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Protective or Problematic? Investigating the role of the innate immune
receptor NLRX1 as a tumor suppressor or promoter in breast and

pancreatic cancer.

Margaret Ann Nagai-Singer
ABSTRACT

The innate immune system houses cellular signaling proteins called pattern
recognition receptors (PRRs) that are responsible for recognizing highly-conserved
molecular patterns associated with pathogens or damage to elicit an immune response.
However, NLRX1 is a unique PRR in the NOD-like receptor (NLR) family that instead
functions to attenuate pro-inflammatory pathways that are activated by other PRRs, such
as NF-kB and type-1 interferon signaling which both have implications in cancer. NLRX1
can regulate additional cancer-associated pathways, such as MAPK and AKT, and cancer-
associated functions like metabolism and reactive oxygen species (ROS) production.
Interestingly, depending on the type and subtype of cancer, NLRX1 can either be tumor
promoting or tumor suppressing. Here, we investigate the role of NLRX1 in two deadly
cancers: triple-negative breast cancer (TNBC) and pancreatic cancer. In a murine
mammary tumor model that highly mimics TNBC, we discovered that NLRX1 is protective
against disease burden in vivo when NLRXI1 is expressed in healthy host cells. NLRX1
exerts its protection through limiting the recruitment of eosinophils to the tumor,
suppressing epithelial-mesenchymal transition (EMT), and attenuating the formation of the
metastatic niche. Conversely, when NLRX1 is instead expressed by the mammary tumor
cells, NLRX1 promotes cancer-associated characteristics in vitro and disease burden in
vivo by promoting EMT. This indicates that the role of NLRX1 in TNBC is highly
dependent on cellular context. Conversely, in murine pancreatic cancer cells, we found that
NLRX1 expression by the tumor cells is protective against cancer-associated
characteristics in vitro, and that this is likely driven by NF-xB, MAPK, AKT, and
inflammasome signaling with a potential to also limit immune evasion. Together, this
research indicates that the role of NLRX1 can be highly variable based on the cell and
tumor type and identifies the underlying mechanisms through which NLRX1 functions in
these two cancer models. This is critical information for drug development initiatives so
therapies can be developed that target NLRX1 in the appropriate cell type and in the
appropriate disease.
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GENERAL AUDIENCE ABSTRACT

Inflammation, which is characterized by redness, heat, pain, swelling, and
sometimes loss of function, is a critical way in which our bodies fight infections and repair
tissue damage. However, chronic inflammation occurs when our bodies are unable to turn
inflammation off and can result in cancerous mutations. Therefore, the successful
resolution of inflammation is critical to maintaining inflammatory balance and has
previously been dubbed the “Goldilocks Conundrum”. The immune system houses a class
of cellular signaling proteins called pattern recognition receptors (PRRs), which often
function to turn inflammation on. However, a unique PRR in the NOD-like receptor (NLR)
family called “NLRX1” functions to turn inflammation off and therefore plays an
important role in preventing damaging chronic inflammation. NLRX1 has historically been
studied in the context of infectious diseases, but because NLRX1 is involved in
inflammation and because inflammation is a critical factor of cancer, its role as a tumor
suppressor or tumor promoter has recently become an area of interest. NLRX1 has also
been found to regulate biological pathways beyond inflammation that are also important
for cancer initiation and progression. Interestingly, depending on the type and subtype of
cancer, NLRX1 can either be tumor promoting or tumor suppressing.

Here, we investigate the role of NLRXI1 in two deadly cancers: triple-negative
breast cancer (TNBC) and pancreatic cancer. In a mouse mammary tumor model that
highly mimics TNBC, we discovered that NLRX1 is protective against disease burden
when NLRX1 is expressed in healthy, non-tumor cells. NLRX1 exerts its protection
through impacting the immune cells recruited to the tumor, limiting the ability of the tumor
cells to leave the original tumor and spread throughout the body in the process known as
metastasis, and suppressing the formation of a favorable tumor metastasis environment in
the lung. Conversely, when NLRX1 is instead expressed by the mammary tumor cells,
NLRXI1 promotes disease burden by helping tumor cells leave the original tumor and
spread throughout the body. This indicates that the role of NLRX1 in TNBC is highly
dependent on cellular context, including if the cell is healthy or cancerous. Conversely, in
mouse pancreatic cancer cells, we found that NLRX1 expression by the tumor cells is
protective against cancer-associated characteristics. Together, this research indicates that
the role of NLRX1 can be highly variable based on the cell and tumor type. This is critical
information for drug development initiatives so therapies can be developed that turn
NLRX1 on or off in the appropriate cell type and in the appropriate disease.
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CHAPTER ONE

Introduction

Margaret A. Nagai-Singer

The relationship between the immune system and cancer has been of interest for
many years, with Rudolph Virchow hypothesizing the link between tumors and
inflammation as early as 1863 and the development of “Coley’s Toxins” in 1891."2 Since
then, our understanding of the role of the immune system in cancer has become
significantly more refined, but aspects of the relationship, especially in innate immunity,
remain relatively undefined.® As part of our first line of immunological defense, pattern
recognition receptors (PRRs) are sensors housed in the innate immune system that
recognize highly-conserved pathogen-associated molecular patters (PAMPs) and damage-
associated molecular patterns (DAMPs). The recognition of PAMPs or DAMPs by PRRs
typically triggers the formation of various multiprotein complexes that initiate an immune
response to counter the threat to the host. The concept of PRRs was originally hypothesized
by Janeway in 1989, which prompted the exploration of PRRs and innate immunity more
broadly.*® Since their initial conceptualization, 5 classes of PRRs have been identified.
These include Toll-like receptors (TLRs), Rig-I-like receptors (RLRs), C-type lectin
receptors (CLRs), AIM2-like receptors (ALRs), and NOD-like receptors (NLRs).> PRRs
have been implicated in many types of disease, and due to the several cancer-associated
pathways that can be regulated by PRRs, there is increasing interest in exploring PRRs in
the context of cancer.>* This collection of research investigates an NLR family member

with unique and elusive characteristics, NLRX1.

NLRs are comprised of a tripartite domain structure that includes a C-terminal
leucine rich repeat (LRR) for autoinhibition, a central NACHT domain for nucleotide
binding, and an N-terminal domain that interacts with other proteins.®’” The N-terminal
domain defines the nomenclature of the NLR; for example, NLRs with an N-terminal
“caspase activation recruitment domain” (CARD) are NLRCs, and NLRs with an N-
terminal pryin domain (PYD) are NLRPs.” NLRXI1 is named for its relatively undefined

and uncharacterized N-terminal domain, which later was found to contain a mitochondria-
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targeting sequence that allows NLRX1 to target the matrix of the mitochondria.® However,
its subcellular localization and subsequent functions are subject to debate.’”'? The specific
functions of NLRX1 are reviewed in detail in Chapter Two and throughout the remaining
Chapters, but in general, NLRX1 deviates from many of the more well-characterized
inflammasome-forming NLRs. Instead of forming an inflammasome, NLRX1 functions to
attenuate NF-«xB signaling and type 1 interferon production to limit overzealous
inflammation.'?!® Both of these functions were originally described in host-pathogen
interactions, but also indicate NLRX1 can limit tumorigenic chronic inflammation or
increase susceptibility to viral-induced cancers.!”?! NLRX1 can also regulate MAPK,
AKT, STAT3, and IL-6 pathways, metabolism, mitochondrial-lysosomal crosstalk,
autophagy/mitophagy, and reactive oxygen species (ROS) production, all of which can

impact tumorigenesis and disease progression/severity.!” 1922724

Consequently, NLRX1 has been studied in a handful of cancers. However, its role
as a tumor suppressor or tumor promoter appears to be heavily dependent on the type and
subtype of cancer (Fig. 1).!7-1%2226 The research presented here seeks to understand the
role of NLRX1 in two deadly malignancies, triple-negative breast cancer (TNBC) and
pancreatic cancer, to further define this enigmatic NLR. The current literature discussing
NLRXI in cancer in general and in the importance of both of these malignancies is
discussed in greater detail in the subsequent chapters. Consistent with the variable role of
NLRX1 in the literature, we find that NLRX1 expression by the tumor cells has diametric
effects between murine mammary tumor cells versus pancreatic tumor cells, and also
diametric effects between healthy host cells and murine mammary tumor cells. We also

highlight mechanisms and pathways responsible for these observations.

In Chapter Two, we review the function of NLRX1 in significantly more detail
and discuss some of the conflicting literature regarding NLRX1 function and location. In
Chapter Three, we describe a computer-based method to quantify lung metastasis in the
4T1 murine mammary tumor model. In Chapter Four, we examine the role of NLRX1 in
the murine 4T1 mammary tumor model which is highly representative of TNBC through

in vitro and in vivo loss-and gain-of-function studies.?’” In Chapter Five, we examine the



role of NLRX1 in the murine Pan02 pancreatic cancer model through in vitro loss- and
gain-of-function studies. In Chapter Six, I discuss conclusions from this collection of

research and future directions for further studies.
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FIGURE LEGENDS

Figure 1: The conflicting roles of NLRX1 in different cancer models. Summary figure
showing the protective and problematic functions of NLRX1 in various cancer models. For
each type of cancer, the specific models and the underlying mechanism for the protective

or problematic function is summarized.
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ABSTRACT

Over the last decade, significant progress has been achieved in defining
mechanisms underlying NLR regulation of immune system function. However, several
NLR family members continue to defy our best attempts at characterization and routinely
exhibit confounding data. This is particularly true for NLR family members that regulate
signaling associated with the activation of other pattern recognition receptors. NLRX1 is a
member of this NLR sub-group and acts as an enigmatic regulator of immune system
function. NLRX1 has been shown to negatively regulate type-I interferon, attenuate pro-
inflammatory NF-kB signaling, promote reactive oxygen species production, and modulate
autophagy, cell death, and proliferation. However, the mechanism/s associated with
NLRX1 modulation of these pathways is not fully understood and there are inconsistencies
within the field. Likewise, it is highly likely that the full repertoire of biological functions
impacted by NLRX1 are yet to be defined. Recent mouse studies have shown that NLRX1
significantly impacts a multitude of diseases, including cancer, virus infection,
osteoarthritis, traumatic brain injury, and inflammatory bowel disease. Thus, it is essential
that the underlying mechanism associated with NLRX1 function in each of these diseases
be robustly defined. Here, we summarize the current progress in understanding
mechanisms associated with NLRX1 function. We also offer insight into both unique and
overlapping mechanisms regulated by NLRXI1 that likely contribute to disease
pathobiology. Ultimately, we believe that an improved understanding of NLRX1 will result
in better defined mechanisms associated with immune system attenuation and the

resolution of inflammation in a myriad of diseases.

NLRX1: THE ENIGMATIC NLR

Since the initial description of the NLR family of pattern recognition receptors over
20 years ago, significant progress has been made in understanding their biology. However,
NLRXI1 remains an enigma. NLRX1 (NODS5/NODY/CLR11.3) has several atypical
features that contribute to its complexity and uniqueness within the NLR family. For
example, members of the NLR family are defined by their tripartite domain structure,
which includes a variable combination of a limited repertoire of protein domains (typically

pyrin or CARD domains) on the N-terminus, a conserved nucleotide binding domain in the



central region, and a variable number of leucine rich repeats (LLR) on the C-terminus (1).
NLRXI lacks a fully characterized N-terminus, hence the “X”” nomenclature used to define
the gene/protein. To date, the only defined domain of the N-terminus of NLRXI1 is a
mitochondria-targeting sequence (MTS) (2-5). The C-terminus of NLRX1 is also unique,
consisting of 7 LRRs followed by an uncharacterized three-helix bundle (6). This three-
helix bundle likely has a range of diverse functions, potentially including participation in
molecular recognition and scaffolding. NLRX1 is considered to be ubiquitously expressed
in mammalian cells, with evidence supporting cell type specific differences in function
(2,7, 8). Like the other NLR family members, NLRX1 appears to function as a scaffolding
protein following activation and facilitates the formation of multiprotein complexes.
However, the full range of pathogen-associated- and damage-associated molecular patterns
sensed by NLRX1 is far from clear and the interacting proteins are only minimally
characterized. The current dogma in the NLR field places NLRX1 in a unique sub-family
of regulatory NLRs that are non-inflammasome forming and function, in part, through the
regulation of inflammation signaling associated with the activation of other pattern
recognition receptors (9). Other NLRs in this sub-family include NOD1, NOD2, NLRC3,
and NLRP12 (9). NODI1 and NOD2 are positive regulatory NLRs, as they augment
inflammatory signaling networks. NLRX1, NLRC3, and NLRP12 function as negative
regulatory NLRs, thought to attenuate overzealous immune system activation and likely
participate in inflammation resolution (9). Specifically, NLRX1 has been shown to
negatively regulate NF-xB and type-I interferon (IFN-I) signaling, modulate the production
of reactive oxygen species (ROS), participate in autophagy and cell death, and impact JNK
and MAPK pathways (Figure 1). This review will explore the proposed mechanisms by
which NLRX1 affects these processes and attempt to provide insight into this mysterious

NLR family member.

NLRX1 ATTENUATES PATTERN RECOGNITION RECEPTOR SIGNALING IN
THE CYTOSOL

The majority of well-characterized NLRs function as cytosolic sensors, where upon
activation, they act as a scaffold to form multiprotein complexes and promote

inflammation. NLRX1 has also been found in the cytoplasm (10, 11). However, as
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mentioned above and similar to NLRC3 and NLRP12, cytosolic NLRX1 functions as a
negative regulator of inflammation (12). While all three of these negative regulatory NLRs
likely have other functions in the cytosol, all appear to attenuate inflammation through
targeting components of the NF-kB signaling pathway (12). In the case of NLRXI,
activation results in an interaction with TRAF6 (7, 10). At baseline, NF-kB are bound to
the inhibitor IkB and NLRX1 appears to be complexed with TRAF6 in the cytosol (10).
Following activation, IkB Kinase (IKK) phosphorylates IkB, resulting in its degradation
and freeing the NF-«xB for nuclear transit and transcription initiation (10). However, in the
presence of lipopolysaccharide likely associated with TLR4 activation, NLRX1 and
TRAF6 undergo K63-linked polyubiquitination resulting in complex disassociation (10).
Once detached, the LRR domain of NLRX1 binds to the kinase domain of the activated
IKK complex, resulting in the attenuation of the NF-kB pathway (10). The targeting of
TRAFs is not unique to NLRX1. Both NLRC3 and NLRP12 have been shown to interact
with TRAF6 and TRAF3, resulting in the respective attenuation of either canonical or non-
canonical NF-kB signaling pathways (7, 13). The multiprotein complex that forms between
these specific NLRs and the respective TRAF family members has been dubbed the
“TRAFasome” (12, 13). However, significant mechanistic details pertaining to the signals
leading up to TRAFasome formation, the temporal regulation of the pathways, additional
biological functions regulated by the multiprotein complex, and other proteins directly or
indirectly involved in complex formation are not fully understood. It should be noted that
NLRX1 attenuation of NF-«xB signaling has been predominately defined in the context of
host-pathogen interactions. However, several studies have also characterized this

mechanism underlying NLRX1's role as a tumor suppressor in various types of cancer

(Table 1) (8, 28).

In addition to negatively regulating NF-«xB signaling, an intriguing hypothesis has
also been proposed that suggests NLRX1 actually shuttles from the cytosol to the
mitochondria to regulate inflammation and mitochondrial functions (12). Under this
postulated scenario, once released from TRAF6 as described above, NLRX1 transits alone
or in complex with a currently unidentified chaperone/s to the mitochondria. Consistent

with this hypothesis, several other NLRs shuttle between cellular compartments. For
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example, NLRC5 and CIITA/NLRA can translocate from the cytosol to the nucleus to
regulate inflammation signaling during virus infection (12, 48-51). Similarly, NOD1 and
NOD2 have also been shown to shuttle between the cytosol and the plasma membrane
(12, 52). As NLRX1 lacks many of the traditional translocation sequences, the mechanism
underlying how NLRX1 may move between cellular compartments is still unclear.
However, its ability to form multiprotein complexes opens the possibility of interactions
with potential chaperones. For example, several NLRs have been shown to interact with
Heat Shock Proteins, which are critical molecular chaperones for driving translocation
between cellular compartments (53—57). Consistent with this hypothesis, HSP90 has been
shown to interact with NLRP12 and controls its negative regulation of non-canonical NF-
kB signaling (53). NLRX1 has been localized in the cytoplasm on different layers of the
mitochondria, and even in mitochondrial granules (2, 4, 5, 7, 11, 24, 58). Each of these

locations have significant biological implications that potentially impact NLRX1 function.

NLRX1 REGULATES IMMUNE SYSTEM FUNCTION THROUGH
MITOCHONDRIA LOCALIZATION

In addition to negatively regulating NF-«xB signaling, NLRX1 has also been shown
to directly modulate pattern recognition receptor signaling associated with Rig-I-like
Helicase Receptors (RLRs) (2). Specifically, NLRX1 inhibits the interaction between two
RLRs, RIG-I and MDAS, and the Mitochondrial Anti-Viral Signaling (MAVS) protein
following virus exposure to attenuate IFN-I signaling (2, 7, 10, 59, 60). MAVS is an
adaptor protein located on the outer mitochondrial membrane. It is used by RIG-I to restrict
virus infection by activating NF-kB and IFN regulatory factor 3 and 7 (IRF3 and IRF7) to
produce IL-6 and IFN-I (2, 10, 24). Additionally, it is necessary for MAVS-dependent
NLRP3 inflammasome formation (14). Mechanistically, NLRX1 was originally shown to
form a multiprotein complex with MAVS on the outer membrane of the mitochondria and
compete with RIG-I/MDAS binding to MAVS (2, 12). This original model suggests the C-
terminal LRR of NLRX1 is responsible for preventing MAVS from producing IFNs (2).
This mechanism has been somewhat refined in more recent studies. It is now postulated
that in the presence of viral RNA, the nucleotide-binding domain of NLRX1 interacts with
MAYVS and poly(rC) binding protein 2, causing K48-linked polyubiquitination of MAVS
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(24). This degradation inhibits MAVS, leading to a suppressed immune response due to
decreased IFN production and inflammation. Regardless of which domain is responsible
for interacting with MAVS, decreased IFN levels put the host at a higher risk for infections
like HIV, HCV, influenza, and Kaposi's sarcoma-associated herpesvirus reactivation
(7, 24, 30, 34). However, attenuation of inflammation is also critical to maintain immune
system homeostasis during the process of resolution once the pathogen has been cleared
and also protects the host from autoimmune disorders (61). Indeed, dysfunctional NLRX1
has been associated with several autoimmune diseases including lupus, multiple sclerosis,
and inflammatory bowel disease (Table 1) and is expressed in a multitude of cell and tissue

types associated with these maladies (2, 7, 11, 19, 21, 22, 62).

Many of the mechanisms ascribed to NLRX1 and multiprotein complex formation
have been based on other better characterized NLRs. For example, other NLRs have also
been shown to form multiprotein complexes with MAVS to regulate IFN signaling
following virus infection (12). Following either RSV or VSV exposure, NOD?2 interacts
with MAVS and this interaction is required for proper IFN signaling in both hematopoietic
and non-hematopoietic cells (63). However, consistent with their positive and negative
regulatory functions, the NOD2-MAVS interaction exacerbates IFN signaling and
inflammation; whereas, the NLRX1-MAVS interaction attenuates these processes (2, 12).
The regulation of MAVS is complex, as other molecules like PSMA7, FAF1, STING, PB1-
F2, and PKR might function concurrently with NLRX1 to impact innate immunity. A
subunit of the proteasome PSMA7 functions similarly to NLRXI, decreasing IFN-I
production by inhibiting MAVS (64). Likewise, NLRX1 further hinders IFN-I production
by binding to STING, a component of MAVS signaling, to disrupt the STING-TBK1
interaction (30, 65). On the other hand, FAF1 disrupts the NLRX1-MAVS complex,
freeing MAVS to activate pro-inflammatory pathways and produce IFN-I (66). NLRX1
also competes with PKR to initiate an antiviral response by protecting IRF1 function (67).
This mechanism appears to be specific as NLRX1 prevents IRF3 expression to inhibit
MAVS, but allows IRF1 activation (67). Contrastingly, some believe that NLRX1 does not
associate with MAVS, but rather interacts directly with viral proteins, like PB1-F2 on the

influenza A virus (33). It is possible, and even likely, that other unidentified proteins
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interact with NLRX1 to negatively regulate inflammation and anti-viral host responses.
The complexity of this regulation contributes to the confounding data seen related to
NLRX1 and MAVS. Indeed, there are many aspects of these mitochondrial mechanisms
that are still undefined, including the temporal dynamics of the interactions, other proteins
that may participate either directly or indirectly in potential NLRX 1 multi-protein complex
formation, and cell or microbial signals necessary to trigger either positive or negative

regulation.

In addition to its role in modulating MAVS signaling on the outer membrane of the
mitochondria, NLRX1 has also been shown to be localized within the mitochondria on the
inner membrane and matrix (3, 4). Internalized NLRX1 interacts with the protein UQCRC2
in the electron transport chain (4). This interaction has been suggested to potentiate the
production of ROS from the mitochondria (4). NLRX1 mediated modulation of ROS
production by the mitochondria has significant implications in multiple biological
functions, including anti-viral immunity and cancer. ROS production results in the
activation of multiple transcription factors, including NF-xB, and is a potent damage
associated molecular pattern that is sensed by several pattern recognition receptors, such
as NLRP3 (68, 69). Increased oxidative stress is also a key driver of cell death through
JNK signaling activation and a significant contributing factor in tumorigenesis, cisplatin-
induced ototoxicity, and bacterial infections (3, 16, 70-73). Thus, while the negative
regulatory effects of NLRX1 on inflammation are well-documented, this unique NLR also
acts to augment ROS production that can promote inflammation. While this may seem
counterintuitive, it is likely that the biological impact of the increased ROS production is
to facilitate apoptosis, which is a typical host-defense mechanism following virus infection
and during tumorigenesis, rather than drive inflammation. Specifically, studies have
suggested NLRX1 does so by activating JNK signaling through the production of ROS,
and interactions with Caspase-8 (3, 72, 74). For example, NLRX1 has been shown to be
required for rhinovirus-mediated disruptions to the airway epithelial barrier (43). In this
study, NLRX1 silencing resulted in the elimination of both virus-associated and poly(I:C)-
associated ROS production and was shown to be essential for rhinovirus induced NOX-1

expression in polarized airway epithelial cells (43). This attenuation of NLRX1 and
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subsequent elimination in mitochondrial ROS production was associated with improved
cell survival, tight junction formation, and barrier function (43). Contrastingly, NLRX1
reportedly exerts protective effects against apoptosis in chondrocytes and tubular epithelial
cells, and the modulation of apoptosis may be dependent on its interactions with yet another

protein, SARM1 (37, 41, 75).

NLRX1 REGULATES MULTIPLE BIOLOGICAL FUNCTIONS THROUGH THE
MODULATION OF AUTOPHAGY

Beyond the diverse roles discussed thus far, NLRX1 has also been shown to
modulate autophagy. Autophagy is a critical biological process associated with cell death,
inflammation, and tumorigenesis. In the context of viral pathogenesis, autophagy
upregulation is associated with improved virus clearance. Intracytoplasmic virions can be
captured within the autophagy pathway and transferred to lysosomes for eventual
breakdown and/or pattern recognition receptor sensing, resulting in the activation of innate
and adaptive immune responses (76). NLRX1's promotion and regulation of autophagy has
been reported in several instances within the context of virus exposure (59, 60). These
studies reveal that NLRX1 is capable of augmenting autophagy pathways by associating
with the TUFM protein (59). TUFM is a molecule that not only potently suppresses RIG-I
signaling, but is also associated with the autophagy complex ATG12-ATG5-ATGI16L1.
NLRXI1 and TUFM appear to act together to keep IFN-I production in check and also
prevent decreases in autophagy (59, 60). The ATG12-ATGS complex can also interact
directly with MAVS to inhibit IFN-I. For example, its absence has been shown to lead to
accumulation of MAVS on the mitochondria and elevation of IFN-I (60). Thus, while
NLRXI1 seems to enhance autophagy, this may actually augment its negative regulation of

IFN-L

In addition to interactions with TUFM during virus infection, NLRX1 has also been
shown to modulate autophagy though interactions with the Beclin 1-UVRAG complex.
This complex is critical for regulating autophagy following bacteria exposure (77). In
studies with Group A Streptococcus, cell invasion was significantly increased in the

absence of NLRX1 (77). This was associated with a decrease in autophagosome and
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autolysome formation (77). Mechanistically, NLRX1 was shown to interact with Beclin 1
through its NACHT domain and function as a negative regulator to inactivate the Beclin 1-
UVRAG complex following bacteria invasion (77). Presumably, the negative regulation of
this inhibitory complex actually enhances the binding capacity of Beclin 1 with additional
proteins, such as Atgl4L. This shift from a Beclin 1-UVRAG complex to a Beclin 1-
Atgl4L complex is predicted to promote autophagy and increase endolysosomal

trafficking (78).

Furthermore, intriguing data has recently revealed that NLRX1 also plays a role in
mitophagy in the context of both infectious disease and cancer (15, 35). Mitophagy is a
process cells use to purge damaged or unnecessary mitochondria. Pathogens often exploit
this mechanism to evade host recognition and killing. For example, the virulence factor
listeriolysin O from L. monocytogenes induces mitophagy in macrophages (35). NLRX1
was shown to promote L. monocytogenes-induced mitophagy (35). NLRX1 is the only
NLR family member with a MTS that contains an LC3-interacting region that directly
associates with LC3 (35). This oligomerization was induced by listeriolysin O, resulting in
mitophagy (35). Conversely, NLRX1 deficiency was found to increase mitochondrial
production of ROS and reduced bacteria survival (35). Additionally, the interaction with
LC3 modulates proinflammatory cytokine production by macrophages in response to
fungal infection (79). In the context of cancer, NLRX1 plays a role in TNF induced
mitochondria-lysosomal crosstalk in mammary tumors (15). NLRX1 appears to maintain
the crosstalk between mitochondrial metabolism and lysosomal function to modulate key
cancer hallmarks (15). When NLRXI is deleted, lysosomal function is impaired and
turnover of damaged mitochondria through mitophagy is reduced (15). This results in
decreased OxPhos-dependent cell proliferation and breast cancer cell migration ability in
the presence of TNF (15). Together, these studies show the importance of NLRX1 in

mitophagy and further identify it as a potential target for future therapeutic interventions.

CONCLUSIONS
There is significantly more to the NLR family beyond the formation of the

inflammasome. Over the last two decades, our understanding of the regulatory NLR family
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members that function to either augment or attenuate signaling associated with other
families of pattern recognition receptors has greatly increased our overall understanding of
immune system regulation. The recent characterization of NLRs that function as negative
regulators, which participate in the attenuation of inflammation and promote resolution
underscore the point that many NLR family members have yet to be significantly
characterized. Even among NLRs that have been relatively well-studied, including
NLRX1, conflicting data in the literature is common. However, there is a general consensus
regarding the broad mechanisms associated with this unique NLR, including regulation of
NF-«xB, IFN-I signaling, autophagy, and ROS production. However, more mechanistic
insight is certainly needed to better define the high-resolution details of its role in each of
these biological processes and signaling pathways. As NLRX1 potentially contributes to a
multitude of human diseases (Table 1), it is critical to better characterize this enigmatic

NLR to propel the field forward and bolster the development of novel disease treatments.
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FIGURE LEGENDS

Figure 1: NLRXI1 regulates immune system signaling. The Nod-like receptor NLRX1
has many diverse, multifaceted roles in innate immune system signaling, and cellular
localization plays a key role in determining NLRX1's function. Localized on and within
the mitochondria, NLRX1 interacts with a multitude of pathways. NLRX1 interacts with
the complex III associated protein UQCRC?2 to promote the production of reactive oxygen
species (ROS). ROS in turn activates the JNK pathway, which promotes apoptosis. NLRX1
attenuates MAVS signaling through disruption of RIG-I activation via interactions with
poly(rC) binding protein 2 (PCBP2). This negatively regulates the production of IL-6, IFN-
1, and possibly NLRP3 inflammasome formation. When associated with the mitochondrial
immune signaling complex (MISC) and TUFM, NLRX1 promotes autophagy. Lastly, in
the presence of TNF, NLRX1 interacts with Caspase-8 to induce TNF-induced apoptosis,
and this interaction may inhibit Complex I and III of the Electron Transport Chain. In the
cytosol, NLRX1 inhibits NF-«B signaling by interacting with IkB kinase (IKK). Likewise,
cytosolic NLRX1 may promote TRAFasome formation, which in turn inhibits NF-xB
signaling. Lastly, NLRX1 may also inhibit the MAPK pathway.
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TABLE LEGENDS

Table 1: NLRX1 modulates diverse diseases and host-pathogen interactions.

TABLES

Table 1:

Disease/infection

Acute myocardial ischemia (AMI)

Breast cancer

Chlamydia trachomatis

Chronic Obstructive Pulmonary Disease (COPD)

Colitis-associated cancer/Sporadic Colon Cancer

Colitis/Inflammatery Bowel Disease (IBD)
Deafness (aging and neomycin induced)
Experimental Autoimmune Encephalomyelitis
(EAE)Multiple Sclerosis (MS)

Hepatitis C (HCV)

Helicobacter pylori

Hepatocellular carcinoma (HCC)
Histiocytic sarcoma
Hyperglycemia

Human immunodeficiency virus (HIV)

Influenza A Virus (IAV)
Kaposi's sarcoma-associated herpesvirus (KSHY)
Listeria monocytogenes

Nonalcoholic steatohepatitis (NASH)
Ostecarthritis (OA)

Periodontitis

Porcine Reproductive and Respiratory Syndrome
Virus (PRRSV)

Preterm birth

Renal ischemia-reperfusion injury

Rheumatoid arthritis (RA)
Rhinovirus

Salmonella enterica serovar Enteritidis (SE)
Shigelta flexneri

Systemic Lupus Erythematosus (SLE)
Traumatic brain injury (TBI)

Type 2 Diabetes Mellitus (T2DM)/Diabetic
Nephropathy (DM)

Mechanism

NLRX1 has a protective role in myocardial ischemic injury by inhibiting inflammation and
hypoxia-induced apoptosis.

NLRX1 modulates mitochondrial functions to suppress tumorigenesis in solid tumors, but may
facilitate aggressive breast cancer metastasis.

ROS production induced by NLRX1 creates optimal conditions for Chlamydial growth.

NLRX1 expression is suppressed in murine models of CS-induced activation of the
inflammasome and lungs of human COPD patients. NLRX1 likely inhibits CS-induced
pulmonary inflammation by regulating MAVS.

In Nirx 1=/~ GAC murine models, mice were more susceptible to CAC pathogenesis.
Increased signaling of common cancer-promoting pathways including NF-«B, MAPK, STAT3,
and IL-6 were observed.

NLRX1 has a protective role against IBD due to its effect on the microbiome and negative
regulation of inflammation.

NLRX1 aggravates apoptosis of cochlear hairs and may play a role in hair cell maturity.

NLRX1 is protective against neurological diseases by negatively regulating inflammation.
NLRX1 may be protective against additional neurological diseases, including Parkinson's and
Alzeihmer's diseases, by maintaining glutamate homeostasis in the central nervous system.
NLRX1 promotes HCV infection by interacting with PCBP2 to inhibit MAVS via K48-linked
polyubiquitination.

Helicobacter pylori infection promotes inflammation and can lead to gastric cancer. NLEX1
expression is decreased in Chinese gastric cancer patients.

NLRX1 expression is decreased in hurman HCC patients.

NLRX1 may suppress lumorigenesis by inhibiting NF-kB signaling in mice.

Decreased expression of NLRX1 may be protective against diet-induced hyperglycemia due to
decreased pancreatic lipid accumulation,

NLRX1 expression affects HIV infections, but seems to act controversially. NLRX1 expression is
decreased in human HIV patients, but NLRX1 promotes establishment of latent HIV-1
resenvolrs in mice.

NLRX1 interacts with the influenza PB1-F2 protein to protect macrophages from apoptosis,
but also downregulates IFN-f and IL-6 production.

NLRX1 decreases IFN-1 production, which encourages KSHV to reactivate out of the latency
stage.

NLRX1 promotes L. monocytogenes- induced mitophagy, helping L. monocytogenes to evade
killing.

NLRX1 expression is decreased in NASH mouse models.

NLRX1 has a protective role in OA. When upregulated, NLRX1 inhibits NF-xB signaling, which
inhibits LPS-induced apoptosis and inflammation in chondrocytes that contribute to OA.
NLRX1 expression is increased in human adult periodontitis patient samples.

NLRX1 interacts with Nsp9 to restrict viral replication.

NLRX1 is expressed in human placenta, amnion, and choriodecidua samples, suggesting that
it may play a role in preterm birth-related inflammation.

NLRX1 is protective in mouse models of renal ischemia-reperfusion injury, and NLRX1
expression Is reduced in human kidney samples with ischemic injury.

NLRX1 expression is significantly decreased in human RA patient synovial tissue samples.
NLRX1 interaction with Rhinovirus RNA promotes ROS production, leading to the disruption of
epithelial barrier function in the airway.

NLRX1 is significantly upregulated in the follicles of ducks that are susceptible to SE and
SE-infected ducks. NLRX1 is believed to increase recognition of SE by the host.

NLRX1 promotes ROS production activated by Shigella infection, which promotes signaling
pathways dependent on NF-kB and Jun amino-terminal kinases (JNK).

NLRX1 expression did not affect MAVS aggregation, but cytosclic NLRX1 was found in SLE
patients.

Nirx1~/~ murine models have significantly increased NF-kB signaling, which contributes to
increased numbers of microglia and macrophages in cortical lesions. NLRX1 is significantly
decreased in human post-aneurysm brain injury patients.

NLRX1 polymorphism rs4245191 is a risk factor for T2DM complications including
macrovascular complications and cerebral infarction due to its mutated form. Interestingly,
NLRX1 does not have a role in DN.
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ABSTRACT

Breast cancer is a devastating malignancy, accounting for 40,000 female deaths and 30%
of new female cancer diagnoses in the United States in 2019 alone. The leading cause of breast
cancer related deaths is the metastatic burden. Therefore, preclinical models for breast cancer need
to analyze metastatic burden to be clinically relevant. The 4T1 breast cancer model provides a
spontaneously-metastasizing, quantifiable mouse model for stage IV human breast cancer.
However, most 4T1 protocols quantify the metastatic burden by manually counting stained
colonies on tissue culture plates. While this is sufficient for tissues with lower metastatic burden,
human error in manual counting causes inconsistent and variable results when plates are confluent
and difficult to count. This method offers a computer-based solution to human counting error.
Here, we evaluate the protocol using the lung, a highly metastatic tissue in the 4T1 model. Images
of methylene blue-stained plates are acquired and uploaded for analysis in Fiji-ImagelJ. Fiji-ImageJ
then determines the percentage of the selected area of the image that is blue, representing the
percentage of the plate with metastatic burden. This computer-based approach offers more
consistent and expeditious results than manual counting or histopathological evaluation for highly
metastatic tissues. The consistency of Fiji-ImagelJ results depends on the quality of the image.
Slight variations in results between images can occur, thus it is recommended that multiple images
are taken and results averaged. Despite its minimal limitations, this method is an improvement to

quantifying metastatic burden in the lung by offering consistent and rapid results.

INTRODUCTION

One in eight women will be diagnosed with breast cancer in her lifetime, and yet despite
multiple treatment options breast cancer is the second leading cause of cancer-related deaths in
American women'. These women are not dying from the primary tumor in their breast. Instead,
the metastatic burden is responsible for the mortality of this disease as it commonly spreads to the
lung, bone, brain, liver, and lymph nodes?. Because of this, breast cancer models need to evaluate
metastasis to contribute to curbing the mortality of this disease. The 4T1 murine breast cancer
model is a superb protocol to accomplish this. The method described here offers an improvement
to the 4T1 model by using Fiji-ImageJ to quantify lung metastasis, producing consistent and

expeditious results.
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The 4T1 model is well-established, with most labs using protocols such as those described
by Pulaski and Ostrand-Rosenberg in 2001°. The 4T1 cell line is 6-Thioguanine (6TG) resistant
and representative of stage IV, triple negative breast cancer®*>. It is clinically relevant as it is an
orthotopic model and spontaneously metastasizes to the same organs as in human breast cancer*,
The 4T1 cells spontaneously metastasize at a predictable rate based on the quantity of cells
injected®*. Importantly, genetic differences between mice used here caused expected inter-
individual variability in metastatic burden. To evaluate metastasis, tissues are harvested to collect
and quantify cancer cells in distant sites using 6TG selection and methylene blue staining. The
result is a collection of tissue culture plates with blue dots representing metastatic colonies.
However, the Pulaski and Ostrand-Rosenberg protocol quantifies metastatic colonies by manually
counting them, and therefore this has been the standard means of evaluating metastasis in this
model. While this is easy for tissues with low metastatic burden, tissues like the lungs are often
laden with metastases. As lung plates can be highly confluent, accurately and precisely quantifying
metastatic colonies by manual counting is difficult and prone to human error. To better quantify
metastatic burden, we describe using Fiji-ImageJ for a computer-based solution to human counting
error. Histopathological analysis with hematoxylin and eosin (H&E) staining is another means to
quantify lung metastases, and interestingly has also been improved with Fiji-ImageJ software®’.
However, because histopathological analysis observes a single slice of the lung, it can be
inaccurate and unrepresentative. This is because the 4T1 model causes several metastatic lesions
throughout the organ that are not evenly distributed. While overall trends between
histopathological analysis and manual counting can be similar®, individual values can differ and
therefore histopathological analysis should not be used as the sole means of quantification. We
demonstrate the benefit compared to histopathological analysis and the inconsistencies in manual
counting between different counters, while also demonstrating the consistency of using Fiji-
Imagel. Additionally, we show that this method can reduce the incubation time from 10-14 days

to 5 days, meaning researchers can analyze data from their study much sooner than when relying

on manual counting.

This method is a collection of simple adjustments to the Pulaski and Ostrand-Rosenberg
protocol®. Because the 4T1 model is widely used, and because lung metastasis is a critical

parameter to measure in preclinical models, we believe this method can be widely used and is
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highly valuable to breast cancer researchers. The only additional supplies needed are a camera and

access to a computer with Fiji-ImagelJ, a free software used frequently in image analysis®. This

method specifically focuses on lung metastasis, but it could be used for other tissues with

significant metastatic burden.

PROTOCOL

All methods described here have been approved by the Institutional Animal Care and Use

Committee (IACUC) of Virginia Tech and in accordance with the National Institutes of Health

Guide for the Care and Use of Laboratory Animals. Performing this protocol requires permission

from the appropriate institutions and adherence to all appropriate guidelines.

1. Cell Culture

1.

Make complete culture media (RPMI + 10% Fetal Bovine Serum +1% Pen Strep). Revive
4T1 cells according to ATCC Protocol'® and incubate at 37 °C and 5% CO, in a T-25 flask
until confluent. Change media the day after reviving to remove dead cells, and again if

media is spent before cells are confluent enough to passage.

Once the T-25 flask is confluent, passage cells to a T-75 flask by discarding media, washing
flask with 5 mL of 1x Dulbecco’s Phosphate Buffered Saline (DPBS), and adding 500 uL
of Trypsin-EDTA. Incubate for 5-10 minutes at 37 °C until cells detach.

1. Once detached, add 5 mL of warmed complete culture media to cells. Aspirate and
transfer the 5 mL to a T-75 flask containing 15 mL of warmed complete culture

media.

. Passage cells in T-75 flasks at least four times. Do this once the flask is confluent by

washing with 8 mL of 1x DPBS, adding 1 mL of Trypsin-EDTA for detaching cells, adding
10 mL of warmed media to cells, and diluting 1:6-1:8 into a new T-75 flask containing 20

mL of warmed complete culture media.

Passage cells up to the appropriate number of T-150 flasks containing 40 mL of warmed
complete culture media for the number of mice to be injected. Most studies will require

multiple T-150 flasks to ensure enough cells for injection.
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5. When mice are ready to be injected (8 weeks old or weighing over 20 g, depending on the

IACUC or institutional protocols), harvest cells by discarding media, washing each flask
with 10 mL of 1x DPBS and adding 2 mL of trypsin-EDTA. Incubate for 5-10 minutes at
37 °C until cells detach.

Wash flask with 10 mL of complete media and transfer all contents (10 mL of media + 2
mL of trypsin-EDTA cell mixture) to the next flask. Continue to wash and collect cells
from each flask using the same 10 mL of media to avoid using an excessive amount of

media.

1. Once all flasks have been collected, transfer the contents into a 50 mL centrifuge
tube. Collect a 10 pL sample for counting in a microcentrifuge tube and centrifuge

the 50 mL conical tube at 125 x g for 5 minutes.

While cells are being centrifuged, add 10 pL of Trypan blue to 10 puL of cell sample. Count
cells using a hemocytometer. Once the total number of cells is determined, calculate the

concentration of cells needed to inject mice for 1.2 x 10° cells per mouse (per 100 uL).

After centrifugation, decant media and resuspend cell pellet in correct amount of sterile 1x
DPBS for 1.2 x 10° cells per 100 pL. Split cell/DPBS mixture into microcentrifuge tubes
for easy access with the syringe when aspirating cells for injection. Keep cells on ice and
inject soon thereafter as cells will begin to die after being on ice for extended periods of

time.

2. Injections

1.

Prepare cells for injection by tapping or gently mixing the microcentrifuge tube to
resuspend the cells, and then aspirate 600 pL into a 1 mL syringe. Turn the syringe upwards
and pull the plunger down to bring cells away from the syringe opening. Tap the syringe
to rid it of air bubbles.

Attach the needle bevel up and dispense cells back into the microcentrifuge tube until only
500 puL  remain  in  the syringe. Put  syringe flat on ice.
NOTE: 4T1 cells fall out of suspension quickly. Therefore, it is important to mix cells back

into suspension by tapping frequently.
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3. Anesthetize 8 week 0ld/>20 g female BALB/c mouse using isoflurane or other approved

anesthetic agent. Monitor the mouse’s breathing to assess depth of anesthesia.

4. Once the mouse is properly anesthetized as indicated by lack of corneal reflex, place the

mouse on its back. Using the thumb, pointer, and middle finger, gently hold down the

mouse. Use the pointer and middle fingers to hold down the mouse’s upper body and thumb

for its rear left leg. Be gentle but firm.

5. With the bevel of the needle up, inject 100 uL of cells subcutaneously into the mouse’s left

abdominal mammary fat pad. Monitor for a good bleb and any leakage, and ensure the

mouse wakes up and moves easily after injection.

1.

3. Monitoring

Change needles between each mouse.
NOTE: Do not allow needle to enter the peritoneal cavity. This would cause the
cancer to spread quickly and not be representative of the model. To ensure a
subcutaneous injection, gently pull upwards on the needle when inserted in the left
abdominal mammary fat pad. If the needle is easily lifted upwards, it is correctly

positioned subcutaneously.

1. Monitor mice at least 3 times a week for weight, body condition score, tumor size, tumor

condition, respiration, activity level, appearance, and movement. Once the tumor reaches

0.7-0.8 cm in diameter, begin to monitor daily.

I.

Consider euthanasia when tumor size reaches 1.5 cm, or weight loss reaches 20%,
or severe clinical decline in body condition score, tumor condition, respiration,
activity level, appearance, or movement are observed based on institutional
guidelines.

NOTE: Body condition score is crucial to monitor as body weight may increase as
the tumor increases in size, negating body condition loss due to disease burden.
Exact monitoring protocols will depend on the approved IACUC or institutional

protocols.
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4. Necropsy

1.

2.

Euthanize mouse using CO» following institutional guidelines.

Spray mouse with 70% ethanol to disinfect. Make an incision up the ventral midline of the

mouse to expose the body cavity.

Remove the kidney. Continue cutting up the midline until the diaphragm is visible. Use
scissors to puncture the diaphragm to deflate the lungs. Trim the diaphragm to get better

access to the cavity.

Use blunt scissors to cut up the center of the ribcage. Pin ribcage back to expose the lung

and heart.

Perfuse the heart with 2 mL of non-sterile 1x DPBS by inserting a needle into the apex of

the heart until it pools in the abdominal cavity where the kidney was removed.

To remove the heart and lungs, use blunt scissors to cut the esophagus and trachea directly
above the heart. Using forceps, begin to pull the heart away from the body and cut away at

any connective tissue keeping it attached. The lungs will come out with the heart.

Identify the multi-lobed (right) and single-lobed (left) lungs. Keep heart attached for

reference, but once lungs are identified, cut the heart away.

Label a 12 well plate containing 1x Hank’s Balanced Saline Solution (HBSS) in each well.
Each mouse needs 2 wells. Place the multi-lobed (right) lung in the 12 well plate for
metastasis evaluation and keep on ice. Keep the neighboring well empty for now.
NOTE: It is important to use the same lung (multi-lobed) from every mouse to ensure each
sample is close in size. The single-lobed lung can then be used for other analysis, like
histopathology.

NOTE: Samples are stable on ice or at 4 °C for a few hours.

5. Processing Tissues

NOTE: All steps in this section should be done using sterile technique.

1.

Label 1 15 mL conical tube per mouse and add 2.5 mL of type IV collagenase mixture and

30 units of elastase to each tube. To make type IV collagenase mixture, dissolve 2 mg of
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type IV collagenase per mL 1x HBSS and sterile filter. This can be stored up to 12 months
at -20 °C and thawed when needed.

2. Transfer the lung to the second, clean 1x HBSS well for that sample. Swirl using forceps
to remove any remaining blood. Transfer clean lung to empty 3.5 cm tissue culture plate.
Mince lung with scissors. Rinse plate with 2.5 mL of 1x HBSS, transfer 1x HBSS and lung
pieces into a 15 mL conical tube already containing collagenase/elastase cocktail (5 mL

total).

3. Incubate for 75 minutes at 4 °C. Continue mixing samples during this time, so place tubes
on a rocker or rotating wheel. During this incubation step, label 50 mL centrifuge tubes
and 10 cm tissue culture plates for each mouse. If doing a dilution, label enough 10 cm
tissue culture plates for the dilutions.
NOTE: Label the lid of the tissue culture plates. If labeling the plate itself, the writing will

interfere with Fiji-ImageJ analysis.

4. Bring volume of each tube up to 10 mL total with 1x HBSS. Pour contents over a 70 um
cell strainer into a 50 mL conical tube for each sample. Use the plunger of a 1 mL syringe

to gently grind the sample through the strainer to allow more cells to filter through.

5. Centrifuge for 5 minutes at 350 x g at room temperature (RT). Discard the supernatant and

wash pellet with 10 mL of 1x HBSS. Repeat this step twice.

6. Resuspend pellet in 10 mL of 60 uM 6TG complete culture media, either RPMI or IMDM.
Plate samples in 10 cm cell culture plates, using a dilution scheme if desired. Incubate at
37 °C, 5% CO; for 5 days.
NOTE: 1:2, 1:10, and 1:100 are common dilutions that will need to be empirically
determined based on study parameters.
CAUTION: 6TG is toxic. Use caution when handling and follow all Environmental Health
and Safety guidelines for disposal.

6. Staining plates
1. Pour culture media off plates into appropriate waste container. Fix cells by adding 5 mL of

undiluted methanol per plate and incubate for 5 minutes at RT, making sure to swirl
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methanol SO that it covers the entire plate.
CAUTION: Methanol is hazardous if ingested, inhaled, or is on skin. Use a fume hood for
this step.

Pour methanol off plates into appropriate waste container. Rinse plates with 5 mL of
distilled water per plate and pour water into appropriate waste container. Add 5 mL of
0.03% methylene blue per plate and incubate for 5 minutes at RT, making sure to swirl

methylene blue solution so that it covers the entire plate.

Pour methylene blue into appropriate waste container. Rinse plates again with 5 mL of
distilled water per plate. Turn plates upside down and blot against a paper towel to remove
excess liquid. Place plate on its lid and let air dry overnight at RT.
NOTE: Metastatic colonies will be blue. Once plates are dried, they can be stored at RT
indefinitely.

7. Image analysis

1.

Remove labeled lids from plates, taking care to ensure clear identification of samples. Line
up all stained lung plates on a clean, light surface to take a picture of all of the plates in one

image.

Take a picture of the collection of plates in a well-lit area, making sure to minimize
reflections as the plates are very reflective. Reflections in the plates will influence image
analysis and therefore need to be avoided.
NOTE: Fiji-ImageJ has an upper limit of 2 gigapixels. Most modern smart phones will
have sufficient cameras. Do not use a camera less than 8 megapixels. The camera used in

this experiment was a 12.2 megapixel on a Google Pixel 2.

Crop the image to include the plates, but exclude the lids or anything else in the background
of the image. Upload the cropped image into Fiji-Imagel.

Change the image to black and white using the following commands: Image, Adjust, Color
Threshold, Thresholding method: Default, Threshold color: B&W, Threshold space: Lab.
Unselect the Dark background box. The image should now be black and white. Black

represents the light background, and white represents the blue metastatic colonies.

36



Using the Circle tool on the Fiji-Imagel toolbar, select the area to be analyzed. Draw one
circle to use for all of the plates to ensure each plate is analyzed for the same-sized area.
Choose a size that maximizes analyzed area on the plates while minimizing the background
noise that appears on the edge of the plates. The size appears in the toolbar as it is drawn,
so it is possible to make a perfect circle by monitoring the height and the width as the circle

1s drawn.

Analyze the selected circle to determine what percentage of the area is white, which
represents the area of the plate that has blue metastatic colonies. Use the following
commands:

Analyze, Analyze Particles, Size (pixel®): O-Infinity, Circularity: 0.00-1.00, Show:
Nothing, and check the Summarize box. Hit OK.

Record the % Area result. This is the percentage of the selected area that is white, and
therefore represents the metastatic burden.
NOTE: It is recommended to either save the results in Fiji-ImageJ or copy/paste the entire
results page into a separate document. If % Area results are unexpected or suspicious, it is
then possible to see if any of the other measurements were also suspicious or if % Area

was recorded incorrectly.

Move the circle, without altering its size by grabbing it in its center, to the next plate in the

picture. Repeat steps 7.6 and 7.7 for all plates in the picture.

Repeat steps 7.1 — 7.8 on at least two more images. Once all plates and images have been
analyzed, average the % Area results between different images for each plate to mitigate

any inconsistencies between pictures.

REPRESENTATIVE RESULTS

This method contains simple adjustments from the Pulaski and Ostrand-Rosenberg 4T1

protocol® and can be visualized in Figure 1. When 3 separate researchers manually counted

metastatic colonies for 12 lung plates (1:10 dilution), the results were very inconsistent between

different counters (Figure 2A). All researchers were directed to “count the metastatic colonies that

appear as blue dots”, yet the inconsistencies demonstrate the issue with manually counting highly-
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metastatic plates. The researchers had varying levels of experience with the 4T1 model. A board-
certified veterinary pathologist analyzed H&E stained lung slides for metastasis as another method

to compare to Fiji-ImageJ lung plate analysis (Figure 2B).

Using the Fiji-ImagelJ analysis, 3 separate researchers analyzed 3 separate images of the
collection of 12 plates (1:2 dilution). Images were taken in two separate lab spaces with slightly
different lighting. The arrangement of the plates or the angle from which the picture was taken
were different between each image. In contrast to the manual counting results, the Fiji-Imagel
results were consistent between counters for each of the 3 images (Figure 3A). To determine if
there were inconsistencies between the 3 images, the results from the 3 images and the 3 counters
were combined per lung plate (Figure 3B). There are differences between images for some plates,
but the overall trends are similar and it offers more consistency than manual counting. To account
for the variations between the 3 different images, results from each image were averaged for each
plate (Figure 3C). These averages provided consistent results between counters that accurately
and precisely analyze metastatic burden. Therefore, this protocol suggests taking at least 3 images
of the plate collection in different arrangements, from different angles, or in slightly different light
settings, and then analyzing and averaging the results. The contrast between manual counting and

Fiji-ImageJ analysis is visualized when comparing Figure 2A to Figure 3C.

Another way to demonstrate the improvements offered by this protocol is comparing the
ranking of the plates from most to least metastatic burden between counters, based on the counts
from Figure 2 and Figure 3. Manual counting agreed on the most confluent plate, but all
following ranks were inconsistent between counters (Figure 4A). Contrastingly, the ranks from
Fiji-Image]J analysis for each image were much more consistent between counters (Figure 4B).
The consistency is also seen when results from each image for each plate were averaged (Figure
4C). We acknowledge that this protocol does not offer complete consistency between counters,
but it is an improvement from manual counting when comparing Figure 4A to Figure 4C.
Histopathological analysis differed from both manual and Fiji-ImageJ counting (Figure 4D).

To demonstrate the importance of avoiding reflections in the images, an image with a reflection of
a hand and its subsequent Fiji-Imagel] analysis is shown (left) opposed to the same plate without a

reflection (right) (Figure 5A). Other dark blemishes from a dirty background surface or blood
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sample residue on the plates can negatively impact Fiji-ImageJ analysis too. The blood plate
in Figure 5B only has 2 metastatic colonies (noted by white arrows), but the dark residue (noted
by black arrows) caused Fiji-ImageJ to consider it as 31.6% metastatic. Therefore, it is important
to have a clean, light surface and to not use this method for blood samples as blood samples will

typically leave residual dark spots on the plate that are not metastatic colonies.

DISCUSSION

As demonstrated, manually counting the metastatic colonies on each lung plate can be an
inaccurate and imprecise method to quantify lung metastasis, demonstrating the need for a better
means of quantification (Figure 2). Histopathological analysis differed slightly from both manual
counting and Fiji-Imagel analysis (Figure 2B and 4D), likely because the H&E slides are not a
representative sample of the entire organ. The protocol harvests an entire lung, and therefore is
more representative of total lung metastasis, and is more consistent than manual counting. Several
different approaches to Fiji-Imagel] analysis were attempted and are discussed below, but the

protocol outlined above appears to be the superior method.

Lung, blood, and brain samples were collected for this study. However, the blood and brain
samples had very few metastatic colonies, if any at all. We determined that manually counting the
metastatic colonies is optimal for these less-metastatic tissues, and therefore blood and brain data
were not included. When the metastatic burden is easy to manually count (e.g., ten or twenty
metastatic colonies as opposed to thousands), the original issue of human error is not relevant, and
therefore this protocol is not needed. Also, blood samples can leave dark spots on the plates after
fixation, which interferes with the Fiji-ImagelJ analysis (Figure 5). Importantly, the quantity of
cells injected can influence the metastatic burden. For instance, if fewer cells are injected and the
mice can survive longer, the cancer has more time to spread to the traditionally less-metastatic
sites like the brain®*. Therefore, this protocol could be modified to include the metastatic burden
of other tissues if they are given time to become highly-metastatic. If trying the 4T1 model for the
first time or changing the quantity of cells injected, we recommend trying at least two dilutions
when plating cells. For this study, we used a 1:2 and 1:10 dilution. The 1:2 dilution would have

been difficult to count manually, but was counted easily in Fiji-ImageJ. The 1:10 dilution was still
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difficult to count manually and therefore led to inconsistent results. Dilutions can be modified

based on the specific study parameters.

Pictures were taken of individual lung plates and the 12 lung plates together. Individual
plates were analyzed in two ways: either cropping the image to a central square of the plate prior
to uploading to Fiji-ImagelJ, or using the circle selection tool in Fiji-Imagel to select the central
circle of the plate in the uncropped image. We found that using the circle selection tool in Fiji-
Image] offered the easiest, most consistent way to create a same-sized area for analysis for all
plates. Furthermore, analyzing the entire collection of lung plates in the same image was superior
to analyzing individual images of single lung plates. Having all of the lung plates in the same
image allows for the same-sized circle to be used easily between the lung plates. It ensures all lung
plates are the same distance from the camera and therefore the same-sized circle for analysis should
be the correct size for all lung plates in the image. It also makes analysis quicker as redrawing the
circle is not necessary between plates. It is simply dragged to the next plate in the image without
changing its size, which guarantees the same size is used for all plates in the picture. When
selecting the size of the circle, it is important to make it large enough to analyze the majority of
the plate while small enough to avoid the background noise from the edges of the plate.
Furthermore, in an attempt to save reagents, cells were also plated in 6 well plates and compared
to the 10 cm tissue culture plates. The Fiji-Imagel results from the 6 well plates were less consistent
and did not correlate to the 10 cm dishes (data not shown). One explanation is the smaller surface
area provides a smaller area to analyze, leading to less representative data. Another is that reducing
the surface area allows the cells to grow more quickly as they are closer to other surviving cells.
Therefore, we do not recommend using any tissue culture reagents other than what we have

described in the protocol.

As mentioned before, avoiding reflections and having a clean, light background are
absolutely critical to this method. Figure SA demonstrates how a reflection is analyzed in Fiji-
ImagelJ and therefore shows the critical importance of avoiding reflections. As tissue culture plates
are highly reflective, it is beneficial to take the picture at a slight angle to avoid reflections from
either yourself taking the picture or from the light sources above. The lighting conditions of the

specific work area will need to be accounted for. We suggest taking multiple pictures of the plates
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to be analyzed, trying slightly different arrangements and/or angles, in a well-lit area. Study the
pictures intensely for any reflections. If there are inconsistencies in the analysis, it is likely due to
a picture quality issue. To troubleshoot, compare the normal picture to the black and white picture.
If areas that are not blue in the normal picture are appearing as white in the black and white picture,

there is likely a reflection or blemish that is altering the results.

In addition to consistency, another notable benefit of this method is that it produces data
much more quickly than manual counting. Manually counting multiple plates is very time-
consuming, while Fiji-ImageJ analysis can be done quickly. It also allows for a shorter incubation
time. Pulaski and Ostrand-Rosenberg recommend a 10-14 day incubation period for the plated
cells, adding a substantial amount of time to the study®. The 10-14 day incubation period allows
for larger, easier-to-count colonies to form. However, many lung plates can become confluent
before then. Instead, 5 days of incubation gives enough time for the 6TG selection to kill non-
cancerous cells (proven by healthy control mice not having any colonies on their lung plates, data
not shown), and for the cells to grow enough to be easily quantified with Fiji-ImageJ. This
significantly decreases the time between the mice being sacrificed and analyzing essential

metastatic data.

To conclude, the benefits of this method far outweigh the limitations. We acknowledge this
method does not offer perfect consistency. While this is not the ideal method for less-metastatic
tissues, those tissues can easily be counted manually. While getting a picture without reflections
can require some careful photography, the consistency gained with this method is significant. It is
possible that this method could be used for other tissues that are highly-metastatic and other
protocols that require counting stained objects. The study design could also allow for analyzing
the rate of metastasis or effect of anti-cancer treatments on metastasis. This method will provide
highly-consistent, reliable metastasis data and represents a significant refinement to the 4T1
model. The application of this model to upcoming breast cancer metastasis research is of utmost

importance in arming researchers with tools to battle against breast cancer mortality.
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TABLE LEGENDS:

Materials table.

TABLES:

Name

Anesthesia

chamber

Anesthetic agent

BALB/c Female

Mice
Blunt scissors
Calculator

Camera

Centrifuge

CO2 euthanasia

setup

Cold room,
refrigerator,

cold storage

Computer with

Fiji-ImageJ

Counting

Chamber

Company

See comments

See comments

The Jackson
Laboratory

Roboz
Any

Any

Any

See comments

Any

Any

Fisher Scientific

Catalog

Number

See

comments

See

comments

000651

RS-6700
Any

Any

Any

See

comments

Any

Any

02-671-10
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Comments

Use approved materials in your

institution's policies

Use approved materials in your

institution's policies

Minimum of 8 megapixels

Needs to be capable of 125 x g and
300x g

Use approved materials in your

institution's policies

Needs to be capable of running Fiji-

Imagel



Curved scissors
Distilled water
Elastase
Electronic scale

Fetal Bovine

Serum (FBS)
Forceps

Ice

Incubator

Methanol

Methylene blue

Penicillin

Streptomycin

Pins or needles

Plastic calipers

RMPI-1640
Medium

Rocker or

rotating wheel

Sharp scissors

Roboz
Any
MP Biomedicals

Any

R&D Systems

Roboz

N/A

See comments

Fisher Scientific

Sigma-Aldrich

ATCC

VWR

ATCC

Any

Roboz

RS-5859
Any
100617

Any

S11150

RS-8100
N/A

See

comments
A412SK-4

03978-
250ML

30-2300

Any

25729-670

30-2001

Any

RS-6702

45

Needs to be capable of 5% CO; and

37°C

For pinning down mice during

necropsy



Sterile
disposable filter
with PES

membrane
T-150 Flasks
T-25 Flasks
T-75 Flasks

Tri-cornered

plastic beaker
Trypan blue
Trypsin-EDTA

Type IV

collagenase

3.5 cm tissue

culture plates
I mL syringe

1.7 mL
microcentrifuge

tubes

10 cm tissue

culture plates
12 well plate

15 mL

centrifuge tube

ThermoFisher

Scientific

Fisher Scientific
Fisher Scientific

Fisher Scientific

Fisher Scientific

VWR

ATCC

Sigma-Aldrich

Nunclon

BD

VWR

Fisher Scientific

Corning

Fisher Scientific

568-0010

08-772-48
10-126-10

13-680-65

14-955-111F Used to weigh mice

97063-702

30-2101

C5138

153066

309659

87003-294

08-772-22

3512

14-959-70C
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1X Dulbecco's
Phostphate
Buffered Saline
(DPBS)

1X Hank’s
Balanced Saline

Solution

(HBSS)

27¢g1/2in

needles

AT1 (ATCC®
CRL2539™)

50 mL
centrifuge tube

6-Thioguanine

70 uM cell

strainer

70% ethanol

Fisher Scientific

Thermo Scientific

Fisher Scientific

ATCC

Fisher Scientific

Sigma-Aldrich

Fisher Scientific

Sigma Aldrich

SH30028FS

SH3026802

14-826-48

CRL-2539

14-959-49A

A4882

22-363-548

E7023
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FIGURE LEGENDS

Figure 1: Protocol Schematic. This protocol focuses solely on analyzing lung metastasis in the
4T1 model. The general flow of this protocol includes growing 4T1 cells in culture, injecting
BALB/c female mice with 4T1 cells in the left abdominal mammary fat pad, monitoring mice
according to IACUC and institutional protocols, sacrificing mice and collecting the lung,
collecting cells from the lung samples, plating and incubating cells in 6TG selection media, fixing

and staining cells after 5 days, taking pictures of the plates, and analyzing using Fiji-ImagelJ.

Figure 2: Manually counting metastatic cells and histopathological analysis have inconsistent
results. A. 12 lung plates with a 1:10 dilution were manually counted by 3 separate researchers
instructed to count metastatic colonies the same way, although experience with the model varied
between researchers. The number of metastatic colonies counted varied greatly between
researchers. B. Histopathological analysis identified and quantified individual tumor -cell
aggregates, classified as metastases, present in H&E stained lung slides. High, medium, and low

magnification images of one representative slide are shown.

Figure 3: Fiji-ImageJ analysis is accurate and precise in determining metastatic
burden. A. 12 lung plates with a 1:2 dilution were analyzed by 3 separate researchers in 3 separate
images of the 12 lung plates. B. Results from each of the 3 images by each of the 3 researchers
were combined. C. Results from each lung plate from the 3 images were averaged. One-way
ANOVA with Tukey’s multiple comparison test determined no significant differences between

counters for each lung plate. Data are shown as mean + SD.

Figure 4: Fiji-ImageJ analysis provides more consistent ranking of metastatic burden
compared to manual counting and histopathological analysis. A. The same lung plates from
Figure 2 were ranked from most to least metastatic based on the manual counts from Figure
2. B. The same 12 lung plates from Figure 3 were ranked from most to least metastatic based on
the Fiji-ImagelJ analysis from Figure 3A. C. The averages from Figure 3C were ranked from most
to least metastatic. D. Lung slides were ranked from most to least metastatic based on

histopathological evaluation.
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Figure 5: Reflections and non-metastatic dark spots will negatively impact results. A. An
image with a reflection of a hand taking the picture disrupts the Fiji-Image J analysis, as shown in
comparing the reflection Fiji-Image] analysis (left) to the correct Fiji-Image] analysis
(right) B. Blood plates often leave leftover stains (black arrows) on the plates that are not

metastatic colonies (white arrows).
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Figure 2:
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ABSTRACT

Triple-negative breast cancer (TNBC) is an aggressive, deadly, and difficult-to-treat
malignancy. Prior studies have defined multiple, yet inconsistent, roles for NLRX1 in regulating
biological functions that are important for driving a variety of cancer hallmarks. Here, we explore
the role of NLRX1 in the murine triple-negative 4T1 mammary tumor model. Using novel Nirx1"
" mice engrafted with 4T1 tumors, we demonstrate that NLRX1 functions as a tumor suppressor
when expressed in healthy host cells by attenuating tumor growth and metastasis through
regulating epithelial-mesenchymal transition (EMT), tumor associated eosinophil recruitment, and
the lung metastatic niche. Conversely, using gain- and loss-of-function studies in 4T1 cells, we
demonstrate that NLRX1 functions as a tumor promoter when expressed in the cancer cells.
Attenuation of NLRX1 expression in 4T1 cells results in attenuated malignant properties in vitro
and in vivo. These effects are partially restored when NLRX1 is overexpressed. In addition to
EMT, we show that NLRX1 impacts these phenotypes through regulating cell death, migration,

superoxide production, and mitochondrial respiration. Together, we provide critical insight into

NLRX1 function in TNBC and establish cellular context as a regulator of NLRX1 function.

INTRODUCTION

One 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.! Triple-negative breast cancer
(TNBC), which is characterized by the absence of the estrogen receptor (ER), progesterone
receptor (PR), and HER2, is deadlier and more aggressive than other types of breast cancer with a
5-year survival rate of 12% if the cancer has metastasized to distant sites. TNBC tends to affect
females who are less than 40 years of age, are Black, and/or have the Brcal mutation.” Many
biological pathways and processes that are important to the initiation and progression of cancers,
including TNBC, are regulated in part through proteins housed in the innate immune system known
as pattern recognition receptors (PRRs). PRRs allow cells to sense pathogens, cellular damage,
and stress and are often the first to respond to microenvironmental changes in tissue homeostasis

which are highly relevant to tumorigenesis and disease burden.’

Specifically, PRRs recognize damage- and/or pathogen- associated molecular patterns

(DAMPS and PAMPs, respectively) to initiate or regulate the subsequent immune response,
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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 the activation of caspase-1 and
subsequent production of mature IL-18 and IL-1p.*> While the inflammasome-forming NLRs are
the best characterized and most recognizable, many NLR proteins do not directly participate in
inflammasome formation.®’ These non-inflammasome forming NLRs are classified as regulatory
NLRs, which function to either augment or attenuate various biological signaling pathways.® The
majority of studies to date have focused on the role of these regulatory NLR family members in
the regulation of inflammation, typically in the context of infectious diseases where they appear to
regulate signaling associated with other PRRs, including Toll-like Receptor (TLR) and Rig-I-Like
Helicase Receptor (RLR) signaling.®'* Consistent with the inflammasome-forming NLRs, the
regulatory NLRs also appear to function through the formation of multiprotein complexes, such as
the “NODosome” involving NOD1 (NLRC1) or NOD2 (NLRC2).!> However, unlike the
inflammasome-forming NLRs, the mechanisms underlying the majority of regulatory NLR

functions are generally undefined and under-studied.®’

NLRXT1 is a unique and enigmatic regulatory NLR that generally functions to attenuate
inflammation.!®!7 This has been best described in the context of host-pathogen immune signaling,
where NLRX1 negatively regulates the interaction between RIG-I and MAVS to attenuate type-I
interferon signaling and overzealous inflammation, which facilitates inflammation resolution
following viral pathogen clearance.!®!"!81° Likewise, NLRX1 also attenuates pro-inflammatory
canonical NF-kB signaling through the formation of a multiprotein complex that includes TRAF3
and TRAF6.7%!® NLRX1 functions through a mechanism that is highly similar to two other
regulatory NLRs, NLRC3 and NLRPI12, that also attenuate inflammation through targeting
canonical and noncanonical NF-kB signaling, respectively.”!*?° Each of these NLRs appear to
independently limit NF-kB signaling through the formation of a multiprotein complex that
includes TRAF molecules and has been dubbed the “TRAFasome”, which modulates downstream

ubiquitination events,’1%:13:20

In addition to attenuating RIG-I and NF-kB signaling, NLRX1 has also been shown to
regulate other major signaling pathways that involve STAT, MAPK, JNK, and AKT signaling,
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albeit through mechanisms that are not entirely defined.?!*>?>-?7 Likewise, NLRX1 has also been
shown to modulate reactive oxygen species (ROS) production, autophagy, and metabolism under
specific biological conditions that are also not fully understood.?®>” The regulation of these
numerous and diverse pathways by NLRX1 suggests NLRX1 potentially contributes to a wide
range of human diseases, including cancer.”!®!” Thus, it is critical to better characterize NLRX1
and define the mechanisms underlying its functions, especially in different disease models and

cellular contexts.

The role of NLRX1 in several cancer models has proven to be enigmatic due in large part
to conflicting data in the field between different types and subtypes of cancer. For example,
NLRXI1 has been suggested to function as a tumor suppressor in several models of colon cancer,
including spontaneous and azoxymethane/dextran sodium sulfate (AOM/DSS) mouse models and
human RKO colon cancer cells engrafted into mice.?!*>*® NLRX1 also appears to protect against
disease burden in histiocytic sarcoma and hepatocellular carcinoma models.??* Interestingly,
many of these phenotypes seem to be driven by pathways including ERK, STAT3, NF-kB, MAPK,
and AKT signaling and through the non-hematopoietic compartment. Conversely, conflicting data
have been reported that demonstrate NLRX1 can instead function as a tumor promoter. In an
AOM-only model of colorectal cancer, the loss of NLRX1 improved disease outcome.®®
Additionally, similar findings were reported for HPV-associated head and neck squamous cell
carcinoma where NLRX1 suppressed detection of HPV by inhibiting STING/IFN-I and CD8+ T
cell function.® Together, these studies illustrate that in all models, genetic modification of NLRX1
clearly results in robust phenotypes; however, the tumor suppressing or tumor promoting role of

NLRXT1 is complex and nuanced.

The complexity of NLRX1 function extends to breast cancer, where its role remains
understudied and conflicting. The role of NLRX1 in breast cancer appears to be impacted by the
aggressiveness and type of breast cancer cell. For example, NLRX1 is upregulated in TNBC cell
lines which lack ER and PR, compared to non-TNBC cell lines expressing ER and PR.?%%7
Likewise, in human tumors, NLRX1 is upregulated in ER/PR negative tumors and metastatic
tumors compared to ER/PR positive tumors and early-stage tumors.’” In vitro, NLRXI

overexpression in MCF-7 human breast cancer cells (ER/PR positive) demonstrated decreased
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clonogenicity and migration. This observation was attributed to increased cleavage of caspase-8,
mitochondrial ROS production, and decreased ATP production and suggested NLRX1 is tumor-
suppressing.?® Conversely, NLRX1 knockdown in MDA-MB-231 human TNBC cells (ER/PR
negative) demonstrated decreased proliferation and migration. In this TNBC cell line, the
phenotype was associated with the regulation of OXPHOS, mitochondrial ROS production,
autophagy, mitochondrial turnover, and lysosomal function, and overall suggested NLRX1 is
tumor-promoting.>’” These previous studies have clearly shown a role for NLRX1 in the
modulation of biological functions during breast cancer. However, they lack in vivo studies and
loss- and gain-of-function studies within a consistent cell line, limiting the exploration of NLRX1

on disease burden and restricting more comprehensive mechanistic studies.

To address these issues, we generated novel NlrxI”~ mice on the BALB/cJ background,
which is the strain required for the commonly-used 4T1 mouse 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. Here, using these unique mice and cell lines in
combination, we show that the biological effects of NLRX1 in TNBC are cell type specific and
highly dependent on the cellular context. Using NlrxI”" mice, we show that NLRX1 functions as
a tumor suppressor in healthy host cells where it attenuates tumor progression and decreases
metastasis by limiting epithelial-mesenchymal transition (EMT), the recruitment of pro-tumor
eosinophils, and the formation of the metastatic niche in the lung. However, in the tumor cells
themselves, NLRX1 augments tumor progression by increasing malignant properties,
mitochondrial dysregulation, and metastasis through promoting EMT. Together, our data
demonstrate a functional dichotomy between NLRX1 in healthy host cells versus in mammary
tumor cells. By using in vitro and in vivo models that can be evaluated together and in parallel, our
studies offer an explanation for at least some of the conflicting data generated to date related to

NLRX1 and potentially other NLR family members.

MATERIALS AND METHODS
Cell Culture and Transfection
4T1 cells were obtained from ATCC and were cultured in RPMI 1640 (ATCC)

supplemented with 10% fetal bovine serum (R&D Systems) and 1% penicillin streptomycin
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(Thermo Fisher Scientific). Cells were incubated at 37°C and 5% CO>.4T]1 cells were transduced
to either knock down or overexpress murine NLRX1 using lentiviral siRNA technology (Origene)
and ORF technology (Origene) according to the manufacturer’s protocols, respectively. Antibiotic
selection with 3 pg/mL puromycin (Santa Cruz Biotechnology) was used to select for transduced
cells and successful overexpression or knockdown was confirmed by western blot for murine
NLRXI1 (Abcam). Cells were authenticated using morphology checks by microscope and
commercial Mycoplasma testing (Charles River Research Animal Diagnostic Services) and were

discarded before 30 passages.

Cell Migration Assay

Transduced 4T1 cells were seeded at 5 x 10° cells per well in a 6 well plate in complete
media and incubated overnight. Media was then switched to 1% FBS media and incubated for 24
hours to allow cells to adjust to the decreased serum content. A 200 pL pipette tip was used to
make 3 scratches per well for a “scratch” or “wound healing” assay. Initial images of each scratch
were acquired directly following the scratch induction (Invitrogen EVOS M5000). At 5- and 8-
hours post-scratch, images of each scratch were acquired at the same location of the initial image.
Images were uploaded to Fiji-ImageJ and the width of the scratch was measured several times per

image. Rate of migration 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 was then replaced with experimental media of complete
media, +/- 10 ng/mL TNF (PeproTech), +/- 10 ng/mL TGF-B (R&D Systems) and allowed to
incubate for 48 hours. An MTT assay was performed according to 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 was then replaced with complete media, +/- 100 mM H20:
(Fisher Chemical) and allowed to incubate for 6 hours. An LDH assay was performed according

to manufacturer’s protocols (Thermo Fisher Scientific).
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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 was then replaced with complete media, +/- 10 ng/mL TNF
(PeproTech) and incubated for 4 hours. MitoSOX (Thermo Fisher Scientific) and NucBlue
(Thermo Fisher Scientific) were added to the wells per manufacturer’s protocols. Several images
per well were acquired with a fluorescent microscope (Invitrogen EVOS M5000). Fluorescent
intensity of each image was measured using Fiji-ImageJ 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 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), +/- 10
ng/mL TGF- (R&D Systems) and incubated for 24 hours. A Seahorse XF96 Mito Stress test
(Agilent) was performed according to manufacturer’s protocols at the Virginia Tech Metabolism
Core. Respiratory capacity was calculated as (Maximal Respiration — Basal Respiration) of the

final timepoint of each injection step and corrected for non-mitochondrial respiration.

Western Blotting

Protein was extracted from cells or tissues in a protein lysis buffer of 2% SDS, 100mM
Tris HCI, 100mM NacCl, 1X protease inhibitor (Thermo Fisher Scientific) and quantified using a
BCA assay (Thermo Fisher Scientific) according to manufacturer’s protocols. Samples were
loaded at 20 pg/mL with reducing sample buffer (Thermo Fisher Scientific) in pre-cast 4 to 12%,
Bis-Tris Mini Protein Gels (Thermo Fisher Scientific), transferred to a PVDF membrane in 1X
TGE + 20% methanol, and blocked 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).
TBST was used for all wash steps. Images were obtained with iBright (Thermo Fisher Scientific)
or Odyssey XF (LI-COR) imaging systems using an HRP-conjugated secondary antibody (CST)
and SuperSignal West Pico, Dura, or Femto Chemiluminescent Substrates (Thermo Fisher

Scientific).
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Flow Cytometry

Tumors and lungs were collected in cold RPMI and mechanically and/or enzymatically
digested. Cells were counted with Trypan Blue and diluted to 1 x 107 cells per mL. 100 uL of each
sample were collected in a microcentrifuge tube and fixed (Invitrogen) for 15 minutes in the dark.
Fixed cells were resuspended in PBS and stored at 4°C in the dark until staining. Permeabilization
was conducted on samples in Panel 2 (Invitrogen). Staining was conducted and samples were
submitted to the Flow Cytometry Core at Virginia Tech. The flow cytometry panel can be found

in Supplemental Figure S1.

Generation of BALB/cJ NlrxI”~ Mice

BALB/c] Nirx1” mice were generated through 12 generations of backcrossing. C57/BL6J
NirxI"- mice (provided by Dr. Jenny Ting, UNC Chapel Hill) were crossed with WT BALB/cJ
mice purchased from Jackson Laboratories to create Nlrx/*" offspring.'® Each generation of
NirxI"" offspring was crossed with WT BALB/cJ mice for 12 generations. F12 NlrxI"" mice were
crossed with each other to generate the first BALB/cJ Nlrx1”" offspring, which established the
colony of BALB/cJ Nirx1” mice. WT and NlrxI”" mice were maintained as separate colonies. All
mice were housed under specific pathogen free (SPF) conditions and all experiments were
conducted under the approval of the Virginia Tech Institutional Animal Care and Use Committee

(IACUC) and the NIH 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 (BioLine) and 3  NlirxI  primers (5
CCAGGCTCAGCATAATTTGTT 3', 5 AGCCGGAAGTCAAGGTTGAGG 3', and 5'
AGCGCATCGCCTTCTATCGCCTTC 3') were used for PCR. PCR product was loaded into a
2% LE Agarose Gel with Ethidium Bromide and set to run for 60 minutes at 150 volts. Gel images
were obtained with iBright (Thermo Fisher Scientific) or Odyssey XF (LI-COR) imaging systems.

In Vivo 4T1 Models
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Experimental mice were all females between 2 and 5 months of age. Mice were
anesthetized and injected with 1.2 x 10°4T1 cells (4T1, 4T1°F, 4T195CTL 4T1XP or 4T1KD-CTL)
in 100 pL sterile PBS in the left abdominal mammary fat pad. Tumor size was measured as the
square root of tumor length x tumor width. Tumors were collected for final tumor volume,
calculated as (3.14159/6) x length x width x height as previously described.*’ Sections of the
tumors were fixed in 10% formalin for H&E analysis, flash frozen for RNA/protein extraction, or
harvested for flow cytometry. Lungs were collected for metastasis quantification as previously

described 41

, as well as flash frozen for RNA/protein extraction or harvested for flow cytometry.
Whole blood was collected for metastasis quantification as previously described.** All experiments
were conducted with IACUC approval and in accordance with the NIH 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). Total RNA from 4T1 tumors were pooled per genotype (WT
and NlrxI7"). Gene expression was evaluated with a murine breast cancer RT? Profiler PCR Array
(Qiagen). Ingenuity Pathway Analysis (IPA) was used to determine pathways impacted by
differentially expressed genes. For transcriptomics analysis, total RNA was pooled for 4T1, 4T1°F,
or 4T1°FCTE tumors from each genotype (WT and Nlrx/7") and gene expression was evaluated
using microarray analysis (Clariom S, Applied Biosystems, Thermo Fisher Scientific). Data were

analyzed using Transcriptome Analysis Console (Applied Biosystems, Thermo Fisher Scientific).

Statistical Analysis

Animal numbers were justified by a power analysis. Comparisons were analyzed using a
two-way unpaired t-test or an ANOVA followed by Tukey’s post-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
The data generated in this study will be publicly available upon publication.
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RESULTS
NLRX]I Expressed in Healthy Host Cells Attenuates Tumor Progression and Metastasis

NLRX1 is considered to be ubiquitously expressed in the majority of cells and tissues.*
To determine the role of NLRXI in healthy host cells on mammary tumor progression, we
generated novel BALB/cJ NirxI”" mice compatible with the 4T1 mammary tumor model. These
mice were generated through 12 generations of backcrossing and were confirmed to lack a
functional Nlrx! gene (Supplemental Fig. S2A & B). NirxI”- and WT BALB/c] mice were
injected with 1.2 x 10% 4T1 cells in a single mammary fat pad and were monitored for tumor
growth, morbidity, and mortality. Additional WT and N/rxI”~ mice were injected with sterile PBS
for tumor-free controls (data not shown). During the course of the study, there were minimal
differences in tumor growth (Fig. 1A) and no differences in morbidity (Fig. 1B) or mortality (Fig.
1C). However, because tumor measurements throughout the study only account for the length and
width of the tumor, we additionally calculated final tumor volume of excised tumors so that tumor
depth was included in the disease burden considerations. This revealed that Nlrx” mice developed
significantly larger tumors compared to the WT mice (Fig. 1D). NlrxI/”" mice also exhibited a
significant increase in metastatic burden in the lung compared to WT animals (Fig. 1E-F). NirxI
mice had increased blood metastasis that were approximately six times the levels found in WT
animals; however, this assessment was highly variable in the N/rx/”" mice and results were not
statistically significant (p = 0.2) (Fig. 1G). Histological analysis by a board-certified pathologist
(SC-0) revealed no histopathologic or morphologic differences between 4T1 tumors from Nirx I
“mice and WT animals (Fig. 1H). Together, these data revealed phenotypes that suggest NLRX1

is protective against disease burden, specifically lung metastasis and tumor volume, when it is

expressed by healthy host cells.

NLRXI Expressed in Healthy Host Cells Decreases Metastasis by Limiting Epithelial-
Mesenchymal Transition (EMT) and Eosinophil Recruitment

To begin uncovering the mechanism(s) responsible for NLRXI1-mediated tumor
suppression, we next evaluated gene expression using rt-PCR arrays and microarray analysis. Total
RNA was extracted from 4T1 tumors collected from WT and NlrxI”"mice. Using a commercially-
available and pathway-focused quantitative RT? Profiler PCR Array and whole transcriptome

Clariom S microarrays, we performed pathway-focused evaluations and unbiased analyses to
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identify genes and pathways altered in 4T1 tumors engrafted into WT and NlrxI” mice. The
unbiased microarray analysis identified the top 20 pathways significantly altered in tumors from
Nirx1”" mice versus tumors from WT mice based on the number of differentially expressed genes
(DEGs) in each pathway (Fig. 2A). This analysis revealed that many pathways associated with the
pro-metastatic process of epithelial-mesenchymal transition (EMT) were significant (Fig. 2A).
Specifically, in the absence of NLRX1, genes associated with EGFR1 signaling, focal adhesion,
PI3K-Akt-mTOR, Kit receptor signaling, and TGF-f receptor signaling were all significantly
upregulated compared to tumors generated in WT mice (Fig. 2B). Subsequent analysis of the
DEGs in each of these EMT-related pathways revealed that the loss of NLRX1 was associated
with gene transcription profiles correlated with the promotion of EMT in the 4T1 tumors (Fig.
2B). In total, we identified 12 DEGs that are highly relevant to EMT and appear to be regulated,
at least in part, by the expression of NLRX1 in healthy host cells (Fig. 2C, Supplemental Fig.
S3A).* To further validate that NLRX1 is indeed regulating EMT, we next analyzed protein levels
of the epithelial marker E-Cadherin, which is commonly found to be downregulated in cells
undergoing EMT.* The western blot data revealed a decrease in E-Cadherin in tumors from Nlrx 1
" mice compared to tumors from WT animals (Fig. 2D, Supplemental Fig. S3B). We also
analyzed protein levels of TGF-B and MMP9, both of which promote EMT.* We found that
tumors from Nlrx/” mice express more MMP9 and TGF-p, further suggesting a protective role for
NLRX1 against EMT when expressed by healthy host cells (Fig. 2E, Supplemental Fig. S3B).
Ingenuity Pathway Analysis (IPA) of the rt-PCR array data confirmed significantly upregulated
pathways associated with EMT in the absence of NLRX1 and identified specific interactions most
likely to result in the phenotypes observed in the Nirx1”" mice (Fig. 2F, Supplemental Fig. S3C-
D). From these combined gene expression, transcriptomics, and western blot experiments, our data
suggest that NLRX1 in healthy host cells acts in the mammary tumor to limit EMT by suppressing
TGF-B, C-kit, and EGF receptors and therefore suppressing PI3K-AKT, ERK1/2, and -Catenin
pathways (Fig. 2F, Supplemental Fig. S3C-D). At the transcription factor level, Zeb2 appears to
be downregulated in the presence of NLRX1, which may also attenuate EMT. Together, these
pathways converge on the regulation of E-Cadherin, which is significantly downregulated in the

tumors from NlrxI”" mice (Fig. 2F).
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Immune cells provide a critical niche that can facilitate tumor progression, invasion, and
metastasis through the modulation of the EMT.*"*® Thus, we next sought to define the tumor
microenvironment immune niche using flow cytometry on the 4T1 tumors from WT and NirxI™"
mice. Using a well-defined panel of cell surface markers (Supplemental Fig. S1), no significant
differences were identified in macrophage, M-MDSC, G-MDSC, ¢DC1, ¢cDC2, inflammatory DC,
B cell, natural killer cell, T reg, CD8+ T cell, CD4+ T cell, or double negative T cell populations
in the tumor microenvironment (Supplemental Fig. S3E). However, tumors from Nlrx/”" mice
contained significantly more eosinophils (CD45+ CD11b+ CD11c- Ly6G- Ly6C-) than tumors
from WT animals (Fig. 2G-H). Eosinophils can significantly impact the tumor microenvironment
and drive EMT through the secretion of MMP9 and release growth factors like TGF-B.** This
would be consistent with the increase in MMP9 and TGF-B observed in tumors from Nlrx/”"mice
(Fig. 2E). Additionally, CXCL9 is known to inhibit recruitment of eosinophils and here, Cxcl9 is
the most significantly downregulated gene in tumors from N/rxI” mice (Fig. 21).>° CXCL9 has
also been found to be dysregulated in the absence of NLRX1 in other models, such as in invasive
pulmonary aspergillosis and HPV+ head and neck squamous cell carcinoma.’®>! Likewise,
CXCL9 is regulated by AKT, ERK, and STING signaling through mechanisms previously shown
to be regulated by NLRX1 in other models.?!?>?43%32 Thus, our data suggest that NLRX1, when
expressed in the healthy host cells, attenuates tumor progression and metastasis through the
regulation of CXCL9, limiting the recruitment of pro-EMT eosinophils, and attenuating the
subsequent production of MMP9 and TGF-f to ultimately suppress EMT.

NLRX]I Expressed in Healthy Cells Attenuates Lung Metastasis Through Limiting the Formation
of the Metastatic Niche

Increased EMT is a critical hallmark of cancer metastasis that allows tumor cells to migrate
more freely from the primary tumor, and prior studies in the 4T1 model have shown that sublines
of 4T1 cells with significant EMT demonstrate increased metastasis.>® The priming of distal organs
to make them favorable environments for metastatic seeding (the “metastatic niche”) allows tumor
cells that have undergone EMT to find a hospitable location outside of the tumor.>* Indeed, there
is some evidence of crosstalk between the metastatic niche and tumor cells undergoing EMT.>
NLRX1 has been implicated in several hallmarks of the metastatic niche, including inflammation,

angiogenesis, immune suppression, and ECM remodeling.'®!"*>¢ Thus, we next sought to
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determine if NLRX1 impacts the distant site organs typically targeted for breast cancer metastasis
in the 4T1 model. We focused our assessments on the lungs, which are commonly evaluated in
this model, and because our in vivo data demonstrated a protective role of NLRX1 against lung

metastasis (Fig. 1E-F).>357

Here, we evaluated the evolution of the metastatic niche in the WT and Nlrx/” mice
throughout the 4T1 disease progression using western blot analysis at pre-metastasis and post-
metastasis timepoints. Given the concentration of 4T1 cells injected in our studies, we expect the
cells to become metastatic by Day 8 post-injection.’® At the pre-metastasis timepoint, lungs from
Nirx1” mice contained increased levels of Lox, Fibronectin, MMP9, IL-6, and TGF-B compared
to lungs from WT animals (Fig. 3A, Supplemental Fig. 4A). Increased levels of these proteins
have been previously correlated with increased metastasis in various cancer models and are
commonly used to define the metastatic niche.”> A slight decrease in CD31, a marker for
angiogenesis, was also observed (Fig. 3A, Supplemental Fig. S4A). Thus, these data suggest that
NLRXI1 attenuates the formation of the pre-metastatic niche through suppressing inflammation
and ECM remodeling in the lung. At the post-metastasis timepoint, lungs from NlrxI” mice still
demonstrated increased levels of MMP9 and IL-6, but had decreased expression of TGF-,
Fibronectin, and Lox, and an increase in CD31 expression compared to lungs from WT animals
(Fig. 3B, Supplemental Fig. S4B). These data suggest the lung metastatic niche shifts as the tumor
cells begin to colonize, but that NLRX1 still remains protective against lung metastatic niche

formation through ECM remodeling, inflammation, and angiogenesis (Fig. 3C).

To define how NLRX1 impacts the immune cells involved in metastatic niche formation,
we evaluated the immune cell populations in the lungs at the pre- and post-metastasis timepoints.
There were no significant differences in eosinophil, macrophage, M-MDSC, G-MDSC, cDCl,
cDC2, B cell, T reg, or CD8+ T cell populations between WT and NlrxI”" mice at the pre-
metastasis timepoint (Supplemental Fig. S4C). However, lungs from NIrx/”~ mice had
significantly fewer double-negative T cells (CD45+ CD3+ CD19- CD4- CD8-) and CD4+ T cells
(CD45+ CD3+ CD19- CD4+ CDS8-), and significantly increased inflammatory dendritic cells
(CD45+ CD11b+ CD11c+ Ly6G - Ly6C+) and natural killer cells (CD45+ CD3- NK1.1+ CD19-
) compared to WT lungs (Fig. 3 D-G, Supplemental Fig. S4D-F). At the post-metastasis
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timepoint, there were no significant differences in any of the immune cell populations
(Supplemental Fig. S4G). Together, these data suggest a role for NLRX1 impacting the immune
cell populations in the lung pre-metastatic niche that may further attenuate 4T1 metastasis (Fig.

30).

NLRX]I Expressed in 4T1 Cells Enhances Their Malignant Properties

The experiments above suggest that NLRX1 functions as a tumor suppressor when
expressed systemically in the host. We next sought to determine the function of NLRX1 in the 4T1
mammary tumor cells and conduct gain-of-function and loss-of-function studies. Here, we utilized
a stable lentiviral transduction method to generate 4T1 cells that either overexpress (4T1°F) or
knockdown (4T1¥P) NLRX1, as well as their respective controls (4T1°FCTE and 4T1XP-CTL) (Fig.
4A). Western blot confirmed successful overexpression and knockdown of NLRX1 (Fig 4A). In
the limited studies done previously to examine NLRXI1 in breast cancer, proliferation and cell
death have been implicated.?®” To examine proliferation, we performed an MTT assay. 4T1°F
cells trended towards an increase in proliferation compared to 4T1°FCTE cells (p = 0.08), with the
4T19E cells demonstrating approximately a 20% increase over the 4T1°FCTt cells (Fig. 4B).
Conversely, the 4T1%P cells displayed significantly decreased proliferation compared to 4T1XP-CTL
cells, with the knockdown cells undergoing half the proliferation of their controls (Fig. 4B). We
repeated this experiment using TNF to stimulate NLRX1 function as previously described or TGF-
B to stimulate EMT (Supplemental Fig. S5A).%%37 Here, we observed no significant differences
in the 4T1°F cells, but we did continue to observe significantly decreased proliferation in the 4T1XP
cells following stimulation with either TNF or TGF-$ (Supplemental Fig. SSA). Cell death was
then evaluated following treatment with H>O2 using an LDH assay. NLRX1 overexpression
protected the 4T1 cells from H>O»-induced cell death, as shown by the significant decrease in the
cytotoxicity for the 4T1°F cells compared to the 4T1°%CTL cells (Fig. 4C). Conversely, cells
lacking NLRX1 were more sensitive to H2Oz-induced cell death, as evidenced by the significant
increase in cytotoxicity observed in 4T1%P cells compared to 4T1XP-“TL cells (Fig 4C). Together,
these data suggest that NLRX1 functions as a tumor promoter in the 4T1 cells by attenuating ROS-

mediated cell death and moderately impacting proliferation.
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Due to the metastasis phenotype observed in vivo, we next evaluated migration potential
in the knockdown and overexpression cells using a common wound healing scratch assay. At 5-

10E

and 8-hours post-scratch, NLRX1 overexpression in the 4T 1% cells resulted in significantly faster

rates of migration compared to 4T1°5¢TL

cells, migrating approximately three times faster at each
timepoint (Fig. 4D-E). Conversely, the loss of NLRX1 in the 4T1XP cells reduced migration by
approximately 40% and 50% compared to 4T1¥P-CTLcells at each the 5 hour and 8 hour timepoints,
respectively (Fig 4D-E). Together these data suggest that in addition to increasing proliferation
and reducing cell death, NLRX1 expression in the 4T1 tumor cells also increases their migration

potential and metastatic properties.

NLRX1 was originally characterized as being associated with the mitochondria in the
context of infectious diseases, although its exact impact on mitochondrial function continues to be
an active area of research and debate.!"!1®%° Accordingly, prior studies have implicated NLRX1 in
the regulation of ROS.2¢2%333761.62 Tymor cells routinely demonstrate increased ROS production
and dysregulated mitochondrial dynamics, both of which can impact the survival and metastatic
potential of tumor cells. Thus, we next sought to evaluate the role of NLRX1 in these biological

features using the 4T1%P and 4T1°F cells.

To evaluate superoxide production, we utilized MitoSOX staining. Overexpression of
NLRXI1 in the 4T1°F cells resulted in a significant increase in mitochondrial superoxide production
that was almost 6-fold (logz) higher than the 4T 195 control cells (Fig. 4F). Conversely, the loss
of NLRX1 in the 4T1*P cells resulted in a significant repression of mitochondrial superoxide
production, observed to be approximately 4-fold (logz) lower than their controls (Fig. 4F).
Interestingly, superoxide levels in 4T15XP-CTE cells mimic those of 4T19F cells instead of 4T1°5-CTE
cells. It is possible that the differences in the knockdown and overexpression lentiviral constructs
can cause these differences. However, despite the differences in the controls, the cells with greater
NLRXI1 expression in both the overexpression and knockdown system comparisons displayed
increased superoxide levels. The regulation of ROS levels was retained following TNF stimulation
in the knockdown system, but not the overexpression system (Supplemental Fig. S5B). These
findings are consistent with earlier studies that showed NLRX1 promotes ROS production in

HeLa, HEK293, and MCF7 cells through regulation of caspase-8 during TNF-induced apoptosis.?®
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The inclusion of both the loss-of-function and gain-of-function models effectively illustrate that

NLRXI levels have significant effects on mitochondria superoxide levels.

To better define a role for NLRX1 in mitochondria function and energetics, we utilized a
Seahorse XF Mito Stress Test. In the gain-of-function studies, no significant differences were
observed in mitochondrial respiration (Fig. 4G). However, loss of NLRX1 in the 4T1XP cells
resulted in a significant shift in mitochondrial respiration (Fig. 4G). This was most evident in the
basal respiration and in the maximal respiration (Fig. 4G). We also observed four times more spare
respiratory capacity in 4T1%P cells compared to the 4T1%P-L cells (Fig. 4H). Conversely, this
coincided with approximately double the spare respiratory capacity in 4T1°5CTE cells compared
to 4T1°F cells, but this was not statistically significant (p = 0.16). The mitochondrial respiration
and spare respiratory capacity phenotypes were also consistent under TNF and TGF-f§ conditions
(Supplemental Fig. SSC-D). Together, these data suggest that loss of NLRX1 attenuates several
cancer hallmarks in the 4T1 cells, including decreased proliferation, migration, ROS production,
and increasing cell death and respiratory capacity. Conversely, the overexpression of NLRX1

generally augments many of these same biological functions.

NLRX]I Expressed in 4T1 Cells Promotes Malignancy and Tumor Growth In Vivo

Our data suggest that NLRX1 suppresses tumor growth and metastasis when expressed in
the host and conversely functions as a tumor promoter when expressed in the 4T1 mammary tumor
cells. Thus, we next sought to determine if the increase in malignant properties observed in vitro
was sufficient to increase the disease burden in vivo. We injected 1.2 x 10° cells (either 4T1°F,
4T19FCTE 4T1XP or 4T1X¥P-CT) into a singular mammary fat pad of WT and NlrxI”" mice (Fig.
5A & F). Additional WT and Nirx/”- mice were injected with sterile PBS for tumor-free controls
(data not shown). Mice were monitored for morbidity and tumor growth throughout the study and
euthanized on Day 14 post-injection, approximately when the tumors reached 1 ¢cm?, for tissue
collection. Minimal differences in tumor growth were observed in any of the groups (Fig. 5 B &
G), but significant differences became more pronounced upon necropsy. In the mice engrafted

with 4T1 cells overexpressing NLRX1 (4T1°F), we observed a doubling of final tumor volume

compared to mice engrafted with the overexpression control cells (4T1°5€™) in both WT and
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Nirx1”" mice (Fig. 5C). However, no differences in final tumor volume were observed in either

WT or NirxI”" mice engrafted with the knockdown cells or their controls (Fig. SH).

In addition to tumor growth, morbidity was monitored over the course of the study and
quantified using a health scoring system with a range of 0-4. By harvesting animals with tumors
in the ~1 cm? size range, morbidity can be minimized. Consistent with this, we did not observe
any major clinical signs of morbidity in any groups of animals (Fig. 5D & I). However, we did
observe a significant decrease in the health scores — indicating a decrease in morbidity — in WT
mice engrafted with the knockdown 4T1 (4T1%P) cells on days 12-14 post-injection compared to
WT mice engrafted with the knockdown control cells (4T1¥P-“TL) (Fig. 5I). Upon further
investigation, we determined the differences in morbidity were driven by tumor eschar. Tumor
eschar, which is necrotic tissue that typically forms an ulcerating lesion around the center of the

mammary tumor on the surface of the skin, can occur during the 4T1 model.>’

WT mice engrafted
with 4T1XP cells displayed significantly less tumor eschar than WT mice engrafted with 4T1%P-
CTL cells (Fig. 5J). NirxI” mice with 4T1%P tumors also displayed less morbidity and less tumor
eschar than NlrxI”" mice with 4T1¥P-CTE cells, but this was not statistically significant (Fig. 5I,
Supplemental Fig. 6A). Additionally, there were no significant differences in morbidity in either
WT or NilrxI”" mice with overexpression cells or their controls (Fig. SD). Thus, while this
phenotype could be an artifact of the knockdown construct or delivery method in the WTXP-¢TL

animals, the absence of eschar in the Nlrx/”" and WT mice with 4T1¥P cells may suggest a

protective role for NLRX1 in this biological phenomenon.

Consistent with the increased migration observed in the in vitro studies (Fig. 4D & E), the
metastatic burden was significantly increased in mice engrafted with the 4T1°F cells in both the
WT and NirxI”~ mice, with 4-fold (logz) and 3-fold (logz) increases, respectively (Fig. SE).
Consistent with the attenuation of migration observed in the in vitro studies (Fig. 4D & E) and
converse to the observations in the overexpression studies (Fig. 4D & E, Fig. SE), we observed at

lKD

least three times less lung metastasis in WT mice engrafted with 4T cells compared to those

engrafted with 4T1¥P-CTL cells (Fig. 5K). In the NlrxI”" mice, we also observed at least three times

1 KD-CTL

less lung metastasis in mice engrafted with 4T1XP cells compared to the 4T animals, but

this was not statistically significant (Fig. SK). Quantification of lung metastasis was acquired
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either through percent metastatic burden or a manual count of metastatic colonies, both of which

have been previously described. '’

Taking into consideration the results of the Nlrx/”" studies with the parental 4T1 cell line
in vivo (Fig. 1) and the in vitro cell line studies (Fig. 4), we would predict NlrxI” mice engrafted
with 4T1°F cells (NlrxI”- 4T1°F) to have the most severe disease burden. To confirm this, we
performed ANOVAs on the tumor growth, morbidity, final tumor volume, and lung metastasis
data to compare the results between all four comparisons in each study (Supplemental Fig. 6B-
I). Indeed, the loss of the protective effects of NLRX1 in healthy host cells combined with the
overexpression of NLRX1 in the 4T1°E cells in the Nlrx1”-4T1°F group 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. 6H). No additional significant differences were noted between WT and
NirxI”" mice engrafted with the same 4T1 cells (Supplemental Fig. 5B-I). Together, the in vivo
overexpression and knockdown studies revealed that NLRX1 appears to augment 4T1 mammary

tumor growth and metastasis when expressed in the 4T1 cancer cells, which is a reversal of

function compared to the role of NLRX1 expressed in the healthy host cells.

NLRXI Expressed in 4T1 Cells Augments Lung Metastasis Through Promoting Epithelial-
Mesenchymal Transition

NLRX1 modulation of EMT was one of the mechanisms identified in the attenuation of
4T1 tumor progression and metastasis in the NlrxI”" mice (Fig. 2). To explore potential
mechanisms associated with the phenotypes observed in the NLRX1 overexpression and
knockdown 4T1 cells in the WT and Nirx/” animals, we again utilized a transcriptomics approach.
Here, we focused our analysis on the NLRX1 overexpression cells due to the in vivo phenotypes
being more pronounced in the overexpression cell lines compared to the knockdown cell lines
(Fig. 5). RNA was collected from 4T1°F and 4T1°5“™ tumors from WT and NirxI” mice for
transcriptomics analysis (Clariom S). An unbiased analysis identified the top 20 pathways that
were significantly impacted by NLRX1 overexpression, as dictated by number of DEGs identified
for each of the 4 available comparisons. Pathways that consistently ranked in the top 20 in at least
2 of the 4 comparisons were considered to be significant (Fig. 6A). This analysis identified 10

pathways that overlapped with pathways identified in the earlier Nlrx” studies using unmodified
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4T1 cells (Fig. 2A), identified here with a star (Fig. 6A). Many of the top significant pathways are
again important to EMT, including EGFR1 signaling, focal adhesion, PI3K-Akt-mTOR, MAPK,
and TGF-B receptor signaling pathways (Fig. 6A). Interestingly, all of these EMT-related
pathways are more significant between 4T1°F and 4T1°%CTt tymors than between NlrxI” and WT
mice, suggesting 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°FCT tumors in Nirx1”" (Fig. 6B) and WT mice (Fig. 6C) and found the signature in 4T1°F
tumors to be consistent with the promotion of EMT (Fig. 6B-C). More specifically, we identified
27 DEGs in tumors from N/rx/” mice and 13 DEGs in tumors from WT mice specifically related

to EMT that were generally up-regulated in the 4T1°F

tumors (Fig. 6D-E; Supplemental Fig.
S7A). Consistent with the increased disease burden when NLRX1 is overexpressed in the tumor
and lacking in the host, there are more DEGs significantly upregulated in 4T1°F tumors from

NirxI"" mice compared to tumors in the WT animals (Fig. 6B-E).

We next analyzed protein levels of the epithelial marker E-Cadherin and found that 4T1°F
tumors express less E-Cadherin than 4T1°5“™ tumors in WT and NIrxI”" mice (Fig. 6F,
Supplemental Fig. S7TB). This is consistent with in vitro and in vivo data that demonstrate
overexpression of NLRX1 in 4T1 cells confers an advantage to the tumor. Conversely, 4T1%P
tumors retained E-Cadherin while 4T1¥P-CTt tumors lost E-Cadherin in both WT and Nlrx/”" mice
(Fig. 6F, Supplemental Fig. S7TB). 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 severity. Pathway analysis of the gene transcription data identified several pathways
regulated by NLRX1 that appear to contribute to EMT (Fig. 6G). Specifically, NLRX1 in 4T1
cells is predicted to promote EMT through the upregulation of growth factors TGF-f3 and HB-
EGF, upregulating C-kit, VEGFRI1, and Notch1/2 receptors, and promoting Smad, p38 MAPK,
PI3K-AKT, MAPK/ERK, and B-Catenin pathways (Fig. 6G). Together, these pathways converge
on the transcription factors SNAIL1 and TCF4 resulting in the subsequent upregulation of EMT
(Fig. 6G).
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DISCUSSION

The majority of studies evaluating NLRX1 function have focused on its role in modulating
the host immune response following pathogen exposure.'®!” In this context, the consensus appears
to be coalescing around NLRX1 functioning to negatively regulate NF-kB and type-I interferon
signaling, modulating autophagy, and facilitating ROS production.'®!” However, the mechanisms
proposed for these functions are still relatively unclear and NLRX1 remains an enigmatic member
of the NLR family. Indeed, since its initial discovery and characterization, its signaling, function,

18,26,28.37.38.60 Beyond infectious

and even cellular localization have been heavily debated.!%!!-16-
disease studies, there is significant interest in better defining the role of NLRX1 in cancer.” The
current literature characterizes NLRX1 as both a tumor promoter and a tumor

21,22,2425.28,

Suppressor. 3839 These seemingly contradictory findings have added to NLRX1’s

intrigue and have resulted in general confusion in the field regarding its biological functions.

The lack of in vivo syngeneic tumor models and studies utilizing NlrxI”" mice have been
major limitations with prior studies, especially in breast cancer studies which have focused on in
vitro characterization in varying cell lines. Here, 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 background for syngeneic mammary tumor studies using the same parental cell line. Our
data demonstrate that NLRX1 functions differently depending on whether it is expressed in the
healthy host cells or in the 4T1 cancer cells. In the healthy host cells, NLRX1 functions as a tumor
suppressor where it limits tumor progression and metastasis. Conversely, in the 4T1 mammary
tumor cell line, NLRX1 appears to function as a tumor promoter that enhances malignant
properties. Together, these data provide insight into some of the controversy and confusion
associated with this NLR family member by revealing a dichotomy between NLRX1 functions

based on cellular context.

Together, our data revealed several overlapping pathways that were significantly 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, NLRX1
negatively regulates AKT, MAPK, and NF-«B signaling in a model of chemical-induced

histiocytic sarcoma.?* This is also consistent with other studies in colorectal cancer where NLRX1
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was found to function as a tumor suppressor through the inhibition of NF-xB, MAPK, STAT3,
and IL-6 signaling.”?! Complementing these data, Nlrx/ deficiency on the Apc™™* background
resulted in increased proliferation and expression of B-Catenin and Cathepsin B.?! 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. Intriguingly, we did not observe significant dysregulation of NF-xB
signaling in the tumors of 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 signaling,
requiring higher levels of NLRX1 regulation, compared to the relatively immunosuppressive
nature of the 4T1 model.>® Our data also predicted that NLRX1 in both healthy host cells and 4T1
tumor cells impacts EGFR dysregulation and downstream tumor progression, 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.>’ Additionally, consistent with the well-defined
ability for NLRX1 to limit inflammation, we found that NLRX1 in healthy host cells can limit
inflammation in the lung to prevent the formation of the metastatic niche. We also revealed a
lesser-studied role for NLRX1 in the metastatic niche regarding angiogenesis and immune cell
recruitment, both of which are relatively undefined functions of NLRXI, especially in

cancer.31’39’51’56

While our data reveal differences in function based on the cellular context, our studies
converge on NLRX1 regulation of EMT as a potential mechanism underlying the phenotypes
observed in both the NlrxI/”- mice engrafted with the unmodified 4T1 cells and in the gain-of-
function/loss-of-function 4T1 cell studies. Complementing the transcriptomics pathway analysis
findings, our validation studies revealed decreased E-cadherin, increased MMPY, and increased
TGF-p following modification of NlrxI. These three events are closely associated with EMT and
subsequent metastasis, including in the context of breast cancer.’* % Loss of E-cadherin has been
observed in highly aggressive and invasive breast tumors and leads to the destabilization of
adherens junctions, cancer cell survival, invasiveness, and metastasis.®*®>¢7 In the present study,
the decrease in E-cadherin observed in the Nlrx/”- 4T1 tumors and the 4T1°F tumors was
correlated with increased B-catenin, Snaill, Zeb2, and TCF4 gene expression. Each of these
transcription factors and co-activators either significantly repress E-cadherin expression or are

downregulated by E-cadherin.®”"° Compounding the decreased E-cadherin, the increase in MMP9
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and TGF-B are also predicted to increase tumor progression and metastasis through regulating

EMT 6466

Only one previous study has examined the role of NLRX1 in EMT.?? In the previous study,
Hu et al. explored NLRX1 in hepatocellular carcinoma. Using two murine hepatocellular
carcinoma cell lines, HCCLM3 and Huh7, the authors overexpressed NLRX1 in HCCLM3 cells
and knocked 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
NLRXI1 suppresses EMT in hepatocellular carcinoma cells. The authors concluded NLRX1
suppresses EMT by inhibiting the PI3K-AKT pathway and subsequently downregulating Snaill
expression.?? These previous results counter what we find in the current study, where NLRX1
overexpression in mammary 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 model and our mammary tumor model. More work is certainly needed

to further define the underlying mechanisms of this regulation in different types of cancer.

Mechanistically, it is possible that NLRX1 directly regulates E-cadherin, MMP9, and TGF-
B through the formation of multi-protein complexes similar to the so-called TRAFasomes that have
been described for related NLRs that regulate NF-kB signaling.” However, it is also possible that
NLRX1 regulates these processes indirectly through the modulation of eosinophil influx. The
finding that eosinophils are significantly increased in the 4T1 tumor microenvironment of Nlrx1”"
mice was unexpected. However, these results are consistent with the significant downregulation
of CXCL9. CXCL9 has been shown to inhibit eosinophil responses through a CCR3- and Rac2-
dependent mechanism.’® While we observed increased eosinophils in the more aggressive 4T1
tumors, it should be noted that the role of eosinophils in cancer is itself quite controversial, with
data suggesting these cells function through anti-tumor, pro-tumor, and even neutral
mechanisms.*>”! However, eosinophils can be a source of MMP9 and TGF-B in the tumor
microenvironment.*” Thus, the increase in tumor associated eosinophils in the N/rxI” mice, driven
by the decrease in CXCL9, could potentially serve as the source for these pro-tumor EMT

mediators. Increased eosinophils were previously observed in the Nlrx/”~ mice in a model of
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pulmonary aspergillosis.’! The mechanism was determined to be partially due to a loss of NLRX1
mediated negative regulation of IL-4 and CCLS5, resulting in a more pronounced Th2 immune
response.’! In all studies prior to the present study, Nlrx/”" mice were generated and maintained
on the C57Bl/6 background. Due to the use of 4T1 cell engraftment necessitating the use of mice
on the BALB/cJ background, the present study is the first to our knowledge to utilize Nirx/” mice
fully backcrossed onto the BALB/c background. BALB/c mice skew towards Th2 mediated
immune responses, which may also contribute to the increase in tumor associated eosinophils

observed in our studies.”?

Beyond the tumor microenvironment and regulation of EMT, we also identified a
significant role for NLRX1 in regulating ROS production, migration, and mitochondrial
respiration in the 4T1 cells. The relationship between NLRX1 and the mitochondria is well
established with studies showing functions associated with the regulation of RIG-I-like helicase
signaling through interactions with MAVS on the mitochondria surface.!!'® NLRX1 interacts with
another mitochondrial protein, TUFM, to regulate autophagy, and NLRX1 has been implicated in
mitochondria-specific autophagy known as mitophagy.**>" In the mitochondrial electron transport
chain, NLRX1 was 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.?®** Specifically in MCF-7
human breast carcinoma cells, NLRX1 was acting as a tumor suppressor through inhibiting the
activity of the mitochondrial respiratory chain and the generation of ROS.?® This was suggested to
sensitize cells to TNF-o. mediated cell death.”® These MCF-7 results are the opposite of our
findings here in 4T1 cells and of previous findings in MDA-MB-231 human TNBC cells that show
NLRXI1 serving as a tumor promoter.’’” In MDA-MB-231 cells, the tumor promoting phenotypes
of NLRX1 were found to be a function of mitochondria-lysosomal crosstalk and NLRX1 appeared
to decrease ROS levels.’’ In the current study, dysregulated mitochondrial respiration and
increased superoxide levels are at least partially responsible for the tumor promoting phenotypes

of NLRX1 in 4T1 cells.

Our data show dramatically increased mitochondrial respiration and respiratory capacity
when NLRXI1 levels are knocked down, which is moderately reversed when NLRXI1 is

overexpressed. This finding is consistent with the reduced malignant features observed in the
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knockdown cells, both in vitro and in vivo, and the attenuated superoxide levels. Typically, cancer
cells demonstrate reduced respiratory capacity due to the high glycolytic rate.”® Based on the high
spare respiratory capacity in our 4T1%P cells, there is a significant improvement for adapting and
dealing with stress conditions in these cells.” For example, it would be predicted that these cells
would have lower ROS and superoxide production as they maximize respiratory rate and ATP
synthesis.”* While these findings are the opposite of the studies in MDA-MB-231 cells, they are
consistent with prior studies evaluating the host immune response to Aspergillus fumigatus.”' Here,
loss of NLRX1 resulted in a diminished ability to generate superoxide and ROS.>! An analysis of
glycolysis and mitochondrial function led the authors to speculate that NLRX1 was needed to
either increase or decrease glycolysis based on the lifecycle of A. fumigatus in airway epithelial
cells.’! Importantly, this study demonstrates, similar to our own findings in the 4T1 cells, that the

role of NLRX1 can vary significantly between cell types and stimuli.>!

In conclusion, our data suggest that NLRX1 functions as a tumor promoter in the 4T1
mammary tumor cells, while simultaneously serving as a tumor suppressor in healthy host cells.
These findings provide insight into the often-conflicting data generated in studies evaluating not
only NLRX1, but many of the NLR family members, 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 cautionary, as any therapeutic that reverses this pattern would likely result in more
aggressive disease. While the mechanisms of NLRX1 are still not completely defined, this research
has identified several biological functions that are significantly impacted by NLRX1 in mammary
tumors and provides novel insights into the role of this enigmatic NLR family member in this

malignancy.
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FIGURE LEGENDS

Figure 1. NLRX1 in healthy host cells is protective against mammary tumor progression.
A. Tumor growth over time was monitored in 2 dimensions, with minimal differences in
progression noted between wild type (WT) and Nlrx1”- mice. B. Morbidity and C. mortality were
not significantly impacted by mouse genotype. D. The final tumor volume, measured in 3
dimensions, was significantly increased in the Nlrx/”- mice compared to the WT animals. E-F.
Significant differences between WT and Nlrx/”" mice were observed in (E) quantification of lung
metastasis and (F) representative images of lung metastatic colonies. G. Increased blood
metastasis was observed in the Nlrx/”" mice compared to the WT animals but was not significant.
H. Histopathology comparisons using H&E stained tissue sections did not reveal any significant
pathological differences between Nlrx/”- and WT tumors. Lung metastasis, blood metastasis, and
final tumor volume were analyzed using a two-way unpaired T test. Tumor growth and morbidity
were analyzed using multiple T tests — one per row. Survival was analyzed using a Log-Rank
Mantel-Cox test. WT (n=5) and NlrxI”~ (n=7) mice. Data are representative of 2 independent
experiments. All data displayed as mean + SE. *p < 0.05, **p < 0.01, ***p < 0.001, **** p <
0.0001.

Figure 2. NLRX1 in healthy host cells impacts EMT and the tumor microenvironment
immune niche. A. Transcriptomic assessments identified pathways significantly altered in tumors
harvested from NlrxI” mice compared to WT animals, 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 vs WT tumors). The analysis revealed 5 pathways
related to EMT were identified as significantly altered based on animal genotype. B. Heat maps of
the DEGs from respective pathways in TAC (NlrxI”" tumors vs WT tumors) were generated. C.
Heat map of DEGs from EMT-related genes significantly altered in the Nlrx/”" tumors compared
to the WT tumors. D-E. Differences in protein levels for (D) E-Cadherin and (E) MMP9 and TGF-
B F. Ingenuity Pathway Analysis (IPA) and TAC analysis were utilized to generate a working
model of the pathways altered by NLRX1 in 4T1 tumor progression and metastasis. G-H. Flow
cytometry was used to define the immune niche of the tumor microenvironment in tumors
harvested from Nlrx1”- and WT mice. (G) Representative scatter plots showing an increase in the

number of eosinophils present in Nlrx/”~ tumors. (H) Quantification of flow cytometry data
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confirmed a statistically significant increase in eosinophils in tumors collected from Nlrx/”" mice
(n=5) compared to the WT tumors (n=5). Data were analyzed using two-way unpaired T test and
shown as mean = SE. I. Heat map of five DEGs (N/rxI”" tumors vs WT tumors) associated with

eosinophil recruitment. *p < 0.05, **p < 0.01, ***p <0.001, **** p <0.0001.

Figure 3. NLRX1 in healthy host cells attenuates metastatic niche formation. A-B. Western
blot analysis of MMP9, IL-6, TGF-B, LOX, Fibronectin, and CD31 in (A) pre-metastasis lungs (n
= 4 per genotype) and (B) post-metastasis lungs (n = 5 per genotype). C. Summary schematic of
biological effects of NLRX1 on the pre- and post-metastatic niche in the lungs harvested. D-G.
Quantification of (D) Double Negative T cells, (E) CD4+ T cells, (F) Inflammatory DCs, and (G)
NK cells in pre-metastasis lungs evaluated using flow cytometry. Western blot images are
representative of two experiments and flow cytometry experiments were performed once. n = 4
for both genotypes. 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.

Figure 4. NLRX1 modulates critical biological functions associated with cancer in 4T1 cells.
A. Western blot verification of NLRX1 knockdown (4T1%P) and overexpression (4T1°F) in 4T1
cells with separate control cell line (4T1¥P-CTL; 4T1OFCTL respectively) and schematic of the
generated cells and color scheme for data. B. Proliferation differences between 4T1°F cells and
4T1°ECTL cells (p=0.08), and between 4T1XP cells and 4T1XP-CTL cells. C. H,0»-induced cell death
differences between 4T1°F cells and 4T1°%CTt cells, and 4T1%P cells and 4T1XP-CTL cells. D-E.
Differences in migration rate after (D) 5 hours and (E) 8 hours between 4T1°F cells and 4T1°5-CTE
cells, and 4T1XP cells and 4T1XP-CTL cells. F. Differences in mitochondrial ROS (superoxide)
levels between 4T1°F cells and 4T1°%CTE cells, and 4T1XP cells and 4T1%P-CTE cells. G-H.
Differences in (G) mitochondrial respiration and (H) spare respiratory capacity between 4T1°F
cells and 4T195CTL cells, and 4T1%P cells and 4T1¥P-CTL cells. Data were analyzed using two-way
unpaired t test. All data are shown as mean = SE. n = 4-15 for each cell type per study. All data
are representative of at least 2 independent studies. *p < 0.05, **p <0.01, ***p <0.001, **** p <

0.0001.
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Figure 5. NLRXI1 in 4T1 cells functions as a tumor promoter in the 4T1 in vivo mammary
tumor model. A. Schematic of the overexpression study design using WT and Nlrx”" mice with
either 4T1°F or 4T1°5CTL cells and color scheme for data. B-E. Differences in disease burden
between 4T1°F or 4T1°F“TL tumors in both WT and NlrxI”" mice. Data are representative of 2
independent experiments. (B) Minimal differences were observed in tumor growth, but significant
differences in (C) 3-dimensional final tumor volume measurements were present. (D) No
differences in morbidity were observed. (E) Lung metastasis was increased in WT and NlrxI”
mice with 4T1°F tumors. F. Schematic of knockdown study design using WT and Nlrx/”" mice
with either 4T1%P or 4T1¥P-CTL cells and color scheme for data. Data representative of one
independent experiment. G-K. Differences in disease burden between 4T1XP or 4T1¥P-CTE tymors
in both WT and NlrxI”" mice. (G) Minimal differences were observed in 2-dimensional tumor
growth measurements and (H) no differences were observed in 3-dimensional final tumor volume
measurements. (I) WT mice with 4T1¥P-“TL tymors displayed more severe morbidity than those
with 4T1¥P tumors, caused by (J) more severe tumor eschar as determined by tumor condition
score. (K) Lung metastasis was increased in WT mice with 4T1¥P-“Tt tymors compared to those
with 4T1%P tumors. Data were analyzed using two-way unpaired t test and are shown as mean +

SE. n = 3-5 for each group per study. *p <0.05, **p < 0.01, ***p <0.001, **** p <0.0001.

Figure 6. Overexpression of NLRX1 in 4T1 cells increases epithelial-mesenchymal
transition. A. Twenty pathways were identified by the number of DEGs in the Transcriptomics
Analysis Console (TAC) software as being significant in at least 2 of the 4 groups compared, listed
here alphabetically as a heat map of TAC significance. B-C. Heat maps of DEGs from respective
pathways in TAC between (B) 4T1°F vs 4T1°%CT: tumors in Nlrx " mice and (C) 4T1°% vs 4T1°F
CTL tumors in WT mice. D-E. Heat map of DEGs from EMT-related genes between (D) 4T1% vs
4T1°5C™ tymors in Nlrx1” mice and (E) 4T1°% vs 4T1°%T™ tumors in WT mice. F. Western blot
of E-Cadherin from WT and Nirx!/”" mice with either 4T19F, 4T195CTL 4T1KP or 4T1KP-CTL
tumors. G. Pathway analysis of transcriptomics data predicts multiple pathways up-regulated by

NLRXI1 in 4T1 cells that converge to increase EMT.
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SUPPLEMENTAL FIGURE LEGENDS
Supplemental Figure S1. Flow cytometry panel. A complete list of the flow cytometry

antibodies used and the markers for each cell type.

Supplemental Figure S2. Generation and confirmation of NlrxI”-BALB/cJ mice. A. Breeding
schematic. B. Gel electrophoresis image of first Nirx/”~ BALB/c] mice generated through

backcrossing. Knockout mice are indicated with an asterisk.

Supplemental Figure S3. Expansion on NLRX1 in healthy host cells impacts EMT and the
tumor microenvironment immune niche. A. Heatmap of the complete list of 100 EMT-related
genes (NlrxI”~tumors vs WT tumors). B. Densitometry of E-Cadherin, MMP9, and TGF- western
blots. n = 4-5 per genotype. Data were analyzed with two-way unpaired t tests and are shown as
mean = SE. C. Heatmap of the complete list of genes in the murine breast cancer RT? Profiler PCR
Array (NlrxI”~ tumors vs WT tumors). D. Ingenuity Pathway Analysis (IPA) output. E.
Quantification of immune cell populations in the tumor that were not statistically significant
between WT (n=5) and Nlrx1”" (n=5) mice. Data were analyzed with two-way unpaired t tests and

are shown as mean + SE. *p <0.05, **p < 0.01, ***p <0.001, **** p <(0.0001.

Supplemental Figure S4. Expansion on NLRX1 in healthy host cells attenuates metastatic
niche formation. A-B. Densitometry of Lox, Fibronectin, IL6, TGF-, CD31, and MMP9 western
blot at the (A) pre-metastasis timepoint (n = 4 per genotype) and the (B) post-metastasis timepoint
(n =5 per genotype). C-F. In the pre-metastatic lungs (n =4 per genotype), (C) quantification of
immune cell populations that were not statistically significant between WT and Nlrx/” mice and
(D) the representative flow cytometry scatter plots of immune cell populations that were
statistically significant, including (D) double negative T cells and CD4+ T cells, (E) inflammatory
DCs, and (F) NK cells. G. In the post-metastatic lung (n=4 per genotype), quantification of
immune cell populations that were not statistically significant between WT and Nlrx/” mice. Data
were analyzed with two-way unpaired t tests and are shown as mean + SE. *p < 0.05, **p <0.01,

wxkp < 0,001, ###* p < 0.0001.
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Supplemental Figure S5. Expansion of NLRX1 modulates critical biological functions
associated with cancer in 4T1 cells. A. Proliferation differences between 4T1°F cells and 4T1°%
CTLcells, and between 4T 1XP cells and 4T1XP-“Tcells (n = 4 per group) when stimulated with TNF
or TGF-B. B. Differences in mitochondrial ROS production between 4T1°F cells and 4T1°F-CTt
cells, and 4T1%P cells and 4T1¥PCTL cells (n = 4-6 per group) when stimulated with TNF.
Differences in C. mitochondrial respiration and D. spare respiratory capacity between 4T1°F cells
and 4T1°FCTL cells, and 4T1XP cells and 4T1XPT cells (n = 7 per group) when stimulated with
TNF or TGF-. Proliferation, ROS production, and respiratory capacity were analyzed using a
two-way unpaired T test. Mitochondrial respiration was analyzed using multiple t tests — one per

row. All data are shown as mean + SE. *p < 0.05, **p < 0.01, ***p < 0.001, **** p <0.0001.

Supplemental Figure S6. Expansion on NLRX1 in 4T1 cells functions as a tumor promoter
in the 4T1 in vivo mammary tumor model. A. Comparison of tumor eschar between 4T1%P and
4T1¥P-CTL tymors in WT and NlrxI”™ mice. B-I. Ordinary one-way ANOVAs with Tukey’s
multiple comparisons test were performed to compare all four groups within the overexpression
studies and the knockdown studies. No differences were observed in tumor growth in the (B)
overexpression or (C) knockdown studies, or in morbidity in the (D) overexpression or (E)
knockdown studies. (F) No additional differences were observed in the final tumor volume in the
overexpression studies, and (G) no significant differences were observed in final tumor volume in
the knockdown studies. (H) In the overexpression studies, additional insight was gained showing
differences in lung metastasis between WT mice and NlrxI”" mice with 4T1°F tumors. (I) No
significant differences lung metastasis in the knockdown studies were observed. n = 3-5 for each
group per study. All data are shown as mean £ SE. *p < 0.05, **p <0.01, ***p <0.001, **** p <
0.0001.

Supplemental Figure S7. Expansion on overexpression of NLRX1 in 4T1 cells increases
epithelial-mesenchymal transition. A. Heatmap of the complete list of 100 EMT-related genes
(4T1°E vs 4T1°5CTL tumors). B. Densitometry of E-Cadherin western blots from 4T1°F, 4T19F
CTL 4T1XP, and 4T1¥P-CTE tumors in WT and Nlrx/” mice. n = 3-5 per group. All data are shown

as mean £ SE. *p <0.05, **p <0.01, ***p <0.001, **** p <0.0001.
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Figure 3

A Pre-Metastasis
WT Nirx1-
LOX | ] | - |
Fibronectin| | O_&wl

CD31 i =]

B-Actin | geemen=|

MMP9 | |

B-Actin F===]

IL-6 | |
TGF-$ |= |
B-Actin [ -—- |

LN Upregulated in
Nirx7”Lungs

Downregulated

in Mrx7*Lungs

*Inflammation
*ECM Remodeling
*Immuno-

suppression

D Double Negative T Cells

Pre-Metastasis

**

% CD45+ CD3+ CD19-

FE CD4+ T Cells
Pre-Metastasis

**

o w
=3 =3

% CD45+ CD3+ CD19-

B Post-Metastasis
WT NirxI"-
LOX]| -~ o] = |

Fibronectin| B el ]
B-Actin [epesepesew| e» * o]

D3l [pmem s | (e

[ MMP9 | I T 1
I I IL-6 | | [ = |
————] TGFBlum ™| [es - ]
B-Actin [anemamee | o o ge =]
[ |
— — -—l
[ 1 T % 1
Pre- Post-
Metastasis Metastasis
IL-6 IL-6
MMP9 MMP9
TGF-B CcD31
LOX LOX
Fibronectin Fibronectin
cD31 TGF-B

«Inflammation
*ECM Remodeling
*Angiogenesis

F Inflammatory Dendritic Cells Lungs G
Pre-Metastasis

] u
= =]

CD45+ CD11b+ CD11c+
s
% CD45+ CD3-

=

94

Natural Killer Cells
Pre-Metastasis



Figure 4
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Supplemental Figure S1
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Supplemental Figure S2
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Supplemental Figure S3
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Supplemental Figure S4
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Supplemental Figure S6
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ABSTRACT

NOD-like receptor X1 (NLRX1) is an elusive pattern recognition receptor that generally
functions to limit inflammation and many additional biological processes and pathways important
to tumor initiation and progression. Indeed, NLRX1 has been implicated in several malignancies,
but its role has been found to be either tumor promoting or tumor suppressing depending on several
factors, including the type or subtype of cancer and the cell/tissue in which it is expressed. Here,
we investigate the role of NLRX1 in pancreatic cancer, which is a highly lethal disease with limited
treatment options. Through gain- and loss-of-function studies, we identify tumor suppressing
functions of NLRX1 in the Pan02 murine pancreatic tumor cell line. /n vitro analysis revealed that
NLRX1 attenuates several cancer-associated characteristics in Pan02 cells, including suppressing
proliferation, migration, ROS levels, and unregulated metabolism while increasing susceptibility
to cell death. Through transcriptomics analysis of the Pan02 cell lines we generated to overexpress
or knock down NLRX1, we reveal several pathways and processes that likely confer this protective
phenotype, including attenuating NF-kxB, MAPK, AKT, and inflammasome signaling, and
increasing immune recognition and subsequent elimination of tumor cells. Together, we offer
insight into the tumor suppressive functions of this understudied NLR in the novel context of one

of the most lethal and difficult-to-treat cancers.

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 11% that falls to 3% if the tumor has
metastasized to distant sites.! Despite the decades of research on pancreatic cancer and its potential
treatments, there has been an overall increase in death rates since 1930.? Therefore, pancreatic
cancer patients are in need of improved treatment options that are efficacious and safe. 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 example,
drugs that target the PD-1/PD-L1 interaction between T cells and tumor cells are an promising

development and are approved for a small subset of pancreatic cancer patients.> Additionally,
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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.*> 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 the
outcome of the disease.® Specifically, pattern recognition receptors (PRRs) constitute one aspect
of innate immunity that regulate the immune response and cancer-associated pathways, and many

PRRs are being investigated as drug targets or are in current clinical use.”

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.’ 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. TLRs are considered to be the most well-
studied and well-understood class of PRR in the context of cancer.” As such, the majority of PRR
agonists in current clinical use for cancer treatment target TLRs.” However, the role of NLRs in

cancer remains controversial and requires further exploration.’

NLRs generally 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

1012 Tnflammasomes have been

an inflammatory type of cell death known as pyroptosis.
implicated in many types of cancer, including in pancreatic cancer where the NLRP3
inflammasome drives immunosuppression and SNPs in the NLRP3 gene are common in pancreatic
cancer patients.'*!* However, a subset of NLRs do not subscribe to this inflammasome-forming
lifestyle and instead mediate inflammation through other means. These include two NLRs, NOD1
and NOD?2, that promote inflammation by recruiting RIP2 to the “NODosome” and subsequently
activate the NF-kB and JNK pathways.!>"!7 Also included in this unique subset are three NLRs
that inhibit inflammation, NLRX1, NLRP12, and NLRC3, which all interfere with NF-xB and

interferon signaling and interact with TRAF proteins in the “TRAFasome”.'8%* As one of the non-
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inflammasome forming and anti-inflammatory NLRs, NLRX1 deviates from many of the better-
understood and well-studied NLRs and therefore its role in different diseases and tissue types

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) production and limit overzealous inflammation.!*?%?*26 Generally speaking,
NLRX1 functions to inhibit inflammation, interferon production, and mitochondrial metabolism,
and promotes autophagy, ROS production, and TNF-induced apoptosis, although these findings
are not without controversy and appear to be highly dependent on the disease and cellular
context.!®?37 Because the pathways and processes impacted by NLRX1 are important to
tumorigenesis, NLRX1 has recently been studied in the context of different cancers with evidence
suggesting it possesses both tumor promoting and tumor suppressing abilities. Indeed, several
studies have shown NLRX1 is protective against colon cancer, histiocytic sarcoma, hepatocellular
carcinoma, and ER/PR+ breast cancer through signaling pathways including but not limited to NF-
kB, MAPK, AKT, and TNF-induced apoptosis.?**1 33339 Conversely, NLRX1 has been found to
be problematic rather than protective 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.’>**44! 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 NLRX1 in pancreatic cancer is undefined, despite pancreatic cancer
being one of the most lethal cancers. 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 NLRX1 (Pan02°F) or knock down NLRX1 (Pan02XP) and their
respective controls (Pan02°%C™ and Pan02XP-C™). We demonstrate that NLRX1 diminishes the
cancer-associated phenotypes of Pan02 cells and establish NLRX1 as a protective regulator of
tumor-promoting pathways in murine pancreatic tumor cells, including NF-xB, MAPK, AKT,

inflammasome, and immune recognition/activation signaling.
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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% COz, Pan02 cells were transduced to either overexpress or knockdown murine NLRX1
using lentiviral ORF and shRNA technology (Origene) according to the manufacturer’s protocols.
Antibiotic selection was used to select for successfully transduced cells using 1 pg/mL 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. All 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. 24 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)
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and automated counting of DAPI+ nuclei was used to determine cell count in each image.
Additionally, 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 of complete media +/- 10 ng/mL TNF (PeproTech) and allowed to incubate
for 24 additional hours. An MTT assay was then performed according to manufacturer’s protocols

(Abcam).

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. Media was then replaced with complete media +/- 10
mM H2O; (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 Pan(02
cells were seeded at 1 x 10° cells per well in a 12 well plate in complete media and incubated
overnight. The following day, media was replaced with decreased serum media (1% FBS) and
incubated overnight for cells to adjust to the decreased serum content. A 200 pL 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-ImagelJ, 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 (ROS) 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
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counterstained with NucBlue Live Cell Stain (Thermo Fisher Scientific). Fiji-Imagel] 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 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.*?

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 complete media +/- 100 uM H20O; 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? Profiler PCR Array list.*?

Statistical Analysis
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Comparisons were analyzed using a two-way unpaired t-test. All figures and analyses were
performed in GraphPad Prism. When appropriate, outlier tests were performed to identify and

remove any outliers in the data.

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 NLRXI1 in the
pancreatic tumor cells (Pan02°F, Pan02°5“™ Pan02XP, Pan02XP-C™ Fig. 1A). 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, which is enhanced in tumor cells, 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 like previously described.>>*. At 24 hours,

2KD cells more than

we found that in unstimulated conditions, the knockdown of NLRX1 in Pan0
doubled the proliferation compared to their controls, but the overexpression of NLRX1 did not
impact proliferation (Fig. 1B). Similar trends were observed after stimulation with TNF, although
the differences were not significant (Supplemental Fig. S1A). At 48 hours, we observed no
differences in unstimulated conditions (Supplemental Fig. S1B). However, at 48 hours with TNF
stimulation, the overexpression of NLRX1 in Pan02°F cells hindered proliferation while the
knockdown of NLRX1 promoted proliferation (Fig. 1C), suggesting NLRX1 in Pan02 cells

attenuates proliferation of the tumor cells.

Next, we challenged 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 cytotoxicity of
the Pan02 cells would indicate an advantage to the tumor cells.** Pan02°F cells underwent more
cell death as demonstrated by their increased cytotoxicity, indicating the overexpression of
NLRXI1 increased susceptibility to H>O»-induced cell death compared to Pan02°“T cells (Fig.
1D). Conversely, Pan02XP cells demonstrated less cytotoxicity and therefore decreased
susceptibility to HoOz-induced cell death compared to Pan02XP-t cells (Fig. 1D). This indicates
that NLRX1 increases death of the tumor cells in response to H>O».
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Metastasis is a major driver of cancer-associated mortality and therefore is a crucial
element in reducing cancer deaths.*> 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°F and
Pan02°E-CTL cells, but Pan02XP cells demonstrated a 55% increase in migration compared to
Pan02XP-“TL cells (Fig. 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-ImageJ and a fluorometer.*® As a positive control, cells were stimulated with glucose to induce
mitochondrial ROS production and indicated no differences in maximal ROS levels

2OE

(Supplemental Fig. S1C). Under normal culture conditions, Pan02"* cells had less superoxide

levels than Pan02°F-CTL

cells in both the Fiji-ImageJ and fluorometer measurements (Fig. 1F-H).
Conversely, Pan02XP cells had more superoxide levels than Pan02¥P-CTL cells in both the Fiji-
ImagelJ (Fig. 1G) and fluorometer measurements (Fig. 1H), and is clearly visible in the fluorescent
images (Fig. 1F). We observed similar trends in cells that were stimulated with TNF
(Supplemental Fig. 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 H2O»-induced cell death of the tumor cells.

NLRXI protects against unregulated energy production in Pan02 cells

To connect the phenotypes observed in the previous section, we next sought to understand
how NLRX1 impacts metabolism in Pan02 cells. Using the Seahorse XF Cell Mito Stress test, we
revealed a strong role for NLRX1 in mitochondrial respiration and glycolysis. Basal respiration
was significantly reduced in Pan02°F cells compared to Pan02°%CTL cells, while conversely
Pan02XP cells demonstrated an increased basal respiration compared to Pan02XP-CTL cells (Fig.
2A). We then calculated spare respiratory capacity, which is an indicator of a cell’s mitochondria
to perform adequately under stress conditions.*” Pan02°F cells demonstrated an improved spare

20E—CTL

respiratory capacity compared to Pan0 cells, indicating that the overexpression of NLRX1
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allows Pan02 cells to respond appropriately to stress conditions (Fig. 2B). Conversely, Pan02XP
cells demonstrated a decrease in spare respiratory capacity compared to Pan02XP-CTL cells (Fig.
2B). Indeed, a decrease in spare respiratory capacity is a common hallmark of cancer cells caused
by their metabolic weakness and having “exhausted” mitochondria.*’ Additionally, proton leak is
typically upregulated in cancer cells as a result of their unregulated growth and mitochondrial
damage.*® 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 Pan02XP cells had a 46%
increase in proton leak compared to Pan02XP-CTE cells (Fig. 2C). These data suggest NLRX1 in
Pan02 cells improves the overall health and regulation of mitochondria. Conversely, the loss of
NLRX1 in Pan02 cells contributes to mitochondrial dysregulation that is consistent with tumor-

associated characteristics. Additionally, Pan02°F cells produced 37% less ATP (Fig. 2D) and

2OE-CTL 2KD

performed less glycolysis (Fig. 2E) than Pan0 cells, while Pan0

more ATP (Fig. 2D) and performed more glycolysis (Fig. 2E) than Pan02XP-CTL cells. This

cells produced 31%

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 Fig. S2A-E). Together, these data indicate a tumor suppressive role for NLRX1

in Pan02 cells where it protects against unregulated energy production.

NLRXI 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 collected RNA from Pan02°F, Pan02°FC™t, Pan02XP, and Pan02XP-CTt
cells for transcriptomics analysis (ClariomS). Cells were collected under normal conditions or
following a challenge with a low dose of H>O, due to the implication of ROS levels, stress
responses, and cell death in the data above. The top 50 up- and down-regulated genes under normal
conditions (Supplemental Fig. S3) and H>O; conditions (Supplemental Fig. 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 (Fig. 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 (Fig. 3A-D). Interestingly, many of the pathways identified here are consistent with

114



pathways identified in previous studies of NLRX1, including PI3K-AKT, MAPK, EGFR, NF-«kB,
and IL-6 signaling, and these pathways are all important to the initiation and progression of
pancreatic cancer.?>31:3:348-52 Additionally, the importance of several cytokines, B cell receptor,
T cell receptor, and NF-«xB signaling indicates NLRX1 is a regulator of many aspects of immune
system function in this model. Because pancreatic cancer is a highly immunosuppressive tumor
type, activation of the immune system by NLRX1 is certainly of interest in this model.* 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 line is a
significant driver of differences in the transcriptome (Fig. 3E). Additionally, the presence/absence
of the H>Oz challenge did not appear to significantly alter the transcriptome within each Pan02 cell
line (Fig. 3E). Together, here we reveal a strong role for NLRX1 in many pathways associated

with pancreatic cancer at the transcript level.

NLRX1I 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 (Fig.
4A), cancer inflammation and immunity crosstalk (Fig. 4B), innate and adaptive immune
responses (Fig. 4C), mitochondria (Fig. 4D), cancer pathways, (Fig. 4E), inflammasomes (Fig.
4F), oxidative stress (Fig. 4G), cellular stress response (Fig. 4H), the NF- kB pathway (Fig. 41),
and T and B cell activation (Fig. 4J). 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°E cells include Csf2, Cxcl5, Cxcl2, I123a, Timml7a, Slc25a30, PpplriSa, Foxc2,
Cxcl3, Cxcll, Hmoxl, Hspala, Xdh, Gstol, and CD74, and the most downregulated genes in
Pan02°F cells include 7111, Ccl2, Ackr3, 116, 1118, Slc25a23, Cox10, Pgf, Sod3, Fancc, Nod2, and

20E

Cryab. As we would expect, many of the most upregulated genes in Pan02"* cells are also

ZKD 2OE

downregulated in Pan02™" cells and many of the most downregulated genes in Pan02*" cells are
also upregulated in Pan02XP cells (Fig. 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 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,
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including through NF-xB 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 properties and likewise
that the loss of NLRX1 augments cancer-associated properties. Specifically, we demonstrate that
the loss of NLRX1 increases proliferation, decreases cell death, promotes migration, sustains
higher levels of mitochondrial ROS, contributes to mitochondrial dysregulation, and promotes
unregulated energy production. Many of these phenotypes are reversed when NLRXI is
overexpressed, as we would expect. 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.

Interestingly, our in vitro data consistently show similar results between Pan02°F and
Pan02XP-CTL cells and between Pan02XP and Pan02°FCTt cells. While we would instead expect
similar results between each control cell line, we can reconcile this based on the protein expression
of NLRX1 in our transduced cells. For example, Pan02°F and Pan02XP-CTL cells express similar
levels of NLRX1 and therefore they should have similar in vitro results, which is what we
observed. In other cell lines with altered expression of NLRX1, many of the same in vitro
phenotypes have been observed, albeit with some conflicting findings. Consistent with our studies
in Pan02 cells, in two hepatocellular carcinoma cell lines, NLRX1 increased cell death and
decreased migration in vitro.** 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.’*** In MCF-7 cells,
the overexpression of NLRX1 also reduced clonogenicity and migration, both of which are
consistent with our findings.*> However, NLRX1 overexpression in HEK293, MCF-7, and HeLa
cells resulted in higher ROS levels, which is not consistent with our data.>? In another cell line,
MDA-MB-231 (human ER/PR- breast tumor cells), the knockdown of NLRX 1 was consistent with
our results regarding ROS levels.*> However, the knockdown of NLRX1 in MDA-MB-231 cells
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resulted in decreased ATP, decreased proliferation, and decreased migration, all of which are
inconsistent with the current study.*® 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.*®*” 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.’! 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.?>33-3
A previous study identified fragment 556—974 of the human NLRX1 protein as being responsible

for the protective phenotypes in hepatocellular carcinoma models, but further work is needed to

elucidate how NLRX1 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 MAPK, 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 pylori, intestinal organoid
models of colonic tumorigenesis, AOM/DSS-induced models of colitis-associated cancer and

min/+

sporadic colon cancer models in Apc™"" mice, urethane-induced histiocytic carcinoma, and human
gastric cancer samples.??31-384950 n several of these same models and a model of hepatocellular
carcinoma, NLRX1 also limits AKT signaling to protect against disease.?”>!*° The studies in
colitis-associated cancer and sporadic colon cancer models also revealed that NLRX1 attenuates
MAPK, STAT3, and IL-6 signaling pathways.*® Likewise, our transcriptomics analysis revealed
an important role for NLRX1 in pancreatic cancer 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
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suggests this function of NLRX1 can be detrimental to the host. Suppressing IFN- in a model
Kaposi’s sarcoma-associated herpesvirus (KSHV) suggested that NLRX1 facilitates KSHV
replication and reactivation.>* Additionally, in a model of HPV+ head and neck squamous cell
carcinoma (HNSCC), NLRX1 interacts with and degrades STING to decrease IFN-I production
and therefore limits tumor control.*’ 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.?”>> Our current study did not indicate a significant role
of NLRXI1 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.*?3? In ER/PR- human breast cancer, which also
is not typically driven by viral infections, NLRX1 enhanced aggressive in vitro cancer-associated
phenotypes through augmenting mitochondrial respiration and reducing mitophagy and lysosomal

formation and function through mitochondria-lysosomal crosstalk.*?

Our metabolism assays revealed that NLRX1 in Pan02 cells increases spare respiratory
capacity, which indicates NLRX1 equips the cells with mitochondria that are able to adapt to
stressful conditions. Paired with the decrease in basal respiration and glycolysis caused by NLRX1
overexpression, it appears that NLRX1 shifts the Pan02 cells towards OXPHOS and away from
glycolysis under stress conditions, but under normal conditions limits both OXPHOS and
glycolysis and thus decreases cellular energy available for proliferation. Likewise, the partial loss

2KD cells function closer to their

of NLRX1 reduced spare respiratory capacity, indicating Pan0
maximal respiration under normal conditions and can shift to glycolysis even under stressful
conditions. This indicates a flexibility for energy production that Pan02"P cells can use to their
advantage and allows for increased proliferation. We also discovered that NLRX1 decreases
proton leak. However, because proton leak reduces mitochondrial superoxide production, we
would expect to see a subsequent increase in superoxide levels in Pan02°F 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°F cells. Interestingly, superoxide dismutase 3 (Sod3) was one of the most downregulated
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genes in Pan02°F cells and also substantially upregulated in Pan02XP 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 pro-
growth AKT and MAPK signaling in Pan02*P cells and similarly limiting these pathways in

Pan02°F cells.”’

Additionally, many aspects of immune regulation were implicated in our analysis,
including inflammation, chemokines, B cell and T cell signaling, NF-«kB pathway, and TGF-3
signaling. As we would expect with the historical ability of NLRX1 to suppress inflammation, the
pro-inflammatory cytokines //6 and 1/18 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 could
protect against pancreatic tumors through regulating inflammation and inflammatory
cytokines.’>*®> The regulation of IL-18 and many other inflaimmasome-related genes also
indicates that NLRX1 suppresses inflammasome function in Pan02 cells. 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.!® Our data suggest that NLRX1 can limit these immune
evasion effects of the inflammasome by attenuating inflammasome signaling. Likewise, GM-CSF
(Csf2) was significantly upregulated in Pan02°F 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.*>%% Through upregulating Csf2, NLRX1 is potentially helpful in

promoting immune recognition of pancreatic tumors.

In conclusion, we have unearthed several phenotypes in murine pancreatic tumor cells that
are impacted by NLRX1. Our data suggest NLRX1 serves in a protective capacity against several
cancer-associated phenotypes, including proliferation, evading cell death, migration, ROS, and
unregulated mitochondrial respiration and glycolysis. These phenotypes are likely driven by a

combination of suppressed NF-kB, MAPK, and AKT signaling and inflammasome function. Our
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data also suggest NLRX1 could aid in reversing the immunosuppressive environment in pancreatic
tumors to aid in immune-mediated tumor killing. However, while we offer promising insight into
how NLRX1 impacts pancreatic cancer and potentially could be developed as a drug target, the
enigmatic and inconsistent functions of NLRX1 between different cells, tumors, and tissues

warrants further mechanistic exploration.
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FIGURE LEGENDS

Figure 1. 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. n = 6-8 per cell line. D. Differences in HoO»-induced cell
death quantified by LDH assay. n = 3 per cell line. E. Differences in migration as calculated by
pixels per hour via scratch assay. n = 8-14 per cell line. F. Representative fluorescent images of
MitoSOX, an indicator for mitochondrial superoxide. DAPI shows NucBlue nuclear staining, GFP
shows the GFP tag from the lentiviral (LV) construct, and RFP shows MitoSOX staining. G-H.
Fluorescent intensity was measured by (G) Fiji-Image] and (H) a fluorometer. n = 3-4 per cell
line. Representative of at least 2 independent experiments for all assays. 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.

Figure 2. NLRX1 limits mitochondrial dysfunction and cellular energy production.

A-D. From the Seahorse XF Cell Mito Stress kit, we observed differences in (A) basal respiration,
(B) spare respiratory capacity, (C) proton leak, (D) ATP production, and (E) glycolysis. n =7 per
cell line. Representative of 1 independent experiment. 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.

Figure 3. Top 20 pathways impacted by NLRX1 in Pan02 cells.

A-D. Transcriptomics analysis of our transduced Pan02 cell lines revealed the top 20 pathways
between (A) Pan02°F and Pan02°-C™" cells in normal conditions, (B) Pan02XP and Pan02KP-¢Tt
cells in normal conditions, (C) Pan02°F and Pan02°% " cells in H,O> conditions, and (D) Pan02XP
and Pan02XP-CTL cells in H,0O» 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 for each of the 8 samples.

Figure 4. Gene expression signatures of relevant biological processes.

A-J. Fold change of DEGs between Pan02°F and Pan02°%-C™" cells in normal conditions, Pan02XP

2OE—CTL

and Pan02XP-CTL cells in normal conditions, Pan02°F and Pan0 cells in H,O» conditions, and
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Pan02XP and Pan02XP-CTL cells in H20; conditions in biological processes relevant to observed in

vitro phenotypes and top pathways. Gene lists were pulled from Qiagen/GeneGlobe.

SUPPLEMENTAL FIGURE LEGENDS

Supplemental Figure S1. Expansion on NLRX1 attenuates cancer-associated properties in
Pan02 cells.

A-B. 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.
Representative of 1-2 independent experiments for all assays. 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.

Supplemental Figure S2. Expansion on NLRX1 limits mitochondrial dysfunction and
cellular energy production.

A-D. From the Seahorse XF Cell Mito Stress kit, we observed differences under TNF conditions
in (A) basal respiration, (B) spare respiratory capacity, (C) proton leak, (D) ATP production, and
(E) glycolysis. n = 5-7 per cell line. Representative of 1 independent experiment. 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.

Supplemental Figure S3. 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°%-C™L cells, and (B) between Pan02XP and Pan02XP-CTt cells

in normal conditions. Listed in order of fold change.

Supplemental Figure S4. Top 50 up- and down-regulated genes following H20:2 stimulation.
A-B. Based on the microarray transcriptomics assay, we list the top 50 up- and down-regulated
DEGs between (A) Pan02°F and Pan02°%-C™L cells, and (B) between Pan02XP and Pan02XP-CTL cells
after low-dose H20O» challenge. Listed in order of fold change.
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Figure 3
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Figure 4
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SUPPLEMENTAL FIGURES
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Supplemental Figure S2

A Basal Respiration +TNF Basal Respiration +TNF B Spare Respiratory Capacity Spare Respiratory Capacity
£ 500 wEE +TNF +TNF
£ el = 500
E E £ 300 R E Ard
400 = 4
E E 400 _E 00 E 200
g i x 300 - - 2 1o
o
§ 200 3 200 § = 8 0
b
§ 100 o E g 1t
: ; - i
° 0 P o 0 - 5 200 5 i
: PP ©
& & i & & & &
& & o &
o L < F i
C  ATP Production +TNF ATP Production +TNF D Proton Leak +TNF Proton Leak +TNF
= a0 o a0 ok Egn E 80 EEEE
E —- Ewo i E &0
200
g £ 300 3 g
né 200 i § 200 g § L
3 3 E 20 § 20
g 100 £ 100 £ 8
s % = o
o o ol & il >
§ & P g & E
& & ¢ & & & &
L 5 & < (@@ LA & q d &
E Glycolysis +TNF Glycolysis +TNF
200 200
-~ Pan02°F -~ Pan02X®
= * %k *% =
-§ 160 - Pan020E-CTL ‘_s: 150 0 - Pan02K0-CTL
- T 9
a a * kK
£ 100 £ 100 _
E = &' b % %
3 ) 3
il 3 50
0 T T T T 1 0 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
Time (minutes) Time (minutes)

132



Supplemental Figure S3
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CHAPTER SIX

Conclusions and Future Directions

Margaret A. Nagai-Singer

Pattern recognition receptors (PRRs) offer critical regulation of many biological pathways,
processes, and immune system functions. Because of this, PRRs are of interest in many diseases,
including cancer.' As we discuss throughout the chapters above, the loss or gain of NLRX1 has
been shown to produce robust phenotypes in many different cancer and infectious disease models,
demonstrating that NLRX1 is a promising candidate for drug development in various diseases,
including cancer. An NLRX1 agonist called NX-13 is currently being developed for inflammatory
bowel disease and is in clinical trials for ulcerative colitis.*> However, the work presented here
indicates that NLRX1 function is highly variable based on cellular context. We demonstrate
diametric roles for NLRX1 between healthy host cells and murine mammary tumor cells, and
between murine mammary tumor cells and murine pancreatic cancer cells. There is certainly a
need to uncover the driving mechanisms influencing the multifaceted roles of NLRX1 to clearly
understand the potential risks and benefits of developing and using an NLRX1 agonist for
treatment of any disease. Additionally, based on the dependency on cellular context that we
identify, our data indicate that any NLRX1 agonist or antagonist would likely need to be targeted
to a specific cell type to be most effective. For example, our studies in a murine model of triple-
negative breast cancer (TNBC) indicate NLRX1 is protective when expressed in healthy host cells
but problematic when expressed in murine mammary tumor cells. This would suggest the need for
an NLRX1 agonist that targets non-tumor cells, or an NLRX1 antagonist that targets mammary

tumor cells.

Many PRRs have well-defined PAMPs or DAMPs that they are responsible for
recognizing. For example, TLR4 is most well-known for recognizing lipopolysaccharide (LPS)
but can also recognize other PAMPs.® It is possible that, because NLRX1 is a PRR with no
currently-identified DAMP or PAMP, that the specific binding of certain DAMPs or PAMPs can
regulate the function of NLRX1 in different cellular circumstances. NLRX1 is known to function
downstream of TLR signaling, so it is possible that variations in upstream signaling can also dictate

the role of NLRX 1.3 Identifying exactly what DAMPs and PAMPs NLRX1 interacts with would
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be helpful in elucidating the role of NLRX1 in different cellular contexts. Additionally, heightened
reactive oxygen species (ROS) levels can drive proliferation and migration of cancer cells and can
drive AKT and MAPK signaling pathways.!%!? The ability for ROS to act as signaling molecules,
combined with the ability of NLRX1 to mediate ROS levels, suggests that this interaction is worthy
of further mechanistic evaluation. It is particularly interesting that previous literature suggests the
ER/PR status of a mammary tumor can influence the role of NLRX1 in breast cancer, and
identifying the DAMPs/PAMPs, signaling molecules, or biochemical pathways responsible for

this would be crucial to understanding NLRX1 in different types of breast cancer.'*!4

Furthermore, because PRRs are experts at forming multiprotein complexes, it is possible
that the various players in NLRX1-mediated multiprotein complexes dictate NLRX1 function in
various diseases through cleavage or post-translational modifications. Each domain in the NLRX1
structure has its own function, and therefore isoforms, cleavage, and/or truncated versions of
NLRX1 might influence its function. Indeed, this is the case for another enigmatic protein called
PTHrP (PTHLH), which functions as a tumor promoter or tumor suppressor in different contexts.
This is very similar to the observed roles of NLRX1. Current literature suggests that the role of
PTHrP is dependent on the stage of the disease and the presence/absence of certain functional
domains in the protein structure.'® Therefore, studies investigating the individual functions of each
of the different domains (LRR, NACHT, and N-terminal “X” domain) of NLRX1 might reveal a
functional tumor promoting or tumor suppressing domain(s). Likewise, interactions between
NLRX1 and proteins like PTHrP in a multiprotein complex could also be of interest in defining

additional key players in NLRX1 function.

Despite the diametric phenotypes caused by the presence/overexpression and
absence/knock-down of NLRX1 in our cell lines and animals, there is consistency regarding the
biological pathways and processes that are impacted. As we discuss in both Chapters Four and
Five, NLRX1 seems to converge on epithelial-mesenchymal transition (EMT), MAPK, and AKT
signaling in the mammary tumor model and NF-kB, MAPK, and AKT signaling in the pancreatic
tumor model. Additional processes implicated between both models include limiting the formation
of the metastatic niche, limiting inflammation through regulating the inflammasome, and the

recruitment of immune cells. Many of these processes are also implicated elsewhere in the
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literature as we discuss throughout the previous chapters. Together, this suggests that the pathways
NLRXI regulates are consistent, but that the actual regulation of these consistent pathways varies

between models.

Beyond educated speculation of what is driving the diametric roles of NLRX1 in the work
presented here, there are limitations to the current studies that should be noted. In Chapter Four,
the TNBC study could have been aided by incorporating data from human tumors. However,
previous studies have shown that NLRX1 expression in human breast tumors varies depending on
the ER/PR status and the stage of the disease.!>!'* It would be interesting to engraft human TNBC
cells with altered NLRX1 levels into immunocompromised mice to see if the in vivo problematic
role of NLRX1 expressed in TNBC cells is consistent across mouse and human TNBC cell lines.
It would also be beneficial to perform transcriptomics analysis on 4T1%P and 4T1%P-C™ tymors
from WT and NlrxI”" mice to compare with the transcriptomics analysis of 4T1°F and 4T1°E-CTt
tumors that we did perform. It is also worth exploring other phenotypes present in our 4T1 in vivo
model that we simply did not assess in the current studies. We did collect brain tissue for metastatic
analysis in one study, but no metastatic colonies formed and therefore we decided to exclude brain
metastasis from our future evaluations. Future studies could include the collection of lymph nodes
to analyze any changes to metastasis, flow, and immune cells present, or the collection of bone

which would be highly relevant if any interactions with PTHrP are discovered.

In the pancreatic tumor model, the lack of an in vivo phenotype was certainly a limitation.
None of the mice developed any metastasis in the lung or liver. Additionally, no differences in
tumor size, survival, or morbidity were observed. This model was performed using a subcutaneous
injection of Pan02 cells in the flank, meaning it is not an orthotopic model like the mammary tumor
model is. This could be a reason we did not observe a phenotype in vivo and suggests that exploring
orthotopic models for the transduced Pan02 cells might offer better results. Additionally, for the
in vitro studies, we were highly interested in exploring the subcellular localization of NLRX1
through electron microscopy. Due to logistical circumstances, we were not able to perform these
experiments. However, should the logistical circumstances be resolved, it would beneficial to
perform these studies to understand if and how NLRXI shuttles between different subcellular

locations and what impact that has on NLRX1 function.
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Together, this work explores NLRX1 as a complex and enigmatic regulator of immune
system function and cancer-associated pathways. We also develop an updated method to quantify
lung metastasis in the mammary tumor model, which will help standardize data acquired from the
widely-used 4T1 model. The data presented in Chapter Four and Chapter Five identify the role of
NLRXI in two of the deadliest cancers in the United States. We identify phenotypes driven by
NLRXI1 and mechanisms responsible for those phenotypes. This work aims to help elucidate the
controversial role of NLRX1, and ultimately, we show that the role of NLRX1 is highly variable
based on the type of cell and the type of cancer. This indicates that the driving factors behind the
diametric roles of NLRX1 require further research before broadly developing and testing NLRX1
agonists/antagonists. However, the robust phenotypes induced by altering NLRX1 levels suggest

this proposed future work is worth exploring.

In the larger context of things, exploring the function of one signaling protein is a tiny piece
of the puzzle of using science to improve the health of our planet and its inhabitants. That is of
course not to minimize any of the work performed here and its significance, but for any of the
research presented here today to become fruitful in that endeavor, we must all protect our
environment, our democracy, and our most vulnerable populations. Curing cancer is great, but it
really only means something if we have a habitable planet to cure it on where everyone can access

the healthcare they need regardless of sociocultural status.
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