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Abstract

Background: Drug resistance is well known as a major obstacle for cancer recurrence and
treatment failure, leading to poor survival in pancreatic cancer, which is a highly aggressive tumor.
Identifying effective strategies to overcome drug resistance would have a significant clinical impact
for patients with pancreatic cancer.

Methods: The protein and mRNA expression of TRIM31 in pancreatic cancer cell lines and patient
tissues were determined using Real-time PCR and Western blot, respectively. 89 human pancreatic
cancer tissue samples were analyzed by IHC to investigate the association between TRIM31
expression and the clinicopathological characteristics of pancreatic cancer patients. Functional
assays, such as MTT, FACS, and Tunel assay used to determine the oncogenic role of TRIM31 in
human pancreatic cancer progression. Furthermore, western blotting and luciferase assay were
used to determine the mechanism of TRIM31 promotes chemoresistance in pancreatic cancer cells.

Results: The expression of TRIM31was markedly upregulated in pancreatic cancer cell lines and
tissues, and high TRIM31 expression was associated with an aggressive phenotype and poor
prognosis with pancreatic cancer patients. TRIM31 overexpression confers gemcitabine resistance
on pancreatic cancer cells; however, inhibition of TRIM31 sensitized pancreatic cancer cell lines to
gemcitabine cytotoxicity both in vitro and in vivo. Additionally, TRIM31 upregulated the levels of
nuclear p65 by promoting Ké3-linked polyubiquitination of tumor necrosis factor
receptor-associated factor 2 (TRAF2) and sustained the activation of nuclear transcription factor
kappa B (NF-kB) in pancreatic cancer cells.

Conclusions: Our findings provided evidence that TRIM31 is a potential therapeutic target for
patients with pancreatic cancer. Targeting TRIM31 signaling may be a promising strategy to enhance
gemcitabine response during pancreatic cancer chemo-resistance.
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Introduction

Pancreatic cancer is the fourth leading cause of
cancer-related mortality worldwide, as manifested by
a 5-year survival probability of just 7% for all patients
[1-3]. The major challenge responsible for this poor
prognosis is the extreme chemoresistance phenotype
of the tumor. The currently available treatment for

pancreatic cancer is cytoreductive surgery, followed
by gemcitabine-based chemotherapy, which leads to a
slight improvement in overall survival [4-6].
However, most patients with pancreatic cancer still
remain refractory and wundergo tumor relapse,
ultimately succumbing to this malignant tumor [7].
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Therefore, a better understanding the molecular basis
of chemoresistance in pancreatic cancer would
provide novel therapeutic opportunities for patients
with pancreatic cancer.

The nuclear transcription factor kappa B (NF-xB)
pathway, which is constitutively activated in various
cancers, not only orchestrates immune and
inflammatory responses, but also plays a crucial role
in cancer development [8-10]. During the past decade,
ubiquitin modification has become an important
factor in the regulation of NF-xB signaling [11-13]. In
response to tumor necrosis factor-a (TNF-a) or
interleukin 1B (IL-1p), signaling intermediaries, such
as TNF receptor associated factors (TRAFs) and
receptor interacting protein (RIP), are rapidly
modified with Ké3-linked polyubiquitin chains,
facilitating  recruitment and  activation  of
TGF-B-activated kinasel (TAK1) and I kappa B kinase
(IKK) complexes by binding to TGFf-activated kinase
1 (TAK1)-binding proteins (TABs) and NF-kappa-B
essential modulator (NEMO), respectively [14-16].
The activated IKK complex phosphorylates IkBs,
resulting in phosphorylation and K48-ubiquitination/
degradation of IkBs, consequently leading to NF-xB
activation [17, 18]. Collectively, these findings
indicated that ubiquitin modification plays important
roles in virtually every step of NF-xB signaling
cascades.

Most pancreatic tumors show high levels of
constitutive activated NF-xB, which mediates survival
signaling and confers chemo-resistance to
conventional therapeutics [19, 20]. Increased
expression of NF-kappa B subunits and enhanced
NF-xB activity were found in pancreatic cancer cells,
which correlated with a worse prognosis in pancreatic
cancer. Zhang et al. demonstrated that overexpression
and activation of the epidermal growth factor (EGF)
receptor contributes to tumor progression of
pancreatic tumors by permanent activation of NF-xB
[21]. More importantly, blockade of NF-kB expression
by delivery of a p65-specific short interfering RNA
(siRNA) to pancreatic cancer cells in vivo could
effectively inhibit apoptosis, indicating that inhibition
of NF-xB activity by siRNAs might have therapeutic
potential [22]. Despite these promising findings, the
technology  requires significant improvement,
including the discovery of novel molecular(s) that can
regulate the aberrant activation of the NF-xB
pathway.

Tripartite motif containing 31 (TRIMB31) is a
newly identified protein comprising a RING finger,
B-box, and coiled-coil domains. TRIM31 functions as
an E3 ubiquitin-protein ligase. Recently, several
reports have shown that TRIM31 attenuates NLR
family pyrin domain containing 3 (NLRP3)

inflammasome activation by promoting proteasomal
degradation of NLRP3 and the aggregation and
activation of the signaling adaptor mitochondrial
antiviral-signaling  protein = (MAVS)  through
Lys63-linked polyubiquitination [23, 24]. These
studies demonstrated that TRIM31 plays a vital role in
inflammatory responses and viral infection.
Importantly, TRIM31 showed rapid kinetics of
induction during retinoid-induced growth arrest of
breast carcinoma cells and is upregulated in gastric
adenocarcinoma, suggesting that TRIM31 is involved
in carcinogenesis [25, 26]. However, the role and the
molecular mechanism of TRIM31 in the aggression
and treatment failure of pancreatic cancer remain
ambiguous.

Methods

Cell lines and cell culture

Primary cultures of normal human pancreatic
duct epithelial cells (HPDECs) were established from
fresh specimens of the adjacent non-tumor pancreatic
tissue and maintained in bronchial epithelial basal
medium (BEBM; Lonza Walkersville, Walkersville,
MD, USA) containing 10% FBS and supplemented
with BEGM Single-Quots (Lonza Walkersville),
according to a previous report. The human pancreatic
cell lines PANC-1, CFPAC-1, BxPC-3, AsPC-1,
Capan-1, Capan-2, MIA PaCa-2, Hs 766T, and MIN6
were cultured as described in the ATCC protocol.

Patient information and tissue specimens

A total of 89 paraffin-embedded pancreatic
adenocarcinoma samples, which were
histopathologically and clinically diagnosed, were
obtained from Affiliated Hospital of Guizhou Medical
University. Clinical information on the samples is
summarized in Table S1. Prior patient consent and
approval from the Institutional Research Ethics
Committee were obtained.

Vectors, retroviral infection, and transfection

A TRIM31 expression construct was generated
by subcloning the PCR-amplified full-length human
TRIM31 cDNA into the pMSCV retrovirus plasmid,
and human TRIM31-targeting short hairpin RNA
(shRNA) oligonucleotides sequences were cloned into
pSuper-retro-puro to generate pSuper-retro-TRIM31-
RNAi(s). The shRNA sequences were: RNAi#1,
TTCCCGTC AAAGGAAGTTTGG; RNAi#2, TATGA
TGGACTCATGCCTITGC (synthesized by RIBO).
pNF-xB-luc and control plasmids (Clontech) were
used to examine NF-xB activity. pBabe-Puro-
IkBa-mut  (plasmid#15291)  expressing  IkBa
dominant-negative mutant (IxBa-mut) was purchased
from Addgene (Cambridge, MA, USA). Transfection
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of siRNA or plasmids was performed using the
Lipofectamine 3000 reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s
instruction. Stable cell lines expressing TRIM31 or
TRIM31/RNAi were selected for 10 days with 0.5
pg/mL puromycin 48 h after infection.

Western blotting analysis

Western blotting was performed using
anti-TRIM31, anti-cleaved caspase 3, anti-PARP,
anti-p65, anti-IkBa, anti-IKK-f, anti-BCL2, anti-XIAP,
anti-SURVIVIN, and anti-TRAF2 antibodies, (Cell
Signaling, Danvers, MA, USA). The membranes were
stripped and re-probed with an anti-a-tubulin
antibody or anti-a-tubulin antibody (Sigma, St Louis,
MO, USA) as a loading control.

Xenografted tumor model

In the subcutaneous tumor model, BALB/c nude
mice were randomly divided into four groups (n =
6/group). Four groups of mice were inoculated
subcutaneously  with ~ 2x10°¢ PANC-1/Vector,
PANC-1/TRIM31, PANC-1/shRNA-Vector, PANC-
1/TRIM31-shRNA#1 cells, respectively, in the left
dorsal flank per mouse. After the xenografts reached
0.5 cm in diameter, gemcitabine (100 mg/kg) was
given intraperitoneally twice a week for 43 days.
Tumor growth was monitored by measurements of
the length and width and the tumor volume was
calculated using the equation (L x W?2)/2. Tumors
were detected by an IVIS imaging system, and
animals were euthanized, tumors were excised,
weighed and paraffin-embedded. A TUNEL assay
was performed on paraffin-embedded tissue section
according to the manufacturer’s instructions
(Promega).  All experimental procedures were
approved by the Institutional Animal Care and Use
Committee of Affiliated Hospital of Guizhou Medical
University.

Cytotoxicity assay

The sensitivity to gemcitabine of pancreatic
cancer cells was determined using the MTT assay.
Briefly, 2x103 cells were seeded onto 96-well plates
and incubated at 37 °C overnight. Cells were then
transfected  with  different concentrations of
gemcitabine (50 pM). After incubation for 48 h, 50 pL
of the MTT solution (0.15%) was added to each well,
and the plates were further incubated for 2 h. One
hundred microliters of DMSO was added to solubilize
the MTT formazan product. Absorbance at 540 nm
was measured using a Falcon microplate reader
(BD-Labware). Dose-response curves were plotted on
a semilog scale as the percentage of the control cell
number, which was obtained from the sample with no
drug exposure. The IC50 was determined by the

intersection of the gemcitabine concentration and the
midpoint of the 540-nm reading.

Apoptosis assay

To evaluate apoptosis, a PE Annexin V
Apoptosis Detection Kit I (BD Pharmingen) was used.
Briefly, 1x10° pancreatic cancer cells were plated in
10-cm plates and incubated for 24 h. Treatment was
started with gemcitabine for the indicated time. Cell
morphology was assessed using phase-contrast
microscopy. The cells were then removed from the
plate using trypsin-EDTA, washed twice with
phosphate-buffered saline (PBS), and re-suspended
with binding buffer at 10¢ cells/mL. FITC Annexin V
and propidium iodide were added (each at 5 pL /10°
cells). Cells were incubated for 15 min at room
temperature in the dark. Percentage of apoptosis was
analyzed using an EPICS XL flow cytometer
(Beckman-Coulter). Each sample was analyzed in
triplicate.

Luciferase assay

Cells (1x10%) were seeded in triplicate in 48-well
plates and allowed to settle for 24 h. One hundred
nanograms of luciferase reporter plasmids or the
control plasmid, plus 1 ng of pRL-TK renilla plasmid
(Promega), were transfected into cells using the
Lipofectamine 3000 reagent (Invitrogen) according to
the manufacturer’s instructions. Luciferase and renilla
signals were measured using the Dual Luciferase
Reporter Assay Kit (Promega) according to a protocol
provided by the manufacturer.

Statistical analysis

Statistical tests for data analysis included
Fisher’s exact test, log-rank test, Chi-square test, and
Student’s 2-tailed t test. Multivariate statistical
analysis was performed using a Cox regression
model. Statistical analyses were performed using the
SPSS 11.0 statistical software package. Data represent
mean + standard deviation (SD). P < 0.05 was
considered statistically significant.

Results

TRIM31 overexpression correlates with
progression and poor prognosis in human
pancreatic cancer

By analyzing the published mRNA expression
profiles (GSE62452; GSE60980; GSE28735) obtained
from NCBI (https://www.ncbi.nlm.nih.gov/geo/),
we found that TRIM31 mRNA was significantly
upregulated in pancreatic cancer tissues compared

with non-tumor tissues (Figure 1A). This
upregulation of TRIM31 was confirmed by The
Cancer Genome Atlas (TCGA,;
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http:/ /cancergenome.nih.gov/) dataset (Figure 1B).
Furthermore, analysis of TCGA datasets showed that
patients with pancreatic cancer with higher TRIM31
expression had a shorter survival time and
demonstrated an earlier relapse disease-free survival
time (P < 0.05; Figure 1C). Consistently, real-time PCR
and western blotting analyses revealed that TRIM31

was upregulated at both the protein and mRNA levels
in all nine pancreatic cancer cell lines and in human
pancreatic cancer tissues, compared with two primary
normal human pancreatic duct epithelial cells
(HPDEC) or adjacent non-tumor tissues (Figure 1D-E
and Figure S1A-B), suggesting that TRIM31 is
upregulated in human pancreatic cancer.
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Figure 1. TRIM31 overexpression correlates with progression and poor prognosis in human pancreatic cancer. (A) Expression profiling of mRNAs showing that
TRIM31 is upregulated in pancreatic cancer tissues (T) compared with non-tumor tissues (GSE62452; GSE60980; GSE28735). (B) Expression profiling of mRNAs showing that
TRIM3 1 is upregulated in pancreatic cancer tissues (T) compared with normal tissues (n =182; TCGA dataset, p < 0.05). (C) Kaplan—Meier analysis of overall (left) or disease-free
(right) survival curves from the TCGA dataset of patients with pancreatic cancer with low vs. high TRIM31 expression, p < 0.05. (D-E) Western blotting analysis of TRIM31
expression in two primary normal HPDEC lines, nine cultured pancreatic cancer cell lines (D), and in nine primary pancreatic cancer tissues (T) and their matched adjacent
non-tumor tissues (ANT) (E); a-Tubulin was used as protein loading control. (F) IHC staining indicating the TRIM31 protein levels in human pancreatic cancer compared with
pancreatic non-tumor tissue, (Scale bars: 100um). (G) The Kaplan-Meier overall (left) or disease-free (right) survival curves comparing pancreatic cancer patients with low and
high TRIM3 | expression levels (n = 89; P < 0.05). HPDEC, human pancreatic duct epithelial cells; IHC, imnmunohistochemistry; TCGA, The Cancer Genome Atlas.
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Furthermore, TRIM31 expression was examined
in 89 paraffin-embedded, archived pancreatic cancer
tissues and in 20 paraffin-embedded, archived
adjacent non-tumor tissues by an immuno-
histochemistry (IHC) assay. As shown in Figure 1F,
TRIM31 was markedly upregulated in pancreatic
cancer tissues, but was only marginally detectable in
adjacent non-tumor tissues. Importantly, statistical
analysis showed that patients with pancreatic cancer
with high TRIM31 expression had worse overall and
disease-free survival than those with low TRIM31
expression (Figure 1G). These results suggested that
TRIM31 has potential clinical value as a predictive
biomarker for disease outcome in pancreatic cancer.

Upregulation of TRIM31 conferred
gemcitabine resistance on pancreatic cancer in
vivo

Cancer relapse mainly stems from resistance to
chemotherapy. Interestingly, gene set enrichment
analysis (GSEA) revealed that TRIM31 overexpression
strongly correlated with gene signatures associated
with gemcitabine-based chemotherapy, suggesting
that TRIM31 overexpression might contribute to
gemcitabine-resistance in pancreatic cancer (Figure
2A).

To explore the function of TRIM31 in pancreatic
cancer chemoresistance, we used nude mouse models
to assess the anti-tumor effect of TRIM31 in pancreatic
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Figure 2. Upregulation of TRIM31 conferred gemcitabine resistance on pancreatic cancer in vivo. (A) GSEA plot indicating a significant correlation between the
mRNA levels of TRIM3 1 in pancreatic cancer and the gemcitabine resistance-related gene signatures in published datasets. (B) Representative images of tumor-bearing mice in
the indicated cells treated with gemcitabine (100 mg/kg). (C) Tumors from all the mice in the indicate cell (left) together with the mean tumor weights (right). (D) Tumor
volumes were measured on the indicated days. (E) IHC staining demonstrating the expression of TUNEL-positive cells in the indicated tissues (Scale bars: 100um). Each bar
represents the mean * SD of three independent experiments. * P <0.05. GSEA, gene set enrichment analysis; IHC, immunohistochemistry; TUNEL, terminal deoxynucleotidyl

transferase (TdT) dUTP nick-end labeling.
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cancer. Nude mice were subcutaneously inoculated
with  PANC-1/Vector and PANC-1-TRIM31,
PANC-1/Vector-shRNA and PANC-1/TRIM31-
shRNA respectively, and then treated with
gemcitabine twice per week as soon as the tumor
became palpable. As shown in Figure 2B-D and Table
S2, treatment with the TRIM31-shRNA plus
gemcitabine resulted in a significant reduction in
tumor growth; however, overexpression of TRIM31
resulted in a significant increase compared with that
in the control group. Furthermore, TRIM31
overexpression conferred marked resistance to
chemotherapy-induced apoptosis, as determined by
the decrease in the proportion of TUNEL*-cells
compared with that in the control group (Figure 2E).
However, silencing TRIM31 using TRIM31-shRNA
enhanced the cytotoxic effect of gemcitabine on
pancreatic cancer cells, which resulted in increased
TUNEL*-cells compared with those in the control
group (Figure 2E). However, we did not observe
significant alterations between the dysregulated-
TRIM31 group and the vector control group under
vehicle treatment in the in vivo experiments (Figure
S2C-E). Therefore, these results demonstrated that
TRIM31 overexpression contributes to pancreatic
cancer chemoresistance.

Upregulation of TRIM31 conferred
gemcitabine resistance on pancreatic cancer in
vitro

Abnormal regulation of apoptosis is one of the
important mechanisms of drug resistance. To
investigate the anti-apoptosis role of TRIM31 in
pancreatic cancer progression, PANA-1 and AsPC-1
cell lines, which stably express TRIM31, were
established (Figure S2A-B). Interestingly, the protein
level of cleaved caspase3 and PARP were significantly
decreased in TRIM31 overexpressing pancreatic
cancer cells but increased in TRIM31 downregulated
cells (Figure 3A). The percentage of apoptotic cells in
TRIM31-overexpressing pancreatic cancer cells
treated with gemcitabine was much lower than that in
the control cells, but much higher in the
TRIM31-silenced cells (Figure 3B). Moreover,
upregulation of TRIM31 drastically decreased the
gemcitabine-induced apoptosis rates and induced the
colony-forming capacity of PANA-1 and AsPC-1 cells
(Figure 3C). In contrast, the ICsp value for gemcitabine
was significantly decreased in TRIM31-over-
expression pancreatic cancer cells, but increased in
TRIM31-silenced cells (Figure 3D), suggesting that
TRIM31 enhanced the resistance of pancreatic cancer
cells to gemcitabine in vitro. Furthermore, we found
that overexpressing TRIM31 or silencing TRIM31 only
resulted in a slight change in the apoptosis rate of

pancreatic cancer cells without gemcitabine treatment
(Figure S2F, D). Taken together, these results
indicated that deregulation of TRIM31 is involved in
gemcitabine resistance of pancreatic cancer cells.

Upregulation of TRIM31 activates the NF-kB
signaling pathway in pancreatic cancer

Through analysis of TRIM31 mRNA expression
levels and NF-«kB-regulated gene signatures from two
collections of published pancreatic cancer profiles
(NCBI/GEO/GSE43795 and GSE35141), we found
that TRIM31 Gene ontology (GO) enrichment analysis
showed that NF-xB signaling pathway was enriched
in both datasets (Figure 4A). By analyzing TRIM31
mRNA expression levels and NF-xB-regulated gene
signatures from published profiles of patients with
pancreatic cancer, we found that TRIM31 expression
correlated positively with NF-xB signaling gene
signatures  (Figure 4B). In addition, the
overexpression of TRIM31 significantly enhanced the
activity of an NF-xB luciferase reporter, whereas
silencing of TRIM31 significantly reduced the reporter
activity (Figure 4B). Moreover, western blotting
revealed that the levels of nuclear p65 were
dramatically upregulated in TRIM31-overexpressing
cells, but were downregulated in TRIM31-silenced
cells (Figure 4C). Consistently, we also observed that
upregulation of TRIM31 substantially increased,
whereas downregulation of TRIM31 decreased, the
protein levels of phosphorylated-IKK-p and-IxBa
(Figure 4D). Furthermore, the mRNA and protein
levels of numerous well characterized anti-apoptotic
factors, as well as NF-xB downstream genes (BCL2,
XIAP, and SURVIVIN) increased in TRIM31
overexpressing cells, but were lower in
TRIM31-silenced cells (Figure 4E and Figure S4).
These results suggested that TRIM31 upregulates
anti-apoptosis genes in pancreatic cancer by
activating the NF-xB signaling pathway.

The NF-kB signaling pathway is required for
TRIM31-induced chemoresistance

To further validate that TRIM31-mediates
pancreatic cancer chemoresistance through NF-xB
activation, we blocked the NF-xB pathway in
TRIM31-overexpressing cells by overexpressing an
IxBa dominant negative mutant (IkBa-mut) or by
treatment with an NF-«B inhibitor. As expected, the
stimulatory effect of TRIM31 overexpression on
NF-xB activation was inhibited by IxkBa-mut and the
NF-xB inhibitor (Figure S3A). Strikingly, IkBa-mut or
treatment with an NF-xB inhibitor significantly
enhanced the effects of gemcitabine in vitro, as
determined by an ICsyp assay and Annexin V-FITC
assay, but decreased colony formation by the cells
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compared with that in the control group (Figure
S3B-D). We then investigated whether TRIM31-
mediated pancreatic cancer progression occurs via
NF-xB activation in vivo. Strikingly, treatment with an
NF-xB inhibitor significantly enhanced the effects of
gemcitabine in vivo, as determined by quantification

of bioluminescence signal, tumor volume, and
proportion of TUNEL*-cells compared with that in the
control group (Figure 5A-C). Taken together, these
results indicated that activation of the NF-xB
signaling pathway mediates the functional effects of
TRIM31 on pancreatic cancer drug resistance.
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Figure 3. Upregulation of TRIM31 conferred gemcitabine resistance on pancreatic cancer in vitro. (A) Western blotting analysis of cleaved caspase3 and PARP in
the indicated cells; a-tubulin was used as a loading control. (B) Annexin V-FITC and PI staining of the indicated cells treated with gemcitabine (50 uM) for 48 h. Each bar
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TRIM31 sustains NF-kB signaling pathway
activation

Previous studies have confirmed that TNF
stimulation rapidly induces the recruitment and
ubiquitination of tumor necrosis factor receptor-
associated factor 2 (TRAF2), RIP, and NEMO in the
NF-xB receptor complex, and this process is crucial
for TNF-induced NF-xB activation. Interestingly,
coimmunoprecipitation and western blotting assays
demonstrated that TRIM31 could form a complex
with TRAF2, suggesting that TRIM31 might be
involved in regulation of TNF-induced NF-xB
activation (Figure 5D). This interaction between
TRIM31 and TRAF2 was further confirmed by
checking their endogenous levels (Figure 5E). As
shown in Figure 5F, the K63-polyubiquitination levels
of TRAF2 were higher in TRIM31-transduced cells

and lower in TRIM3I-silenced cells than in the
corresponding control cells, suggesting that TRIM31
promotes ubiquitin conjugation in NF-xB signaling
(Figure 5F). Moreover, we found that the decreased
levels of IxB after TNFa treatment were significantly
prolonged in TRIM31-overexpressing cells and
reduced in TRIM31-silenced cells (Figure 5G). Taken
together, these results indicated that TRIM31
promotes ubiquitin conjugation of NF-xB signaling-
related proteins and sustains NF-«B activation.

Clinical relevance of TRIM31 induced NF-kB
activation in pancreatic cancer

The clinical relevance of TRIM31 expression and
NF-xB activation were further characterized in human
pancreatic cancer. As shown in Figure 6A and Table
S1, TRIM31 levels in ten freshly collected clinical
pancreatic cancer samples correlated positively with
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nuclear p65 signals (r = 0.65, P = 0.042) and the mRNA
expression of anti-apoptotic downstream genes: XIAP
(r = 0.65, P = 0.043), Bcl-xL (r = 0.74, P = 0.012) and
SURVIVIN (r = 0.66, P = 0.039). The correlation of
TRIM31 expression and nuclear p65, as an indicator of
NF-xB signaling activation, was further confirmed in
a cohort of clinical pancreatic cancer tissues using IHC
analysis (P < 0.01; Figure 6B). Importantly, statistical
analysis showed that patients with pancreatic cancer
with high p65 expression had worse overall and
disease-free survival than those with low p65
expression (Figure 6C). These data further supported
the notion that TRIM31 upregulation promotes
pancreatic cancer chemoresistance by activating the
NF-xB signaling pathway, which might lead to tumor
relapse and poor clinical outcome for patients with
pancreatic cancer.

Discussion

In this study, we presented the first
demonstration that TRIM31 overexpression conferred
gemcitabine resistance on pancreatic cancer, both in
vitro and in wvivo. Mechanically, TRIM31 over-
expression promotes K63-linked polyubiquitination
of TRAF2 and sustains the activation of NF-xB, which
subsequently activates multiple anti-apoptosis
downstream genes. More importantly, our study
demonstrated that inhibition of the NF-xB signaling
pathway significantly enhanced the sensitivity of
tumor cells to gemcitabine chemotherapy, resulting in
suppressed tumor growth. Hence, these findings
uncover a novel mechanism to activate NF-xB
signaling in pancreatic cancer, and suggest a
promising strategy for TRIM31 to enhance the
gemcitabine response during pancreatic cancer
chemo-resistance.
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Activated NF-xB signaling is associated with the
development and progression of pancreatic cancer
[27-29]. Over-activation of NF-kB pathway is
observed in 70% of pancreatic cancer cell lines, and in
most cases, canonical NF-xB activity is significantly
increased in pancreatic cancer tissues. Nomura et al.
reported that over-activation of NF-xB signaling
contributed to the modulation of epithelial-
mesenchymal transition induction, lymphovascular
invasion, and neural invasion in pancreatic cancer
[30]. Recently, it was shown that overexpression of G

protein-coupled  receptor  (GPR87)  promotes
proliferation and angiogenesis, and increased
resistance to gemcitabine-induced apoptosis of

pancreatic cancer in vitro and the tumorigenicity of
pancreatic cancer cells in vivo by activating the NF-«xB
signaling pathway [31]. Importantly, pancreatic
cancer with highly activated NF-xB displays
aggressive pathological features and has poor
treatment outcomes. Although small molecule

inhibitors of NF-«xB have not yet progressed to clinical
trials, several researchers have studied the inhibition
of NF-xB using in vitro and in vivo models of
pancreatic cancer. Blockade of the NF-xB pathway not
only inhibits pancreatic cancer proliferation,
epithelial-mesenchymal transition properties, and
invasion capacity, but also increases the sensitivity of
pancreatic cancer cells to chemotherapeutic drugs [30,
32]. These studies demonstrated that NF-«B activation
plays an important role in pancreatic cancer
progression. Accordingly, further understanding of
the pathways that regulate the NF-xB pathway may
provide novel therapeutic targets for pancreatic
cancer. In the present study, we found that TRIM31
promoted Ké63-linked polyubiquitination of TRAF2
and sustained the activation of NF-xB. Consistently,
overexpressing TRIM31 dramatically enhanced,
whereas silencing TRIM31 inhibited, pancreatic
cancer sensitivity to gemcitabine, both in vitro and in
vivo. Therefore, our results represent a novel
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mechanism of NF-xB activation in pancreatic cancer,
and indicated that targeting TRIM31 might lead to the
development of a novel therapeutic strategy for
patients with pancreatic cancer.

The family of tripartite motif (TRIM)-containing
proteins is defined as a subfamily of the RING type E3
ubiquitin ligase family and contains more than 70
members in humans. TRIM family proteins are
involved in a wide range of biological processes, and
their alterations are associated with diverse
pathological conditions, such as developmental
disorders, viral infections, and tumorigenesis [33, 34].
For example, TRIM19 is localized in promyelocytic
leukemia (PML)-nuclear bodies (PML-NBs) in the
nucleus and regulates the response to various cellular
stresses, DNA repair, and viral infection [35, 36].
TRIM25 is abundantly expressed in multiple female
tumors, including osteoblasts, breast, and ovarian
cancers, and its overexpression not only promotes
cancer development and progression, but also
correlates with poor prognosis in patients with cancer
[37, 38]. Urano et al. reported that overexpression of
TRIM25 causes G2 arrest by mediating ubiquitylation
and degradation of 14-3-3c in breast cancer [39].
Additionally, Horn et al. showed that TRIM32
overexpression was coupled to the inhibition of TNF
and ultraviolet (UV) irradiation-induced apoptosis,
and that the upregulation of TRIM32 promoted
UVB-induced squamous cell carcinomas proliferation,
motility, and transformation [40]. Consistently, we
found that TRIM31 was upregulated in pancreatic
cancer and that TRIM31 overexpression promoted
pancreatic cancer cells drug tolerance, both in vitro
and in wvivo, which is in agreement with
oncogenic-effect of TRIM family members. However,
the mechanism of TRIM31 upregulation in pancreatic
cancer remains unknown. Interestingly, TCGA
analysis showed that TRIM31 is highly amplified
(33.2%) in pancreatic cancer. At the same time,
according to the ECR Browser (https://ecrbrowser.
dcode.org/), high levels of NF-xB could be recruited
to the promoter region of TRIM31. These findings
suggested that overexpression of TRIM31 in
pancreatic cancer might be associated with genomic
amplification or NF-xB-mediated transcriptional
regulation. Thus, it will be of great interest to further
study the mechanism of TRIM31 upregulation in
pancreatic cancer.

With respect to the multitude of anti-apoptotic
pathways in pancreatic cancer, many molecular
targets might have high potential as novel therapy
strategies. Huang et al. showed that obatoclax
potentiates TRAIL-mediated apoptosis by
unsequestering Bak and Bim from Bcl-2/Bcl-x(L)
proteins, subsequently enhancing Bid-mediated

cross-talk between the mitochondrial and death
receptor-mediated apoptotic pathways [41]. Vogler
and colleagues provide evidence that XIAP inhibitors
prime pancreatic carcinoma cells for TRAIL-induced
apoptosis and potentiate the antitumor activity of
TRAIL against established pancreatic carcinoma.
Using the chicken chorioallantoic membrane model,
Vogler also demonstrated that XIAP inhibition
significantly enhances TRAIL-mediated apoptosis
and suppression of pancreatic cancer growth, both in
vitro and in vivo [42, 43]. Collectively, these findings
establish a strong rationale for therapeutic targeting of
anti-apoptotic  signaling in pancreatic cancer.
Therefore, uncovering a novel regulatory molecule
that can simultaneously regulate these anti-apoptotic
genes might be a promising strategy to overcome
anti-apoptotic resistance in the treatment of
pancreatic cancer. Our data demonstrated that
TRIM31 overexpression in pancreatic cancer activates
the NF-xB signaling pathway, resulting in the
upregulation of multiple anti-apoptosis downstream
genes. Meanwhile, inhibition of TRIM31 sensitized
pancreatic cancer cell lines to gemcitabine cytotoxicity
by inactivating the NF-xB signaling pathway, which
in turn resulted in downregulation of the
anti-apoptosis downstream genes. These data
suggested that TRIM31 could contribute to NF-«B
activation and thereby represents a novel target for
anti-apoptosis resistance in pancreatic cancer.

Studies have demonstrated that TRIM family
proteins may have distinct functions in different cell
types. For instance, overexpression of TRIM25 could
promote proliferation and invasion of colorectal
cancer cells through TGF-$ signaling. However,
upregulation of TRIM25 inhibits hepatocellular
carcinoma progression by targeting metastasis
associated 1 protein [44-45]. Similarly, TRIM31 was
also found to be downregulated in non-small cell lung
cancer and ovarian cancer, in which it serves as a
potential tumor suppressor, but upregulated in
gastric cancer and hepatocellular carcinoma, in which
it functions as an onco-protein [46-49]. Collectively,
these findings suggest that whether TRIM31 functions
as a tumor suppressor or as onco-protein depends on
the tumor type. In the current study, we found that
higher TRIM31 expression was associated with a
shorter survival and earlier relapse survival in
patients ~ with  pancreatic = cancer. = TRIM31
overexpression in tumor cells conferred gemcitabine
resistance on pancreatic cancer, whereas, inhibition of
TRIM31 sensitized pancreatic cancer cell lines to
gemcitabine both in vitro and in vive. TRIM31
promoted Ké63-linked polyubiquitination of tumor
necrosis factor receptor-associated factor 2 (TRAF2)
and sustained the activation of nuclear transcription
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factor kappa B (NF-xB) in pancreatic cancer cells.
Thus, these findings reveal a novel mechanism for
constitutive NF-xB activation in pancreatic cancer,
and also highlight an important oncogenic role for
TRIM31 in pancreatic cancer progression and
chemoresistance.

In summary, our results provide evidence that
overexpression of TRIM31 in human pancreatic
cancer might be important in the acquisition of a drug
resistance/poor prognosis phenotype. This suggested
that TRIM31 functions as an oncoprotein in pancreatic
cancer progression and may serve as a novel potential
therapeutic biomarker. Furthermore, the functional
and mechanistic studies of TRIM31 presented in this
study indicated that TRIM31 plays a critical role in
controlling pancreatic cancer gemcitabine resistance
by activating the NF-«B signaling pathway. Therefore,
understanding the biological function and molecular
mechanisms of TRIM31 in pancreatic cancer
progression and chemoresistance may establish
TRIM31 as a potential therapeutic target for the
treatment of pancreatic cancer.
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