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Abstract

Pancreatic cancer is a highly malignant tumour of the digestive tract which is diffi-
cult to diagnose and treat. Approximately 90% of cases arise from ductal adenocar-
cinoma of the glandular epithelium. The morbidity and mortality of the disease have
increased significantly in recent years. Its 5-year survival rate is <1% and has one of
the worst prognoses amongst malignant tumours. Pancreatic cancer has a low rate of
early-stage diagnosis, high surgical mortality and low cure rate. Selenium compounds
produced by selenoamino acid metabolism may promote a large amount of oxidative
stress and subsequent unfolded reactions and endoplasmic reticulum stress by con-
suming the NADPH in cells, and eventually lead to apoptosis, necrosis or necrotic cell
death. In this study, we first identified DIAPH3 as a highly expressed protein in the
tissues of patients with pancreatic cancer, and confirmed that DIAPH3 promoted the
proliferation, anchorage-independent growth and invasion of pancreatic cancer cells
using overexpression and interference experiments. Secondly, bioinformatics data
mining showed that the potential proteins interacted with DIAPH3 were involved in
selenoamino acid metabolism regulation. Selenium may be incorporated into seleno-
protein synthesis such as TrxR1 and GPX4, which direct reduction of hydroperoxides
or resist ferroptosis, respectively. Our following validation confirmed that DIAPH3
promoted selenium content and interacted with the selenoprotein RPL6, a ribosome
protein subunit involved in selenoamino acid metabolism. In addition, we verified that
DIAPH3 could down-regulate cellular ROS level via up-regulating TrxR1 expression.
Finally, nude mice xenograft model experimental results demonstrate DIAPH3 knock
down could decrease tumour growth and TrxR1 expression and ROS levels in vivo.
Collectively, our observations indicate DIAPH3 could promote pancreatic cancer pro-

gression by activating selenoprotein TrxR1-mediated antioxidant effects.

Yefei Rong, Jie Gao, and Tiantao Kuang contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

J Cell Mol Med. 2021;25:2163-2175.

wileyonlinelibrary.com/journal/jcmm 2163


www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0002-3096-7883
mailto:﻿
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
mailto:peries@csu.edu.cn
mailto:Lou.wenhui@zs-hospital.sh.cn

RONG ET AL.

2164
26 | WiLEy

KEYWORDS

DIAPH3, pancreatic cancer, Selenoamino Acid Metabolism, TrxR1

1 | INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the third most fatal tu-
mour in the United States. It is estimated that the deaths from pan-
creatic cancer will be second only to lung cancer by 2030.! However,
due to lack of effective treatment, the 5-year survival rate of PDAC
patients is still lower than 7%. Gemcitabine is a nucleoside analog
that received FDA approval in 1997, and it is still a medicine used
in the standard treatment of pancreatic cancer.?® Adjunctive ther-
apies with Paclitaxel and Erlotinib show a limited curative effect in
the treatment of pancreatic cancer.*® Other treatment options for
pancreatic cancer (such as FOLFIRINOX) are highly toxic and only
applicable to some patients.® At present, the main genetic driving
factors of PDAC have been identified,” of which KRAS is the main
driver mutation, and the mutations of several other tumour suppres-
sor genes such as TP53, CDKN2A, SMAD4, BRCA2 and TGFBR2
can promote tumour progression. Unfortunately, as yet there are no
targeted medications for these cancer-driven genes; therefore, it is
difficult to design an effective treatment method for PDAC. Only a
small proportion of clinically relevant mutations may benefit from
existing targeted therapies.®

Both mouse and human Formin family proteins contain 15 Formin
proteins, characterized by the presence of two formin homology
domains. By interacting with the growing ends of actin filaments,
Formins can protect it from capping, catalyse the polymerization of
actin and regulate the formation of filamentous pseudopods’?? to
support the establishment and maintenance of cell polarity during the
development process and in response to disease. Diaphanous formins
(including Diaph1, 2 and 3 in mammals) are a subgroup of the Formin
family that is homologous to the fruit fly diaphanous gene.13 Diaph1-3
exists in two forms. In an inactivated ‘locked’ form, the carboxy-ter-
minal diaphanous self-regulating domain interacts with the upstream
inhibitory domain. The binding of the small GTPase to the GTPase-
binding domain disrupts the interaction between the inhibitory do-
main and the diaphanous self-regulatory domain, and releases the
protein ends, thereby promoting the activation of the Diaph protein.'*

In Drosophila, mutations in the diaphanous gene cause defects
in gamete genesis and neuroblast formation, which are accompa-
nied by defects in cell division caused by polyploids.'® In mammals,
Diaph1-3 mutations are associated with local actin cytoskeletal dys-
functions. For example, in Diaph1 and 2 double-knockout (Diaph1-2
dko) mice, the radial migration and layer formation of cortical ex-
citatory neurons are basically unaffected, while the tangential mi-
gration of cortical interneurons and neuroblasts is impaired from

the adult neurogenic subventricular zone (VZ) to the olfactory bulb.

F-actin tissues are destroyed in the migrated interneurons and pos-
terior neuroblasts, thereby weakening the centrosome and nucleus
translocation.!® Diaph3 is accumulated in the cleavage furrow from
the anaphase to the telophase of cell division, and its depletion in the
dividing cells in vitro will affect the F-actin content of the equatorial
plate region.*?'’ In Diaph3-deficient mice, erythroid cells differenti-
ate normally, but in the telophase of erythroblast cell division, as the
actin has not accumulated as much in the cleavage furrow, the prog-
eny cells cannot be separated. Diaph3 overexpressed mice showed
internal abnormalities in hair cells. These mice exhibited hearing loss,
suggesting that Diaph3 plays an important role in the assembly and/
or maintenance of actin filaments in stereocilia. In humans, muta-
tions in the 5'-untranslated region of the messenger RNA encoding
DIAPH3 cause an increase in the expression level of DIAPH3 protein
by two to three times compared to normal levels, leading to delayed
progressive deafness, which is known as a non-syndrome dominant
chromosome inheritance of auditory neuropathy 1.28 In addition, ho-
mozygous mutations in the DIAPH3 gene (maternal genetic deletion
of 13qg and point mutations in the paternal copy) are associated with
autism. In addition to its well-documented role in the actin cytoskel-
eton, in vitro studies have demonstrated that Diaph3 is associated
with the dynamics of microtubules (MTs). Diaph3 is co-localized with
stable MT, and its overexpression is sufficient to generate and tar-
get stable MT14. Diaph3 can directly bind (and stabilize) MTs in a
way that is independent of actin nucleation.!”?° In some literatures,
it was reported that Diaph3 interacts with MT tip protein EB1 and
colorectal adenomatous polyposis genes (APC) to function as a scaf-
folding of proteins.?*

The function of DIAPH3 in tumours differs depending on the
tumour type. In prostate and breast cancer cells, DIAPH3 induces
nuclear morphological instability and promotes malignant tumour
phenotypes.?? Consistently, DIAPH3 promotes the growth, migra-
tion and metastasis of liver cancer cells by activating the p-catenin/
TCF signalling pathway.?® Furthermore, in mouse models, interfer-
ence with DIAPH3 promotes the invasion and metastasis of tumour
cells.?*?° The DIAPH3 overexpression inhibits the metastasis and in-
vasive ability of triple-negative breast cancer by inhibiting the expres-
sion of RhoA-GTP.2® However, the specific mechanism of DIAPH3 in
the occurrence and development of pancreatic cancer is still unknown.

Excess cytosolic ROS is eliminated by peroxiredoxins using re-
ducing power from thioredoxin reductase-1 (TrxR1, TXNRD1) or
by glutathione peroxidases using reducing power from glutathione

).27 TrxR1 is a key enzyme for redox control of cell

reductase (Gsr
function and antioxidant capacity. Many cancer cells have high lev-

els of TrxR1 as a means of surviving their increased endogenous
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oxidative stress. Thus, TrxR1 is a promising target for improved can-
cer therapy.?®

In this study, we investigated the expression pattern, function
and molecular mechanism of DIAPH3 in pancreatic cancer, and our
observations indicate DIAPH3 could promote pancreatic cancer
progression by activating selenoprotein TrxR1-mediated antioxidant
effects.

2 | MATERIALS AND METHODS
2.1 | Cell culture

All PDAC cell lines were provided by Professor Yue-zhen Deng from
Xiangya Hospital, Central South University. PDAC cell lines were
cultured in DMEM (Gibco) medium containing 10% FBS (Gibco). All

cell lines were cultured in a 37°C, 5% CO2 cell incubator.

2.2 | mRNA extraction and Real-time PCR

mRNA was extracted using a TRIzol reagent (Invitrogen, 15 596-
026). A reverse transcription kit was used to reversely transcribe
cDNAs for Real-time PCR. The amplification reaction was carried
out using a Bio-Rad system. The reaction system was 20 pl, includ-
ing10 pl of SYBR Green Mix, 10 pM forward and reverse primers,
1 pl each, 2 pl of template and 6 pl of ribozyme-free water. The reac-
tion programme was as follows: 95°C for 3 minutes followed by 40
cycles of the reaction, each cycle comprised 95°C for 10s, 60°C for
30s. In order to determine the amplification specificity, the amplifi-
cation products of each primer pair were subjected to melting curve
analysis.

The primer sequences used were as follows:

DIAPH3

Forward: 5'- GAAACACGGTTGGCAGAGTCT-3’;

Reverse: 5- GTGGCCGTAGTCTCTTCACA-3’°

B-actin:

Forward : 5- GATCATTGCTCCTCCTGAGC-3’;

Reverse: 5-ACTCCTGCTTGCTGATCCAC-3'°

2.3 | Whole protein extraction with western blot

After washing with pre-cooled PBS, cells were lysed with a RIPA
lysis buffer (1% NP-40, 0.1% SDS, 0.5% deoxycholate, 50mM
Tris (pH 7.4), Protease Inhibitor Cocktail) for 15 min on ice. After
the cells were completely lysed for 15 minutes, the mixture was
then centrifuged for 15 min at 4°C, and the supernatant was then
transferred. The protein concentration in the lysate was quantita-
tively analysed with a BCA (Sigma) reagent. The quantified protein
was adjusted to the same concentration according to the result
of quantitative analysis, then a 4 x loading buffer was added and

mixed, and the protein was denatured at 100°C for 5 min. After

it was slightly cooled and centrifuged, the protein was subjected
to SDS-PAGE gel electrophoresis. After electrophoresis, the pro-
teins on the SDS-PAGE gel were transferred to PVYDF membranes
(polyvinylidene difluoride membranes, Millipore), and then the
target protein bands were cut and blocked at room temperature
for 1 hour with TBST containing 5% skim milk powder(25 mM Tris,
150 mM NacCl, 0.05% Tween-20, pH 7.5), then incubated overnight
at 4°C with primary antibodies. The primary antibodies used were
DIAPH3 (Abcam), Tubulin (Santa Cruz). The following day, after
washing three times with TBST, a secondary antibody was added
for incubation for 1 hour at room temperature, and washed three
times with TBST, then developed with a millipore luminescent
solution.

2.4 | ICP-MS analysis

Cells were washed and acid digested. Plates were rapidly washed
three times with 100 ml per well of TE buffer (10 mM Tris pH 7.4,
1 mM EDTA). Digestion mix (100 ml per well) was added to all wells
and contained 1.5% nitric acid (w/v), 1.5% hydrogen peroxide (w/v)
and 50 p.p.b. Ga as an internal standard. Finally, plates were placed
in a humidified incubator at 70°C for 2 h. All digested plates were
sealed to prevent evaporation and stored at -80°C until ICP-MS
analysis. ICP-MS analyses were performed at Shanghai USEN
Biological Technology Co., Ltd equipped with Agilent Technologies
ICP-MS 7500cs (Santa Clara, CA) and a ESI SC-4 high-throughput

autosampler.

2.5 | RNA interference

pLKO.1 lentiviral vector was used to construct shRNA targeting the
human DIAPH3 gene in PDAC cells. In order to effectively knock
down the expression of DIAPH3 in PDAC cells, we designed and
synthesized complementary oligonucleotides, which were annealed
and complemented to the linearized pLKO.1 vector. We shared
the following two pairs of oligonucleotides for the synthesis of
DIAPH3-shRNA.

sh DIAPH3-1:

F:

5-CCGGCGTGTCAGAATAGCTAAAGAACTCGAGTTCTTTA
GCTATTCTGACACGTTTTTTG-3'

R:

5-AATTCAAAAAACGTGTCAGAATAGCTAAAGAACTCGAG
TTCTTTAGCTATTCTGACACGS3’

sh DIAPH3-2:

F:

5-CCGGGCTCAGTGCTATTCTCTTTAACTCGAGTTAAAGAG
AATAGCACTGAGCTTTTTTG-3'

R:

5-AATTCAAAAAAGCTCAGTGCTATTCTCTTTAACTCGAGTT
AAAGAGAATAGCACTGAGC-3’
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2.6 | CCK-8 proliferation assay

Cells in a logarithmic growth phase were inoculated into a 96-well
plate, 10° cells in each well, and three replicates were established for
each group. On the first, third and fifth days, CCK-8 was added on
a 1:10 (by volume) ratio of CCK-8:culture medium, and incubated at
37°C for 1 h. The absorbance was measured at a wavelength of 460.

2.7 | Transwell invasion assay

70 L of Matrigel diluted with a basal medium (100:3) was added to
the centre of the bottom membrane of the upper chamber and incu-
bated at 37°C for 30 minutes to solidify. A cell suspension was pre-
pared with a culture solution containing 0.1% FBS, and its density was
adjusted to 5 x 10° cells/ml. Then, 200 uL of the cell suspension was
inoculated into the upper chamber, and 500 pL of a medium contain-
ing 10% FBS was added to the 24-well lower chamber, then placed
in an incubator at 37°C and 5% CO2 for 48 hours, then subsequently
fixed with 4% paraformaldehyde and stained with crystal violet. Five
fields of view were randomly selected for observation by a 20-fold
microscope, then photographed and counted with Image J software to

calculate the relative invasion rate.

2.8 | Colony formation in soft agar

Double-layer agar was used in a 24-well plate, and the lower layer of
agar was used to isolate the plate bottom. 1 x 10° cells were mixed
with the upper layer of agar and then inoculated into the 24-well plate.
Two weeks later, the non-anchored growth condition of cells was ob-
served and photographed, and then statistical analysis was performed.

2.9 | Silver staining

A Beyotime silver staining kit was used for silver-staining analysis.

2.10 | Bioinformatics analysis

The DIAPHS interacting protein network diagram was drawn with
cytoscape software. The GO analysis of the DIAPH interacting
protein was detected with mass spectrometry and the network
construction of the interacting proteins was completed using the
Metascape website (http://metascape.org/gp/index.html#/main/

stepl) and visualized with Cytoscape.

2.11 | Measurement of ROS

Intracellular accumulation of ROS was determined using the fluores-
cent probes 2', 7-dichlorodihydrofluorescein diacetate (H2DCFDA).

Miapaca-2 and CFPAC-1 cells were pretreated with 20 pM H202
for 30 minutes. Cells were then stained with the fluorescent dye
DCFDA for an additional 10 minutes. Then, cells were washed in PBS
twice, and fluorescence was detected by fluorescence microscope.
Meanwhile, the ROS levels were measured by flow cytometry and

analysed using the FlowJo software.

2.12 | Mouse models

All the experimentation for animals was approved by Animal Ethics
Committee of Fu Dan University, following the Guidelines of Animal
Handling and Care in Medical Research from Shang Hai, China. For
human PDAC xenograft model, 6-8 weeks old male nude mice were from
Hunan SJA Laboratory animal company. Mia Paca-2 cells (1.7 x 106) or
CFPAC-1 cells (3.0 x 106) virally transformed with control vector or sh-
DIAPH3 were injected into the left (shDIAPH3) and right (control vector)
flank of nude mice for PDAC tumour formation, respectively.

2.13 | IHC staining assay

The samples of PDAC tissue arrays or syngeneic tumour were
subjected to heat-mediated antigen retrieval in 0.01 mol/l cit-
rate buffer (pH 6.0). After cooling to room temperature, samples
were treated successively with 1% methanol/30% H,0, to block
endogenous peroxidase and 5% bovine serum albumin to block
nonspecific binding sites. After rinsing with PBS, they were incu-
bated overnight at 4°C with the Rabbit-anti-DIAPH3 or Rabbit-
anti-TrxR1 primary antibody. The sections were then rinsed with
PBS and incubated with the HRP conjugated secondary antibody
for 30 min at room temperature. Then the sections were washed
and incubated with DAB (Abcam, Cambridge, UK) and were ter-
minated by rinsing with distilled H,O. Finally, the samples were

counterstained with haematoxylin.

3 | RESULTS

3.1 | DIAPHS3 Expression was up-regulated in
Pancreatic Cancer

Pancreatic cancer has a high malignancy and poor survival prognosis.
Therefore, the study on the effect of cancer-promoting genes on the
occurrence and development of pancreatic cancer and further un-
derstanding of its mechanism can provide better basis for the treat-
ment of pancreatic cancer. According to the database GEPIA (Gene
Expression Profiling Interactive Analysis), we found that the DIAPH3
expression was significantly up-regulated in pancreatic cancer, and the
expression level of DIAPH3 in tumour tissues of patients with pancre-
atic cancer was 6-7 times that of normal tissue (Figure 1A). We fur-
ther analysed the data in the TCGA database UALCAN and confirmed

the up-regulated expression of DIAPH3 in pancreatic cancer, and this
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FIGURE 1 The expression of DIAPH3 was up-regulated in pancreatic cancer (A) The mRNA expression level of DIAPH3 in patients

with pancreatic cancer in the GEPIA database. Left (red): tumour (N = 179); right (grey): normal (N = 171), P < 0.05, error bars denote

mean + SEM. (B) mRNA expression levels of DIAPH3 in different grades of pancreatic cancer in TCGA samples of pancreatic cancer in the
UALCAN database, error bars denote mean + SEM, ***P < 0.001; N.S, no significant. (C) Immunohistochemical analyses of DIAPH3 in
patients’ pancreatic tissue. (D) Quantification of IHC score in (C), (five fields each; mean + SEM.; paired t test). (E) Survival analysis based

on the level of DIAPH3 expression in pancreatic cancer patients in TCGA database. (F) Survival analysis based on the level of DIAPH3
expression in pancreatic cancer patients in the GEPIA database. *P < 0.05, ***P < 0.0001, Mann-Whitney test. All experiments were
repeated three times. (G) mRNA expression levels of DIAPH3 in pancreatic cancer cell lines, Error bars denote mean + SEM. (H) Expression
of DIAPHS3 protein levels in pancreatic cancer cell lines (normal pancreatic ductal cells: HPDE; PDAC cells: Capan-1, Miapaca-2, PATU8988t,

CFPAC-1, Panc01, SW1990, HPAC)

up-regulation multiple gradually increased along with the progression
of pancreatic cancer (Figure 1B). In support of this data-mining result,
we verified DIAPH3 was overexpressed in pancreatic tumour tissues
over adjacent tissues with paired clinical samples (Figure 1C-D). Further
analysis showed that patients with high expressions of DIAPH3 in pan-

creatic cancer had a shorter survival than patients with low expressions

(Figure 1E and Figure 1F). gPCR result showed that the transcription
level of DIAPH3 in several pancreatic cancer cells was higher than that
of normal pancreatic cells HPDE (Figure 1G), and a similar conclusion
was obtained at the protein level (Figure 1H). Overall, the expression
of DIAPHS3 is up-regulated in pancreatic cancer and may be closely as-

sociated with the occurrence and development of pancreatic cancer.
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FIGURE 3 DIAPH3 promotes the invasion of pancreatic cancer cells. (A and C) (A) Detection of the invasive efficiency of DIAPH3
overexpressing cell line SW1990 established in FIG2A using a Transwell assay and statistical analysis was presented in (C), Error bars
denote mean + SEM. (B and D) Detection of the invasive capacity of DIAPH3 knock down cell line of pancreatic cancer cells Mia Paca-2 and
CFPAC-1 established in FIG2C using a Transwell assay (B) and statistical analysis (D) Error bars denote mean + SEM. ***P < 0.0001, Mann-

Whitney test. All experiments were repeated three times

3.2 | Proliferation of pancreatic cancer cells was
promoted by DIAPH3

In order to further study the function of DIAPH3 in pancreatic can-
cer cells, we established a stable overexpressing cell line of DIAPH3
in pancreatic cancer cells SW1990 and Miapaca-2 (hereinafter re-
ferred to as Mia Paca-2) (Figure 2A and Figure S1A). The cell prolifera-
tion rate was measured with a CCK8 assay, and it was found that the

proliferation rate of pancreatic cancer cells overexpressing DIAPH3
was significantly higher than that of the control cells. The same results
were observed in both SW1990 and Mia Paca-2 pancreatic cancer cells
(Figure 2B and Figure S1B). In order to further verify the functions of
DIAPHS3 in promoting the proliferation of pancreatic cancer, we de-
signed an shRNA targeted to human DIAPH3, constructed DIAPH3
stable knock down cell line in Mia Paca-2 and CFPAC-1 cells and tested

its knock down efficiency using Western Blot (Figure 2C). Compared
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with control cells, both shRNAs can effectively knock down DIAPH3
in different cell lines. After knocking down DIAPH3 in pancreatic can-
cer cells, its proliferation rate was significantly inhibited (Figure 2D).
We then constructed another two DIAPH3 knock down cell lines in
SW1990 and HPDE. In accordance with these two knock down cell
lines results, knock down of DIAPHS3 significantly decreased prolifera-
tion capacity of SW1990 and HPDE cells (Figure S1C-F). Collectively,
we regulated the expression level of DIAPH3 in pancreatic cancer cells
and found that DIAPH3 could indeed promote the proliferation of pan-

creatic cancer cells.

3.3 | DIAPHS3 promotes pancreatic cancer
cell invasion

Pancreatic cancer has an extremely low survival rate because of its
high degree of malignancy and the subsequent multiple metastases
during the early stages. Therefore, we should study the metastasis
of pancreatic cancer in addition to its occurrence and development.
Given that we have discovered the regulatory function of DIAPH3
on the proliferation of pancreatic cancer cells (Figure 2), we further
investigated the effect of DIAPH3 on the invasive capacity of pan-
creatic cancer cells. We used the cell lines established in pancreatic
cancer cells to conduct our study and found that DIAPH3 could regu-
late the invasive capacity of pancreatic cancer cells. The cell invasive
capacity was detected using a Transwell assay. After overexpressing
DIAPH3 in pancreatic cancer cells, its invasive capacity was greatly
enhanced, which was verified in SW1990 cell lines (Figure 3A and C),
while DIAPHS3 did not affect cell proliferation under this low serum
culture concentration (0.1%) within 48 hours (Figure S2A), which
rules out the possibility of false-positive observation of DIAPH3
enhanced invasion resulted from DIAPH3-induced proliferation. In
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formation and non-anchored growth
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C) (A) Non-anchored growth ability of
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order to further confirm this function, we also used pancreatic can-
cer cell lines Mia Paca-2 and CFPAC-1 with DIAPH3 knock down to
conduct a study and found that the invasive capacity of pancreatic
cancer cells was greatly weakened after knock down of DIAPH3
(Figure 3B and D), likewise, DIAPH3 did not have an impact on cell
proliferation of Mia Paca-2 and CFPAC-1 under this low serum cul-
ture concentration (0.1%) within 48 hours (Figure S2B and C). In
summary, DIAPH3 can promote the invasive capacity of pancreatic
cancer cells.

3.4 | DIAPH3 promotes tumour formation/non-
anchored growth of pancreatic cancer cells

After confirming the effect of DIAPH3 on the occurrence and me-
tastasis of pancreatic cancer, we further confirmed its effect on the
development of pancreatic cancer. When overexpressing DIAPH3,
the non-anchored growth ability of pancreatic cancer cells SW1990
was significantly up-regulated (Figure 4A and C). Similarly, when we
knocked down DIAPH3 in pancreatic cancer cells Mia Paca-2 and
CFPAC-1, the non-anchored growing ability of pancreatic cancer
cells was significantly blocked (Figure 4B and D). Therefore, it is pos-
sible to inhibit the progression of pancreatic cancer through DIAPH3

interference.

3.5 | bioinformatic analysis shows DIAPH3
may promote pancreatic cancer progression via
regulation of selenoamino acid metabolism

In order to study the molecular mechanism of DIAPH3 in promot-
ing the progression of pancreatic cancer, we screened DIAPH3
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interaction proteins by mass spectrometry (Figure 5A). A total of indicating that DIAPH3 may affect the metabolism of selenoamino
116 DIAPHS-specific interacting proteins were identified by mass acids in pancreatic cancer. We further investigated the GO analy-

spectrometry (Table S1), among which RPS8, IARS, RPL4, RPL6 and sis results and performed similarity correlation of significantly en-
RPS2 are top 5 most identified proteins. Through GO analysis on the riched GO terms in the interacting proteins, and found that genes
Metascape website, we found that the interacting proteins of DIAPH3 of the selenoamino acid metabolic pathways were independent of

were mainly selenoamino acid metabolic enzymes (Figure 5B, C, E, F), the GO terms of other enrichment analysis compared with other
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FIGURE 5

Identification and bioinformatic analysis of candidate proteins interacted with DIAPH3. (A) The silver-staining diagram of

DIAPH3-interacted proteins with CO-IP assay. (B) Proteins interacted with DIAPH3 identified with Mass spectrometry were presented
using Cytoscape software. The colour of each node was denoted according to the value of PSM (Peptide-Spectrum Match). (C) GO analysis
of DIAPHS interacting proteins, sorted according to the p value. (D-E-H) Network display of DIAPH3 interacting protein. Network nodes
represented terms analysed by GO. (D) Similar terms in GO classification were given the same colour. (E) Terms with similar P values in the
GO classification were given the same colour. (F) By extracting the interaction relationship between the DIAPH3 interacting proteins in the
BioGrid, InWeb_IM and OmniPath databases, the interacting proteins were divided into 5 MCODE subnetworks according to the closeness
of the interaction relationship using the Molecular Complex Detection (MCODE) algorithm, and the final graphic display was performed by
cytoscape software. (G) Validation of the exogenous interaction of DIAPH3 with RPL6 using CO-IP assay. (H) Detecting the interaction of
endogenous DIAPH3 with exogenous HA-RPL6 in pancreatic cancer cell (SW1990) by CO-IP assay. (I) Verifying the endogenous interaction

of DIAPH3 with RPL6 in pancreatic cancer cell (SW1990) by CO-IP assay

DIAPH3 interacting proteins with a smaller P value; therefore, it
showed an extremely significant enrichment (Figure 5D, E, G, H).
Further, we performed a networking display of the proteins obtained
by GO enrichment analysis by using the protein interaction relation-
ships in the three protein interaction databases BioGrid, InWeb_IM
and OmniPath, and found that the genes of the selenoamino acid
metabolic pathways that interact with NIDPH3, such as RPL23,
RPL31, RPL14 could also interact with each other, and the Molecular
Complex Detection (MCODE) algorithm indicated that most genes
of the selenoamino acid metabolic pathway were aggregated into
subnetwork 1 (Figure 5F, MCODE_1). Therefore, we speculated that
DIAPH3 may interact with key genes of various selenoamino acid
metabolic pathways in pancreatic cancer to significantly impact the
functions of genes related to selenoamino acid metabolic pathways,
and promote selenoprotein (such as TrxR1 or GPX4) synthesis, which
direct reduction of hydroperoxides or resist ferroptosis, respectively.
Moreover, we conducted CO-IP assay and validated the interac-
tion of exogenous DIAPH3 with exogenous RPL6, and endogenous
DIAPH3 with exogenous/endogenous RPL6 (Figure 5G, H and 1) in
PDAC cell. However, we failed to validate the potential interaction
between DIAPH3 and any protein of RPS8, IARS, RPL4 and RPS2
with Co-IP (data not shown).Thus, DIAPH3 may be involved in sele-
nium metabolism of PDAC cells via interaction with RPL6.

3.6 | DIAPH3 promotes malignant phenotype of
PDAC cells via promoting selenoprotein TrxR1-
mediated antioxidant effects

In order to investigate the accurate molecular mechanism under-
lying regulation of selenoamino acid metabolism by DIAPH3, we
first explored the potential regulation of selenium metabolism and
selenoprotein TrxR1 and GPX4 by DIAPH3. Interestingly, we veri-
fied knock down or overexpression of DIAPH3 could significantly
decrease or increase selenium levels in PDAC cells (Figure 6A and B).
In addition, DIAPH3 knock down could significantly decrease TrxR1
expression in Mia Paca-2 and CFPAC-1 cells (Figure 6C and D, Figure
S3B) and overexpression of DIAPH3 could increase the expression
of TrxR1 in SW1990 cells (Figure 6E). However, GPX4 expression
was not impacted by overexpression or knock down of DIAPH3
(Figure S3A). Thus, DIAPH3 may promote TrxR1 expression via in-

creasing selenium levels in PDAC cells. TrxR1 belongs to the pyridine

nucleotide-disulphide oxidoreductase family, and is a member of the
thioredoxin (Trx) system. TrxR1 reduce thioredoxins as well as other
substrates and play a key role in redox homoeostasis via decreas-
ing the concentrations of reactive oxygen species (ROS). Thus, we
explored the impact of DIAPH3 on ROS levels of PDAC cells. As ex-
pected, knock down of DIAPH3 significantly increases cellular ROS
levels (Figure 6F,G, Figure S3D and E), while DIAPH3 overexpression
decrease ROS levels (Figure S3C). Thus, DIAPH3 could regulate ROS
level of PDAC cells. Next, we aimed to investigate the implication
of TrxR1 in regulation of ROS levels by DIAPH3. We overexpressed
TrxR1 in DIAPH3 knock down Mia Paca-2 and CFPAC-1 cells and
verified the expression of TrxR1 (Figure S3F). As speculated, overex-
pression of TrxR1 alleviated increase of ROS levels upon treatment
with H,0, in DIAPH3 knock down cells (Figure 61, Figure S3G). More
importantly, TrxR1 overexpression rescued the proliferation inhibi-
tion phenotype imposed by DIAPH3 knock down in Mia Paca-2 and
CFPAC-1 cells(Figure 6H). Collectively, these data indicate DIAPH3
could promote PDAC cells malignant phenotype via promoting sele-

noprotein TrxR1-mediated antioxidant effects.

3.7 | DIAPH3 knock down could decrease tumour
growth and TrxR1 expression in vivo

Finally, in order to verify whether our discoveries were applicable in
vivo, we inoculated control and DIAPH3 knock down Mia Paca-2 and
CFPAC-1 cells into nude mice and investigated the impact of DIAPH3
on xenograft growth. In accordance with our in vitro data, DIAPH3
knock down significantly alleviated tumour growth of Mia Paca-2
cells (Figure 7A, B and E) and even prevents tumour of CFPAC-1
cells from growing out (Figure 7C, D and F). In addition, IHC assay
demonstrated DIAPH3 knock down significantly decreased TrxR1
expression, while expression of 4-HNE (a marker of lipid peroxida-
tion and ROS in IHC assay29) was increased in vivo(Figure 7G). Taken
together, our observations indicate DIAPH3 knock down could de-

crease tumour growth and TrxR1 expression in vivo.

4 | DISCUSSION

PDAC is a ductal adenocarcinoma that originates in the epithelium

of the glandular duct, and its morbidity accounts for 85% of all
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FIGURE 6 DIAPH3 Promotes PDAC Cells Malignant Phenotype via TrxR1-Mediated ROS Levels. (A) Detection of selenium concentration
of DIAPH3 knock down PDAC cell line CFPAC-1 using ICP-MS (Inductively coupled plasma mass spectrometry). (B) Selenium concentration
of DIAPHS3 overexpressing cell line SW1990 measured by ICP-MS (Inductively coupled plasma mass spectrometry). (C and D) Control and
DIAPH3 knock down pancreatic cancer cells Mia Paca-2 (C) and CFPAC-1 (D) were treated with or without 20 pM H,0,, after which the
expression of TrxR1 and DIAPH3 was detected with Western blot. (E) Control and DIAPH3 overexpressed PDAC cell SW1990 were treated
with or without 20 uM H,0,, after which the expression of TrxR1 and DIAPH3 were detected with Western blot. (F) Detection of the ROS
level of DIAPH3 knock down cell line CFPAC-1 treated with or without 20 pM H,0,, using flow cytometry after stained with H2DCFDA.

(G) Control and DIAPH3 knock down CFPAC-1 cell lines were treated with or without 20 pM H H,0,, after which ROS level of these cells
was detected with immunofluorescence microscope after stained with H2DCFDA. (H) CCK-8 assay was performed on control and TrxR1
overexpressing PDAC Mia Paca-2 and CFPAC-1 cells after DIAPH3 knock down. (I) ROS levels of control and TrxR1 overexpressing PDAC
CFPAC-1 cells after DIAPH3 knock down were detected with H2DCFDA after treatment with or without 20 yM H,0,

pancreatic cancers®° and has the poorest prognosis. Although better
animal models have been established over the past few decades and
humans have made great progress in understanding the biology of
PDAC, there is still no effective means of treatment. Among patients
with PDAC, about 15% to 20% of patients meet the indications for
surgery, which is a small proportion, and more than 80% of patients
relapse after undergoing surgical resection. At present, various
types of chemotherapeutic drugs for PDAC still have problems such

as unsatisfactory safety. Although 5-FU (5-fluorouracil, 5-pyridine),

FOLFIRINOX (FOL-folinic acid, F-fluorouracil, IRIN-irinotecan, OX-
oxaliplatin, folinic acid-5-fluorouracil-oxaliplatin combined treatment
regimen), gemcitabine and gemcitabine-based adjunctive therapies
have showed some effect in prolonging the patient's survival and
improving their survival condition, the effect is not satisfactory. In
recent years, immunotherapy has demonstrated outstanding effects
in other types of malignant tumours, but its effect on PDAC patients
is still poor. Therefore, it is a matter of great urgency to explore new

treatment options based on previous experience.
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FIGURE 7 DIAPH3 Knock down Could Decrease Tumour Growth and TrxR1 Expression in vivo. (A) Tumour growth curve of DIAPH3
knock down and control Mia Paca-2 cells in nude mice xenograft model. Each point represents the mean tumour volumes of five mice;

bars represent the SD. (***P < 0.001, Student's t test). (B) Tumour xenografts appearance of nude mice inoculated with Mia Paca-2 cells for
29 days. (C) Quantification of tumour xenografts weight in (B). Each point represents the mean tumour weight of five mice; bars represent
the SD. (***P < 0.001, paired t test). (D) Tumour growth curve of DIAPH3 knock down and control CFPAC-1 cells in nude mice xenograft
model. Each point represents the mean tumour volumes of five mice; bars represent the SD. (***P < 0.001, Student's t test). (E) Tumour
xenografts appearance of nude mice inoculated with CFPAC1 cells for 24 days. (F) Quantification of tumour xenografts weight in (D). Each
point represents the mean tumour weight of five mice; bars represent the SD. (***P < 0.001, paired t test). (G) IHC staining of DIAPH3 ,
TrxR1 and 4-HNE of PDAC xenografts of inoculated nude mice taken from (B) (*P < 0.05, Student's t test)

In order to explore the key genes and potential targets in the
development of PDAC, we performed a bioinformatics analysis and
found that DIAPHS3 in the formins family had a significantly high
expression level in PDAC tissues than that in the para-carcinoma
tissues, and the high expression of DIAPH3 was significantly asso-
ciated with a poor patient prognosis. In order to verify the above
clinical findings, we carried out soft agar assay and confirmed that
DIAPH3 could significantly promote the malignant phenotype
of pancreatic cancer cells, and conducted a Transwell assay and
showed that DIAPH3 can significantly promote the invasive capac-
ity of pancreatic cancer cells, and also conducted MTS assay that
showed DIAPH3 can significantly promote the proliferation ability

of pancreatic cancer cells. The above results showed that DIAPH3

may be an important gene in the progression of pancreatic cancer.
Previous studies reported that DIAPH3 promoted the growth, in-
vasion and metastasis of liver cancer by activating $-catenin/TCF
signalling pathway.?® Interfering with DIAPH3 promoted tumour
invasion and metastasis in mouse models.?? In addition, an overex-
pression of DIAPH3 inhibited the metastasis and invasive capacity of
triple-negative breast cancer by inhibiting the expression of RhoA-
GTP.%6 Our results indicated that DIAPH3 promoted the malignant
phenotype of pancreatic cancer cells. We analysed the interacting
proteins of DIAPH3 in pancreatic cancer cell lines with mass spec-
trometry and performed a GO analysis. Results showed that the in-
teracting proteins of DIAPH3 were mainly involved in the biological

processes such as selenoamino acid metabolism, RNA splicing and
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ribonucleoprotein complex assembly. In contrast, the interacting
proteins of DIAPH3 in other tumours, such as prostate cancer and
glioblastoma, are tubulin and related microtubule dynamic regulat-
ing proteins. DIAPH3 promotes the stability of microtubules by in-
teracting with microtubules. Therefore, we speculate that DIAPH3
may interact with different proteins in different tumours, thereby
promoting or inhibiting tumour progression by different molecular
mechanism. Therefore, we should adopt different DIAPH3-targeting
strategies to treat diseases according to its function and molecular
mechanism of DIAPH3 in different tumours.

By using mass spectrometry, we detected the interaction of
DIAPH3 with key proteins related to various selenoamino acid me-
tabolism pathways in pancreatic cancer cell lines, such as RPS8, IARS,
RPL4, RPL6, and RPS2, which suggested that we can inhibit the pro-
gression of pancreatic cancer by regulating the metabolism of seleno-
amino acids. Based on the bioinformatic analysis, proteins interacted
with DIAPH3 identified with Mass spectrometry may be involved in
selennoamino acid metabolism and we confirmed RPL6 was the only
validated protein interacted with DIAPHS3. Previous report indicates
a significant functional cluster of ribosomal proteins including RPL6
was involved in selenium and selenoprotein levels maintenance.®!
Specifically, deficiency in these ribosomal proteins alters the ribosome
structure facilitating an increased Sec insertion. It is also possible that
these knock downs decreased the rate of protein synthesis, which
indirectly supported the inherently slow Sec insertion. Thus, the
previous data point to potential control of selenoprotein expression
through ribosome structure and function. Based on this paper and
our observations, we infer that DIAPH3-RPL6 interaction may alter
the ribosome structure and increase Sec insertion and consequent
selenoprotein TrxR1 expression. It is also possible that DIAPH3-
RPL6 interaction decreased the rate of protein synthesis, which in-
directly supported the inherently slow Sec insertion and consequent
selenoprotein TrxR1 expression. However, the specific mechanism
of DIAPH3-RPL6 interaction on TrxR1 expression requires further
studies. Moreover, recent observations indicated breast and other
cancer cells uptake selenium and promote selenocysteine biosynthe-
sis, which, by allowing production of selenoproteins such as GPX4,
protects cells against ferroptosis.®? Thus, selenium metabolism could
promote malignancies of cancer cells via regulation of selenopro-
teins. We speculate DIAPH3 may promote selenoprotein (such as
TrxR1 or GPX4) synthesis, which direct reduction of hydroperoxides
or resist ferroptosis, respectively. Interestingly, we validated in vitro
that DIAPH3 could promotes PDAC cells malignant phenotype via
TrxR1-mediated ROS levels and DIAPH3 knock down could decrease
tumour growth and TrxR1 expression in vivo. Thus, our preliminary
investigation demonstrates DIAPH3 at least partially promotes PDAC
progression via TrxR1-mediated ROS scavenging and TrxR1 may be a
promising target for improved target therapy of PDAC, which is wor-
thy of further investigation.
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