& frontiers | Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED BY

Gwen Lomberk,

Medical College of Wisconsin,
United States

REVIEWED BY
Irfana Mugpbil,

Lawrence Technological University,

United States
Martin E. Fernandez-Zapico,
Mayo Clinic, United States

*CORRESPONDENCE
Irving C. Allen
icallen@vt.edu

RECEIVED 31 January 2023
ACCEPTED 22 May 2023
PUBLISHED 05 June 2023

CITATION

Nagai-Singer MA, Morrison HA, Woolls MK,
Leedy K, Imran KM, Tupik JD and Allen IC

(2023) NLRX1 functions as a tumor
suppressor in Pan02 pancreatic
cancer cells.

Front. Oncol. 13:1155831.

doi: 10.3389/fonc.2023.1155831

COPYRIGHT

© 2023 Nagai-Singer, Morrison, Woolls,
Leedy, Imran, Tupik and Allen. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution or
reproduction is permitted which does not

comply with these terms.

Frontiers in Oncology

TvpPE Original Research
PUBLISHED 05 June 2023
Dol 10.3389/fonc.2023.1155831

NLRX1 functions as a tumor
suppressor in Pan02 pancreatic
cancer cells

Margaret A. Nagai-Singer®, Holly A. Morrison?,
Mackenzie K. Woolls*, Katerina Leedy?,

Khan Mohammad Imran?, Juselyn D. Tupik®
and Irving C. Allen @***

tDepartment of Biomedical Sciences and Pathobiology, Virginia-Maryland College of Veterinary
Medicine, Virginia Tech, Blacksburg, VA, United States, ?Graduate Program in Translational Biology,
Medicine and Health, Virginia Tech, Roanoke, VA, United States, *Department of Basic Science
Education, Virginia Tech Carilion School of Medicine, Roanoke, VA, United States

Pancreatic cancer is a deadly malignancy with limited treatment options. NLRX1
is a unique, understudied member of the Nod-like Receptor (NLR) family of
pattern recognition receptors that regulates a variety of biological processes that
are highly relevant to pancreatic cancer. The role of NLRX1 in cancer remains
highly enigmatic, with some studies defining its roles as a tumor promoter, while
others characterize its contributions to tumor suppression. These seemingly
contradicting roles appear to be due, at least in part, to cell type and temporal
mechanisms. Here, we define roles for NLRX1 in regulating critical hallmarks of
pancreatic cancer using both gain-of-function and loss-of-function studies in
murine Pan02 cells. Our data reveals that NLRX1 increases susceptibility to cell
death, while also suppressing proliferation, migration, and reactive oxygen
species production. We also show that NLRX1 protects against upregulated
mitochondrial activity and limits energy production in the Pan02 cells.
Transcriptomics analysis revealed that the protective phenotypes associated
with NLRX1 are correlated with attenuation of NF-xB, MAPK, AKT, and
inflammasome signaling. Together, these data demonstrate that NLRX1
diminishes cancer-associated biological functions in pancreatic cancer cells
and establishes a role for this unique NLR in tumor suppression.

KEYWORDS

pattern recognition receptor, pancreatic cancer, Pan02, nod-like receptor (NLR), tumor
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Introduction

While pancreatic cancer is not the most prevalent cancer diagnosis, it is certainly one of
the most lethal. In fact, pancreatic cancer is expected to be the third most deadly cancer in
the United States in 2022 with an overall 5-year survival rate of 12% that falls to 3% if the
tumor has metastasized to distant sites (1). Despite the decades of research on pancreatic
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cancer and its potential treatments, there has been an overall
increase in death rates since 1930 (2). Therefore, pancreatic
cancer patients are in need of improved treatment options that
are efficacious and safe. For example, recent developments in
immunotherapies have propelled the immune system into the
spotlight where it is recognized for its role in tumorigenesis and
disease progression. These developments tend to focus on
harnessing the tumor-killing functions of the adaptive immune
system. For pancreatic cancer, drugs that target the PD-1/PD-L1
interaction between T cells and tumor cells are an exciting
development and are approved for a small subset of patients (3).
Additionally, pancreatic cancer vaccines using radiation-treated
pancreatic cancer cells and GM-CSF to stimulate systemic anti-
tumor immunity are currently being tested in clinical trials (4, 5).
Beyond the adaptive immune response, the innate immune system
provides an often-overlooked route to activate tumor-killing
immune cells and alter important signaling pathways that can
dictate disease outcomes (6). Specifically, pattern recognition
receptors (PRRs) constitute one aspect of innate immunity that
regulates the immune response and cancer-associated pathways and
are promising targets for drug development (7).

PRRs constitute an arsenal of diverse intracellular and
membrane-bound receptors that recognize molecular patterns
associated with pathogens (pathogen associated molecular
patterns or PAMPs) and damage (damage associated molecular
patterns or DAMPs). There are 5 classes of PRRs, including Toll-
like receptors (TLRs) and C-type lectin receptors (CLRs) in the cell
membrane and RIG-I-like receptors (RLRs), AIM2-like receptors
(ALRs), and NOD-like receptors (NLRs) in the cytosol (8).
Typically functioning as scaffolding proteins, PRRs facilitate the
formation of various multiprotein complexes that regulate
downstream pathways and often elicit an immune response to
address the PAMP or DAMP.

The best characterized family of NLRs facilitate the formation of
a multiprotein complex known as the “inflammasome” that
generates the pro-inflammatory cytokines IL-18 and IL-1f and
can initiate an inflammatory type of cell death known as pyroptosis
(9-11). Inflammasomes have been implicated in many types of
cancer, including in pancreatic cancer where the NLRP3
inflammasome modulates inflammation and single nucleotide
polymorphisms (SNPs) in the NLRP3 gene are common in
pancreatic cancer patients (12, 13). However, a subset of NLRs do
not function through inflammasome formation and instead regulate
inflammation through other mechanisms. These include two NLRs,
NODI and NOD2, that promote inflammation by recruiting RIP2
to the “NODosome” and subsequently activate the NF-kB and JNK
pathways (14-16). Also included in this unique subset are three
NLRs that negatively regulate inflammation, NLRX1, NLRP12, and
NLRC3, which all interfere with NF-xB and interferon signaling
and appear to interact with TRAF proteins in the formation of a so-
called “TRAFasome” (17-22). As one of the non-inflammasome
forming regulatory NLRs, NLRX1 is enigmatic and its functions in
different diseases and tissues remains elusive.

NLRX1 was originally described in host-pathogen interactions
where it limits mitochondrial antiviral signaling (MAVS) and
inhibits the NF-xB pathway to turn off type 1 interferon (IFN1)
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production and limit overzealous inflammation (18, 19, 23-25).
Generally speaking, NLRX1 appears to inhibit inflammation,
interferon production, and mitochondrial metabolism, and
promote autophagy, ROS production, and TNF-induced
apoptosis (18, 24-36). However, these findings are not without
controversy and appear to be highly dependent on the disease and
cellular context (18, 24-36). Because the pathways and processes
impacted by NLRX1 are important to tumorigenesis, NLRX1 has
recently been studied in the context of different cancers
withevidence suggesting it possesses either tumor promoting or
tumor suppressing capabilities through mechanisms that have not
been fully elucidated. Indeed, several studies have shown NLRXI is
protective against colon cancer, histiocytic sarcoma, hepatocellular
carcinoma, and ER/PR+ breast cancer through signaling pathways
including but not limited to NF-xB, MAPK, AKT, and TNF-
induced apoptosis (28, 30-32, 37, 38). Conversely, NLRX1 has
been found to augment tumor progression in an AOM-only model
of colon cancer, HPV-induced head and neck squamous cell
carcinoma, and ER/PR- breast cancer where it increases disease
burden and promotes aggressive phenotypes (31, 32, 39, 40). The
current literature suggests the role of NLRX1 is highly dependent on
cellular context, including the origin, aggressiveness, and disease
state of the cell.

To date, the role of NLRXI in pancreatic cancer is undefined
and unexplored. Here, we use a murine pancreatic ductal
adenocarcinoma cell line (Pan02) to explore how the
overexpression or partial loss of NLRX1 impacts the cancer-
associated phenotypes of Pan02 cells. Using a stable lentiviral
transduction method, we generated Pan02 cells that overexpress
NLRXI (Pan02°%) or knock down NLRX1 (Pan02*P) and their
respective controls (Pan02°F €™ and Pan02XP“™). Our results
demonstrate that NLRX1 diminishes the cancer-associated
phenotypes of Pan02 cells and protects against cancer-associated
biological functions through the regulation of NF-xB, MAPK, AKT,
inflammasome, and immune recognition/activation signaling.
These findings establish a preliminary role for NLRX1 as a tumor
suppressor in pancreatic cancer.

Materials and methods
Cell culture and transduction

Pan02 cells were obtained from the National Cancer Institute
DCTD Tumor Repository (NCI) and were cultured in RPMI 1640
(ATCC) supplemented with 10% fetal bovine serum (R&D Systems)
and 1% penicillin streptomycin (Thermo Fisher Scientific). Cells
were incubated at 37°C and 5% CO, The Pan02 cells were
transduced to overexpress murine NLRXI (Pan02°F) with
lentiviral ORF technology, and control lentiviral ORF particles
were used to generate a control cell line for the overexpression
system (Pan02°%™) (Origene MR213673L4V and PS100093V).
Likewise, additional Pan02 cells were transduced to knockdown
murine NLRX1 (Pan02XP) with lentiviral st(RNA technology, and
scrambled shRNA particles were used to generate a control cell line
for the knockdown system (Pan02XP-<Th) (Origene TL515304V
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and TR30021V). Four separate shRNA sequences were provided by
the manufacturer for the knockdown system, but only one sequence
effectively knocked down NLRX1 and therefore was used for all
downstream studies. All transductions were performed according to
the manufacturer’s protocols. Puromycin selection was used to
select for successfully transduced cells using 1 pg/mL of
puromycin (Santa Cruz Biotechnology) in complete culture
media, and successful transduction was confirmed by GFP with a
fluorescent microscope and western blot for NLRX1 (Abcam). Cells
were authenticated with commercial Mycoplasma testing (Charles
River Research Animal Diagnostic Services) and morphology
checks. Cells were discarded before 30 passages.

Western blotting

Protein was extracted from transduced Pan02 cells with a
protein lysis buffer consisting of 2% SDS, 100mM Tris HCI,
100mM NaCl, 1X protease inhibitor (Thermo Fisher Scientific).
Protein concentration was determined by BCA assay (Thermo
Fisher Scientific) according to manufacturer’s protocols and
samples were diluted to 20 pg/mL with reducing sample buffer
(Thermo Fisher Scientific) and loaded into pre-cast 4 to 12% Bis-
Tris Mini Protein Gels (Thermo Fisher Scientific). Proteins were
transferred to a PVDF membrane in 1X TGE + 20% methanol, and
blocked for 60 minutes in 5% milk in TBS + 0.1% Tween-20
(TBST). All antibodies were diluted 1:1000 in 5% BSA or 5% milk
and incubated overnight at 4°C (CST and Abcam). Wash steps were
performed using TBST and images were obtained with iBright
imaging (Thermo Fisher Scientific) using an HRP-conjugated
secondary antibody (CST) and SuperSignal West Pico or Dura
Chemiluminescent Substrate (Thermo Fisher Scientific).

Proliferation assays

Transduced Pan02 cells were seeded at 1 x 10° cells per mL in a
12 well plate in complete media +/- 10 ng/mL TNF (PeproTech)
and incubated overnight. Twenty-four hours later, cells were
stained using NucBlue Live Cell Stain (Thermo Fisher Scientific)
according to manufacturer’s protocols. Several images per well were
acquired on a fluorescent microscope (Invitrogen EVOS M5000)
and automated counting of DAPI+ nuclei was used to determine the
cell count in each image. Additionally, an MTT assay was then
performed according to manufacturer’s protocols (Abcam).
Transduced Pan02 cells were seeded at 1 x 10* cells per well in a
96 well plate in complete media and incubated overnight. The
following day, media was replaced with experimental media
containing complete media +/- 10 ng/mL TNF (PeproTech) and
allowed to incubate for 24 additional hours.

Cell death assays

Transduced Pan02 cells were seeded at 1 x 10* cells per well in a
96 well plate in complete media and allowed to incubate overnight.

Frontiers in Oncology

10.3389/fonc.2023.1155831

Media was then replaced with complete media +/- 10 mM H,0,
(Fisher Chemical) and allowed to incubate for 24 hours. An LDH
assay was performed according to manufacturer’s protocols
(Thermo Fisher Scientific).

Migration assays

A “scratch” or “wound healing” assay was used to measure
migration. Transduced Pan02 cells were seeded at 1 x 10° cells per
well in a 12 well plate in complete media and incubated overnight.
Once confluent, media was replaced with decreased serum media
(1% FBS) and incubated overnight for cells to adjust to the
decreased serum content. A 200 UL pipette tip was used to make
3 scratches per well and images of each scratch were taken
immediately following the scratch induction (Invitrogen EVOS
M5000). At 7 hours post-scratch, images of each scratch were
taken at the same location of the initial image. Images were
uploaded to Fiji-ImageJ, where the width of the scratch was
measured several times per image per timepoint. The rate of
migration was calculated as pixels per hour.

Reactive oxygen species assays

Mitochondrial superoxide levels were determined using analysis
of fluorescent microscopy images and fluorometer readings of
MitoSOX staining (Thermo Fisher Scientific). For fluorescent
images, transduced Pan02 cells were seeded at 1 x 10> cells per
mL in a 24 well plate and allowed to incubate overnight. The
following day, media was replaced with experimental media of
complete media +/- 10 ng/mL TNF (PeproTech) and incubated for
24 hours. MitoSOX staining (Thermo Fisher Scientific) was done
according to manufacturer’s protocol and cells were counterstained
with NucBlue Live Cell Stain (Thermo Fisher Scientific). Fiji-Image]J
was used to split the fluorescent channels, remove background, and
measure mean gray value. For the fluorometer readings, transduced
Pan02 cells were seeded at 1 x 10 cells per well in a 96 well plate and
allowed to incubate for 48 hours in complete media. Media was then
replaced with experimental media of complete media +/- 100 ng/
mL TNF (PeproTech), +/- 45% glucose for one hour. MitoSOX
staining (Thermo Fisher Scientific) was done according to
manufacturer’s protocol and cells were counterstained with
NucBlue Live Cell Stain (Thermo Fisher Scientific). Fluorescence
was measured using a fluorometer, and RFP (MitoSOX)
fluorescence was corrected for DAPI (NucBlue) fluorescence to
normalize superoxide levels to the number of cells per well.

Metabolism assays

Transduced Pan02 cells were seeded at 1 x 10* cells per well in a
96 well Seahorse XF96 cell culture microplate (Agilent) in complete
media and allowed to attach for 3 hours. Media was then replaced
with experimental media of complete media +/- 10 ng/mL TNF
(PeproTech) and incubated for 24 hours. A Seahorse XF96 Mito

frontiersin.org


https://doi.org/10.3389/fonc.2023.1155831
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nagai-Singer et al.

Stress test (Agilent) was performed according to manufacturer’s
protocols at the Virginia Tech Metabolism Core. Spare respiratory
capacity, proton leak, and ATP production were calculated
according to the Seahorse XF Cell Mito Stress Test calculations (41).

Transcriptomics and gene expression

Transduced Pan02 cells were seeded at 1 x 10> cells per well in a
6 well plate in complete media and incubated overnight. Media
was replaced with experimental media composed of complete
media +/- 100 uM H,O, and incubated another 24 hours. RNA
was collected using TRIzol and stored at -80°C until submission to
Thermo Fisher (Clariom S, Applied Biosystems) for microarray-
based transcriptomics analysis. The Transcriptome Analysis
Console (TAC, Thermo Fisher and Applied Biosystems) was used
to identify DEGs and top regulated pathways. Gene lists for relevant
biological processes were acquired from GeneGlobe’s RT (2)Profiler
PCR Array list (42).

Results

NLRX1 alters proliferation, cell death,
migration, and ROS levels in Pan02 cells

To elucidate what general functions NLRX1 performs when it is
expressed in pancreatic cancer cells, we generated Pan02 cells to
either overexpress or knockdown NLRX1, as well as their respective
controls (Pan02°®, Pan02°%“"", Pan02*P, Pan02X"- ™
Figure 1A). Importantly, due to differences between the ORF
technology used for the overexpression system and the shRNA
technology used for the knockdown system, we do not directly
compare Pan02°% to Pan02* cells. Instead, we compare them to
their respective control cell lines that were generated with the same
respective technology (Pan02°* versus Pan02°%“™, and Pan02*"

KD-CTL
versus Pan02XP-CTh

. We then performed experiments on these
four transduced Pan02 cell lines to assess common characteristics of
cancer cells, including proliferation, cell death, migration, and ROS
levels. To assess proliferation, we used automated microscopy
counting at 24 hours and an MTT assay at 48 hours. Our Pan02
cell lines were assessed for proliferation under normal conditions or
following stimulation with TNF as previously described (31, 32). At
24 hours, we found that in unstimulated conditions, the knockdown
of NLRX1 in Pan02XP cells more than doubled proliferation
compared to their controls (Figure 1B). However, overexpression
of NLRX1 did not impact proliferation under unstimulated
conditions (Figure 1B). Twenty-four hours following stimulation
with TNF, we observed an increase in proliferation in the Pan02XP
cells that was approximately 3 times greater than levels observed in
the Pan02%P"“™" cells (Supplemental Figure S1A). It should be
noted that this increase was highly variable and did not achieve
statistical significance, and no significant differences were observed
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for the overexpression cell lines at the 24-hour time point either
(Supplemental Figure S1A). At 48 hours, we observed no differences
in unstimulated conditions (Supplemental Figure S1B). However,
following TNF stimulation at the 48-hour time point, the
overexpression of NLRX1 in Pan02°F cells hindered proliferation,
while the knockdown of NLRX1 promoted proliferation
(Figure 1C). Together, these data demonstrate that the partial loss
of NLRX1 increases Pan02 cell proliferation under both stimulated
and unstimulated conditions, and this effect on proliferation can be
partially reversed by up-regulation of NLRXI. Cell death and
proliferation are intricately linked in cancer cell biology. Thus, we
next challenged Pan02 cells with H,O, to induce cell death and
measured cytotoxicity using an LDH assay. Tumor cells are often
able to evade cell death and thus decreased Pan02 cytotoxicity
would indicate a selective tumor cell advantage (43). Following the
challenge, we observed significantly increased cytotoxicity in the
Pan02°® cells compared to the Pan02°%™ cells (Figure 1D).
Conversely, Pan02X" cells demonstrated less cytotoxicity and
therefore decreased susceptibility to H,O,-induced cell death
compared to Pan02XP "™ cells (Figure 1D). Together, these data
are consistent with the proliferation findings and demonstrate that
NLRX1 promotes Pan02 cell death.

Metastasis is a major driver of cancer-associated mortality and
therefore is a crucial element in reducing cancer deaths (44). As a
proxy for potential metastatic ability, we next measured how
NLRX1 impacts migratory capacity using a wound healing assay
and calculating the rate of migration of the tumor cells. No
significant differences were observed between Pan02°® and
Pan02°% ™" cells, but Pan02"" cells demonstrated a 55%
increase in migration compared to Pan02%”"“™" cells (Figure 1E).
This suggests the loss of NLRX1 in Pan02 cells promotes the
migratory capabilities of the tumor cell and would indicate a
potential for increased metastasis when NLRX1 expression in the
tumor is decreased.

Lastly, to measure mitochondrial ROS levels that are typically
upregulated in tumor cells, we used MitoSOX to stain
mitochondrial superoxide and measured staining intensity with
both Fiji-Image] and a fluorometer (45). As a positive control, cells
were stimulated with glucose to induce mitochondrial ROS
production and indicated no differences in maximal ROS levels
(Supplemental Figure S1C). Under normal culture conditions,
Pan02°" cells had less superoxide levels than Pan02°%“™ cells in
both the Fiji-ImageJ and fluorometer measurements (Figures 1F-
H). Conversely, Pan02X" cells had more superoxide levels than
Pan025P“™ cells in both the Fiji-Image] (Figure 1G) and
fluorometer measurements (Figure 1H), and is clearly visible in
the fluorescent images (Figure 1F). We observed similar trends in
cells that were stimulated with TNF, although no statistical
significance was found in the knockdown system under TNF
conditions (Supplemental Figure S1D). Together, these data
suggest that NLRX1 expressed by Pan02 cells is tumor
suppressive through limiting proliferation, mitochondrial ROS
levels, and migration, while also increasing cell death.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1155831
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nagai-Singer et al.

10.3389/fonc.2023.1155831

- - . 5 ” . ” "
5 5 Proliferation Proliferation o
A w 2 a 24 Hours 24 Hours 48 Hours +TNF 48 Hours +TNF
Q QO 2 %2
A A o 00 *x
e o o 800 20 Hokk K 20
EE EE : g |
- E
A A A A o 800 _ 600 515 " £ s
— £ - -3
— O 400 8 8
o S 400 8 10 8 10
. 3 3 5 H
B-Actin [ s ] (] o 8 2 £
200 200- 2 05 2 0.5
Overexpression  Knockdown < <
(Pan02°%) (Pan02*°) 0 0- 0.0 0.0-
& N © &~ ) © o Toe &
m & & & & & & & &
S S Ky S
PO & & & ¢ & &
Overexpression  Knockdown o o O o
Control Control < ¢ <
(Pan029-¢T) (Pano2¥k-cm)
H0, H20, E Migration Migration
Cell Death Cell Death 60 50 .
154 * 15; c <
s s
" B T 40; BT 40
z" 2™ _* EH 55
g, g, Ze $32
- x S = s X
2 g o SZ 20
A : :
R ES
-5+ A -5 0 o
& o &
. Ao ——— & & & &
& @ & & <& & < &
& & s & < <
S S
& & & &
S o
< <
G Superoxide Levels Superoxide Levels
4 4 *
2 2
g 3 [
£ £
E « E
B 2 °
s H
E1 £
S S
z 3
o o -
s <~ o '
& & S
& ¢ & &
T & < &
S S
<% <%

FIGURE 1

Superoxide Levels
*kk

il

Superoxide Levels

°
2
s

0.010-

°
3
8
a

0.005-]

°
3
8
3

0.000-

-0.005-

b
s
a

©
&
S

&
<

Normalized Fluorescence (510/580)
Normalized Fluorescence (510/580)

&

&
N
&

NLRX1 attenuates cancer-associated properties in Pan02 cells. (A) Western blot analysis of NLRX1 expression in transduced Pan02 cell lines and
schematic of generated reagents and their color scheme. (B, C). Differences in proliferation as assessed by (B) automated counting and (C) MTT

assay. (D) Differences in H,O,-induced cell death quantified by LDH assay. (
assay. (F) Representative fluorescent images of MitoSOX, an indicator for mi

E) Differences in migration as calculated by pixels per hour via scratch
tochondrial superoxide. DAPI shows NucBlue nuclear staining, GFP

shows the GFP tag from the lentiviral construct, and RFP shows MitoSOX staining. (G, H). Fluorescent intensity was measured by (G) Fiji-ImageJ and
(H) a fluorometer. Data shown are representative of 1 independent experiment for all assays. n = 3-14 replicates per cell line. All quantification data
were analyzed using a two-way unpaired T test and shown as mean + SE. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

NLRX1 protects against unregulated
mitochondrial activity and limits energy
production in Pan02 cells

To connect the phenotypes observed in the previous section, we
next sought to understand how NLRX1 impacts mitochondrial
function and metabolism in Pan02 cells. Using the Seahorse XF
Cell Mito Stress test, we revealed a strong role for NLRX1 in
mitochondrial function. Spare respiratory capacity is an indicator
of a cell’s mitochondria to perform adequately under stress
conditions (46). Pan02°F cells demonstrated an improved spare
respiratory capacity compared to Pan02°% "™ cells, indicating that
the overexpression of NLRX1 allows Pan02 cells to maintain
adequate mitochondrial function when under stress (Figure 2A).
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Conversely, Pan0 cells demonstrated a decrease in spare

respiratory capacity compared to Pan02XP-¢t
that the loss of NLRX1 causes Pan02 cells to poorly adapt to
stressful conditions and could result in distorted mitochondria

and mitochondrial dysfunction (Figure 2A). Indeed, a decrease in

cells, indicating

spare respiratory capacity is a common hallmark of cancer cells
caused by their metabolic weakness and having “exhausted”
mitochondria (46). Additionally, proton leak is typically
upregulated in cancer cells as a result of their unregulated growth
and mitochondrial damage (45). Consistent with that characteristic
and the observed phenotypes thus far, Pan02°F cells had a 33%
reduction in proton leak compared to Pan02°%“™ cells while
Pan02X" cells had a 46% increase in proton leak compared to
Pan02 P cells (Figure 2B). These data suggest NLRX1 in Pan02
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cells improves the overall health, function, and regulation of
mitochondria. Conversely, the loss of NLRX1 in Pan02 cells
contributes to mitochondrial dysfunction that is consistent with
tumor-associated characteristics. Additionally, Pan02°F cells
produced 37% less ATP (Figure 2C) and performed less glycolysis
(Figure 2D) than Pan02°% <™ cells, while Pan02*" cells produced
31% more ATP (Figure 2C) and performed more glycolysis
(Figure 2D) than Pan02P"“™ cells. This suggests that NLRX1
aids in maintaining regulation of cellular energy production in
Pan02 cells. The trends observed in these data were also observed
after cells were stimulated with TNF (Supplemental Figures S2A-D).
Together, these data indicate a tumor suppressive role for NLRX1 in
Pan02 cells where it protects against unregulated mitochondrial
activity and limits the energy available to the cell.

NLRX1 impacts many pathways associated
with cancer and immune system regulation

Considering the impact NLRX1 demonstrated on several
cancer-associated phenotypes in our Pan02 cells, we next
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collected RNA from Pan02°F, Pan02°% ™", Pan02*P, and
Pan02XPCT cells for transcriptomics analysis (ClariomS). Cells
were collected under normal conditions, or due to the implication
of ROS levels, stress responses, and cell death in the data above,
following a challenge with a low dose of H,O,. The top 50 up- and
down-regulated genes under normal conditions (Supplemental
Figure S3) and H,0, conditions (Supplemental Figure S4) are
listed in Supplemental Data. Using the Transcriptomics Analysis
Console (TAC), we identified the top 20 pathways impacted by
NLRX1 expression in the Pan02 cells according to the number of
differentially-expressed genes (DEGs) in unstimulated or stimulated
conditions (Figures 3A-D). Overall, there is significant overlap in
the top 20 pathways between the four comparisons, which suggests
that many of the pathways identified are impacted by both the loss
and gain of NLRX1 expression (Figures 3A-D). Interestingly, many
of the pathways identified here are consistent with pathways
identified in previous studies of NLRXI, including PI3K-AKT,
MAPK, EGFR, NF-«B, and IL-6 signaling, and these pathways are
all important to the initiation and progression of pancreatic cancer
(28, 30, 37, 38, 47-51). Additionally, the importance of several
cytokines, B cell receptor, T cell receptor, and NF-xB signaling
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FIGURE 3

NLRX1 expression significantly modulates gene expression related to several biological functions in Pan02 cells, regardless of extracellular stress.
(A-D). Transcriptomics analysis of our transduced Pan02 cell lines revealed the top 20 pathways between (A) Pan02°F and Pan02°%-™ cells in

normal conditions, (B) Pan02XC and Pan02"®-T* cells in normal conditions, (C) Pan02°F and Pan02°5-¢T

cells in H>O, conditions, and (D) Pan02XP

and Pan02XP~CTt cells in H,O, conditions. Top pathways were determined by the number of DEGs and are listed alphabetically with their
significance determined in TAC. (E) Principal Component Analysis (PCA) mapping shows the clustering patterns of each of the 8 sample groups.

indicates NLRX1 is a regulator of many aspects of immune system
function in this cell line. Because pancreatic cancer is typically a
highly immunosuppressive tumor type and NLRX1 is best
characterized for its roles in modulating immune system function,
immunomodulation by NLRX1 is certainly of interest in this model
(52). A Principal Component Analysis (PCA) plot revealed
clustering of each Pan02 cell line together, indicating that the
differences in NLRX1 expression between each transduced Pan02
cell lines is a significant driver of differences in the transcriptome
(Figure 3E). Additionally, the presence/absence of the H,O,
challenge did not appear to significantly alter the transcriptome
within each Pan02 cell line (Figure 3E). Together, our data identify
multiple signaling pathways impacted by alterations in NLRX1
expression associated with pancreatic cancer.
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NLRX1 inhibits inflammation, immune
evasion, and cancer-associated gene
expression signatures

To elaborate on the transcriptomics data, we identified the
DEGs between all four comparisons in several biological processes
that are important to the in vitro phenotypes and top pathways we
identified. We identified DEGs related to inflammatory cytokines
and receptors (Figure 4A), cancer inflammation and immunity
crosstalk (Figure 4B), innate and adaptive immune responses
(Figure 4C), mitochondria (Figure 4D), cancer pathways,
(Figure 4E), inflammasomes (Figure 4F), oxidative stress
(Figure 4G), cellular stress response (Figure 4H), the NF- «B
pathway (Figure 4I), and T and B cell activation (Figure 4]).
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FIGURE 4

NLRX1 expression impacts signaling pathways associated with inflammation, cancer, mitochondria function, and oxidative stress in Pan02 cells
(A-J). Fold change of DEGs between Pan02°F and Pan02°% <™ cells in normal conditions, Pan02"® and Pan02XP~“T* cells in normal conditions,
Pan02°F and Pan02°F“™ cells in H,O, conditions, and Pan02X® and Pan02X®-C™ cells in H,O, conditions in biological processes relevant to
observed in vitro phenotypes and top pathways. Gene lists were pulled from Qiagen/GeneGlobe.

Genes related to these processes were pulled from the gene lists
available from GeneGlobe (Qiagen). Within these biological
processes, the most upregulated genes in Pan02°% cells include
Csf2, Cxcl5, Cxcl2, I123a, Timm1l7a, Slc25a30, Ppplrl5a, Foxc2,
Cxcl3, Cxcll, Hmoxl, Hspala, Xdh, Gstol, and CD74, and the
most downregulated genes in Pan02°t cells include II11, Ccl2,
Ackr3, 1l6, 1118, Slc25a23, Cox10, Pgf, Sod3, Fancc, Nod2, and
Cryab. As we would expect, many of the most upregulated genes

in Pan02°" cells are also downregulated in Pan02*P
HOE

cells and many
of the most downregulated genes in Pan0 cells are also
upregulated in Pan02XP cells (Figures 4A-J). Again, this indicates
the partial loss of NLRX1 and the overexpression of NLRX1 have

strong and diametric effects on Pan02 cells at the gene expression
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level and supports the opposing effects of the gain- or loss- of
-function studies in vitro. The gene expression signatures here
suggest a strong role for NLRX1 in limiting inflammation,
including through NF-«B signaling and inflammasomes, inducing
an anti-tumor immune microenvironment, and protecting against
damaging cellular stress signals.

Discussion

Here, we have established through in vitro assays and
transcriptomics analysis that NLRX1 in murine pancreatic tumor
cells is protective against cancer-associated phenotypes and likewise
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that the loss of NLRX1 augments cancer-associated phenotypes.
Specifically, we demonstrate that the loss of NLRX1 increases
proliferation, decreases cell death, promotes migration, sustains
higher levels of mitochondrial ROS, contributes to mitochondrial
dysfunction, and promotes unregulated energy production. As we
would expect, many of these phenotypes are reversed when NLRX1
is overexpressed. Through transcriptomics analysis, we identified
significant pathways regulated by NLRX1 expression and the DEGs
in biological processes related to those pathways. Together, these
data indicate a significant role for NLRX1 in many pathways and
processes important to pancreatic cancer.

Our findings here are consistent with other studies evaluating
NLRX1 function. However, NLRX1 remains an enigmatic pattern
recognition receptor, in part due to the often-conflicting findings
between studies. For example, in other cell lines with altered
expression of NLRX1, many of the same in vitro phenotypes have
been observed. Consistent with our studies in Pan02 cells, NLRX1
also increased cell death and decreased migration in vitro in two
hepatocellular carcinoma cell lines (38). Likewise, the
overexpression of NLRX1 in HEK293 (human embryonic kidney
cells), MCF-7 (human ER/PR+ breast tumor cells), and HeLa
(human cervical carcinoma cells) cell lines increased cell death
and decreased ATP production (31, 32). In MCEF-7 cells, the
overexpression of NLRX1 also reduced clonogenicity and
migration, both of which are consistent with our findings (31).
However, NLRX1 overexpression in HEK293, MCF-7, and HeLa
cells resulted in higher ROS levels, which is not consistent with our
data (31). In another cell line, MDA-MB-231 (human ER/PR-
breast tumor cells), the knockdown of NLRX1 was consistent
with our results regarding ROS levels (32). However, the
knockdown of NLRX1 in MDA-MB-231 cells resulted in
decreased ATP, decreased proliferation, and decreased migration,
all of which are inconsistent with the current study (32). While
differences between cell lines can account for some differences, the
current research landscape suggests that the function of NLRX1 is
dependent on several factors and likely has complex spatial,
temporal, and cell/tissue-specific roles (35, 36). Indeed, the
expression of NLRX1 in various human neoplasms compared to
healthy tissue can range from almost 3-fold increased to almost 9-
fold decreased based on the type of cancer (30). Even within a
specific type of cancer, such as breast cancer and hepatocellular
carcinoma, the expression of NLRX1 can vary based on the subtype
and aggressiveness of the specific tumor or cell line (31, 32, 38). A
previous study identified fragment 556-974 of the human NLRX1
protein as being responsible for the protective phenotypes in
hepatocellular carcinoma models (38), but further work is needed
to elucidate how NLRXI1 is able to function differently in different
models and scenarios.

While the phenotypic impacts of NLRX1 expression in vitro
offer some conflicting data throughout the literature, the biological
pathways on which NLRX1 converges between several different
models are consistent. Specifically, the protective roles of NLRX1 in
various tumor models seem to converge on NF-kB and AKT
signaling. NLRX1 has been linked with negative regulation of NF-
KB signaling and subsequent protection against tumorigenesis and
disease burden in gastric cancer cells challenged with Helicobacter
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pylori, intestinal organoid models of colonic tumorigenesis, AOM/
DSS-induced models of colitis-associated cancer and sporadic colon

cancer models in Apc™™*

mice, urethane-induced histiocytic
carcinoma, and human gastric cancer samples (28, 30, 37, 48, 49).
In several of these same models and a model of hepatocellular
carcinoma, NLRX1 also limits AKT signaling to protect against
disease (28, 30, 38). The studies in colitis-associated cancer and
sporadic colon cancer models also revealed that NLRX1 attenuates
MAPK, STAT3, and IL-6 signaling pathways (37). Likewise, our
transcriptomics analysis revealed an important role for NLRX1 in
pancreatic cancer cells through NF-xB, AKT, MAPK, and IL-6
signaling and highlights these pathways as likely mechanisms by
which NLRX1 asserts its protective qualities in Pan02 cells.

In models where NLRX1 appears to be problematic and/or
contributes to more severe disease outcomes, the mechanisms
center on mitochondrial function. Specifically in cancers
influenced by viral infections, the ability of NLRX1 to inhibit
mitochondrial interferon signaling suggests this function of
NLRX1 can be detrimental to the host. Suppressing IFN-B in a
model Kaposi’s sarcoma-associated herpesvirus (KSHV) suggested
that NLRX1 facilitates KSHV replication and reactivation (53).
Additionally, in a model of HPV+ head and neck squamous cell
carcinoma (HNSCC), NLRXI interacts with and degrades STING
to decrease IFN-I production and therefore limits tumor control
(39). The ability for NLRX1 to inhibit MAVS and the subsequent
IFN-I signaling has also been implicated in persistent Hepatitis C
(HCV) infections, which can increase the risk for many types of
cancer (26, 54). Our current study did not indicate a significant role
of NLRX1 in mitochondrial interferon signaling in Pan02 cells,
which is not surprising as pancreatic cancer is not typically driven
by viral infections. However, our results do indicate a strong
association of NLRX1 with the mitochondria through metabolic
and OXPHOS-related pathways and phenotypes, which have been
previously reported in other models, albeit with the several
inconsistent functions as discussed above (31, 32). In ER/PR-
human breast cancer, which also is not driven by viral infections,
NLRXI1 enhanced aggressive in vitro cancer-associated phenotypes
through augmenting mitochondrial respiration and reducing
mitophagy and lysosomal formation and function through
mitochondria-lysosomal crosstalk (32).

Our metabolism assays revealed that NLRX1 in Pan02 cells
increases spare respiratory capacity, which indicates NLRX1 equips
the cells with healthy mitochondria that are able to adapt to stressful
conditions. We also discovered that NLRX1 decreases proton leak.
However, because proton leak typically reduces mitochondrial
superoxide production, we would expect to see a subsequent

increase in superoxide levels in Pan02°

cells. Conversely, we see
a reduction in superoxide levels in Pan02°F cells, which indicates
the differences in superoxide levels are not due to proton leak but
instead are likely due to the decreased basal respiration in Pan02°"
cells (Data not shown) (55). Interestingly, superoxide dismutase 3

2°F cells

(Sod3) was one of the most downregulated genes in Pan0
and also substantially upregulated in Pan02X" cells. Because SOD3
reduces superoxide, this gene expression pattern might appear
counterintuitive to our superoxide data. However, we believe the

role of Sod3 in Pan02 cells is primarily responsible for promoting
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pro-growth AKT and MAPK signaling in Pan02*" cells and
similarly limiting these pathways in Pan02°F cells (56).
Additionally, the decrease in ATP production and glycolysis also
indicates that NLRX1 prevents unregulated energetics in Pan02
cells and thereby keeps their proliferation in check.

Additionally, many aspects of immune regulation were
implicated in our analysis, including inflammation, chemokines,
B cell and T cell signaling, NF-xB pathway, and TGF-f} signaling.
As we would expect based on the prior defined functions of NLRX1
in the suppression of inflammation, the pro-inflammatory
cytokines Il6 and 1118 were significantly downregulated in the
presence of excess NLRX1 and upregulated following the partial
loss of NLRX1. Aberrant IL-6 and IL-18 levels both create a tumor
microenvironment that is favorable for the tumor cells by
promoting survival and establishing an immunosuppressive
environment, suggesting that NLRX1 may protect against
pancreatic tumors through regulating inflammation and
inflammatory cytokines (57). The regulation of IL-18 and many
other inflammasome-related genes also indicates that NLRX1
suppresses inflammasome function in Pan02 cells, albeit this is
likely through the suppression of the transcription events that lead
to IL-18 generation rather than actual inflammasome regulation.
The NLRP3 inflammasome has been shown to promote immune
evasion in pancreatic cancer, specifically by differentiating T cells
into pro-tumor populations (Th2, Th17, and T regs) and preventing
the activation of tumor-killing CD8+ T cells (12). Our data suggest
that NLRX1 can limit these immune evasion effects of the
inflammasome by attenuating inflammasome signaling at the
gene transcription level likely through the regulation of NF-xB,
AKT, and/or MAPK signaling. Likewise, GM-CSF (Csf2) was
significantly upregulated in Pan02°® cells and downregulated in
Pan02*P cells. GM-CSF stimulates an anti-tumor immune response
through priming CD4+ and CD8+ T cells, in part through
recruiting and activating dendritic cells, and is currently being
investigated for use in pancreatic cancer vaccines (4, 5, 58-60).
Through upregulating Csf2, NLRX1 is potentially helpful in
promoting immune recognition of pancreatic tumors.

In conclusion, we have characterized several phenotypes in
murine Pan02 pancreatic tumor cells that are impacted by
NLRXI. Our data suggest NLRX1 serves in a protective capacity
against several cancer-associated biological processes in pancreatic
cancer cells, including proliferation, evading cell death, migration,
ROS signaling, and dysregulated mitochondrial function. The
attenuation of these processes appears to be driven by a
combination of suppressed NF-kB, MAPK, and AKT signaling.
These outcomes suggest that further exploration of NLRX1 in
pancreatic cancer, such as in vivo models of pancreatic cancer, is
warranted. An orthotopic pancreatic tumor model would provide
improved biological relevance to the data presented here, and the
cell lines generated in the current study serve as an important tool
for such future studies. Utilizing additional murine cell lines and
human pancreatic cancer cell lines for future in vitro studies similar
to those conducted here would also further enhance our
understanding of NLRXI1 in pancreatic cancer. The work
presented here demonstrates that NLRX1 functions as a tumor

Frontiers in Oncology

10

10.3389/fonc.2023.1155831

suppressor in Pan02 cells and provides insight into mechanisms
likely regulated by this unique pattern recognition receptor in the
context of pancreatic cancer.
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Differences in proliferation as assessed by (A) automated counting and (B)
MTT assay under TNF stimulation. n = 3-8 per cell line. (C, D). Fluorometer
measurements of MitoSOX staining for mitochondrial superoxide stimulated
with (C) glucose as a positive control or (D) TNF. All data were analyzed using
a two-way unpaired T test and shown as mean + SE. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

SUPPLEMENTARY FIGURE 2

NLRX1 limits mitochondrial dysfunction and cellular energy production. (A-
D). From the Seahorse XF Cell Mito Stress kit, we observed multiple
differences under TNF conditions in (A) spare respiratory capacity, (B)
proton leak, (C) ATP production, and (D) glycolysis. n = 7 per cell line. All
data were analyzed using a two-way unpaired T test and shown as mean + SE.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

SUPPLEMENTARY FIGURE 3

Top 50 up- and down-regulated genes in unstimulated conditions. (A-B).
Based on the microarray transcriptomics assay, we list the top 50 up- and
down-regulated DEGs between (A) Pan02°F and Pan02°“™ cells, and (B)
between Pan02"® and Pan02XP~“"" cells in normal conditions. Listed in order
of fold change.

SUPPLEMENTARY FIGURE 4

Top 50 up- and down-regulated genes in H,O, conditions. (A, B). Based on the
microarray transcriptomics assay, we list the top 50 up- and down-regulated
DEGs between (A) Pan02°F and Pan02°% ™ cells, and (B) between Pan02"® and
Pan02"P-“Tt cells after low-dose H,O, challenge. Listed in order of fold change.

periodontitis. Arch Immunol Ther Exp (Warsz) (2015) 63:485-94. doi: 10.1007/
s00005-015-0355-9

14. da Silva Correia J, Miranda Y, Leonard N, Hsu J, Ulevitch R]. Regulation of
Nod1-mediated signaling pathways. Cell Death Differ (2007) 14:830-9. doi: 10.1038/
sj.cdd.4402070

15. Kobayashi KS, Chamaillard M, Ogura Y, Henegariu O, Inohara N, Nufiez G,
et al. Nod2-dependent regulation of innate and adaptive immunity in the intestinal
tract. Science (2005) 307:731-4. doi: 10.1126/science.1104911

16. Tattoli I, Travassos LH, Carneiro LA, Magalhaes JG, Girardin SE. The
nodosome: Nodl and Nod2 control bacterial infections and inflammation. Semin
Immunopathol (2007) 29:289-301. doi: 10.1007/s00281-007-0083-2

17. Schneider M, Zimmermann AG, Roberts RA, Zhang L, Swanson K V, Wen H,
et al. The innate immune sensor NLRC3 attenuates toll-like receptor signaling via
modification of the signaling adaptor TRAF6 and transcription factor NF-xB. Nat
Immunol (2012) 13:823-31. doi: 10.1038/ni.2378

18. Allen IC, Moore CB, Schneider M, Lei Y, Davis BK, Scull MA, et al. NLRX1
protein attenuates inflammatory responses to infection by interfering with the RIG-I-
MAVS and TRAF6-NF-«B signaling pathways. Immunity (2011) 34:854-65. doi:
10.1016/j.immuni.2011.03.026

19. Moore CB, Bergstra.lh DT, Duncan JA, Lei Y, Morrison TE, Zimmermann AG,
et al. NLRX1 is a regulator of mitochondrial antiviral immunity. Nature (2008)
451:573-7. doi: 10.1038/nature06501

20. Allen IC, Wilson JE, Schneider M, Lich JD, Roberts RA, Arthur JC, et al.
NLRP12 suppresses colon inflammation and tumorigenesis through the negative
regulation of noncanonical NF-xB signaling. Immunity (2012) 36:742-54. doi:
10.1016/j.immuni.2012.03.012

21. Zhang L, Mo J, Swanson KV, Wen H, Petrucelli A, Gregory SM, et al. NLRC3, a
member of the NLR family of proteins, is a negative regulator of innate immune
signaling induced by the DNA sensor STING. Immunity (2014) 40:329-41. doi:
10.1016/j.immuni.2014.01.010

22. Chen S-T, Chen L, Lin DS.-C, Chen S.-Y, Tsao Y.-P, Guo H, et al. NLRP12
regulates anti-viral RIG-I activation via interaction with TRIM25. Cell Host Microbe
(2019) 25:602-616.€7. doi: 10.1016/j.chom.2019.02.013

23. Xia X, Cui J, Wang HY, Zhu L, Matsueda S, Wang Q, et al. NLRX1 negatively
regulates TLR-induced NF-kB signaling by targeting TRAF6 and IKK. Immunity
(2011) 34:843-53. doi: 10.1016/j.immuni.2011.02.022

24. Lei Y, Wen H, Ting JPY. The NLR protein, NLRX1, and its partner, TUFM,
reduce type I interferon, and enhance autophagy. Autophagy (2013) 9:432-3. doi:
10.4161/auto.23026

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1155831/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1155831/full#supplementary-material
https://www.cancer.org/cancer/pancreatic-cancer/detection-diagnosis-staging/survival-rates.html
https://www.cancer.org/cancer/pancreatic-cancer/detection-diagnosis-staging/survival-rates.html
http://cancerstatisticscenter.cancer.org/
https://www.cancerresearch.org/en-us/immunotherapy/cancer-types/pancreatic-cancer
https://www.cancerresearch.org/en-us/immunotherapy/cancer-types/pancreatic-cancer
https://www.hopkinsmedicine.org/health/conditions-and-diseases/pancreatic-cancer/pancreatic-cancer-vaccine
https://www.hopkinsmedicine.org/health/conditions-and-diseases/pancreatic-cancer/pancreatic-cancer-vaccine
https://www.hopkinsmedicine.org/health/conditions-and-diseases/pancreatic-cancer/pancreatic-cancer-vaccine
https://clinicaltrials.gov/ct2/show/study/NCT01088789
https://clinicaltrials.gov/ct2/show/study/NCT01088789
https://doi.org/10.1038/s41586-019-1593-5
https://doi.org/10.1016/j.phrs.2020.105017
https://doi.org/10.1002/JLB.3MIR0817-346RRR
https://doi.org/10.1038/nature10558
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1038/nature15514
https://doi.org/10.1084/jem.20161707
https://doi.org/10.1007/s00005-015-0355-9
https://doi.org/10.1007/s00005-015-0355-9
https://doi.org/10.1038/sj.cdd.4402070
https://doi.org/10.1038/sj.cdd.4402070
https://doi.org/10.1126/science.1104911
https://doi.org/10.1007/s00281-007-0083-2
https://doi.org/10.1038/ni.2378
https://doi.org/10.1016/j.immuni.2011.03.026
https://doi.org/10.1038/nature06501
https://doi.org/10.1016/j.immuni.2012.03.012
https://doi.org/10.1016/j.immuni.2014.01.010
https://doi.org/10.1016/j.chom.2019.02.013
https://doi.org/10.1016/j.immuni.2011.02.022
https://doi.org/10.4161/auto.23026
https://doi.org/10.3389/fonc.2023.1155831
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nagai-Singer et al.

25. Lei Y, Wen H, Yu Y, Taxman DJ, Zhang L, Widman DG, et al. The
mitochondrial proteins NLRX1 and TUFM form a complex that regulates type I
interferon and autophagy. Immunity (2012) 36:933-46. doi: 10.1016/
jimmuni.2012.03.025

26. Qin Y, Xue B, Liu C, Wang X, Tian R, Xie Q, et al. NLRX1 mediates MAVS
degradation to attenuate the hepatitis ¢ virus-induced innate immune response through
PCBP2. ] Virol (2017) 91:¢01264-17. doi: 10.1128/JV1.01264-17

27. Soares F, Tattoli I, Wortzman ME, Arnoult D, Philpott DJ, Girardin SE, et al.
NLRX1 does not inhibit MAVS-dependent antiviral signalling. Innate Immun (2013)
19:438-48. doi: 10.1177/1753425912467383

28. Tattoli I, Killackey SA, Foerster EG, Molinaro R, Maisonneuve C, Rahman MA,
et al. NLRX1 acts as an epithelial-intrinsic tumor suppressor through the modulation of
TNF-mediated proliferation. Cell Rep (2016) 14:2576-86. doi: 10.1016/j.celrep.2016.02.065

29. Tattoli I, Carneiro LA, Jéhanno M, Magalhaes JG, Shu Y, Philpott DJ, et al.
NLRX1 is a mitochondrial NOD-like receptor that amplifies NF-kB and JNK pathways
by inducing reactive oxygen species production. EMBO Rep (2008) 9:293-300. doi:
10.1038/sj.embor.7401161

30. Coutermarsh-Ott S, Simmons A, Capria V, LeRoith T, Wilson JE, Heid B, et al.
NLRX1 suppresses tumorigenesis and attenuates histiocytic sarcoma through the
negative regulation of NF-AB signaling. Oncotarget (2016) 7:33096-110. doi:
10.18632/oncotarget.8861

31. Singh K, Poteryakhina A, Zheltukhin A, Bhatelia K, Prajapati P, Sripada L, et al.
NLRX1 acts as tumor suppressor by regulating TNF-o induced apoptosis and
metabolism in cancer cells. Biochim Biophys Acta (BBA) - Mol Cell Res (2015)
1853:1073-86. doi: 10.1016/j.bbamcr.2015.01.016

32. Singh K, Roy M, Prajapati P, Lipatova A, Sripada L, Gohel D, et al. NLRX1
regulates TNF-a-induced mitochondria-lysosomal crosstalk to maintain the invasive
and metastatic potential of breast cancer cells. Biochim Biophys Acta (BBA) - Mol Basis
Dis (2019) 1865:1460-76. doi: 10.1016/j.bbadis.2019.02.018

33. Zhang H, Xiao Y, Nederlof R, Bakker D, Zhang P, Girardin SE, et al. NLRX1
deletion increases ischemia-reperfusion damage and activates glucose metabolism in
mouse heart. Front Immunol (2020) 11:591815. doi: 10.3389/fimmu.2020.591815

34. Leber A, Hontecillas R, Tubau-Juni N, Zoccoli-Rodriguez V, Hulver M,
McMillan R, et al. NLRX1 regulates effector and metabolic functions of CD4+ T
cells. J Immunol (2017) 198:2260-8. doi: 10.4049/jimmunol.1601547

35. Pickering RJ, Booty LM. NLR in eXile: emerging roles of NLRX1 in immunity
and human disease. Immunology (2021) 162:268-80. doi: 10.1111/imm.13291

36. Fekete T, Bencze D, Biro E, Benkd S, Pazmandi K. Focusing on the cell type
specific regulatory actions of NLRX1. Int J Mol Sci (2021) 22:1316. doi: 10.3390/
{jms22031316

37. Koblansky AA, Truax AD, Liu R, Montgomery SA, Ding S, Wilson JE, et al. The
innate immune receptor NLRX1 functions as a tumor suppressor by reducing colon
tumorigenesis and key tumor-promoting signals. Cell Rep (2016) 14:2562-75. doi:
10.1016/j.celrep.2016.02.064

38. Hu B, Ding G-Y, Fu P-Y, Zhu X-D, Ji Y, Shi G-M, et al. NOD-like receptor X1
functions as a tumor suppressor by inhibiting epithelial-mesenchymal transition and
inducing aging in hepatocellular carcinoma cells. ] Hematol Oncol (2018) 11:28. doi:
10.1186/513045-018-0573-9

39. Luo X, Donnelly CR, Gong W, Heath BR, Hao Y, Donnelly LA, et al (2020).
HPV16 drives cancer immune escape via NLRX1-mediated degradation of STING. J
Clin Invest 130:1635-52. doi: 10.1172/JCI129497

40. Soares F, Tattoli I, Rahman MA, Robertson SJ, Belcheva A, Liu D, et al. The
mitochondrial protein NLRX1 controls the balance between extrinsic and intrinsic
apoptosis. ] Biol Chem (2014) 289:19317-30. doi: 10.1074/jbc.M114.550111

41. Agilent Technologies, Inc (2019). Seahorse XF cell mito stress test kit user guide
(Wilmington, DE: Agilent Technologies, Inc.), Vol. 20. (2022) Available at: https://
www.agilent.com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_
User_Guide.pdf

42. QIAGEN. rt2 profiler pcr arrays - GeneGlobe. Available at: https://geneglobe.
qiagen.com/us/product-groups/rt2-profiler-pcr-arrays.

Frontiers in Oncology

12

10.3389/fonc.2023.1155831

43. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell (2011)
144:646-74. doi: 10.1016/j.cell.2011.02.013

44. Ayres Pereira M, Chio IIC. Metastasis in pancreatic ductal adenocarcinoma:
current standing and methodologies. Genes (Basel) (2019) 11:6. doi: 10.3390/
genes11010006

45. Bafty G. Mitochondrial uncoupling in cancer cells: liabilities and opportunities.
Biochim Biophys Acta (BBA) - Bioenergetics (2017) 1858:655-64. doi: 10.1016/
j.bbabio.2017.01.005

46. Marchetti P, Fovez Q, Germain N, Khamari R, Kluza J. Mitochondrial spare
respiratory capacity: mechanisms, regulation, and significance in non-transformed and
cancer cells. FASEB J (2020) 34:13106-24. doi: 10.1096/£].202000767R

47. Lei Y, Kansy BA, Li J, Cong L, Liu Y, Trivedi S, et al. EGFR-targeted mAb
therapy modulates autophagy in head and neck squamous cell carcinoma through
NLRX1-TUFM protein complex. Oncogene (2016) 35:4698-707. doi: 10.1038/
onc.2016.11

48. Fan Z, Pan ], Wang H, Zhang Y. NOD-like receptor X1, tumor necrosis factor
receptor-associated factor 6 and NF-kB are associated with clinicopathological
characteristics in gastric cancer. Exp Ther Med (2021) 21:208. doi: 10.3892/
etm.2021.9640

49. Castafo-Rodriguez N, Kaakoush NO, Goh K-L, Fock KM, Mitchell HM. The
NOD-like receptor signalling pathway in helicobacter pylori infection and related
gastric cancer: a case-control study and gene expression analyses. PloS One (2014) 9:
€98899. doi: 10.1371/journal.pone.0117870

50. Polireddy K, Chen Q. Cancer of the pancreas: molecular pathways and current
advancement in treatment. ] Cancer (2016) 7:1497-514. doi: 10.7150/jca.14922

51. Holmer R, Goumas FA, Waetzig GH, Rose-John S, Kalthoff H. Interleukin-6: a
villain in the drama of pancreatic cancer development and progression. Hepatob
Pancreat Dis Int (2014) 13:371-80. doi: 10.1016/S1499-3872(14)60259-9

52. Martinez-Bosch N, Vinaixa J, Navarro P. Immune evasion in pancreatic cancer:
from mechanisms to therapy. Cancers (Basel) (2018) 10:6. doi: 10.3390/cancers10010006

53. Ma Z, Hopcraft SE, Yang F, Petrucelli A, Guo H, Ting JP.-Y, et al. NLRX1
negatively modulates type I IFN to facilitate KSHV reactivation from latency. PloS
Pathog (2017) 13:¢1006350. doi: 10.1371/journal.ppat.1006350

54. Hwang JP, LoConte NK, Rice JP, Foxhall LE, Sturgis EM, Merrill JK, et al.
Oncologic implications of chronic hepatitis ¢ virus infection. JOP (2019) 15:629-37.
doi: 10.1200/JOP.19.00370

55. Cheng J, Nanayakkara G, Shao Y, Cueto R, Wang L, Yang WY, et al.
Mitochondrial proton leak plays a critical role in pathogenesis of cardiovascular
diseases. Adv Exp Med Biol (2017) 982:359-70. doi: 10.1007/978-3-319-55330-6_20

56. Laukkanen MO. Extracellular superoxide dismutase: growth promoter or
tumor suppressor? Oxid Med Cell Longev (2016) 2016:3612589. doi: 10.1155/2016/
3612589

57. Nakamura K, Kassem S, Cleynen A, Chretien M-L, Guillerey C, Putz EM, et al.
Dysregulated IL-18 is a key driver of immunosuppression and a possible therapeutic
target in the multiple myeloma microenvironment. Cancer Cell (2018) 33:634-648.e5.
doi: 10.1016/j.ccell.2018.02.007

58. Chu Y, Wang L.-X, Yang G, Ross HJ, Urba WJ, Prell R, et al. Efficacy of GM-
CSF-producing tumor vaccine after docetaxel chemotherapy in mice bearing
established Lewis lung carcinoma. J Immunother (2006) 29:367-80. doi: 10.1097/
01.¢ji.0000199198.43587.ba

59. Mach N, Gillessen S, Wilson SB, Sheehan C, Mihm M, Dranoff G, et al.
Differences in dendritic cells stimulated in vivo by tumors engineered to secrete
granulocyte-macrophage colony-stimulating factor or Flt3-ligand. Cancer Res (2000)
60:3239-46.

60. Hong I-S. Stimulatory versus suppressive effects of GM-CSF on tumor
progression in multiple cancer types. Exp Mol Med (2016) 48:e242. doi: 10.1038/
emm.2016.64

61. Nagai-Singer MA. (2022) Protective or Problematic? Investigating the role of the
innate immune receptor NLRX1 as a tumor suppressor or promoter in breast and
pancreatic cancer [dissertation] [Blacksburg (VA)]: Virginia Tech.

frontiersin.org


https://doi.org/10.1016/j.immuni.2012.03.025
https://doi.org/10.1016/j.immuni.2012.03.025
https://doi.org/10.1128/JVI.01264-17
https://doi.org/10.1177/1753425912467383
https://doi.org/10.1016/j.celrep.2016.02.065
https://doi.org/10.1038/sj.embor.7401161
https://doi.org/10.18632/oncotarget.8861
https://doi.org/10.1016/j.bbamcr.2015.01.016
https://doi.org/10.1016/j.bbadis.2019.02.018
https://doi.org/10.3389/fimmu.2020.591815
https://doi.org/10.4049/jimmunol.1601547
https://doi.org/10.1111/imm.13291
https://doi.org/10.3390/ijms22031316
https://doi.org/10.3390/ijms22031316
https://doi.org/10.1016/j.celrep.2016.02.064
https://doi.org/10.1186/s13045-018-0573-9
https://doi.org/10.1172/JCI129497
https://doi.org/10.1074/jbc.M114.550111
https://www.agilent.com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf
https://www.agilent.com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf
https://www.agilent.com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf
https://geneglobe.qiagen.com/us/product-groups/rt2-profiler-pcr-arrays
https://geneglobe.qiagen.com/us/product-groups/rt2-profiler-pcr-arrays
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3390/genes11010006
https://doi.org/10.3390/genes11010006
https://doi.org/10.1016/j.bbabio.2017.01.005
https://doi.org/10.1016/j.bbabio.2017.01.005
https://doi.org/10.1096/fj.202000767R
https://doi.org/10.1038/onc.2016.11
https://doi.org/10.1038/onc.2016.11
https://doi.org/10.3892/etm.2021.9640
https://doi.org/10.3892/etm.2021.9640
https://doi.org/10.1371/journal.pone.0117870
https://doi.org/10.7150/jca.14922
https://doi.org/10.1016/S1499-3872(14)60259-9
https://doi.org/10.3390/cancers10010006
https://doi.org/10.1371/journal.ppat.1006350
https://doi.org/10.1200/JOP.19.00370
https://doi.org/10.1007/978-3-319-55330-6_20
https://doi.org/10.1155/2016/3612589
https://doi.org/10.1155/2016/3612589
https://doi.org/10.1016/j.ccell.2018.02.007
https://doi.org/10.1097/01.cji.0000199198.43587.ba
https://doi.org/10.1097/01.cji.0000199198.43587.ba
https://doi.org/10.1038/emm.2016.64
https://doi.org/10.1038/emm.2016.64
https://doi.org/10.3389/fonc.2023.1155831
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	NLRX1 functions as a tumor suppressor in Pan02 pancreatic cancer cells
	Introduction
	Materials and methods
	Cell culture and transduction
	Western blotting
	Proliferation assays
	Cell death assays
	Migration assays
	Reactive oxygen species assays
	Metabolism assays
	Transcriptomics and gene expression

	Results
	NLRX1 alters proliferation, cell death, migration, and ROS levels in Pan02 cells
	NLRX1 protects against unregulated mitochondrial activity and limits energy production in Pan02 cells
	NLRX1 impacts many pathways associated with cancer and immune system regulation
	NLRX1 inhibits inflammation, immune evasion, and cancer-associated gene expression signatures

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


