 
TRIP13 in PDAC preclinical models. The findings show that TRIP13 acts 
as an oncogene that promotes PDAC growth and metastasis. Impor
tantly, pharmacological targeting of TRIP13 by DCZ0415 alone and in 
combination with gemcitabine, a standard first-line treatment for PDAC, 
effectively inhibits progression of PDACs that overexpress TRIP13. 

Materials and methods 

Pancreatic tissue specimens 

The Anatomic Pathology Division of the University of Alabama at 
Birmingham (UAB) provided human PDAC samples that were collected 
from consented PDAC patients after obtaining approval from the UAB 
Institutional Review Board and Ethics Committee (IRB#060911009). 
Formalin-fixed, paraffin-embedded (FFPE) PDAC tissue specimens were 
utilized for immunohistochemical (IHC) studies, and frozen tissues were 
used for analysis of RNA and protein. The study was conducted in 
agreement to the standards set by the Declaration of Helsinki. 

Cell lines and RNA interference 

Human PDAC cell lines (PANC-1, MIA PaCa2 and Bx-PC-3) were 
procured from ATCC, and S2VP10 cell line was obtained from Prof. 
Donald J Buchsbaum, University of Alabama at Birmingham. These four 
human PDAC cell lines (S2VP10, PANC-1, MIA PaCa2, and BxPC-3) 
exhibiting various mutational statuses of KRAS, TP53, CDKN2A/p16, 
and SMAD4/DPC4 genes are shown in Supplementary Table 1. PANC-1, 
MIAPaCa2, BxPC-3, and KPC cells were grown in DMEM media (Corn
ing™ Cellgro™, Fisher Scientific Co., Pittsburgh, PA), and S2VP10 cells 
were cultured in RPMI media (Corning™ Cellgro™, Fisher Scientific Co., 
Pittsburgh, PA) containing 1 % penicillin-streptomycin and 10 % fetal 
bovine serum (FBS, Invitrogen, ThermoFisher Scientific, Carlsbad, CA). 
The identification and authentication of PDAC cells lines were accom
plished at the UAB Heflin Center for Genomic Sciences by performing 
short tandem repeat DNA profiling. Mycoplasma screening was per
formed in these cells regularly. Stably inhibiting TRIP13 shRNAs and 
pGreenPuroTM-expressing lentivectors (Systembio, Palo Alto, CA) 
generated by the UAB Neuroscience NINDS Vector Core, were used. To 
infect PDAC cells, lentiviruses expressing TRIP13 shRNA or non- 
targeting (NT) shRNA were used in the presence of 2 μg/ml 

polybrene. TRIP13 shRNA sequences are provided in Supplementary 
Table 2. To generate stable cell lines, puromycin (1 μg/ml) (Life Tech
nologies, ThermoFisher Scientific, Carlsbad, CA) was used as described 
earlier [10,29,30]. 

Cell viability assay 

The viability of PDAC cells after DCZ0415 treatment was determined 
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assays. DCZ0415 was obtained from MedChemExpress (Cat. No# 
HY-130603, Monmouth Junction, NJ) and was dissolved in DMSO. 
PDAC cells (1 × 103 cells/well) were cultured in 96-well plates and were 
treated with various concentrations of DCZ0415 (1-30 µM) for 48 or 96 
hours. Then 20 μl MTT reagent (5 mg/ml in PBS) obtained from Sigma 
Aldrich (St. Louis, MO) was added to each well and, after incubation for 
2 h, the cells were centrifuged at 1800 g for 10 min. The formazan 
crystals were dissolved in DMSO, and cell viability was determined at 
540 nm using a Synergy™ HTX Multi-Mode Microplate Reader (BioTek, 
Winooski, VT). The vehicle treated cells were considered as 100 % 
viable. 

Colony formation assay 

The formation of colonies was determined as described earlier [10, 
31,32]. To assess the functional role of TRIP13 on colony formation, 
TRIP13 knockdown or control NT shRNA-transfected PDAC cells (1 ×
103) were cultured in 6-well plates in triplicate. To evaluate the inhib
itory effect of DCZ0415 on colony formation, PDAC cells (1 × 103) were 
cultured in 6-well plates in triplicate overnight. The cells were treated 
with 10 or 20 µM DCZ0415 and incubated for ten days at 37◦C, 5 % CO2. 
The cells were then fixed with 5 % glutaraldehyde and stained with 
crystal violet (Sigma-Aldrich, St. Louis, MO) for 15 minutes. After 
washing the plates in water, images of colonies were taken with an 
Amersham Imager 600RGB (GE Healthcare Life Sciences, Pittsburgh, 
PA). 

Cell cycle analysis 

PDAC cells (5 × 105 cells/well) were cultured in six-well plates 
overnight and treated with 10 or 20 µM DCZ0415 for 24 h. The cells 
were fixed with chilled 70 % ethyl alcohol overnight and were washed 
twice with PBS, followed by incubation with DNase-free RNase (10 μg/ 
ml) at 37◦C for 1 h and then stained with propidium iodide (5 μg/ml) 
obtained from Sigma Aldrich (St. Louis, MO) for 3 h at 4◦C in the dark. 
Analyses were performed by use of a BD LSR Fortessa™ Flow Cytometer 
(BD Biosciences, Mountain View, CA). 

Western blot analysis 

The protein expression in PDAC cells and in tumor lysates was 
determined by western blotting as described earlier [10,31,32]. Briefly, 
lysates (30–50 µg protein) were loaded onto NuPAGE™ 4-12 % Bis-Tris 
Midi Protein Gels (Invitrogen, ThermoFisher Scientific, Carlsbad, CA). 
The proteins were electro-transferred from the gels onto PVDF mem
branes (EMD Millipore, Billerica, MA). The membranes were incubated 
with primary antibodies (see antibody list with their dilutions, catalog 
numbers, and vendor details in Supplementary Table 3) at 4◦C over
night. Further, proteins on the membranes were incubated with 
HRP-conjugated secondary antibody for 1 h. Signals were developed 
according to the manufacturer’s protocol (EMD Millipore, Billerica, 
MA). 

Invasion assay 

The invasive potential of PDAC cells was measured with Transwell 
BioCoatTM Matrigel matrix (Corning, New York, NY) plates containing 
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membranes with pores of 8 µm, as described previously [33]. For shRNA 
studies, TRIP13-silenced PDAC cells (2 × 104) were layered in 24-well 
plates in serum-free growth medium; for inhibitor studies, DCZ0415 
(10 or 20 µM)-treated PDAC cells were plated. To serve as a chemo
attractant, the bottom chambers contained growth media with 10 % 
FBS. After 48 hours of incubation, the invaded cells on the bottom sides 
of the membranes were fixed in 5 % glutaraldehyde, stained with crystal 
violet (Sigma Chemical Co., St. Louis, MO), and imaged with a 
phase-contrast microscope. 

Wound healing assay 

The migratory potential of PDAC cells was assessed by a wound 
healing assay, as described earlier [10,31,32]. For shRNA studies, 
TRIP13-silenced and NT shRNA-transfected PDAC cells (1 × 106), and, 
for inhibitor studies with DCZ0415, PDAC cells were cultured in 35-mm 
petri dishes overnight. The next day, artificial wounds were created by 
using tips of 200-μl pipets, and images were taken and considered as 0 h. 
The cells were then exposed to DCZ0415 (10 or 20 µM) to determine its 
effect on migration. At 24 h, photographs were taken from fields of 
control (NT shRNA-transfected) and TRIP13-silenced cells, and from 
control and DCZ0415-treated PDAC cells. 

Toxicity assessments 

Toxicity assessments of DCZ0415 were performed with immuno
compromised NOD/SCID/IL2γ receptor null (NSG) and immunocom
petent (C57BL/6J) mice obtained from the Jackson Laboratory 
(Farmington, CT). At UAB, the mice were housed in an animal facility 
under pathogen-free conditions. All animal experiments were approved 
by the UAB Institutional Animal Care and Use Committee (IACUC- 
21501). NSG and C57BL/6J mice (n = 3, in each group) were dosed with 
vehicle or DCZ0415 (25 mg/kg). DCZ0415, dissolved in DMSO (10 %)+
PEG300 (40 %)+ Tween-80 (5 %) and saline (45 %), was administered 
intraperitoneally (i.p.) on alternate days. At weeks 1, 2, and 4, blood was 
collected from these mice, and serum was isolated. The quantitative 
determination of urea nitrogen (BUN), alkaline phosphate (ALP), 
alanine aminotransferase (ALT), inorganic phosphorus, total protein, 
calcium, and total bilirubin was accomplished with a SIRRUS Stanbio 
(Stanbio Laboratory, Boerne, TX) automated chemical analyzer. Simi
larly, we also assessed, at week 2, the toxicity of the vehicle, DCZ0415 
(10 mg/kg; every alternate/day), gemcitabine (10 mg/kg, twice/week), 
and their combination (DCZ0415+ gemcitabine) with C57BL/6J mice. 
Gemcitabine was obtained from Selleck Chemicals LLC (Catalog # LY- 
18801, Houston, TX) and dissolved in DMSO (10 %)+ PEG300 (40 
%)+ Tween-80 (5 %) and saline (45 %). 

Subcutaneous and orthotopic mouse models 

Subcutaneous and orthotopic injections were performed with NSG 
(6–8 weeks old) mice. To determine the functional role of TRIP13 on 
PDAC tumor growth, S2VP10 cells (1 × 106) transfected with NT shRNA 
or TRIP13 shRNA were injected subcutaneously into NSG mice. For 
DCZ0415 inhibitor studies, S2VP10 cells were injected subcutaneously 
into mice and, when the tumor volume reached approximately 100 
mm3, mice were randomly assigned to a vehicle group (n = 6) or to a 
group for dosing with DCZ0415 (25 mg/kg) administered i.p. every 
other day. Tumor volumes were measured regularly and calculated with 
the formula, 0.5 × tumor length × tumor width2. Mice were monitored 
for general health symptoms and were euthanized when they reached 
the experimental endpoint. At termination of the experiments, tumors 
were harvested for hematoxylin and eosin (H&E), IHC, and western blot 
analyses. 

For developing orthotopic PDAC models, S2VP10-Luc cells (1 × 106) 
were injected orthotopically into the pancreas of NSG mice. The mice 
were randomly divided into two groups and treated with vehicle or 

DCZ0415 (25 mg/kg every alternate day) until termination of the ex
periments. To measure tumor growth non-invasively by luciferase ac
tivity, the mice were injected i.p. with D-luciferin (100 μl/mouse of 
10 mg/ml in PBS) at different time intervals; tumor growth was 
determined by use of an In Vivo IVIS Lumina Series III spectrum imaging 
system (Perkin Elmer, Waltham, MA). 

Experimental metastasis mouse model 

To evaluate the effects of TRIP13 knockdown or treatment with 
DCZ0415 on experimental metastases, we utilized NSG mice. For 
TRIP13 knockdown studies, S2VP10-Luc cells (1 × 106) transfected with 
NT shRNA or TRIP13 shRNA were injected into the tail veins of NSG 
mice (6–8 weeks), as described previously [10,28]. For DCZ0415 
studies, S2VP10-Luc cells (1 × 106) were injected into the tail veins of 
NSG mice. After injection of cells, the mice were randomly divided into 
two groups and treated with vehicle or DCZ0415 (25 mg/kg every 
alternate day) until termination of the experiments. For combination 
studies, S2VP10-Luc cells were injected into the lateral tail veins of NSG 
mice, which were randomly divided into four groups with five animals 
in each group. The first group of mice received vehicle and served as 
controls. The second group received DCZ0415 (25 mg/kg/every alter
nate day). The third group received gemcitabine (10 mg/kg/twice per 
week), and the fourth group received both DCZ0415 (25 mg/kg; every 
alternate day) and gemcitabine (10 mg/kg mg/kg/twice per week). The 
mice were dosed i.p. with these agents and were imaged every week for 
metastasis by bioluminescent imaging as described above. The mice 
were euthanized at the end of the experiments, and their organs were 
harvested for assessment of metastases by H&E staining. 

Immunocompetent syngeneic KPC mouse model 

To examine the effects of test agents (DCZ0415, gemcitabine, and 
their combination), murine KPC cells (0.1 × 106) were subcutaneously 
injected into male and female C57BL/6J mice (6-8 weeks). In the first 
study, when the tumor volume reached approximately 200 mm3, ani
mals were randomly divided into vehicle (n = 5) and DCZ0415 (n = 5) 
treatment groups. DCZ0415 (25 mg/kg) was injected i.p. every alternate 
day. In the second study, when tumors reached approximately 200 mm3, 
animals were randomly divided into vehicle (n = 5), DCZ0415 (n = 5), 
gemcitabine (n=5), and DCZ0415+ gemcitabine (n=5) treatment 
groups. DCZ0415 (25 mg/kg, i.p.) was injected every alternate day and 
gemcitabine (25 mg/kg, i.p.) twice per week. Combination index (CI) 
values (additive/synergistic) for DCZ0415 and gemcitabine were 
calculated by Bliss-independent equations as described earlier [34]. 
These studies were performed in agreement with the approved 
IACUC-21501 protocol. At termination of the experiment, tumors were 
collected for H&E, IHC, and western blotting. 

Immunohistochemical (IHC) analysis 

From mice, tumors were harvested and fixed in formalin and 
embedded in paraffin. Sections were cut for IHC analysis accomplished 
as described earlier [28]. In brief, sections were deparaffinized in xylene 
and rehydrated in ethanol. Antigen retrieval was performed at 100◦C for 
30 minutes in citrate buffer (pH 6.0) followed by incubation with pri
mary and secondary antibodies. The details of the antibodies and their 
dilutions are summarized in Supplementary Table 3. The slides were 
developed in diaminobenzidine (Cat# SK-4100, Vector Laboratories) 
and counter-stained with hematoxylin QS (Cat#H-3404; Vector Labo
ratories). The stained slides were mounted with VectaMount Permanent 
Mounting Medium (Cat#H-5000; Vector Laboratories), and images were 
captured. 
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Statistical analysis 

A Student’s t-test was employed, and P-values < 0.05 were consid
ered statistically significant. The data were expressed as means ±
standard deviation. 

Results 

High expression of TRIP13 in PDACs 

By use of UALCAN (https://ualcan.path.uab.edu) [35,36], a web 

resource for analyzing cancer transcriptomic/proteomic data, we 
compared TRIP13 mRNA and protein expression between PDACs and 
corresponding normal pancreatic tissues available from TCGA and 
CPTAC [37] found that, in PDACs, the TRIP13 mRNA/protein levels 
were upregulated (Fig. 1A, B). We validated the observations from the 
TCGA pancreatic cancer transcriptomic sequencing and CTPAC prote
omics data by performing qPCR and western blotting in normal and 
PDAC tissues; the data showed overexpression of TRIP13 at mRNA and 
protein levels in tumors as compared to normal pancreases (Fig. 1C, D). 
We further performed IHC staining using TRIP13-specific antibodies to 
evaluate the protein expression patterns of the TRIP13 in PDAC tissues. 

Fig 1. TRIP13 overexpression in PDACs. (A-B) Analyses of UALCAN data from TCGA and CPTAC for TRIP13 mRNA and protein expression in normal pancreas and 
primary PDAC samples. The numbers of subjects in each group are indicated in parentheses. (C) qPCR data analysis showing the expression of TRIP13 in PDACs 
compared to normal pancreas. (D) Western blot analysis for TRIP13, FRGF4, pSTAT3, STAT3, and active β-catenin in normal pancreas (N) and PDAC (T) samples. 
These N and T corresponding samples were procured from patient with PDAC. Samples of 5 PDAC patients were analyzed by western blot analysis. (E) IHC analysis at 
various magnifications showing the staining of TRIP13 in 3 cases of PDAC tissues having adjacent normal tissue. Scale bar of 10x-100 µm; 20x-50 µm, and 40x-20 µm. 
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IHC staining showed high expression of TRIP13 in PDACs relative to 
normal pancreatic tissues; the staining was present primarily in the 
cytoplasm (Fig. 1E). Notably, TRIP13 protein expression was higher in 
PDAC samples with receptor tyrosine kinase (RTK) alterations (Sup
plementary Fig. 1). TRIP13 overexpression in PDAC samples activated 
FGFR4, an RTK. Further, PDAC samples with high TRIP13 expression 
showed elevated phosphorylation of STAT3 at Tyr705, and high levels of 

active β-catenin (Fig. 1D). These findings that high expression of 
TRIP13, at the mRNA and protein levels, in human PDACs led to in
vestigations of how upregulated TRIP13 mediates PDAC progression. 

Fig 2. TRIP13 induces aberrant activation of FGFR4/STAT3/β-catenin, leading to increased colony formation and PDAC progression. (A) Western blotting showing 
the expression of TRIP13 in PDAC cell lysates of TRIP13 knockdown and NT shRNA cells; β-actin was used to assure equal loading of protein. (B) TRIP13 knockdown 
in PDAC cells reduced colony formation. (C) Weights were measured in TRIP13 shRNA and TRIP13 NT shRNA tumors. Error bars indicate means ± SD, *P = 0.015. 
(D) Statistical analysis of the volumes (mm3) versus time in TRIP13 shRNA and TRIP13 NT shRNA tumors. Error bars indicate means ± SD, *P = 0.0004. (E) Lysates 
from PDAC xenografts with TRIP13 shRNA or NT shRNA were subjected to western blotting and probed for TRIP13. (F) Expression of FGFR4, pSTAT3, STAT3, and 
TRIP13 in PDAC cell lysates after TRIP13 knockdown. (G) Expression of active β-catenin, TCF1, and LEF1. (H) Expression of PCNA, Bcl2, Bax, and cleaved PARP. 
Equal loading was confirmed by probing the membrane for β-actin. 
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TRIP13 knockdown suppresses PDAC progression by downregulating the 
expression of FGFR4, pSTAT3, and β-catenin 

We first examined the protein levels of TRIP13 in four PDAC cell lines 
(BxPC-3, MIA PaCa-2, S2VP10, and PANC-1) with various genetic 
backgrounds (Supplementary Table 1). Western blotting showed that all 
four PDAC cell lines expressed high levels of TRIP13 protein (Supple
mentary Fig. 2A). To investigate its functional role, we silenced TRIP13 
in PDAC cells with a lentivirus transfection using specific shRNA 

targeting TRIP13 [10]. Stable inhibition of TRIP13 was confirmed by 
western blotting showing reduced TRIP13 protein (Fig. 2A). Moreover, 
data from clonogenic assays revealed that TRIP13 knockdown dimin
ished colony formation compared to control shRNA (Fig. 2B). In addi
tion, we determined the role of TRIP13 on tumor growth by using an 
S2VP10 xenograft model. Tumors formed with S2VP10 cells exhibiting 
TRIP13 shRNA had lower weights (Fig. 2C) and grew slower than those 
with TRIP13 NT shRNA (Fig. 2D). These data indicated that TRIP13 
knockdown contributed to alleviating PDAC progression. Western blot 

Fig 3. TRIP13 silencing decreases migration, invasion, and metastasis of PDAC cells. (A) Invasion assay performed with TRIP13-silenced PDAC cells. (B) Wound- 
healing assays were used to examine the migration of PDAC cells after TRIP13 knockdown. Wound closure was determined after 24 h. (C) EMT protein expres
sion in TRIP13-knockdown PDAC cells. (D) PDAC cells stably expressing luciferase reporter (S2VP10-Luc, 1.0 × 106 cells) were injected into tail veins of NSG mice. 
Mice were imaged every week with an IVIS imaging system to monitor metastasis. (E) Ex vivo luminescence of liver, lung, and kidney. (F) Bone marrow of mice was 
flushed and cultured in media. Representative phase contrast and GFP images taken at day 21 showing bone marrow or cancer cells obtained from bone marrow of 
mice injected with S2VP10 cells exhibiting NT shRNA or TRIP13 shRNA. Scale bar: 1000 µm. (G) H&E staining of lung, liver, kidney, and pancreas from S2VP10 cells 
transfected with TRIP13 shRNA or NT shRNA. Dotted lines show metastatic lesions. Scale bar: 200 µm. 
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analyses of xenograft tumors were performed to validate the knockdown 
efficiency of TRIP13 (Fig. 2E). These results reveal that TRIP13 knock
down attenuates colony formation and tumor growth. 

Since FGFR4, STAT3, and Wnt/β-catenin signaling pathways are 

implicated in PDAC progression and drug resistance [38,39], we 
investigated the role of TRIP13 in regulating these signaling molecules. 
Cells with TRIP13 knockdown showed decreased expression of FGFR4 
and reduced STAT3 phosphorylation at Tyr705 (Fig. 2F). In these cells, 

Fig 4. DCZ0415 treatment reduces aggressive phenotypes by downregulating FGFR4/STAT3/β-catenin in PDAC cells. (A) Cell viability was evaluated by MTT assays 
after treatment of PDAC cells with DCZ0415 (1-30 µM) for 96 h. Error bars indicate means ± SD, *P < 0.05; **P < 0.01; ***P < 0.001 versus control. (B) Colony 
assay performed after vehicle and DCZ0415 (10 or 20 µM) treatment; the colonies were stained with crystal violet. (C) Western blot analysis showing expression of 
PCNA, cyclin D1, and TRIP13 in DCZ0415-treated PDAC cells. (D) The cell cycle was assessed by flow cytometry. (E) Expression of Bcl2, Bax, Bak, and cleaved PARP. 
(F) Expression of FGFR4, pSTAT3, STAT3, and β-catenin signaling molecules. Equal loading was confirmed by probing the membrane for β-actin. 
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TRIP13 knockdown lowered the expression of active-β-catenin, LEF1, 
and TCF1 as compared to cells with control shRNA (Fig. 2G). Further
more, silencing of TRIP13 reduced expression of proliferating cell nu
clear antigen (PCNA) and induced poly-ADP ribose polymerase (PARP) 
cleavage by modulating Bcl2 family proteins (Fig. 2H). These data 
establish a link between TRIP13 and the FGFR4/STAT3 and Wnt/β-ca
tenin signaling molecules a mechanism that contribute to PDAC 
progression. 

TRIP13 knockdown reduces PDAC migration, invasion, and metastasis by 
modulating the epithelial-mesenchymal transition (EMT) 

We investigated the role of TRIP13 silencing on invasion and 
migration of PDAC cells and observed that the invasive and migratory 
potentials of PDAC cells were reduced by TRIP13 silencing compared to 
controls (Fig. 3A, B). Since the EMT is implicated in tumor cell invasion 
and migration, we analyzed the expression of EMT markers to determine 
the role of TRIP13. TRIP13 knockdown elevated expression of the 
epithelial marker, E-cadherin, but reduced expression of the mesen
chymal markers, N-cadherin and vimentin (Fig. 3C), indicating that 
TRIP13 promotes EMT in PDAC. 

Next, we assessed whether TRIP13-knockdown reduces metastasis in 
an experimental NSG mice model. We injected S2VP10-Luc cells intra
venously and followed the kinetics of metastasis by quantitative biolu
minescence imaging (BLI). Downregulation of TRIP13 delayed the onset 
of metastasis to distant organs as established by BLI (Fig. 3D). Moreover, 
ex vivo BLI imaging showed low luminescence activity in liver, lung, 
kidney, bone and pancreases in the TRIP13-knockdown group of mice as 
compared to the NT shRNA control group (Fig. 3E; Supplementary 
Fig. 3A). In ex vivo experiments, mouse bone marrow cultures, consisting 
of PDAC cells (ST2VP10-Luc) with NT shRNA or TRIP13 shRNA were 
tracked to assess the extent of metastasis. In TRIP13 knockdown cells, 
the numbers of PDAC cells were reduced in bone marrow cultures at 7 
and 14 days (Supplementary Fig. 3B), and 21 days (Fig. 3F) as compared 
to NT shRNA controls. Consistently, H&E staining showed less meta
static nodules in the liver, lung, kidney, and pancreas of mice with 
TRIP13 shRNA compared to control NT shRNA tumors (Fig. 3G). 
Overall, the data obtained from in vitro and in vivo models indicate that 
TRIP13 plays a role in migration, invasion, and metastasis of PDAC by 
modulating EMT markers. 

TRIP13 inhibitor DCZ0415 reduces cell growth and colony formation by 
modulating Bcl2 family proteins and downregulating FGFR4/STAT3// 
β-catenin signaling 

Next, we assessed the inhibitory effects of DCZ0415, a TRIP13 tar
geting small molecule inhibitor, on the growth of PDAC cells by using 
MTT assays. DCZ0415 treatment reduced PDAC cell growth in a dose- 
and time-dependent fashion (Fig. 4A, Supplementary Fig. 2B). Further
more, DCZ0415 reduced the numbers of colonies formed by PDAC cells 
(Fig. 4B). Treatment of PDAC cells with DCZ0415 also caused inhibition 
of PCNA and cyclin D1 (Fig. 4C), established markers of cell prolifera
tion. We next determined whether its effects were due to cell cycle ar
rest. Flow cytometry data indicated that treatment of PDAC cells (BxPC3 
and MIA PaCa-2) with DCZ0415 resulted in increased cell populations in 
the G2/M phase and reduction in the S phase of the cell cycle (Fig. 4D). 
Furthermore, we determined the effect of DCZ0415 on Bcl2 family 
proteins, which can be either pro-apoptotic or anti-apoptotic. DCZ0415 
treatment decreased the expression of Bcl2 (anti-apoptotic) and 
increased the expression of Bax and Bak (pro-apoptotic) proteins 
(Fig. 4E). In addition, DCZ0415, by modulating Bcl2 family proteins, 
induced apoptosis, as shown by elevated PARP cleavage (Fig. 4E). Then, 
we examined the mechanism(s) of action of DCZ0415 in PDAC cells. 
DCZ0415 reduced the expression of FGFR4 and phosphorylation of 
STAT3 at Tyr705. Furthermore, there was reduced expression of active 
β-catenin, LEF1, and TCF1 (Fig. 4F). These findings indicate that, in 

PDAC cells, DCZ0415 inactivates the TRIP13/FGFR4/STAT3 axis and 
the Wnt/β-catenin signaling pathway, leading to reduced cell prolifer
ation and induction of apoptosis by modulating Bcl-2 proteins. 

Toxicity assessment of DCZ0415 and its effect on progression of PDAC in 
immunocompromised subcutaneous and orthotopic mouse models 

We performed a toxicity assessment with immunocompromised NSG 
mice treated with vehicle or DCZ0415. When serum samples were 
analyzed at weeks 1, 2, and 4, DCZ0415-treated mice did not show any 
sign of toxicity (Supplementary Table 4). The toxicity parameters 
analyzed in serum of mice treated with vehicle or DCZ0415 were 
similar, and the values were in the reference range, as published earlier 
[40,41]. Next, we determined the effect of DCZ0415 on tumor growth in 
subcutaneous and orthotopic NSG models. Subcutaneous injections of 
S2VP10 cells treated with DCZ0415, resulted in reduction of tumor 
weight (Fig. 5A) and tumor volume (Fig. 5B) compared to control mice. 
Additionally, histomorphology evaluation of H&E-stained sections 
showed no signs of toxicity in livers and kidneys obtained from these 
mice after administration of vehicle or DCZ0415 (Fig. 5C). Xenograft 
tumor tissues of DCZ0415-treated mice showed lower expression of 
FGFR4 and p-STAT3 at Tyr705 residue compared to tumor tissues of 
vehicle-treated mice (Fig. 5D). Furthermore, we examined if, in mice, 
DCZ0415 exerted its anti-tumor effect through regulating the 
Wnt/β-catenin signaling pathway. In tumors collected from 
DCZ0415-treated mice, there were lower expressions of active β-catenin, 
LEF1, TCF1, and cyclin D1 as compared to tumors collected from 
vehicle-treated mice (Fig. 5E), indicating an inhibitory effect of 
DCZ0415 on PDAC growth by downregulation of the Wnt/β-catenin 
pathway. These in vivo data were consistent with the in vitro findings. 
Furthermore, tumors of DCZ0415-treated mice had high expression of 
E-cadherin, an epithelial marker, and low expressions of N-cadherin and 
vimentin, which are mesenchymal markers (Fig. 5F), indicating that, by 
reversing the EMT process, DCZ0415 inhibits progression of PDAC in 
mice. 

To assess the antitumor effect of DCZ0415, we used an established, a 
disease-relevant orthotopic model with luciferase-expressing S2VP10 
cells. Treatment with DCZ0415 repressed the growth of tumors in the 
pancreas of mice (Fig. 5G). These data show that DCZ0415 acts as an 
anti-tumorigenic agent by downregulating the FGFR4/pSTAT3/Wnt/ 
β-catenin signaling pathway. 

DCZ0415 reduces invasion, migration, and metastasis of PDAC cells 

The PDAC cells that were treated with DMSO migrated rapidly to
ward closing the gap produced by a scratch; however, DCZ0415-treated 
cells showed less movement, demonstrating that it decreased their 
migratory potential (Fig 6A). Moreover, Transwell invasion assays 
revealed lower numbers of invasive cells compared to the control group 
(Fig. 6B). Treatment of PDAC cells with DCZ0415 decreased N-cadherin 
and vimentin expression and increased E-cadherin expression (Fig 6C). 
For MIA PaCa-2 cells, there was no expression of E-cadherin protein, as 
these cells do not express it [42]. Thus, DCZ0415 decreases migration 
and invasion of these cells by modulating EMT proteins. 

To assess whether DCZ0415 has anti-metastatic efficacy in mice, we 
performed a study with NSG mice injected intravenously with S2VP10- 
Luc cells. DCZ0415 treatment reduced metastasis to distant organs 
compared to vehicle-treated mice (Fig. 6D). This was confirmed by H&E 
staining, which showed small metastatic nodules in the lung, liver, 
kidney, and pancreas of DCZ0415-treated mice compared to vehicle- 
treated mice (Fig. 6E). These data reveal that, by modulating EMT 
markers, targeting of TRIP13 with DCZ015 inhibits cell migration, in
vasion, and metastasis. 
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DCZ0415 reduces PDAC progression and enhances anti-tumor immunity 
in an immunocompetent syngeneic mouse model 

To investigate the effect of targeting TRIP13 with DCZ0415 on tumor 
growth and immune response, we utilized immunocompetent PDAC 
(KPC)- syngeneic (C57BL/6J) mouse model. Compared with the vehicle 
control, DCZ0415 treatment significantly reduced tumor weight 
(Fig. 7A) and tumor volume (Fig. 7B). IHC staining revealed that 

DCZ0415-treated tumors showed low expression of PCNA, a prolifera
tive marker, and high expression of active caspase 3, an apoptotic 
marker (Fig 7C). The data indicate that the reduction in tumor growth by 
DCZ0415 was due to a decrease in cell proliferation and an increase in 
apoptosis. Furthermore, analyses of serum samples collected from 
DCZ0415-treated mice did not show any sign of toxicity at weeks 1, 2, 
and 4 (Supplementary Table 5). 

Next, we determined whether DCZ0415 treatment increased anti- 

Fig 5. DCZ0415 treatment decreases tumor growth in PDAC xenografts and orthotopic mouse models, and downregulates FGFR4, pSTAT3 and β-catenin signaling. 
NSG mice were treated with 25 mg/kg of DCZ0415 or vehicle control every alternate day until termination of the experiments (A) Quantitative analysis of tumor 
weights for vehicle- and DCZ0415-treated groups. Error bars indicate means ± SD, *P = 0.026. (B) Tumor volumes are shown for vehicle- and DCZ0415-treated 
animals. Error bars indicate means ± SD, *P = 0.019. (C) H&E staining of liver and kidney of mice treated with vehicle or DCZ0415. (D) Expressions of FGFR4, 
pSTAT3, STAT3, and TRIP13. (E-F) Expression of β-catenin signaling molecules and EMT proteins in vehicle- and DCZ0415-treated tumors. Equal loading was 
confirmed by probing the membrane for β-actin. (G) Luciferase expressing S2VP10 cells (1.0 × 106) were injected orthotopically into the pancreases of NSG mice, and 
mice were treated with vehicle or 25 mg/kg DCZ0415 every alternate day until termination of the experiments. 
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tumor immunity in syngeneic mouse tumors. Western blot analysis 
revealed that DCZ0415 induced an immune response by increasing the 
expression of cytotoxic mediator markers, granzyme B and perforin 
(Fig. 7D). In addition, DCZ0415 treatment increased its cytotoxic effect 
by decreasing the expression of immune checkpoint molecules, pro
grammed cell death-1 (PD-1) and programmed cell death-ligand 1 (PD- 
L1) (Fig. 7D,E). Furthermore, DCZ0415 treatment increased infiltration 
of CD3 and CD4 T cells (Fig. 7E). These data indicate that, in a PDAC 
syngeneic mouse model, the TRIP13 inhibitor reduced tumor growth by 
decreasing proliferation, inducing apoptosis, and activating anti-tumor 
immunity. 

DCZ0415 in combination with gemcitabine enhances therapeutic efficacy 
in immunocompromised and immunocompetent PDAC mouse models 

We examined the effects of DCZ0415; gemcitabine, a synthetic py
rimidine nucleoside analogue used as a standard first-line treatment for 
PDAC; and their combination on tumor growth in immunocompetent 
C57BL/6J mice by subcutaneously implanting KPC cells. The combina
tion treatment was highly effective in reducing tumor size, weight, and 
growth kinetics as compared with DCZ0415 or gemcitabine alone 
(Fig. 8A-C). The Bliss-independent equation was used to calculate 
combination index (CI) values for DCZ0415, gemcitabine, and their 

Fig. 6. DCZ0415 treatment decreases migration, invasion, and metastasis of PDAC cells. (A) A wound-healing assay was performed to determine the migratory 
capacity of PDAC cells treated with vehicle or DCZ0415. Wound closure was determined after 24 hours. (B) An invasion assay was performed with vehicle- and 
DCZ0415-treated PDAC cells. (C) Expression of EMT proteins was determined in PDAC cells after DCZ0415 treatment. (D) S2VP10-Luc cells (1.0 × 106) were injected 
into tail veins of NSG mice. Metastasis was monitored every week with an IVIS imaging system. (E) H&E showing metastasis of S2VP10 cells to lung, liver, kidney, 
and pancreas. Dotted lines show metastatic lesions. Scale bar: 200 µm. 
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combination for tumor weights and tumor volumes. For both tumor 
weight and in tumor volume reduction, the CI=1, indicating that the 
effects of combination treatment on tumor weight and tumor volume 
were additive (Fig. 8B,C). IHC evaluation of tumor tissues revealed that 
combination treatment further attenuated PCNA, decreased expression 
of vascular endothelial growth factor (VEGF) and induced active caspase 
3 (Fig. 8D). Combination treatment also enhanced the immune response 
by decreasing expression of PD-1 and facilitating immune cell infiltra
tion of CD3 and CD4 T cells (Fig. 8D). These results demonstrate that the 
combination treatment effectively reduced PDAC progression by inhib
iting proliferation and angiogenesis, inducing apoptosis, enhancing 
antitumor immunity through infiltration of T cells, and inhibiting the 

PD1 immune checkpoint. 
We assessed whether combining DCZ0415 with gemcitabine en

hances anti-metastatic activity in immunocompromised NSG mice. 
Although DCZ0415 and gemcitabine alone reduced metastasis 
compared to the vehicle control, the combination treatment demon
strated a substantial reduction in metastasis (Fig. 8E). H&E staining also 
showed reduced numbers and sizes of metastatic nodules in the lung of 
mice dosed with the DCZ0415 and gemcitabine combination as 
compared to DCZ0415 or gemcitabine alone (Fig. 8F). Moreover, the 
doses of DCZ0415, gemcitabine, or their combination were not toxic to 
mice (Supplementary Table 6). These results confirm the benefits of 
combination therapy of TRIP13 inhibition along with gemcitabine in 

Fig. 7. DCZ0415 treatment reduces tumor growth and increases immune response in an immunocompetent syngeneic PDAC model. (A) Tumor weights of mice 
treated with vehicle or DCZ0415. These tumors were generated in C57BL/6J mice by implanting KPC cells (0.1 × 106). Error bars indicate means ± SD, *P < 0.001. 
(B) Tumor volume of mice treated with vehicle or DCZ0415. Error bars indicate means ± SD, *P < 0.001. (C) IHC staining showing protein expression of active- 
caspase 3 and PCNA in mice tumors treated vehicle or DCZ0415. Scale bar: 50 µm. (D) Western blotting showing protein expression of PD-1, PD-L1, perforin, 
granzyme B, and TRIP13 in tumors of mice treated with vehicle or DCZ0415. E H&E and IHC staining showing infiltration of T cells (CD3 & CD4) and expression PD-1 
expression in vehicle- and DCZ0415-treated tumors, Arrows indicate positive staining for CD3, CD4, and PD-1. Scale bar: 20 µm. 
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Fig. 8. Impact of DCZ0415, gemcitabine, and their combination on tumor growth, metastasis, and immune response in an immunocompetent syngeneic PDAC mouse 
model. (A) KPC cells (0.1 × 106) were injected subcutaneously into C57BL/6J mice and treated with vehicle, DCZ0415, gemcitabine, or their combination. Pho
tographs of mouse tumors treated with test agents at termination of the experiment. (B) Tumor weights of mice. Error bars indicate means ± SD, *P < 0.001 versus 
control; #P < 0.001 versus DCZ0415; @P < 0.001 versus gemcitabine. (C) Tumor volumes for mice treated with vehicle or DCZ0415. Error bars indicate means ± SD, 
Error bars indicate means ± SD, *P < 0.001 versus control; #P < 0.001 versus DCZ0415; @P < 0.001 versus gemcitabine. (D) H&E and immunostaining of T cells 
(CD3 and CD4) infiltration, immune checkpoint (PD-1), a marker of angiogenesis (VEGF), proliferation (PCNA), and apoptosis (active-caspase-3) were performed for 
PDAC in tumor-bearing C57BL/6J mice treated as described above. Scale bars: 50 µm. (E) S2VP10- Luc cells (1.0 × 106) were injected into the tail veins of NSG mice. 
The mice were treated with vehicle, DCZ0415, gemcitabine, or their combination. Metastasis in these mice was monitored every week with an IVIS imaging system. 
(F) H&E staining showing metastatic lesions in lung (dotted lines). Scale bar: 200 µm. 
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reducing pancreatic tumor growth and metastasis in pre-clinical models. 

Discussion 

Pancreatic cancer is the most aggressive cancer with short survival 
rate from the time of diagnosis. Recent advances in high-throughput 
technologies enabled identification of driver mutations and oncogenic 
expression of many targets. However, in pancreatic cancer, there are 
only few molecular determinants that show genomic aberrations. Thus, 
there is an urgent need for identification of effective therapeutic targets. 
We, for the first-time, report the oncogenic role of TRIP13, an AAA- 
ATPase enzyme, in PDAC and present a strategy to inhibit tumor 
growth and metastasis by targeting TRIP13. TRIP13 knockdown by 
shRNA or targeting with the small molecule inhibitor, DCZ0415, 
reduced malignant phenotypes, tumor growth, and metastasis by down- 
regulating FGFR4/STAT3/β-catenin and by modulating EMT pathways. 
Further, DCZ0415 reduced the immunosuppressive tumor microenvi
ronment by increasing cytotoxic mediators (granzyme B and perforin), 
decreasing immune checkpoints (PD-1 and PD-L1), and facilitating T cell 
infiltration (CD3 and CD4). Other novel findings are that DCZ0415 in 
combination with gemcitabine remarkably decreased tumor growth and 
metastasis by reducing proliferation and angiogenesis, and by enhancing 
apoptosis and anti-tumor immunity. 

In cancers, there is a loss of balance between cell proliferation, cell 
division, and apoptosis. Apoptosis or “programmed cell death” is an 
orchestrated biological process for eliminating malignant cells and 
reducing tumor progression. The mechanisms of cell proliferation and 
apoptosis are complex and involve Bcl2 family proteins, cell survival 
markers, and oncogenic signaling pathways [43]. Our studies demon
strated that knockdown of TRIP13 or treatment with DCZ0415 reduced 
the malignant phenotypes of PDAC cells by decreasing cell proliferation 
and arresting cells in the G2/M phase of the cell cycle. Knockdown of 
TRIP13 or treatment of PDAC cells with DCZ0415 also reduced markers 
of cell proliferation, such as PCNA and cyclin D1. In cancer cells, Bcl-2 
family members promote or inhibit cell death by regulating apoptosis 
[43,44]. TRIP13 knockdown or DCZ0415 treatment of PDAC cells 
decreased Bcl-2 and increased Bax and Bak proteins, thus favoring 
apoptosis. This was confirmed by more extensive PARP cleavage in 
TRIP13-knockdown and DCZ0415-treated PDAC cells. Furthermore, 
there was reduced tumor growth in TRIP13-knockdown S2VP10 cells. In 
addition, DCZ0415 treatment decreased tumor growth in 
immuno-compromised (subcutaneous and orthotropic) and immuno
competent syngeneic mouse models, indicating that TRIP13 is a target of 
this anti-cancer agent. Our data are in agreement with earlier published 
work on multiple myeloma [17] and with results of our study in CRC, 
showing the therapeutic efficacy of DCZ0415 in vitro and in vivo [28]. 
The findings show that the oncogenic functions of TRIP13 can be 
attenuated by targeting with DCZ0415, a small molecule inhibitor, to 
reduce PDAC progression. 

In the present study, we identified mechanisms regulating the 
oncogenic function of TRIP13 in PDAC growth and progression. Our 
prior study in CRC demonstrated that TRIP13 interacts with FGFR4 and 
activates phosphorylation of STAT3 [10]. Moreover, activation of 
FGFR4 and STAT3 are implicated in PDAC progression [38]. In addition, 
our observation related to increased expression of TRIP13 in samples 
with RTK alterations indicate that TRIP13 may be involved in the acti
vation of FGFR4 in PDAC. Thus, the present work focused on evaluating 
the role of TRIP13 in activation of the FGFR4/STAT3 signaling axis for 
the first time in PDAC growth, progression, and metastasis. Our results 
indicate that inhibiting TRIP13 with DCZ0415 inactivates the 
FGFR4/STAT3 signaling axis, thus establishing TRIP13 as an important 
therapeutic target in PDAC. The Wnt/β-catenin signaling pathway is 
involved in the progression and development of drug resistance of 
various cancers, including PDACs [39,45]. Activated Wnt translocates 
β-catenin to bind with TCF/LEF transcription factors and to activate a 
target gene, cyclin D1 [39,46]. Our present results also showed that, in 

PDAC cells, TRIP13 knockdown as well as DCZ0415 treatment inhibited 
Wnt/β-catenin signaling, as evidenced by lower levels of active β-cat
enin; the β-catenin binding factors, TCF1 and LEF1; and a downstream 
target gene of β-catenin, cyclin D1. These findings show that, in PDAC, 
knockdown of TRIP13 inactivates the FGFR4/STAT3 axis and the 
Wnt/β-catenin signaling pathway. 

The EMT is defined as a biological process in which cancer cells lose 
their epithelial characteristics of cell–cell adhesion and gain mesen
chymal characteristics of motility and spindle shape for migration and 
invasion [47]. During the EMT, the expression of E-cadherin, an 
epithelial marker, is downregulated; whereas the expressions of 
vimentin and N-cadherin, mesenchymal markers, are upregulated [48]. 
Our study showed a clear role for TRIP13 in regulating the EMT process 
and that treatment with DCZ0415 reduces the expression of mesen
chymal markers (N-cadherin and vimentin) and increases the expression 
of an epithelial marker (E-cadherin) in PDAC. 

Metastasis is a multistep process in which cancer cells become de
tached from the primary site of origin and disseminate to distant sites, 
where they grow and proliferate [49,50]. In PDAC, like in other ma
lignancies, metastasis is associated with a poor prognosis [51]. Prior 
studies of HCC [8] and CRC [10] show that TRIP13 is linked with 
metastasis; in the present work, we showed that, with an experimental 
metastasis model, knockdown of TRIP13 or treatment with DCZ0415 
resulted in reducing metastasis of PDAC. 

In cancer, PD-L1 is a trans-membrane protein that binds to its re
ceptor PD-1, suppresses T cell infiltration, and promotes tumor escape 
from the immune system [52,53]. Targeting of PD1/PD-L1 immune 
checkpoints improves overall survival of patients in various cancers 
[54]. Thus, we investigated the effect of DCZ0415 treatment on the 
immune response in an immunocompetent PDAC syngeneic mouse 
model. Inhibition of TRIP13 by DCZ0415 suppressed PD1/PD-L1 
expression and increased T cell infiltration into the tumor microenvi
ronment, thereby promoting antitumor immunity and inhibiting PDAC 
progression. Activation of STAT3 is involved in regulating PD-L1 
expression [55,56]. We found that targeting of TRIP13 with DCZ0415 
decreased FGFR4 expression and phosphorylation of STAT3, suggesting 
that DCZ0415 reduces the expression of PD-L1 by targeting the 
FGFR4/STAT3 axis. Cytotoxic T cells eliminate cancer cells by releasing 
a serine protease, granzyme B, through the pore-forming protein, per
forin [57]. Our studies focused on elucidating the effect of DCZ0415 on 
cytotoxic mediators in PDAC found that DCZ0415 increased the 
expression of granzyme B and perforin, resulting in alleviating an 
immunosuppressive tumor microenvironment. 

To treat PDAC, various combinatorial approaches have been 
employed, but they showed marginal benefits or failed to improve 
overall survival [58,59]. However, for human papillomavirus-driven 
cancers, combined inhibition of Aurora kinase and TRIP13 effectively 
induces apoptosis [18]. For PDAC patients, gemcitabine, a first-line 
therapeutic drug, provides only a modest survival advantage [60]. 
Therefore, new combinatorial approaches are needed to increase the 
anti-tumor potency of gemcitabine for use against PDAC. Thus, the 
present study assessed the effect of targeting TRIP13 by DCZ0415 in 
combination with gemcitabine. DCZ0415 in combination with gemci
tabine reduced tumor growth by decreasing proliferation (PCNA) and 
inducing apoptosis (active-caspase 3). Angiogenesis is a process in 
which new blood vessels are formed for tumor growth and development. 
VEGF is an angiogenic factor involved in vascular permeability and 
inflammation [61,62]. Thus, we found lower VEGF expression in tumors 
of mice treated with DCZ0415 in combination with gemcitabine as 
compared to mice treated with either drug alone. Notably, combination 
treatment enhanced cytotoxic T cell infiltration and reduced PD-1 
expression, thus promoting anti-tumor immunity. This preclinical 
study shows that combining a small molecule inhibitor of TRIP13 with 
gemcitabine could be an effective novel treatment strategy for PDACs 
exhibiting high levels of TRIP13 expression. 

A limitation of DCZ0415 is that, as demonstrated by us and others, 
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anti-cancer effects of this agent were noted at modestly high concen
trations/doses. Thus, there is a need and scope to employ structure- 
based approaches to develop new/potent analogs of DCZ0415 that 
could be used in future clinical trials. 

Conclusions 

In sum, the present investigation, for the first time, established an 
oncogenic role of TRIP13, an AAA ATPase enzyme, in PDAC. Our pre
clinical data demonstrated that silencing of TRIP13 by shRNA and tar
geting TRIP13 by DCZ0415, a specific inhibitor of TRIP13, reduced cell 
proliferation, migration, invasion, tumor growth, and metastasis by 
targeting the TRIP13/FGFR4/STAT3 axis and by downregulating the 
Wnt/β-catenin and EMT signaling pathways. Furthermore, DCZ0415 
treatment induced granzyme B/perforin, inhibited PD/PD-L1, and 
enhanced T cell infiltration, resulting in destruction of tumors. Finally, 
we showed that DCZ0415 augmented the therapeutic efficacy of gem
citabine by further reducing tumor progression and that it could provide 
therapeutic benefits to PDACs expressing high levels of TRIP13. Overall, 
the findings of this investigation demonstrate that TRIP13 is a potential 
novel therapeutic target for PDAC. 

Ethics statement 

All human PDAC tissues used in this research were provided by the 
Anatomic Pathology Division of UAB after obtaining approval from the 
UAB Institutional Review Board and Ethics Committee 
(IRB#090513004). Informed consent was obtained from the patients 
before their tissues were obtained. 

Funding Sources 

The work presented in this study was supported, in part, by grant 
5U54CA118948 and by institutional funds (Department of Pathology 
and School of Medicine of UAB) awarded to UM. We also acknowledge 
the grants (P30CA013148) funded for the Tissue Biorepository and 
imaging facilities, of the UAB OCCC. We also acknowledge the UAB 
Metabolism Core, which is supported by the UAB Diabetes Research 
Center (P30DK079626) and the UAB Center for Clinical and Trans
lational Science (UL1TR003096). 

Data availability 

Included in the manuscript are data generated in this study; addi
tional data are provided in the supplementary information or available 
on request. 

CRediT authorship contribution statement 

Farrukh Afaq: Conceptualization, Data curation, Methodology, 
Formal analysis, Writing – original draft, Writing – review & editing. 
Sumit Agarwal: Conceptualization, Data curation, Methodology, 
Formal analysis, Writing – review & editing. Prachi Bajpai: Data 
curation, Methodology, Formal analysis, Writing – review & editing. 
Sameer Al Diffalha: Formal analysis, Visualization, Writing – review & 
editing. Hyung-Gyoon Kim: Formal analysis, Writing – review & edit
ing. Shajan Peter: Formal analysis, Writing – review & editing. Moh’d 
Khushman: Formal analysis, Writing – review & editing. Subhash C 
Chauhan: Formal analysis, Writing – review & editing. Priyabrata 
Mukherjee: Formal analysis, Writing – review & editing. Sooryanar
ayana Varambally: Formal analysis, Writing – review & editing. 
Upender Manne: Conceptualization, Methodology, Formal analysis, 
Funding acquisition, Investigation, Project administration, Resources, 
Writing – review & editing. 

Declaration of Competing Interest 

All authors state that there are no potential conflicts of interest. 

Acknowledgment 

We thank Dr. Donald Hill, in the O’Neal Comprehensive Cancer 
Center (OCCC), for his editorial assistance. We acknowledge the pre
clinical imaging shared facility of the OCCC, histology support by the 
UAB-Tissue Biorepository, and the toxicity assessment study by the UAB 
Metabolism Core. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.neo.2023.100951. 

References 

[1] R.L. Siegel, K.D. Miller, N.S. Wagle, A. Jemal, Cancer statistics, 2023 CA Cancer J. 
Clin. 73 (2023) 17–48. 

[2] L. Rahib, B.D. Smith, R. Aizenberg, A.B. Rosenzweig, J.M. Fleshman, L. 
M. Matrisian, Projecting cancer incidence and deaths to 2030: the unexpected 
burden of thyroid, liver, and pancreas cancers in the United States, Cancer Res. 74 
(2014) 2913–2921. 

[3] J. Long, Y. Zhang, X. Yu, J. Yang, D.G. LeBrun, C. Chen, Q. Yao, M. Li, Overcoming 
drug resistance in pancreatic cancer, Expert Opin. Ther. Targets 15 (2011) 
817–828. 

[4] S. Lu, J. Qian, M. Guo, C. Gu, Y. Yang, Insights into a crucial role of TRIP13 in 
human cancer, Comput. Struct. Biotechnol. J. 17 (2019) 854–861. 

[5] K. Wang, B. Sturt-Gillespie, J.C. Hittle, D. Macdonald, G.K. Chan, T.J. Yen, S.T. Liu, 
Thyroid hormone receptor interacting protein 13 (TRIP13) AAA-ATPase is a novel 
mitotic checkpoint-silencing protein, J. Biol. Chem. 289 (2014) 23928–23937. 

[6] L. Dong, H. Ding, Y. Li, D. Xue, Z. Li, Y. Liu, T. Zhang, J. Zhou, P. Wang, TRIP13 is a 
predictor for poor prognosis and regulates cell proliferation, migration and 
invasion in prostate cancer, Int. J. Biol. Macromol. 121 (2019) 200–206. 

[7] X.Y. Zhou, X.M. Shu, TRIP13 promotes proliferation and invasion of epithelial 
ovarian cancer cells through Notch signaling pathway, Eur. Rev. Med. Pharmacol. 
Sci. 23 (2019) 522–529. 

[8] M.X. Zhu, C.Y. Wei, P.F. Zhang, D.M. Gao, J. Chen, Y. Zhao, S.S. Dong, B.B. Liu, 
Elevated TRIP13 drives the AKT/mTOR pathway to induce the progression of 
hepatocellular carcinoma via interacting with ACTN4, J. Exp. Clin. Cancer Res. 38 
(2019) 409. 

[9] N. Sheng, L. Yan, K. Wu, W. You, J. Gong, L. Hu, G. Tan, H. Chen, Z. Wang, TRIP13 
promotes tumor growth and is associated with poor prognosis in colorectal cancer, 
Cell Death. Dis. 9 (2018) 402. 

[10] S. Agarwal, M. Behring, H.G. Kim, D.S. Chandrashekar, B. Chakravarthi, N. Gupta, 
P. Bajpai, A. Elkholy, S. Al Diffalha, P.K. Datta, et al., TRIP13 promotes metastasis 
of colorectal cancer regardless of p53 and microsatellite instability status, Mol. 
Oncol. 14 (2020) 3007–3029. 

[11] Y. Chen, D. Chen, Y. Qin, C. Qiu, Y. Zhou, M. Dai, L. Li, Q. Sun, Y. Jiang, TRIP13, 
identified as a hub gene of tumor progression, is the target of microRNA-4693-5p 
and a potential therapeutic target for colorectal cancer, Cell Death Discov. 8 (2022) 
35. 

[12] H. Wang, C. Yu, X. Gao, T. Welte, A.M. Muscarella, L. Tian, H. Zhao, Z. Zhao, S. Du, 
J. Tao, et al., The osteogenic niche promotes early-stage bone colonization of 
disseminated breast cancer cells, Cancer Cell 27 (2015) 193–210. 

[13] J. Lan, J. Huang, X. Tao, Y. Gao, L. Zhang, W. Huang, J. Luo, C. Liu, Y. Deng, L. Liu, 
X. Liu, Evaluation of the TRIP13 level in breast cancer and insights into potential 
molecular pathways, J. Cell. Mol. Med. 26 (2022) 2673–2685. 

[14] W. Dazhi, Z. Mengxi, C. Fufeng, Y. Meixing, Elevated expression of thyroid 
hormone receptor-interacting protein 13 drives tumorigenesis and affects clinical 
outcome, Biomark. Med. 11 (2017) 19–31. 

[15] Y. Gao, S. Liu, Q. Guo, S. Zhang, Y. Zhao, H. Wang, T. Li, Y. Gong, Y. Wang, 
T. Zhang, et al., Increased expression of TRIP13 drives the tumorigenesis of bladder 
cancer in association with the EGFR signaling pathway, Int. J. Biol. Sci. 15 (2019) 
1488–1499. 

[16] Y. Tao, G. Yang, H. Yang, D. Song, L. Hu, B. Xie, H. Wang, L. Gao, M. Gao, H. Xu, et 
al., TRIP13 impairs mitotic checkpoint surveillance and is associated with poor 
prognosis in multiple myeloma, Oncotarget 8 (2017) 26718–26731. 

[17] Y. Wang, J. Huang, B. Li, H. Xue, G. Tricot, L. Hu, Z. Xu, X. Sun, S. Chang, L. Gao, et 
al., A small-molecule inhibitor targeting TRIP13 suppresses multiple myeloma 
progression, Cancer Res. 80 (2020) 536–548. 

[18] S. Ghosh, T. Mazumdar, W. Xu, R.T. Powell, C. Stephan, L. Shen, P.A. Shah, C. 
R. Pickering, J.N. Myers, J. Wang, et al., Combined TRIP13 and aurora kinase 
inhibition induces apoptosis in human papillomavirus-driven cancers, Clin. Cancer 
Res. 28 (2022) 4479–4493. 

[19] R. Banerjee, N. Russo, M. Liu, V. Basrur, E. Bellile, N. Palanisamy, C.S. Scanlon, 
E. van Tubergen, R.C. Inglehart, T. Metwally, et al., TRIP13 promotes error-prone 

F. Afaq et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.neo.2023.100951
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0001
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0001
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0002
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0002
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0002
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0002
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0003
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0003
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0003
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0004
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0004
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0005
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0005
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0005
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0006
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0006
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0006
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0007
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0007
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0007
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0008
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0008
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0008
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0008
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0009
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0009
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0009
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0010
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0010
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0010
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0010
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0011
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0011
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0011
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0011
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0012
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0012
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0012
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0013
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0013
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0013
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0014
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0014
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0014
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0015
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0015
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0015
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0015
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0016
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0016
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0016
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0017
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0017
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0017
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0018
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0018
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0018
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0018
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0019
http://refhub.elsevier.com/S1476-5586(23)00075-1/sbref0019


Neoplasia 47 (2024) 100951

15

nonhomologous end joining and induces chemoresistance in head and neck cancer, 
Nat. Commun. 5 (2014) 4527. 

[20] R. Banerjee, M. Liu, E. Bellile, L.B. Schmitd, M. Goto, M.N.D. Hutchinson, P. Singh, 
S. Zhang, D.P.V. Damodaran, M.K. Nyati, et al., Phosphorylation of TRIP13 at Y56 
induces radiation resistance but sensitizes head and neck cancer to cetuximab, Mol. 
Ther. (2021). 

[21] G. Zhang, Q. Zhu, G. Fu, J. Hou, X. Hu, J. Cao, W. Peng, X. Wang, F. Chen, H. Cui, 
TRIP13 promotes the cell proliferation, migration and invasion of glioblastoma 
through the FBXW7/c-MYC axis, Br. J. Cancer (2019). 

[22] C. Li, J. Xia, R. Franqui-Machin, F. Chen, Y. He, T.C. Ashby, F. Teng, H. Xu, D. Liu, 
D. Gai, et al., TRIP13 modulates protein deubiquitination and accelerates tumor 
development and progression of B cell malignancies, J. Clin. Invest. (2021) 131. 

[23] L. Xu, Y. Wang, G. Wang, S. Guo, D. Yu, Q. Feng, K. Hu, G. Chen, B. Li, Z. Xu, et al., 
Aberrant activation of TRIP13-EZH2 signaling axis promotes stemness and therapy 
resistance in multiple myeloma, Leukemia (2023). 

[24] X. Liu, X. Shen, J. Zhang, TRIP13 exerts a cancer-promoting role in cervical cancer 
by enhancing Wnt/beta-catenin signaling via ACTN4, Environ. Toxicol. 36 (2021) 
1829–1840. 

[25] Y. Cao, F. Huang, J. Liu, H. Qi, J. Xiao, MiR-129-5p/TRIP13 affects malignant 
phenotypes of colorectal cancer cells, Histol. Histopathol. 37 (2022) 879–888. 

[26] X. Zhang, J. Zhou, D. Xue, Z. Li, Y. Liu, L. Dong, MiR-515-5p acts as a tumor 
suppressor via targeting TRIP13 in prostate cancer, Int. J. Biol. Macromol. 129 
(2019) 227–232. 

[27] B.A. Weir, M.S. Woo, G. Getz, S. Perner, L. Ding, R. Beroukhim, W.M. Lin, M. 
A. Province, A. Kraja, L.A. Johnson, et al., Characterizing the cancer genome in 
lung adenocarcinoma, Nature 450 (2007) 893–898. 

[28] S. Agarwal, F. Afaq, P. Bajpai, H.G. Kim, A. Elkholy, M. Behring, D. 
S. Chandrashekar, S.A. Diffalha, M. Khushman, S.P. Sugandha, et al., DCZ0415, a 
small-molecule inhibitor targeting TRIP13, inhibits EMT and metastasis via 
inactivation of the FGFR4/STAT3 axis and the Wnt/β-catenin pathway in 
colorectal cancer, Mol. Oncol. 16 (2022) 1728–1745. 

[29] B. Chakravarthi, M.D.C. Rodriguez Pena, S. Agarwal, D.S. Chandrashekar, S. 
A. Hodigere Balasubramanya, F.J. Jabboure, A. Matoso, T.J. Bivalacqua, K. Rezaei, 
A. Chaux, et al., A role for De Novo purine metabolic enzyme PAICS in bladder 
cancer progression, Neoplasia 20 (2018) 894–904. 

[30] S. Agarwal, B. Chakravarthi, H.G. Kim, N. Gupta, K. Hale, S.A.H. Balasubramanya, 
P.G. Oliver, D.G. Thomas, I.A. Eltoum, D.J. Buchsbaum, et al., PAICS, a De Novo 
purine biosynthetic enzyme, is overexpressed in pancreatic cancer and is involved 
in its progression, Transl. Oncol. 13 (2020), 100776. 

[31] S. Agarwal, B. Chakravarthi, M. Behring, H.G. Kim, D.S. Chandrashekar, N. Gupta, 
P. Bajpai, A. Elkholy, S.A.H. Balasubramanya, C. Hardy, et al., PAICS, a purine 
nucleotide metabolic enzyme, is involved in tumor growth and the metastasis of 
colorectal cancer, Cancers (Basel) (2020) 12. 

[32] S. Agarwal, M. Behring, K. Hale, S. Al Diffalha, K. Wang, U. Manne, S. Varambally, 
MTHFD1L, a folate cycle enzyme, is involved in progression of colorectal cancer, 
Transl. Oncol. 12 (2019) 1461–1467. 

[33] A. Sinha, S. Agarwal, D. Parashar, A. Verma, S. Saini, N. Jagadish, A.S. Ansari, N. 
K. Lohiya, A. Suri, Down regulation of SPAG9 reduces growth and invasive 
potential of triple-negative breast cancer cells: possible implications in targeted 
therapy, J. Exp. Clin. Cancer Res. 32 (2013) 69. 

[34] Q. Liu, X. Yin, L.R. Languino, D.C. Altieri, Evaluation of drug combination effect 
using a bliss independence dose-response surface model, Stat. Biopharm. Res. 10 
(2018) 112–122. 

[35] D.S. Chandrashekar, B. Bashel, S.A.H. Balasubramanya, C.J. Creighton, I. Ponce- 
Rodriguez, B. Chakravarthi, S. Varambally, UALCAN: a portal for facilitating tumor 
subgroup gene expression and survival analyses, Neoplasia 19 (2017) 649–658. 

[36] D.S. Chandrashekar, S.K. Karthikeyan, P.K. Korla, H. Patel, A.R. Shovon, M. Athar, 
G.J. Netto, Z.S. Qin, S. Kumar, U. Manne, et al., UALCAN: an update to the 
integrated cancer data analysis platform, Neoplasia 25 (2022) 18–27. 

[37] Y. Zhang, F. Chen, D.S. Chandrashekar, S. Varambally, C.J. Creighton, 
Proteogenomic characterization of 2002 human cancers reveals pan-cancer 
molecular subtypes and associated pathways, Nat. Commun. 13 (2022) 2669. 

[38] N. Sasaki, F. Gomi, H. Yoshimura, M. Yamamoto, Y. Matsuda, M. Michishita, 
H. Hatakeyama, Y. Kawano, M. Toyoda, M. Korc, T. Ishiwata, FGFR4 inhibitor 
BLU9931 attenuates pancreatic cancer cell proliferation and invasion while 
inducing senescence: evidence for senolytic therapy potential in pancreatic cancer, 
Cancers (Basel) (2020) 12. 

[39] M. Ram Makena, H. Gatla, D. Verlekar, S. Sukhavasi, K.P. M, C.P. K, Wnt/β-catenin 
signaling: the culprit in pancreatic carcinogenesis and therapeutic resistance, Int. J. 
Mol. Sci. (2019) 20. 

[40] G.P. Otto, B. Rathkolb, M.A. Oestereicher, C.J. Lengger, C. Moerth, K. Micklich, 
H. Fuchs, V. Gailus-Durner, E. Wolf, M. Hrabě de Angelis, Clinical chemistry 
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