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Cellular Context Dictates the Suppression or Augmentation of
Triple-Negative Mammary Tumor Metastasis by NLRX1
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Prior studies have defined multiple, but inconsistent, roles for the enigmatic pattern recognition receptor NLRX1 in regulating
several cancer-associated biological functions. In this study, we explore the role of NLRX1 in the highly metastatic murine 4T1
mammary tumor model. We describe a functional dichotomy of NLRX1 between two different cellular contexts: expression in
healthy host cells versus expression in the 4T1 tumor cells. Using NlrxI '~ mice engrafted with 4T1 tumors, we demonstrate that
NLRX1 functions as a tumor suppressor when expressed in the host cells. Specifically, NLRX1 in healthy host cells attenuates
tumor growth and lung metastasis through suppressing characteristics of epithelial-mesenchymal transition and the lung
metastatic niche. Conversely, we demonstrate that NLRX1 functions as a tumor promoter when expressed in 4T1 tumor cells
using gain- and loss-of-function studies both in vitro and in vivoe. Mechanistically, NLRX1 in the tumor cells augments 4T1
aggressiveness and metastasis through regulating epithelial-mesenchymal transition hallmarks, cell death, proliferation,
migration, reactive oxygen species levels, and mitochondrial respiration. Collectively, we provide critical insight into NLRX1
function and establish a dichotomous role of NLRX1 in the 4T1 murine mammary carcinoma model that is dictated by cellular

context. The Journal of Immunology, 2023, 211: 1844—-1857.

ne in eight females will be diagnosed with breast cancer in
their lifetime, making it one of the most prevalent and
deadly malignancies in the United States (1, 2). Triple-
negative breast cancer (TNBC), which is characterized by the
absence of estrogen receptor (ER), progesterone receptor (PR), and
HER2, is deadlier and more aggressive than other types of breast
cancer (1, 2). Many biological pathways and processes that are
important to the initiation and progression of cancers, including
TNBC, are regulated in part through proteins associated with innate
immune signaling such as pattern recognition receptors (PRRs).
PRRs allow cells to sense pathogens, cellular damage, and stress
and are often the first line of defense to microenvironmental
changes in tissue homeostasis that are highly relevant to tumorigen-
esis and disease burden (3).
Specifically, PRRs recognize damage- and/or pathogen-associated
molecular patterns to initiate or regulate the subsequent immune

response, typically through the formation of multiprotein complexes.
NOD-like receptors (NLRs) are a group of cytosolic PRRs that are
best known for their ability to form a multiprotein complex known
as the inflammasome, which initiates inflammation through produc-
tion of IL-18 and IL-1B (4, 5). Although the inflammasome-forming
NLRs are the best characterized, many NLR proteins do not directly
participate in inflammasome formation and are classified as regula-
tory NLRs (6, 7). Most studies to date have focused on the role of
these regulatory NLRs in inflammation, typically in the context of
infectious diseases where they appear to regulate signaling associ-
ated with other PRRs and function through the formation of
other multiprotein complexes such as the “NODosome” and the
hypothesized “TRAFasome,” but their mechanisms remain largely
undefined (6-15).

NLRX1 is a unique and enigmatic regulatory NLR that functions
to attenuate inflammation (16, 17). This has been best described in
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the context of host—pathogen immune signaling, where NLRX1
attenuates proinflammatory NF-«kB signaling and inhibits the inter-
action between RIG-I and MAVS to attenuate type I IFN (8, 10, 11,
18, 19). Additionally, NLRX1 regulates other major signaling path-
ways that involve STAT, MAPK, JNK, and AKT signaling, albeit
through mechanisms that are not entirely defined (20-26). NLRX1
can also modulate reactive oxygen species (ROS) production,
autophagy, and metabolism under specific biological conditions that
are not fully understood (25-38). The regulation of these numerous
and diverse pathways by NLRX1 suggests that NLRX1 can contrib-
ute to a wide range of human diseases, including cancer (7, 16, 17).

The role of NLRX1 in several cancer models has proven to be
enigmatic due in large part to conflicting data between different
types and subtypes of cancer. For example, NLRX1 has been sug-
gested to function as a tumor suppressor in models of colon cancer,
including spontaneous and azoxymethane/dextran sodium sulfate
mouse models and human colon cancer cells engrafted into mice
(20, 24, 27). NLRX1 also appears to protect against disease burden
in histiocytic sarcoma and hepatocellular carcinoma models (21,
23). Many of these phenotypes seem to be driven by its modulation
of pathways including ERK, STAT3, NF-kB, MAPK, and AKT sig-
naling. Conversely, conflicting data have been reported that demon-
strate NLRX1 functions as a tumor promoter in some situations,
such as azoxymethane-only models of colorectal cancer (non-inflam-
mation driven) and human papillomavirus—associated head and neck
squamous cell carcinoma (37, 38). These studies illustrate that
genetic modification of NLRX1 results in robust phenotypes in all
cancer models reported, but the tumor-suppressing or tumor-promot-
ing role of NLRX1 is complex and nuanced.

The complexity of NLRX1 function extends to breast cancer,
where its role remains controversial and apparently dependent on
the aggressiveness and type of breast cancer cell. For example,
NLRX1 is upregulated in aggressive TNBC cell lines compared
with less aggressive ER/PR-positive cell lines (27, 36). Likewise, in
human tumors, NLRX1 is upregulated in TNBC tumors and meta-
static tumors compared with ER/PR-positive tumors and early-stage
tumors (36). In vitro, NLRX1 overexpression in MCF-7 human
breast cancer cells (ER/PR-positive) demonstrated decreased clo-
nogenicity and migration and suggested that NLRX1 is tumor-
suppressing (27). Conversely, NLRX1 knockdown in MDA-MB-231
human TNBC cells (ER/PR-negative) demonstrated decreased prolif-
eration and migration and suggested that NLRX1 is tumor-promoting
(36). Taken together, these previous studies have shown a role for
NLRX1 in regulating biological functions during breast cancer. How-
ever, these studies lacked in vivo model assessments and did not
conduct loss- and gain-of-function studies in consistent cell lines,
which limited the exploration of NLRX1 and restricted more com-
prehensive mechanistic studies.

To address these issues, we generated novel Nlrx/ ~~ mice on the
BALB/c] background, which is the strain required for the com-
monly used 4T1 murine triple-negative mammary tumor model. We
also generated 4T1 cell lines to conduct critical loss-of-function and
gain-of-function studies within the same parental cell line both
in vitro and in vivo. In this study, using these unique mice and cell
lines, we show that the biological effects of NLRX1 in murine
mammary tumors are highly dependent on the cellular context
(healthy host cells versus tumor cells). Using Nirx!™~ mice, we
show that NLRX1 functions as a tumor suppressor in healthy host
cells, where it protects against tumor progression and metastasis
through regulating epithelial-mesenchymal transition (EMT) markers,
recruitment of immune cells, and the formation of the lung metastatic
niche. Conversely, in the 4T1 tumor cells, NLRX1 augments tumor
progression and metastasis by increasing malignant properties in vitro
and promoting EMT characteristics and disease burden in vivo.
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Taken together, by using combined in vitro and in vivo models
that can be evaluated together and in parallel, our data demon-
strate a functional dichotomy between NLRX1 in healthy host
cells versus in mammary tumor cells, especially regarding mammary
tumor metastasis.

Materials and Methods

Cell culture and transfection

4T1 cells were obtained from American Type Culture Collection and were
cultured in RPMI 1640 (American Type Culture Collection) supplemented
with 10% FBS (R&D Systems) and 1% penicillin/streptomycin (Thermo
Fisher Scientific). Cells were incubated at 37°C and 5% CO,. 4T1 cells
were transduced to either knock down (4T1¥P) murine NLRX1 using lenti-
viral short hairpin RNA (shRNA) particles or overexpress (4T1°F) murine
NLRX1 using lentiviral open reading frame (ORF) particles, according to
the manufacturer’s protocols (Origene TL515304V and MR213673L4V).
Knockdown control 4T1 cells (4T1¥PC™) were transduced with scrambled
shRNA particles, and overexpression control 4T1 cells (4T1°%°™) were
transduced with control ORF particles (Origene TR30021V and PS100093V).
Antibiotic selection with 3 wg/ml puromycin (Santa Cruz Biotechnology) was
used to select for transduced cells, and successful overexpression or knock-
down was confirmed by Western blot for murine NLRX1 (Abcam). Four dif-
ferent ShRNA sequences were tested for generating the 4T1P cells, and one
sequence proved to be superior during puromycin selection. Cells were authen-
ticated using morphology checks by microscope and commercial Mycoplasma
testing (Charles River Research Animal Diagnostic Services) and were dis-
carded before 30 passages. Importantly, due to differences in the shRNA tech-
nology used for the knockdown system (4T1%P and 4T1¥P™) versus the
ORF technology used for overexpression system (4T1°F and 4T1°FCTh),
each transduced cell line was only compared with its specific internal control.

Cell migration assay

Transduced 4T1 cells were seeded at 5 x 10° cells per well in a six-well
plate in complete media and incubated overnight. Media were then switched
to 1% FBS media and incubated for 24 h to allow cells to adjust to
the decreased serum content. A 200-.l pipette tip was used to make three
scratches per well for a “scratch” assay. Initial images of each scratch were
acquired directly following the scratch induction (Invitrogen EVOS M5000).
At 5 and 8 h postscratch, images of each scratch were acquired at the same
location of the initial image. Images were uploaded to Fiji/lmageJ, and the
width of the scratch was measured several times per image. Rate of migra-
tion was calculated as pixels per hour.

Proliferation assay

Transduced 4T1 cells were seeded at 1 x 10* cells per well in a 96-well
plate in complete media and incubated overnight. Media were then replaced
with experimental media of complete media with and without 10 ng/ml TNF
(PeproTech), and with and without 10 ng/ml TGF- (R&D Systems) and
allowed to incubate for 48 h. An MTT assay was performed according to
the manufacturer’s protocols (Abcam).

Cell death assay

Transduced 4T1 cells were seeded at 1 x 10* cells per well in a 96-well
plate in complete media and incubated overnight. Media were then replaced
with complete media with and without 100 mM H,O, (Fisher Chemical) and
allowed to incubate for 6 h. A lactate dehydrogenase assay was performed
according to manufacturer’s protocols (Thermo Fisher Scientific).

Mitochondrial ROS production

Transduced 4T1 cells were seeded at 1 x 10° cells per well in a 24-well
plate in complete media and incubated overnight. Media were then replaced
with complete media with and without 10 ng/ml TNF (PeproTech) and incu-
bated for 4 h. MitoSOX (Thermo Fisher Scientific) and NucBlue (Thermo
Fisher Scientific) were added to the wells per the manufacturer’s protocols.
Several images per well were acquired with a fluorescent microscope (Invi-
trogen EVOS M5000). Fluorescence intensity of each image was measured
using Fiji/lmage] and corrected for background fluorescence in unstained
samples.

Metabolism assays

Transduced 4T1 cells were seeded at 1 X 10* cells per well in a 96-well Sea-
horse XF96 cell culture microplate (Agilent) in complete media and allowed
to attach for 3 h. Media were then replaced with experimental media of
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complete media with and without 10 ng/ml TNF (PeproTech) and with and
without 10 ng/ml TGF-B (R&D Systems) and incubated for 24 h. A Sea-
horse XF96 Mito Stress Test (Agilent) was performed according to the man-
ufacturer’s protocols at the Virginia Tech Metabolism Core. Respiratory
capacity was calculated as maximal respiration minus basal respiration of the
final time point of each injection step and corrected for nonmitochondrial
respiration.

Western blotting

Protein was extracted from cells or tissues in a protein lysis buffer of 2%
SDS, 100 mM Tris HCI, 100 mM NaCl, and 1X protease inhibitor (Thermo
Fisher Scientific) and quantified using a bicinchoninic acid assay (Thermo
Fisher Scientific) according to the manufacturer’s protocols. Samples were
loaded at 20 pg/ml with reducing sample buffer (Thermo Fisher Scientific)
in precast 4—12% Bis-Tris mini protein gels (Thermo Fisher Scientific),
transferred to a polyvinylidene difluoride membrane in 1X TGE (Tris-
glycine-EDTA) + 20% methanol, and blocked in 5% milk in TBS + 0.1%
Tween 20 (TBST). All Abs were diluted 1:1000 in 5% BSA or 5% milk
and incubated overnight at 4°C (CST and Abcam). TBST was used for all
wash steps. Images were obtained with iBright (Thermo Fisher Scientific)
or Odyssey XF (LI-COR Biosciences) imaging systems using an HRP-
conjugated secondary Ab (CST) and SuperSignal West Pico, Dura, or
Femto Chemiluminescent Substrates (Thermo Fisher Scientific). In all West-
ern blots performed on tissue samples, each lane represents an individual
mouse and therefore represents natural variabilities between individual mice.

Flow cytometry

Tumors and lungs were collected in cold RPMI 1640 and mechanically and/
or enzymatically digested as previously described (39). Cells were counted
with trypan blue and diluted to 1 x 107 cells/ml. Then, 100 .l of each sam-
ple was collected in a microcentrifuge tube and fixed with a formaldehyde-
based fixation buffer (Invitrogen) for 15 min in the dark. Fixed cells were
resuspended in PBS and stored at 4°C in the dark until staining. Permeabili-
zation was conducted on samples in panel 2 using a permeabilization buffer
for 20 min at room temperature in the dark (Invitrogen). Staining was con-
ducted with Abs diluted in FACS buffer following blocking with an Fec-
blocking Ab and samples were submitted to the Flow Cytometry Core at
Virginia Tech, who also performed the gating. The flow cytometry panels
and sample gating for the population that includes potential eosinophils can
be found in Supplemental Fig. 1.

Generation of BALB/cJ Nlrx1™'™ mice

BALB/c] NirxI™~ mice were generated through 12 generations of back-
crossing. C57/BL6J NlrxI™~ mice (provided by Dr. Jenny Ting, University
of North Carolina at Chapel Hill) were crossed with wild-type (WT) BALB/
cJ mice purchased from The Jackson Laboratory to create Nirx! ™'~ offspring
(10). Each generation of NlrxI™'~ offspring was crossed with WT BALB/cJ
mice for 12 generations. Fy, Nirx! */~ mice were crossed with each other to
generate the first BALB/cJ NirxI™~ offspring, which established the colony
of BALB/cJ NirxI™~ mice. WT and NlrxI™'~ mice were maintained as sep-
arate colonies. All mice were housed under specific pathogen-free conditions,
and all experiments were conducted under the approval of the Virginia Tech
Institutional Animal Care and Use Committee and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Genotyping

We confirmed the genotype of all mice generated from backcrossing. Tail
snips were collected for DNA extraction. DNA extraction was performed
using 25 mM NaOH/0.2 mM EDTA and 40 mM Tris-HCl. MyTaq (Biol-
ine) and three NlrxI primers (5'-CCAGGCTCAGCATAATTTGTT-3', 5'-
AGCCGGAAGTCAAGGTTGAGG-3', and 5'-AGCGCATCGCCTTC-
TATCGCCTTC-3") were used for PCR. PCR product was loaded into a
2% LE (low electroendosmosis) agarose gel with ethidium bromide and set
to run for 60 min at 150 V. Gel images were obtained with iBright (Thermo
Fisher Scientific) or Odyssey XF (LI-COR Biosciences) imaging systems.

Invivo 4T1 models

Experimental mice were all females between 2 and 5 mo of age. Mice
were anesthetized and injected with 1.2 x 10° 4T1 cells (4T1, 4T1°F,
4T19FCTE 4T15P or 4T1%P-CTLY in 100 wl of sterile PBS in the left
abdominal mammary fat pad (39). An estimation of tumor volume was
calculated as (length X width X width)/2. Morbidity was determined
through scoring activity level, respiration, movement, appearance, and
tumor condition on a scale of 0 (normal) to 4 (severe complications).
Tumors were collected for final tumor volume, calculated as (3.14159/6) x
length X width X height as previously described (40). Sections of the
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tumors were fixed in 10% formalin for H&E analysis, flash-frozen for
RNA/protein extraction, or harvested for flow cytometry. Lungs were col-
lected for metastasis quantification as previously described, with quantifica-
tion done either by manually counting 6-thioguanine—resistant metastatic
colonies (“metastatic colonies”) or by using computer-based imaging to
calculate the percentage of positive staining for 6-thioguanine—resistant
metastatic colonies (“% metastatic burden”) (39, 41). Lungs were also
flash-frozen for RNA/protein extraction or harvested for flow cytometry.
Whole blood was collected for metastasis quantification as previously
described (41). All experiments were conducted with Institutional Animal
Care and Use Committee approval and in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Gene expression and transcriptomics

RNA was extracted from flash-frozen tumors using a RNeasy isolation kit
per the manufacturer’s protocols (Qiagen). For the pathway-focused quantita-
tive RT-PCR array, total RNA from three 4T1 tumors was pooled per geno-
type (WT and NixI77). Gene expression was evaluated with a murine
breast cancer RT? Profiler PCR array (Qiagen). Ingenuity Pathway Analysis
was used to predict pathways impacted by differentially expressed genes
(DEGs). For transcriptomics analysis, RNA from three to six tumors were
divided and pooled into two separate replicates for 4T1, 4T1°F, or 4T195CTE
tumors from each genotype (WT and NlrxI~'"), for a total of six groups with
two replicates each. Gene expression was evaluated using microarray analysis
(Clariom S, Applied Biosystems, Thermo Fisher Scientific). Data were ana-
lyzed using Transcriptome Analysis Console (TAC) (Applied Biosystems,
Thermo Fisher Scientific). TAC predicts the real-life significance of a gene/
pathway through analyzing multiple parameters and is not to be confused with
statistical significance. A combination of TAC and Ingenuity Pathway Analy-
sis data were used to inform the working models presented in this manuscript.

Statistical analysis

Animal numbers were justified by a power analysis. Comparisons were ana-
lyzed using a two-way unpaired # test or an ANOVA followed by a Tukey
post hoc test for multiple comparisons as appropriate. Survival was analyzed
using a log-rank Mantel-Cox test. All figures and analyses were completed
in GraphPad Prism. Outlier tests were conducted to identify and remove any
outliers in the data when appropriate.

Data availability

Microarray data presented in this study are publicly available at Gene Expres-
sion Omnibus under accession number GSE216937 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE216937).

Results
NLRX1I expressed in healthy host cells attenuates tumor progression
and metastasis

To determine the role of NLRX1 in healthy host cells on mammary
tumor progression, we generated novel BALB/cJ NirxI™'~ mice
compatible with the 4TI triple-negative mammary tumor model.
These mice were generated through 12 generations of backcrossing
and were confirmed to lack a functional NlrxI gene. NirxI™'~ and
WT BALB/cJ mice were injected with 1.2 X 10° 4T1 cells in a sin-
gle mammary fat pad and were monitored for tumor growth, mor-
bidity, and mortality. During the course of the study, Nlrx/™~ mice
increasingly presented with larger tumors than WT mice did
(Fig. 1A), and no differences in morbidity (Fig. 1B) or mortality
(Fig. 1C) were observed. However, because tumor measurements
throughout the study only accounted for the length and width of the
tumor, we calculated the final tumor volume of excised tumors to
include tumor depth. This three-dimensional measurement confirmed
that Nlrx!1™'~ mice developed larger tumors than WT mice do
(Fig. 1D). NIrxI™'~ mice also exhibited an increase in metastatic
burden in the lung compared with WT animals (Fig. 1E, 1F).
NIrxI™~ mice had ~6-fold more circulating tumor cells in the
blood than WT animals did; however, this assessment was highly
variable and results were not statistically significant (p = 0.2)
(Fig. 1G). Taken together, the increased tumor volume and metas-
tasis in NlrxI™~ mice demonstrate that NLRX1 attenuates 4T1
tumor progression when expressed by host cells.
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way unpaired 7 test. Tumor growth and morbidity were analyzed using multiple # tests (one per row). Survival was analyzed using a log-rank Mantel-Cox
test. WT, n = 5; NlrxI ™=, n = 7. Data are representative of two independent experiments. All data are displayed as mean + SEM. *p = 0.05, **p =< 0.01,

**¥p = 0.001.

LRX1 expressed in host cells decreases metastasis by limiting EMT
characteristics and immune cell recruitment

To begin uncovering the mechanisms responsible for this protective
phenotype, we next profiled gene expression in 4T1 tumors collected
from WT and NlrxI™"~ mice using both whole-transcriptome microar-
rays and pathway-focused quantitative RT-PCR arrays. The transcrip-
tome analysis identified the top 20 pathways that were altered in
tumors from NrxI ™'~ mice versus tumors from WT animals based
on the number of DEGs (Fig. 2A). This revealed many pathways
associated with the prometastatic process of EMT (Fig. 2A). Specifi-
cally, in the absence of NLRXI, several genes associated with
EGFR1 signaling, focal adhesion, PI3K-AKT-mTOR, c-Kit receptor
signaling, and TGF- receptor signaling were upregulated compared
with tumors from WT mice, indicating that NLRX1 may regulate
EMT (Fig. 2B). Indeed, we identified 12 DEGs highly relevant to
EMT, suggesting that NLRX1 attenuates EMT gene signatures in the
host cells (Fig. 2C, Supplemental Fig. 2A) (42). To validate that
NLRX1 regulates EMT, we analyzed protein levels of the epithelial
marker E-cadherin, which is commonly found to be downregulated in
cells undergoing EMT (43). The Western blot data revealed that
tumors from N/~ mice express approximately half the E-cadherin
of tumors from WT mice (Fig. 2D, Supplemental Fig. 2B). We also
analyzed protein levels of TGF- and MMPY, both of which promote
EMT (44). We found that more tumors from Nlrx/~~ mice express
MMP9 and TGF-B compared with tumors from WT mice (Fig. 2E,
Supplemental Fig. 2B). This further suggests a protective role for
NLRX1 against EMT when expressed by healthy host cells. Using
Ingenuity Pathway Analysis of the targeted RT-PCR array data and
the TAC analysis of the transcriptomics data, the analyses predicted

specific interactions resulting in the phenotypes observed in the
NirxI™~ mice (Fig. 2F, Supplemental Fig. 2C, 2D). The results pre-
dict that NLRX1 limits EMT by suppressing TGF-3, c-Kit, and EGF
signaling, which further suppresses the downstream activation of the
PI3K-AKT, ERK1/2, and (3-catenin pathways. These pathways appear
to converge on the pro-EMT transcription factor Zeb?2 (Fig. 2F). Ulti-
mately, the loss of NLRX1 in healthy host cells facilitates the emer-
gence of EMT hallmarks, which in turn may facilitate the increased
metastasis in Nlrx/~~ animals.

Immune cells provide a critical niche that can facilitate tumor pro-
gression, invasion, and metastasis through modulating EMT (45, 46).
Thus, we next sought to define the tumor microenvironment of the
tumors from WT and Nix/™"~ mice using flow cytometry. Using a
well-defined panel of cell surface markers (Supplemental Fig. 1A),
most leukocyte populations evaluated did not have any statistical dif-
ferences (Supplemental Fig. 2E). However, intriguingly, tumors from
NirxI™™ mice contained significantly more cells resembling eosino-
phils than tumors from WT animals did (Fig. 2G, 2H). Importantly,
although this population would include eosinophils, the generalness of
the cell surface markers used in this study cannot confirm that this
population includes only eosinophils. We refer to this population
as “eosinophil-containing” to indicate the uncertainty of the exact
makeup of this population. Eosinophils can drive EMT through the
secretion of MMP9 and TGF-B, which as noted above were
observed in more tumors from Nlx/~~ mice (Fig. 2E) (47). The
increased eosinophil-containing population appears to be correlated
with a significant decrease in Cxcl9 observed in the NlxI™'~
tumors (Fig. 2I). CXCL9 inhibits eosinophil recruitment and has
previously been shown to be dysregulated in the absence of



1848 NLRX1 DIFFERENTIALLY IMPACTS 4T1 DISEASE BURDEN

A B C

Adar1 editing defficiency immune response TGF-p Receptor Signaling _ Focal Adhesion: EGFR Signaling EMT
Cell cycle Pathway Genes PI3K-Akt-mTOR Genes Pathway Genes
Chemokine signaling pathway 6 Tafbr3 6 Angpt2-Ji| Genes Tgfbr3
Complement and coagulation cascades Sde24ii| [l 4 = Osmr— Cav1 6 Cavi 5
DNA replication " Ube2d1 - ) Itb, da 7] Stxbp! 3 ctanpt -
EGFR1 signaling pathway = Cdc16+ 2 & Pedrred] Egf- 3 g Id1 g
sl a Cav1- gfta 5 Dok2 &
Focal adhesion S Dab2 ] o g Gng11-] Loz o] Dab2
Focal adhesion: PI3K-Akt-mTOR signaling pathway - ES Tator1 - 23 Pdgfd— Pitged 0 3 Tgfbrt 0 2
G1 to S cell cycle control o 4 8 Snx2- ® [omass Vavi a2 @ Epast 8
IL-3 signaling pathway — 3 Rbl1 -4 em,z”: Grv7 © Kit: &
el Kit receplordsignﬁlirllg pathway - g Cenb2-{l0| |l 6 Gng10 = Stat1 % Ze;gg
echanisms associated with pluripotency — —_ . 5w Pikart X ;
Microglia pathogen phagocytosis pathway — = Kit Receptor Signaling Kit- a Focal Adhesion Gdh1. 5
mRNA processing o Pathway Genes Angtp1 0 2 Genes Tne
p53 signaling = 2 Poru M 5 iRed] 8 ligb2 6
Protein-protein interactions in podocytes — Piskr1 7 Popach ] R 5 dé(g:
Purine metabolism - Kit a Ifnat1 Pdgfd-
Spinal cord injury - Ptpné— 00 Fgf2— Lamad-] 3 -
TGF-beta receptor signaling pathway - Vav1 H Col3at+ Pik3r1 =}
Tol-like receptor signaling pathway 0 Grb7 2 P Pik3cd- =
Stat1-{l| f{ 5 © Comb3] Vav1 08
Ca Itgam - H
ol a2+ 5 Coi3al 2
nn= (=]
ool Corar 4|} 5@
" . ambJa—
D E-Cadherin Densitometry E 4 CoJ;_aZ-
of= nn—{00]|
1.5+ WT Nirx1 Im o
£
] MMP9 r—"=w
< 1.0-
2 - - - -
TGF-¢ [ -
% 0.5
3° B-Actin | o mm ==l ====<]
w
0.0-
WT  Nirx1™
Downregulated o Upregulated WT Nirc1-
in WT tumors in WT tumors

) CD45+ CD11b+ CD11c-  CD45+ CD11b+ CD11c-
NLRX1 in Healthy Host Cell

» CXCLY sesennnnsns 1 ‘05_6.63 102
Eosi.hb.ph\\— 1
containing
.\ population
bd -
EGF 7 WNT
A
| I
TGF-BR Fr\z.zled
» i
Sm_?d B—Ca_tcmn
Eosinophil-Containing Eosinophil Recruitment
b Population Genes
& [~ Zeb1/2, Snail/2 * Veam1 20 p
Twist, Slug \ 12+ Itgam 2
< I3 0 2
o
l o Cel11 5
é 8+ Cxcl9 20 ﬂg
EMT a
E-Cadherin E M
a
Q
=

WT  Nixt™

FIGURE 2. NLRXI1 expressed in healthy host cells decreases metastasis by limiting epithelial-mesenchymal transition characteristics and immune
cell recruitment. (A) Transcriptomics assessments identified the top 20 pathways altered in tumors harvested from NlrxI~'~ versus WT mice,
defined by the number of DEGs in the Transcriptomics Analysis Console (TAC) software. Pathways are listed alphabetically as a heat map by TAC
significance (NlrxI~'~ tumors versus WT tumors). (B) Heat maps of the DEGs from epithelial-mesenchymal transition (EMT)-related pathways in
TAC (NlrxI™~ tumors versus WT tumors). (C) Heat map of DEGs from EMT-related genes (N/rxI ™~ tumors versus WT tumors). (D and E) Differ-
ences in (D) densitometry of E-cadherin and (E) protein levels of MMP9 and TGF-. (F) Ingenuity Pathway Analysis and TAC analysis were used
to generate a model of EMT-related pathways altered by NLRX1. (G and H) Differences in the eosinophil-containing population shown as (G) repre-
sentative scatter plots and (H) quantification of flow cytometry data. WT, n = 5; Nlrx/ ™'~ tumors, n = 5. Data were analyzed using two-way
unpaired ¢ test and shown as mean + SEM. See also Supplemental Fig. 2. *»p = 0.05. (I) Heat map of five DEGs (Nlrx1™~ tumors versus WT
tumors) associated with eosinophil recruitment.
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NLRXI1 in other models (38, 48, 49). However, the mechanisms
associated with the NLRX1-CXCL9 regulation remain unde-
fined and speculative (38, 49, 50). Taken together, our data in
the NlirxI™~ mice provide a working model in which NLRX1
attenuates tumor progression and metastasis through the upregu-
lation of CXCL9, which limits the recruitment of pro-EMT eosi-
nophil-containing populations and the subsequent production of
MMP9 and TGF-3 to suppress EMT.

NLRX1 expressed in healthy host cells attenuates lung metastasis
through limiting the formation of the metastatic niche

The priming of distant organs to create favorable environments for
metastatic seeding allows tumor cells that have undergone EMT to
find a hospitable location beyond the primary tumor (51). NLRX1
has been implicated in several hallmarks of this metastatic niche,
including inflammation, angiogenesis, immune suppression, and
ECM remodeling (16, 17, 21, 52). Interestingly, there is also evi-
dence of crosstalk between the metastatic niche and tumor cells
undergoing EMT (53). Thus, due to the increased lung metastasis
and EMT characteristics in the NlrxI~~ mice, we next sought to
determine whether NLRX1 impacts the metastatic niche in the lung.

In the 4T1 model, tumor cells consistently become metastatic by
day 8 postinjection (39). To evaluate the evolution of the metastatic
niche in WT and Nlrx/™~ mice, we conducted assessments through-
out 4T1 disease progression using Western blot analysis at premeta-
stasis (day 7) and postmetastasis (day 14) time points. At the
premetastatic time point, lungs from Nlrx/™~ mice contained
increased levels of MMP9 and TGF-B compared with lungs
from WT animals. Lox, fibronectin, and IL-6 were expressed in
more NlrxI™'~ lungs compared with WT lungs (75 versus 50%,
75 versus 50%, and 50 versus 25% of lungs sampled, respectively)
(Fig. 3A, Supplemental Fig. 3A). Increased levels of these proteins
have been correlated with increased metastasis in various cancer
models and are commonly used to define the metastatic niche (54).
These data suggest that NLRX1 attenuates premetastatic niche
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formation through ECM remodeling and suppressing inflammation
in the lung. At the postmetastasis time point, lungs from NirxI~'~
mice demonstrated increased levels of MMP9 and IL-6. However,
postmetastatic lungs from NI/~ mice lost the premetastatic
increases in TGF-3, and they reversed the percentage of tumors
expressing fibronectin (0 versus 60%) and Lox (20 versus 40%)
(Fig. 3B, Supplemental Fig. 3B). These data suggest that the lung
metastatic niche shifts as the tumor cells begin to colonize the
organ, but that NLRX1 still suppresses characteristics of the meta-
static niche after metastasis has begun.

To define how NLRX1 impacts the immune cells involved in
metastatic niche formation, we also evaluated immune cell popula-
tions in the lungs at the pre- and postmetastasis time points. There
were no significant differences in most leukocyte populations at the
premetastasis time point (Supplemental Fig. 3C). However, lungs
from NlrxI™~ mice had significantly more inflammatory dendritic
cells and NK cells compared with WT lungs (Fig. 3C, 3D,
Supplemental Fig. 3D, 3E). The increase in inflammatory dendritic
cells in NlxI™™ lungs suggests an increase in inflammation in
NlrxI™'~ mice, which is consistent with our Western blot data.
Additionally, although the accumulation of NK cells in NI~
lungs might appear counterintuitive to our phenotype, previous liter-
ature has identified an influx of NK cells that lack effector functions
to the lung metastatic niche, which would be consistent with our
observations (53). At the postmetastasis time point, there were no
significant differences in any of the immune cell populations evalu-
ated (Supplemental Fig. 3F). These data indicate the loss of NLRX1
in the lung creates an environment that is consistent with hallmarks
of the premetastatic niche and therefore may facilitate the increased
lung metastasis in Nlrx/~"~ mice we observed in vivo.

NLRX1 expressed in 4T1 cells enhances their aggressive properties
in vitro

The experiments above in Nlrx/~~ mice establish that NLRXI
functions as a tumor suppressor when expressed systemically in the
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FIGURE 3. NLRXI expressed in healthy host cells attenuates lung metastasis through limiting the formation of the metastatic niche. (A and B) Western
blot analysis of MMP9, IL-6, TGF-B, LOX, fibronectin, and CD31 in (A) premetastasis lungs (n = 4 per genotype) and (B) postmetastasis lungs (n = 5 per
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host. We next sought to determine the function of NLRX1 in the
4T1 mammary tumor cells through gain-of-function and loss-of-
function studies. In this study, we used a stable lentiviral transduc-
tion to generate 4T1 cells that either overexpress (4T1°F) or knock
down (4T1¥P) NLRXI, as well as their respective controls
(4T1°9%C™ and 4T1%P-CT™h) (Fig. 4A). Importantly, NLRX1 is
ubiquitously expressed and is typically expressed in mammary
tissue (55, 56). Also of importance, due to the different technol-
ogies used for the overexpression system (ORF) versus knock-
down systems (shRNA), 4T1°F and 4T1%P cells are not directly
compared with each other. Instead, they are only compared with
their internal controls (4T1°F versus 4T1°%CTt and 4T1KP
versus 4T1%P-CTH) Previous studies examining NLRX1 in
breast cancer demonstrated opposing regulation of proliferation
and cell death in different cell lines, so we sought to evaluate
these processes in our model using MTT and lactate dehydroge-
nase assays (27, 36). 4T1°F cells trended toward an increase in
proliferation compared with 4T1°%C™ cells (p = 0.08). Con-
versely, 4T1%P cells displayed decreased proliferation compared
with 4T1¥PCTE cells, with the knockdown cells undergoing
proliferation at half of their control levels (Fig. 4B). We
repeated this experiment using TNF to stimulate NLRX1 func-
tion as previously described or TGF-B to stimulate EMT (27,
36). Under these conditions, we observed no differences in the
4T1°F cells but did continue to observe significantly decreased
proliferation in the 4T1%P cells (Fig. 4C, 4D). Cell death was
evaluated following treatment with H,O,, where NLRX1 over-
expression protected the 4T1 cells from H,0,-induced cell
death, as shown by the decrease in cytotoxicity for the 4T1°F
cells compared with the 4T1°%C™ cells (Fig. 4E). Conversely,
cells lacking NLRX1 were more sensitive to H,O,-induced cell
death, as evidenced by the increase in cytotoxicity observed in
4T1®P cells compared with 4T1%P“Tt cells (Fig. 4E). Taken
together, these data indicate that NLRX1 functions as a tumor
promoter in 4T1 cells by attenuating ROS-mediated cell death
and impacting proliferation.

Due to the metastasis phenotype observed in vivo, we next evalu-
ated 4T1 migration potential using a common scratch assay. Previ-
ous literature has demonstrated differing scratch assay results based
on the breast cancer cell line used (27, 36). At 5 and 8 h postscratch,
NLRX1 overexpression in the 4T1°F cells resulted in faster rates of
migration compared with 4T1°%™ cells, migrating approximately
three times faster at each time point (Fig. 4F, 4G). Conversely, the
loss of NLRX1 in the 4T1¥P cells reduced migration by ~40 and
50% compared with 4T1P“™ cells at the 5- and 8-h time points,
respectively (Fig. 4F, 4G). These data suggest that in addition to
regulating proliferation and cell death, NLRX1 expression in the
4T1 tumor cells also increases their migration potential. In general,
our 4T1 results thus far are consistent with data from MDA-MB-
231 cells and are in contrast to data from MCF-7 cells (27, 36).

NLRX1 was originally characterized as being associated with the
mitochondria in the context of infectious diseases, although its exact
impact on mitochondrial function, including ROS production, con-
tinues to be an active area of research and debate (11, 16, 25-28,
34, 36, 57-59). Tumor cells routinely demonstrate increased ROS
production and dysregulated mitochondrial dynamics, both of which
can impact the survival and metastatic potential (60). Thus, we next
sought to evaluate the role of NLRX1 in these biological functions
in our transduced 4T1 cell lines. To evaluate superoxide levels, we
used MitoSOX staining. Overexpression of NLRX1 in the 4T1°F
cells resulted in a significant increase in mitochondrial superoxide
that was almost 6-fold (log,) higher than for the 4T1°%“™ control
cells (Fig. 4H). Conversely, the loss of NLRX1 in the 4T1*P cells
resulted in a significant repression of mitochondrial superoxide,
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observed to be ~4-fold (logy) lower than their controls (Fig. 4H).
We also observed that superoxide levels in 4T1¥PCTE cells were
similar to the 4T1°F cells, rather than the 4T1°FCTL cells. We
believe this reflects the differences in the transduction technologies
used to knock down and overexpress NlrxI (ORF versus shRNA)
and confirms our rationale for comparing each modified cell line
with its internal control. The regulation of ROS levels was retained
following TNF stimulation in the knockdown system, but not the
overexpression system (Fig. 4I). These findings are consistent with
earlier studies in MCF-7 cells that showed overexpression of NLRX1
promotes ROS production, but they are in contrast to ROS produc-
tion data previously published for MDA-MB-231 cells (27, 36).

To better define the role of NLRX1 in mitochondria function
and energetics, we used a Seahorse XF Mito Stress Test. In the
gain-of-function studies, no significant differences were observed
in mitochondrial respiration (Fig. 4]). However, loss of NLRXI1 in
the 4T1%P cells resulted in a significant shift in mitochondrial res-
piration, most evident in the basal respiration and maximal respira-
tion (Fig. 4J). These trends were consistent under TNF and TGF-3
conditions (Fig. 4K, 4L). We also observed 4-fold more spare
respiratory capacity in 4T1%P cells compared with the 4T1%P-<T-
cells (Fig. 4M). This coincided with approximately double the spare
respiratory capacity in 4T1°%CTF cells compared with 4T1°F cells,
although this was not statistically significant (p = 0.16). The spare
respiratory capacity phenotypes were consistent under TNF and
TGF-B conditions (Fig. 4N, 40). Taken together, these data show
that the knockdown of NLRX1 alters several cancer hallmarks in
the 4T1 cells, including decreasing proliferation, migration, and
ROS production, and increasing cell death and respiratory capacity.
Conversely, the overexpression of NLRX1 appears to reverse some
of these same biological functions.

NLRX1I expressed in 4T1 cells promotes tumor growth and
metastasis in vivo

We have demonstrated that NLRX1 functions as a tumor promoter
when overexpressed in the 4T1 mammary tumor cells. We next
sought to determine whether the increased aggressiveness observed
in vitro translated to increased disease burden in vivo. We injected
1.2 x 10° cells (either 4T1°F, 4T19FCT 4T1XP or 4T1XPCTLy into
a singular mammary fat pad of WT and Nix/™"~ mice (Fig. 5A, 5F).
Mice were monitored for morbidity and tumor growth throughout
the study and euthanized on day 14 postinjection for tissue collec-
tion. Minimal differences in tumor growth were observed in any of
the groups (Fig. 5B, 5G), but differences became more pronounced
upon necropsy. In the mice engrafted with 4T1°F tumors, we
observed a doubling of final tumor volume compared with mice
engrafted with 4T1°%C™ tumors in both WT and NlxI~" mice
(Fig. 5C). However, no differences in final tumor volume were
observed in either WT or Nlrx/™" mice engrafted with the knock-
down tumors (4T1%P) or their controls (4T1¥P-“T) (Fig. 5H).

In addition to tumor growth, morbidity was monitored during the
course of the study and quantified using a health scoring system
(range of 0—4). By harvesting animals with smaller tumors at day
14, morbidity can be minimized (Fig. 5D, 5I). We observed a signif-
icant increase in clinical scores, indicating an increased severity in
morbidity, in WT mice engrafted with 4T1%P“™ tumors compared
with WT mice engrafted with 4T1¥P tumors on days 12—14 postin-
jection (Fig. 5I). Upon further investigation, we determined that the
differences in morbidity were driven by tumor eschar. Tumor eschar
is necrotic tissue that forms an ulcerating lesion around the center of
the mammary tumor on the surface of the skin and can occur during
the 4T1 model (39). Consistent with the increased health scores,
WT mice engrafted with 4T1%P“™ tumors displayed more severe
tumor eschar than those engrafted with 4T1%P tumors (Fig. 5J).
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tions, (C) proliferation following TNF stimulation, (D) proliferation following TGF-f stimulation, (E) H,O,-induced cell death, (F) migration at 5 h,
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This trend was also present in the Nirx/™'~ mice, but it was not sta-

tistically significant (Fig. 51, Supplemental Fig. 4A). There were no
differences in morbidity in either WT or Nlrx/~"~ mice with 4T1°%
or 4T19FCTE tumors (Fig. 5D). Thus, although this phenotype could
be an artifact of the knockdown construct or delivery method in the
WTP-CTE animals, the severity of tumor eschar in mice with
4T1PC™ tumors may suggest a role for NLRX1 in promoting this
biological phenomenon.

Consistent with the increased migration observed in the in vitro
studies (Fig. 4F, 4G), the metastatic burden was significantly
increased in mice engrafted with 4T1°F tumors compared with
4T1°%™ tumors in WT and NlrxI ™~ mice, with 4-fold (log,) and
3-fold (logy) increases, respectively (Fig. 5E). Consistent with the
decreased migration observed in the in vitro studies (Fig. 4F, 4G),
the metastatic burden was significantly decreased in WT mice
engrafted with 4T1%" tumors compared with those engrafted with
4T1¥P-“TE tyumors (Fig. 5K). In the NlrxI™"~ mice, we observed
3-fold less lung metastasis in mice engrafted with 4T1%P tumors
compared with those with 4T1%P-“T" tymors, but this was not
statistically significant (p = 0.16) (Fig. 5SK). Quantification of
lung metastasis was acquired either through percent metastatic
burden or a manual count of metastatic colonies, both of which
have been previously described (39, 41).

Taking into consideration the results of the in vivo studies with the
parental 4T1 cells (Fig. 1) and the in vitro cell line studies (Fig. 4),
we predicted that Nlirx/ ™"~ mice engrafted with 4T1°F cells (Nirx1™'~
4T1°%) would have the most severe disease burden. To confirm this,
we evaluated the tumor growth, morbidity, final tumor volume, and
lung metastasis data to compare the results between all four compari-
sons in each study (Supplemental Fig. 4B—I). Indeed, the loss of the
protective effects of NLRX1 in healthy host cells in NlrxI~~ mice
combined with the overexpression of NLRX1 in the 4T1°F cells
resulted in the highest metastatic burden that more than doubled
the levels observed in the WT mice with the same 4T1°F cells
(Supplemental Fig. 4H). No additional significant differences were
noted between WT and NlxI™~ mice engrafted with the same
4T1 cells (Supplemental Fig. 4B-I). Importantly, the in vivo stud-
ies with parental 4T1 cells were longer in duration than those with
transduced 4T1 cells (24 versus 14 d). The shortened study dura-
tion of the in vivo studies with transduced 4T1 cells may have pre-
vented robust differences between WT and Nlrx/~~ mice that we
observed in the in vivo studies with parental 4T1 cells, especially
considering that the differences in tumor growth with the parental
4T1 cells became more evident after day 14 (Fig. 1A). Taken
together, the in vivo overexpression and knockdown studies revealed
that NLRX1 augments 4T1 mammary tumor growth and metastasis
when expressed in the 4T1 cancer cells, which is a reversal of
NLRX1 function when expressed in the healthy host cells.

NLRX1 expressed in 4T1 cells augments lung metastasis through
promoting EMT

To define the mechanisms responsible for the phenotypes observed
during the in vivo studies utilizing the overexpression and knock-
down 4T1 cells, we again used a transcriptomics approach. In this
study, we focused our analysis on the NLRXI overexpression
tumors (4T1°E) and their controls (4T1°5“™) due to the in vivo
phenotypes being more pronounced in the overexpression studies
(Fig. 5). Through transcriptomics microarray analysis, we identified
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the top pathways impacted by NLRX1 as dictated by the number of
DEGs (Fig. 6A). Pathways with enough DEGs to rank in the top 20
in at least two of the four comparisons were considered “top
pathways.” Pathways that overlap with pathways identified in the
studies using unmodified 4T1 cells (Fig. 2A) were noted here with a
star (Fig. 6A). Many of the top pathways were again important to
EMT, including EGFRI1 signaling, focal adhesion, PI3K-AKT-
mTOR, MAPK, and TGF-3 receptor signaling pathways (Fig. 6A).
Interestingly, the regulation of these EMT-related pathways is more
significant, as dictated by the TAC software’s predictions, between
4T1°F and 4T1°%“™ tumors than between Nlrx/~'~ and WT mice,
suggesting that NLRX1 has a larger impact on EMT when
expressed by 4T1 cells than by healthy host cells (Fig. 6A). We
then identified the DEGs in the EMT-related pathways between
4T1°F and 4T1°F°™ tumors in NirxI~'~ (Fig. 6B) and WT mice
(Fig. 6C) and found the signature in 4T1°® tumors to be consistent
with the promotion of EMT (Fig. 6B, 6C). More specifically, we
identified 27 DEGs in tumors from NlrxI~'~ mice and 13 DEGs in
tumors from WT mice specifically related to EMT that were gener-
ally upregulated in the 4T1°F tumors (Fig. 6D, 6E, Supplemental
Fig. 4J) (42). Consistent with the increased disease burden when
NLRX1 is overexpressed in the tumor and lacking in the host,
there are more EMT-related DEGs in tumors from Nirx/™~ mice
compared with tumors in the WT animals (Fig. 6B—E). Again, this
suggests that the aggressive characteristics fostered by NLRX1 in
the 4T1 cells outweigh the protective characteristics fostered by
NLRX1 in the host cells.

We then analyzed protein levels of the epithelial marker E-cad-
herin and found that 4T1°F tumors express less E-cadherin than
4T1°%™ tumors do in WT and NlrxI ™~ mice (Fig. 6F, Supplemental
Fig. 4K). This is consistent with in vitro and in vivo data that demon-
strate overexpression of NLRX1 in 4T1 cells confers an advantage to
the tumor and promotes EMT. Conversely, 4T1*P tumors retained
E-cadherin whereas 4T1¥”“™ tumors lost E-cadherin in both WT and
NirxI™"~ mice; however, this was only statistically significant in the
NirxI™"™ mice (Fig. 6F, Supplemental Fig. 4K). Again, this is consistent
with our in vitro and in vivo data that indicate the loss of NLRX1 in
4T1 cells confers a loss of aggressiveness and decreased disease burden.
The transcriptomics analysis predicted that NLRX1 in 4T1 cells likely
promotes hallmarks of EMT through the upregulation of the genes
encoding growth factors TGF-B3 and HB-EGF, c-Kit, VEGFRI1, and
Notchl/2 receptors, and promoting Smad, p38 MAPK, PI3K-AKT,
MAPK/ERK, and [-catenin pathways (Fig. 6G). Taken together, these
pathways converge on the transcription factors Snaill and Tcf4
(Fig. 6G).

Discussion

Since its initial discovery and characterization, the signaling, func-
tion, and even cellular localization of NLRX1 have been heavily
debated (10, 11, 16—-18, 25, 27, 36, 37, 57). Beyond infectious dis-
case studies, there is significant interest in better defining the role of
NLRX1 in cancer (7). The current literature characterizes NLRX1
as both a tumor promoter and a tumor suppressor (20, 21, 23, 24,
27, 37, 38). These seemingly contradictory findings have added to
NLRX1’s intrigue and have resulted in general confusion in the field
regarding its biological functions.

(O) spare respiratory capacity following TGF-f stimulation. All data were analyzed using a two-way unpaired # test except mitochondrial respiration, which
was analyzed using multiple # tests (one per row). All data are shown as mean £ SEM. n = 4-15 for each cell type per study. All data are representative of
at least one to two independent studies. *p = 0.05, **p = 0.01, ***p = 0.001, **** p =< 0.0001.
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FIGURE 5. NLRXI expressed in 4T1 cells promotes tumor growth and metastasis in vivo. (A) Study design for WT and NirxI ™"~ mice injected with either

4T1°F or 4T19FCT cells and color scheme for data. Data are representative of two independent experiments. (B—E) Differences between 4T

4T1°%CT™ tumors in WT and Nlrx/ ™~ mice in (B) tumor volume estimates

1°F tumors and

based on two-dimensional measurements, (C) three-dimensional final tumor vol-

ume measurements, (D) morbidity, and (E) lung metastasis. (F) Study design for WT and NlrxI™~ mice injected with either 4T1%P or 4T1¥P-CT" cells and
color scheme for data. Data are representative of one independent experiment. (G-K) Differences between 4T1%P and 4T1%°“™ tumors in WT and Nirx! ™"~
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group per study. See also Supplemental Fig. 4. *p = 0.05, **p = 0.01, ***p = 0.001.

The lack of in vivo syngeneic tumor models and studies utilizing
NirxI™~ mice have been limitations with prior studies, especially in
breast cancer studies, which have focused on in vitro characteriza-
tion in varying cell lines. In this study, we circumvented these prior
limitations by using both loss-of-function and gain-of-function 4T1
cells and NlrxI™'~ mice fully backcrossed onto the BALB/cJ back-
ground for syngeneic mammary tumor studies using the same paren-
tal cell line. Our data demonstrate that NLRX1 functions differently

depending on whether it is expressed in the host cells or in the 4T1
tumor cells. In the host cells, NLRX1 functions as a tumor suppressor
where it limits tumor progression and metastasis. Conversely, in the
4T1 mammary tumor cells, NLRX1 functions as a tumor promoter
that enhances malignant properties. Taken together, these data pro-
vide insight into some of the controversy and confusion associated
with this NLR by revealing a dichotomy between NLRX1 functions
based on cellular context. Previous work in other cancer models has
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shown that tumor-suppressive functions of NLRX1 in host cells
stem from the nonhematopoietic compartment, although identifying
which populations of healthy host cells provide the protective phe-
notypes in a mammary tumor model remains unexplored (20).

Our data revealed several overlapping pathways that were altered
following the manipulation of NLRX1. Many of these pathways
have previously been found to be regulated by NLRX1 in either
infectious disease or cancer studies. For example, we demonstrate
that NLRX1 in both healthy host cells and 4T1 tumor cells impacts
EGFR signaling, which is consistent with prior studies in head and
neck squamous cell carcinoma where NLRX1 appears to form a
critical signaling hub that augments autophagy (61). However, we
show that the upregulation or downregulation of EGFR signaling by
NLRXI1 is dependent on cellular context. Additionally, NLRX1 neg-
atively regulated AKT, MAPK, and NF-«kB signaling in a model of
chemical-induced histiocytic sarcoma (23). This is consistent with
colorectal cancer studies where NLRX1 was found to function as a
tumor suppressor through inhibiting NF-kB, MAPK, STAT3, and
IL-6 signaling, and Nlrx/ deficiency on the Apc™™ ™" background
resulted in increased proliferation and expression of (-catenin (20).
In general, our data are consistent with these prior findings that
identify NLRX1 as a regulator of AKT, MAPK, ERK, IL-6, and
B-catenin, although we demonstrate that the upregulation or downre-
gulation of these overlapping pathways by NLRX1 is dependent on
cellular context. Intriguingly, we did not observe significant dysre-
gulation of NF-kB signaling in the tumors from any of our studies.
It is possible that the inflammatory nature of the histiocytic sarcoma
and colorectal cancer models were stronger inducers of NF-«kB sig-
naling compared with the relatively immunosuppressive nature of
the 4T1 model (39). Although NF-«kB signaling was not significant
in the tumors, we did find an anti-inflammatory role for NLRX1 in
the lung, where NLRX1 in host cells impeded characteristics of the
metastatic niche. We also revealed a lesser-studied role for NLRX1
in the metastatic niche regarding ECM remodeling and immune cell
recruitment, both of which are relatively undefined functions of
NLRX1, especially in cancer (21, 30, 38, 49, 52).

Although our data reveal differences in function based on the cel-
lular context, our studies converge on NLRX1 regulation of EMT as
the mechanism underlying the phenotypes observed in our in vivo
studies. Loss of E-cadherin during EMT has been observed in aggres-
sive and invasive breast tumors and leads to the destabilization of
adherens junctions, cancer cell survival, invasiveness, and metastasis
(62—64). Additionally, increased MMP9 and TGF-$ promote tumor
progression and metastasis through regulating EMT (62, 63, 65). In
the current study, we find that NLRX1 expression in healthy host
cells retains E-cadherin levels and suppresses MMP9 and TGF-3 lev-
els in the tumor, conferring protection against EMT and metastasis.
Conversely, we find that NLRX1 expression in the 4T1 mammary
tumor cells decreases E-cadherin levels in the tumor and causes
increased EMT and metastasis. Importantly, differences in protein lev-
els were not always statistically significance due to the variability
between individual mice and the plastic nature of EMT. However, the
statistically insignificant differences in protein expression patterns
were nonetheless notable, especially when taken into consideration
alongside the gene expression data. Our transcriptomics and pathway
analyses predict that the diametric regulation of EMT markers by
NLRXT1 in different cellular contexts is caused by regulation of
p-catenin, Snaill, Zeb2, and Tcf4, which repress E-cadherin expres-
sion or are downregulated by E-cadherin (64, 66—68). Mechanisti-
cally, it is possible that NLRX1 directly regulates E-cadherin,
MMP9, and TGF-@ through the formation of multiprotein com-
plexes similar to the so-called TRAFasomes that have been
described for related NLRs (9).
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Only one previous study has examined the role of NLRX1 in
EMT (21). Using two different human cell lines, Hu et al. (21)
explored NLRX1 in hepatocellular carcinoma by overexpressing
NLRX1 in HCCLM3 cells and knocking down NLRX1 in Huh7
cells. The study found that NLRX1 overexpression increased
E-cadherin expression and decreased N-cadherin, vimentin, Snaill,
and Twistl expression. Conversely, the knockdown of NLRX1
resulted in the opposite expression pattern, suggesting that NLRX1
suppresses EMT in both hepatocellular carcinoma cell lines. The
authors concluded that NLRX1 in hepatocellular carcinoma cells
suppresses EMT by inhibiting the PI3K-AKT pathway and subse-
quently downregulating Snaill expression. These results counter
what we find in the current study, where NLRX1 overexpression
in 4T1 tumor cells decreases E-cadherin and NLRX1 knockdown
retains E-cadherin. However, the importance of AKT signaling is
consistent between both the hepatocellular carcinoma cell lines and
our mammary tumor model. More work is certainly needed to fur-
ther define the underlying mechanisms of this regulation in differ-
ent types of cancer.

Beyond the tumor microenvironment and regulation of EMT, we
also identified a role for NLRX1 in regulating ROS production and
mitochondrial function in the 4T1 cells. In the mitochondrial elec-
tron transport chain, NLRX1 was previously found to interact with
complex I and complex III to regulate ATP levels, and to interact
with UQCRC?2 of complex III to promote ROS production (27, 32).
Specifically in MCF-7 human breast carcinoma cells, NLRX1 acts as
a tumor suppressor through inhibiting the activity of the mitochondrial
respiratory chain and generating TNF-induced superoxide (27). These
MCEF-7 results are the opposite of our findings in the current study in
4T1 cells and findings in MDA-MB-231 human TNBC cells that
show NLRX1 serves as a tumor promoter when expressed in tumor
cells (36). In MDA-MB-231 cells, the tumor-promoting phenotypes
of NLRX1 were found to be a function of mitochondria—lysosomal
crosstalk, and knockdown of NLRXI1 increased ROS levels (36).
However, our data show that the knockdown of NLRX1 reduces
ROS levels in line with the increased spare respiratory capacity in
4T1%P cells. Based on the high spare respiratory capacity in our
4T1%P cells, there is a significant improvement for adapting and
dealing with stress conditions, which would predict these cells to
have lower ROS and superoxide production as they maximize
respiratory rate, ATP synthesis, and ROS scavenging (60, 69, 70).
In the current study, dysregulated mitochondrial function and
increased superoxide levels are at least partially responsible for
the tumor-promoting phenotypes of NLRX1 in 4T1 cells. Overall,
our data warrant similar studies using additional syngeneic murine
mammary tumor cell lines for in vivo studies to understand whether
our observations are specific to 4T1 cells or whether these results
are consistent across mammary tumor models, such as those with
different hormone receptor statuses.

In conclusion, our data suggest that NLRX1 functions as a tumor
promoter in the 4T1 mammary tumor cells, while simultaneously
and conversely serving as a tumor suppressor in healthy host cells.
These findings provide insight into the often-conflicting data gener-
ated in studies evaluating NLRX1, where function is likely specific
to cell-type, stimuli, situational, and/or temporal factors. For NLRX1
in breast cancer, the dichotomy of effects observed in the tumor cells
versus the healthy host cells is of critical importance for the design of
future therapeutics. Our data would suggest that activating NLRX1 in
healthy host cells or attenuating NLRX1 in cancer cells would be
successful in attenuating the disease burden. However, this is cau-
tionary, as any therapeutic that reverses this pattern would likely
result in more aggressive disease. Although the mechanisms of
NLRX1 are still not completely defined, this research has identi-
fied several biological functions that are significantly impacted by
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NLRX1 in mammary tumors and their underlying mechanisms,
thereby providing insights into the role of this enigmatic NLR fam-
ily member in this deadly disease.
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