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Abstract

Neutrophils are motile in the tumor microenvironment and regulate tumor progression
from the onset of transformation. However, the mechanisms that regulate neutrophil motility
during tumor initiation remain largely unknown. To investigate cues that modulate neutrophil
dynamics near KRas®'?V-transformed keratinocytes, we conducted tissue-specific RNA
sequencing of transformed keratinocytes in zebrafish larvae. We found the antioxidant,
thioredoxin (txn), a small thiol that regulates reduction-oxidation (redox) balance, is
upregulated in transformed cells. We generated a thioredoxin mutant and observed increased
neutrophil recruitment and retention around transformed cells in txn null larvae. Additionally,
in the txn”" background we observed a neutrophil-dependent increase in proliferation of
transformed cells. Injection of txn-sufficient melanoma cells into the hindbrain ventricle of txn
wildtype and mutant larvae did not recapitulate results from txn-null transformed cell
experiments, suggesting transformed-cell txn drives neutrophil and proliferative changes.
Taken together, our findings indicate thioredoxin is a tumor suppressor during early tumor
initiation acting to inhibit neutrophil recruitment and retention and thereby limit neutrophil-

mediated proliferation.



Chapter One

Introduction



Inflammation: a Hallmark of Cancer

Inflammation, in the broadest sense, is the attempt by an organism to clear damaged
tissues of microbes and then to promote wound healing. It engages many defense mechanisms
including recruitment of phagocytic cells from the vasculature to clear bacteria and fungi,
vascular leakage to allow complement and antibody diffusion into tissues, and stimulation of
powerful adaptive responses if infection persists [1, 2]. More recently, inflammation has been
associated with many forms of cancer [3] and it is now readily accepted to be a driving force in

tumorigenesis and as such, a Hallmark of Cancer [4, 5].

Correlations between inflammation and cancer

The link between cancer and inflammation was first hypothesized by the physician
Rudolf Virchow in 1863 [6]. He observed substantial leukocyte infiltration into tumors and first
postulated tumors to be inherently inflammatory. Since then, the body of literature supporting
this link has expanded significantly. Many studies indicate inflammation often precedes cancer
onset. Chronic infection with Helicobacter pylori in the gut, HBV or HCV virus in the liver, or
commensal Bacteroides spp. in the colon are associated with gastric cancer, hepatocellular
carcinoma (HCC), and colon cancer, respectively [7-9]. Inflammatory bowel disease (IBD) is
similarly associated with increased colorectal cancer risk [10]. Irritants such as tobacco smoke,
asbestos, and silica particles cause inflammation in the lung and are each risk factors for lung
cancer development [11, 12]. Additionally, obesity is reported to increase basal inflammation

and risk of HCC [13].



Anti-inflammatory drugs in cancer prevention

In addition to the correlation between inflammation and cancer, many reports indicate
that inhibiting inflammatory signaling often decreases cancer risk or recurrence. Epidemiologic
studies have demonstrated that regular aspirin use decreases risk of colorectal, esophageal,
prostate, breast, and gastric cancer [14-18]. Interestingly, aspirin use was not correlated with
risk of lung cancer development in men [19]. The primary molecular targets of aspirin are
cyclooxygenase enzymes, COX-1 and COX-2, responsible for producing the inflammatory
precursor lipid prostaglandin H, (PGH;) from arachidonic acid [20]. Two controlled studies on
the effects of aspirin in preventing recurrence in colorectal cancer patients found aspirin use
decreased frequency of adenoma formation and increased time to adenoma recurrence [21,

22].

Tumors are similar to unhealed wounds

In the context of a wound, inflammation proceeds in a series of orchestrated steps to
first eliminate potentially infectious agents and then promote tissue repair [1, 2]. This process,
particularly the wound-healing effects of inflammation, are found in cancer as well and led to
the proposal that tumors behave like unhealed wounds [23]. The foundation for this
hypothesis was based on the finding that tumors and wounds both stimulate vascular
permeability via vascular endothelial growth factor (VEGF) [24]. VEGF was shown to stimulate
coating of tumor cells with the clotting factor, fibrin, further supporting the similarity between

wounds and cancer [25].



More recently, infiltrating innate immune cells including neutrophils and macrophages
have been implicated in both processes [26]. Neutrophils and macrophages are cellular
responders to injury and function to clear the wounded site of microbes via phagocytosis,
secretion of cytotoxic molecules, and induction of an adaptive response [27]. Recent studies
have determined that neutrophils play a role in wound healing though a number of
mechanisms including secretion of growth factors and removal of damaged cellular debris
through phagocytosis [28, 29]. Macrophages also support wound healing via phagocytosis of
apoptotic cells which stimulates the production of VEGF and the anti-inflammatory cytokine, IL-
10 [30, 31]. Macrophages help remodel the extracellular matrix (ECM), an important phase in
wound healing, via matrix metalloproteinase degradation of collagen [32]. Notably, both
neutrophils and macrophages are found in the tumor microenvironment (discussed below)

where they appear to adopt the pro-resolution phenotypes observed at wounds.

Immune cells in the tumor microenvironment: a causal link

Until recently, the association between cancer and inflammation has been correlative.
In the last 20 years, extensive studies have been conducted on the role immune cells play in
cancer development [3, 4]. The overwhelming consensus is that infiltrating immune cells are
powerful, contributing factors to tumorigenesis, with both pro- and anti-tumor functions
described for many of the cell types present [33-35]. These tumor-infiltrating leukocytes, most
notably CD8+ T cells, have been used to combat tumor growth through checkpoint blockade
and tumor-targeting chimeric antigen receptor (CAR) expression [36, 37]. While lymphocytes (B

cells, T cells, NK cells) and other innate immune cell types (dendritic cells and mast cells) are



important in regulating tumor growth, the summary that follows is concerned with the

functions of two myeloid cells: macrophages and neutrophils.

Tumor-associated macrophages (TAMs)

Macrophages, as stated above, are a common component of the tumor
microenvironment [38]. Their presence has been associated with poor prognosis of several
cancers such as Hodgkin’s lymphoma and pancreatic cancer [39, 40]. Within the tumor
microenvironment, macrophages seem to polarize toward one of two defined states: M1 which
are classified as pro-inflammatory and induced by TLR stimulation and IFN-y, and M2 which are
deemed “alternatively activated” and induced by II-4, IL-10, and IL-13 [41]. M1 polarized
macrophages produce high levels of pro-inflammatory cytokines IL-13, TNFa, and IL-6; increase
production of reactive oxygen species (ROS); and generally are associated with tumoricidal and
bactericidal functions [42]. M2 polarized macrophages produce IL-4, IL-10, and IL-13 and are
most commonly associated with tissue repair and supporting cancer progression [42, 43]. Due
to their role in promoting tumor growth, M2-polarized macrophages are the most common

subtype found in tumors [44].

Functionally, M2 TAMs support a number of processes that promote tumor growth. In a
mouse mammary tumor model, macrophages were shown to promote the angiogenic switch, in
which blood density dramatically increases within the tumor [45]. Macrophages likely induce
vessel growth by secreting a number of angiogenic factors including VEGF, TNFa, MMP9, and IL-
1B [46]. Additionally, macrophages can support tumor growth by stimulating EGFR-signaling in

tumor cells [47]. CSF-1, a macrophage-targeted cytokine and growth factor, was shown to



induce macrophage-dependent tumor cell invasion into a collagen matrix [48]. Finally,
macrophages can inhibit adaptive mechanisms that would otherwise participate in tumor cell
killing. T cell killing in a mouse 4T1 mammary cancer model was inhibited by macrophage-
derived CCL2 [49]. In human patients with ovarian cancer, macrophage-derived IL-10 was
shown to inhibit T cell proliferation [50]. Together, these reports indicate macrophages play an

important role in promoting tumor progression.

Tumor-associated neutrophils (TANs)

As mentioned above, neutrophils are a common immune cell infiltrate observed in the
tumor microenvironment [51, 52]. Many epidemiologic studies have correlated high
intratumoral neutrophil burden with poor prognosis. This association has been demonstrated
for renal cell carcinoma, hepatocellular carcinoma, head and neck cancer, and melanoma [53,
54]. Similar to macrophages, neutrophils display phenotypic plasticity and exist in several
polarization states. Fridlender et al. demonstrated differential neutrophil polarization in cancer
describing N1 and N2 neutrophils as anti- and pro-tumor, respectively [55]. Polarization toward
the tumor-promoting N2 phenotype was shown to be driven by TGF-[3, as TGF-[3 inhibition lead
to N1-dependent tumor size reduction. While pro- and anti-tumor neutrophils have been well
documented, TANs appear to primarily assume the N2 phenotype when present in the tumor

microenvironment.

Anti-tumor neutrophil functions

Anti-tumor neutrophil functions were first described in 1972 as having cytotoxic effects

in vitro and in vivo on rat ascites-derived tumors [56]. Since then, neutrophil-mediated tumor



cell killing has been documented in a number of studies. Neutrophils co-cultured with bladder
carcinoma or melanoma cells induced tumor cell death in a protease-independent manner [57].
One interesting study observed that intraperitoneal injection of gastric cancer patients with
Streptococcus pyogenes induced neutrophil recruitment and adenocarcinoma clearance [58].
Patient-derived neutrophils were subsequently shown to inhibit gastric tumor growth in vitro.
Additionally, neutrophils express several F. receptors and can therefore respond to antibody-
coated pathogens and cells. Indeed, neutrophil cytotoxicity is reportedly increased with anti-
tumor Ab application [59]. A recent study found neutrophils mediate antibody-dependent
cellular cytotoxicity (ADCC) of antibody-opsonized breast cancer cells by mechanically damaging

tumor cell plasma membranes [60].

Neutrophils also have the capacity to promote anti-tumor immune function, most
notably killing by CD8+ T cells. N1-polarized neutrophils release pro-inflammatory cytokines
including IL-12, TNFa, and GM-CSF to recruit M1 macrophages and CCL3, CXCL9, and CXCL10,
potent T cell chemoattractants [61]. IL-2 expression in mouse mammary carcinoma cells
prompted neutrophil infiltration and subsequent tumor rejection, though these studies were
primarily correlative [62]. Neutrophils have also been shown to cross-present antigen to CD8+
T cells, thus stimulating their activation [63]. This study demonstrated prolonged presentation
of ovalbumin fragments on neutrophil MHCI molecules after intraperitoneal ovalbumin
injection. However, the ramifications of cross-presentation on neutrophil-mediated tumor

clearance have yet to be determined.



Pro-tumor neutrophil functions

N2 TANs promote tumor growth by a number of mechanisms, the most well-studied
being angiogenesis and invasion. Neutrophils produce high levels of MMP9, a
metalloproteinase that can degrade components of the ECM and thus release sequestered
VEGF [64]. VEGF association with its receptor was shown to be neutrophil-dependent [65].
This study goes on to demonstrate neutrophil-depletion prevents angiogenesis, and a similar
study observed neutrophil-depletion dramatically reduced tumor growth in mice [66].
Neutrophil-derived MMP9, in addition to promoting angiogenesis, can stimulate tumor cell
migration and invasion [67]. Hepatocyte growth factor (HGF) derived from neutrophils similarly
induces bronchioloalveolar carcinoma migration in vitro [68]. Macrophage-derived migration
inhibitory factor (MIF) also induced a neutrophil-dependent increase in head and neck cancer
migration [69]. Neutrophil-mediated tumor migration may be contact dependent, as the
intercellular adhesion molecule (ICAM-1) was shown to be necessary for breast cancer

migration in this context [70].

Neutrophils have also been implicated in promoting metastasis, in part by infiltrating
distant organs and priming pre-metastatic sites for tumor seeding [71]. One exciting
observation demonstrated that neutrophil extracellular traps (NETs), extruded neutrophil
chromatin embedded with a number of proteases, coat circulating tumor cells and aided in

metastatic seeding [72].

Apart from stimulating invasion and metastasis, N2 TANs have been shown to directly

stimulate tumor cell proliferation. In a spheroid model of lung adenocarcinoma, neutrophil



infiltration enhanced spheroid growth [73]. Further studies have identified neutrophil elastase
(NE) as having inherent growth promoting properties. Exogenous NE promoted growth of
esophageal cancer cells [74]. The authors went on to show NE induced EGFR phosphorylation
as well as release of the growth factor PDGF. In vivo, NE-depleted mice had reduced lung
carcinoma tumor burden [75]. In this model, NE inhibited tumor growth by degrading insulin
receptor substrate-1 (IRS-1) promoting PI3K-PDGFR association and subsequent tumor

proliferation.

One final process by which neutrophils promote tumor growth is via suppressing
effector T cell functions. TANs produce CCL2 and CCL17 and therefore stimulate recruitment of
macrophages and Tregs into the TME [76]. These recruited cells were found to contribute to
tumor growth likely by inhibiting cytotoxic CD8+ T cell function. TANs can also inhibit T cell
proliferation by secreting arginase-1 (Arg-1)[77]. Arg-1 degrades arginine, an important factor
in T cell proliferation, and thus may inhibit T cell killing of non-small cell lung cancer
(NSCLC)[77]. Neutrophils similarly have been shown to induce CD8+ T cell apoptosis in three
mammary thoracic tumor models in vitro [78]. T cell apoptosis was shown to require nitric
oxide (NO) as well as direct neutrophil-T cell contact, as soluble factors could not mediate

neutrophil-induced apoptosis [78].

Clearly, the conflicting functions of neutrophils in the TME require further investigation
to determine exactly when and where N1 and N2 TANs exist. Pro- versus anti-tumor
neutrophils may be tumor- or stage-specific and little is currently understood about the

timeline of neutrophil engagement throughout tumor development.
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Reactive oxygen species (ROS) and antioxidants in tumor inflammation

Reactive oxygen species (ROS) are a diverse family of labile oxygen molecules that play
important roles in many cellular processes including inflammation and cancer. Hydrogen
peroxide (H20.), a cell-permeable ROS isoform, is a potent neutrophil chemoattractant
produced by Ras-transformed cells and tumors [79, 80]. Likely in response to elevated ROS
levels, antioxidant proteins are more active in some human tumors including non-small-cell
lung cancer [81] and colorectal cancer [82]. Below, | describe the cellular sources of ROS and

the antioxidants that catalyze their clearance.

Reactive oxygen species

Mitochondrial ROS

Generally considered to be a byproduct of oxidative phosphorylation, mitochondria are
the primary source of ROS produced in non-phagocytic cells. Electrons shuttling through the
electron transport chain can pass through Complex | or Complex Il and interact with O; and
produce superoxide anion (O27) [83]. Oz is highly reactive, capable of oxidizing and damaging
proteins and DNA (Benov 2001). Roughly 80% of Oz produced by mitochondria accumulates in
the intermembrane space [83]. The mitochondrial permeability transition pore (MPTP) allows
for passage of Oy into the cytoplasm, where it can interact with the cytoplasmic superoxide
dismutase (SOD1) to generate H,0; [84]. Cytoplasmic transfer of Oy is thought to prevent

accumulation to levels that would impair mitochondrial function [85].
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Phagocyte ROS

Phagocytes, namely neutrophils and macrophages, deliberately produce O, as a means
of killing engulfed pathogens in a phenomenon termed the oxidative burst [86]. Superoxide is
produced by the NADPH oxidase (NOX2) complex composed of six proteins that assemble on
the membrane of the phagolysosome: gp91P"%%, gp22PhoX gpaQPhox gp47Phox gp67PhoX gnd the
small GTPase Rac1/2 [87, 88]. gp91P"°*is the core enzymatic subunit, stabilized by gp22P"o%,
catalyzing the transfer of electrons from NADPH to O; [86, 88]. One additional ROS-generating
enzyme produced primarily by neutrophils is myeloperoxidase, which generates the highly toxic
hypochlorous acid (HOCI) from H,0, and halides [89]. Other NOX isoforms (NOX1, NOX3, NOX4,
NOX5) exist in many tissue types and appear to play signaling functions as opposed to inducing

pathogen clearance [87].

Injury-induced ROS

In the NOX family of enzymes are two unique members, dual oxidase 1 and 2 (DUOX1
and DUOX2) [87]. Duox enzymes are unique in that, in addition to oxidizing NADPH to produce
Oy, they also contain a peroxidase domain capable of oxidizing target proteins via H,0; [90].
Duox enzymes are expressed in mucosa and epithelia, where their primary function appears to
be in barrier protection after injury. In support of this claim, DUOX1/2 were shown to be active
in salivary glands and necessary for H,0; production in bronchial epithelial cells in vitro [91].
Depletion of duox mRNA in zebrafish larvae impaired wound-induced production of H,0; and

recruitment of leukocytes [92]. Additionally, dominant-negative Duox expression, in which the
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NADPH-binding domain was excised, reduced H,0 production in response to tail transection

[93].

Antioxidants

Cellular antioxidants

All organisms produce a battery of antioxidant enzymes and small molecules to combat
buildup of ROS to toxic levels. Mitochondrially-derived Oy is converted to H,0; and O, by a
family of superoxide dismutase enzymes [94]. Three such enzymes have been identified with
differing localizations: the Cu/Zn superoxide dismutase 1 (SOD1) in the cytoplasm, Mn
superoxide dismutase 2 (SOD2) in the mitochondrial matrix, and Cu/Zn superoxide dismutase
(SOD3) in the extracellular space [95]. Sod1” mice develop symptoms of premature aging and
oxidative damage in a number of tissues, phenotypes which can be ameliorated with

antioxidant supplementation [96].

To detoxify H,0,, cells utilize a number of enzymes including catalase, peroxidases, and
peroxiredoxins. Catalase is a cytoplasmic and peroxisomal protein that converts 2 H,0; into 2
H,0 + Oz and does not require subsequent reduction to regenerate [97]. Peroxidases similarly
catalyse the reduction of H,0; but typically use a xenobiotic molecule as an electron donor [98].
Peroxiredoxins contain redox-active dithiols that serve as electron donors to H,0; [99]. They
therefore require subsequent reduction from another source, typically thioredoxin, to

regenerate their reducing power [100].

In addition to enzymatic antioxidants, cells contain a number of small molecules that

assist in keeping the intracellular environment in a reduced state. Glutathione, and vitamins A,
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C, and E are notable examples [101]. Glutathione (GSH) is a tripeptide composed of glutamate,
cysteine, and glycine [102]. GSH is highly abundant at intracellular concentrations between 1-
10mM [103]. The cysteine residue is redox sensitive and therefore the molecule can exist in the
reduced (GSH) or oxidized (GSSG) state [102]. GSH is a substrate for several reductases
including glutathione peroxidases (GPx) which reduce H,0, [104]. GSH is also involved in
eliminating toxic lipophilic molecules through conjugation, which improves solubility, and

subsequent excretion [105].

Thioredoxin

Thioredoxin (Txn) is a ubiquitous ~12kDa antioxidant enzyme found in all cells from
bacteria to humans first purified from E. coli in 1964 [106, 107]. Txn contains a dithiol active
site (cys-gly-pro-cys) that can exist in the reduced (Txn-(SH)z) or oxidized (Txn-S;) state. Txn
catalyzes the reduction of many oxidized intracellular proteins (R-S;). Thioredoxin reductase

(TR) subsequently catalyzes the regeneration of Txn-(SH)2 using NADPH as a substrate [106].

Reduction of substrate proteins

Txn-(SH)2 + R-S2 - Txn-S2 + R-(SH):

Regeneration of reduced Txn
TR

Txn-S; + NADPH + H* = Txn-(SH), + NADP*
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Functionally, Txn is a pleiotropic enzyme involved in many cellular processes. As a
disulfide reductant, it donates electrons to a number of other reductase enzymes. Txn has
been shown to reduce ribonucleotide reductase essential for generating dNTPs and thus newly-
synthesized DNA [108]. As mentioned above, Txn can serve as a cofactor for peroxiredoxins
and therefore assist in the elimination of H,0, [109]. In addition to cysteine, methionine
contains a redox-sensitive sulfur moiety which can become oxidized, reducing its activity [110].
Oxidized methionine is reduced by methionine sulfoxide reductases which themselves are

reduced by Txn [110].

Txn plays additional supportive and inhibitory roles in inflammation and tumorigenic
processes, which will be discussed in subsequent sections. Briefly, Txn regulates NF-kB activity
[111], apoptosis [112], and chemotaxis of leukocytes when secreted [113]. That said, its role in
these processes is incompletely understood, especially at early stages of tumorigenesis. We
therefore set out to identify the function of Txn in inflammatory signaling, neutrophil

recruitment, and oncogene-transformed cell growth in the work that follows.
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Introduction

Neutrophils, in the majority of instances, appear to promote tumor growth; however,
when this occurs during the process of tumorigenesis is understudied and largely unknown.
Recent work, primarily in zebrafish larvae, has determined that neutrophils are recruited to and
promote the growth of oncogene-transformed cells. The main purpose of the work presented
below is to identify signaling molecules that mediate changes in neutrophil behavior and

ultimately affect transformed-cell fate.

Evidence, both in vitro and in vivo, suggest that the process of oncogene-induced
transformation is sufficient to induce an inflammatory response. One common family of
oncogenes activated in human cancer are the Ras proteins with mutations in KRas, NRas, and
HRas reported in 22%, 8%, and 3% of human tumors [114]. Up to 89 percent of KRas mutations
in human cancers are reported at codon twelve [115], including the glycine to valine mutant
KRas®'?V. This substitution renders the GTPase insensitive to GTPase activating protein (GAP)-
mediated GTP hydrolysis [114]. Thus Ras®'?V is constitutively active, continuously delivering
mitogenic and anti-apoptotic signals to the cell via MAP kinase and PI3K pathways, respectively

[116].

When HRas®*?" was exogenously introduced into Hela cells, lung carcinoma cells (H125),
or immortalized human mammary epithelial cells (MCF-10A); expression of the pro-
inflammatory cytokine and neutrophil chemoattractant cxcl8 (IL-8) was highly upregulated
[117]. The authors went on to show through pharmacological inhibition that cxcl8 expression

induced by HRas®'?V required the ERK-MAPK and PI13K pathways. Therefore, the mitogenic and
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anti-apoptotic signaling pathways stimulated by Ras activation are intimately linked with Ras-

induced inflammatory signaling.

Additionally, HRas®'?Y and KRas®?V overexpression in ovarian cells in vitro upregulated
expression of a number of inflammatory cytokines including IL-1a, IL-1[3, IL-6, cxcl8 (IL-8), and
IL-11 [118]. Antibodies targeting IL-13 or cxcl8 induced Ras-transformed cell apoptosis and
elicited minimal cell death in control cell lines devoid of constitutively active Ras [118].
Interestingly, these inflammatory cytokines appear to support autocrine cell survival. The
authors go on to demonstrate the necessity of the inflammatory transcription factor NF-kB in
mediating Ras-induced cxcl8 expression [118]. Thus, constitutive Ras activation through ERK-
MAPK, PI3K, and ultimately NF-kB stimulates expression of inflammatory cytokines, including

the neutrophil chemoattractant cxcl8.

In vivo in zebrafish larvae, KRas®'?V expression in glial cells increased expression of the
two zebrafish cxcl8 isoforms (cxcl8a and cxcl8b.1) as well as il1b expression [119]. Neutrophil
recruitment to KRas®?V-transformed glial cells required the chemokine receptor, Cxcr2, thus
demonstrating that oncogene-induced transformation in vivo stimulates chemokine-dependent

neutrophil recruitment.

Apart from inflammatory cytokines, reactive oxygen species (ROS) such as superoxide
(0O27) and hydrogen peroxide (H20;), have been demonstrated to play a pro-inflammatory and
pro-survival role in a variety of contexts. Firstly, H,0, is produced at high levels in vitro in
several human melanoma, colon carcinoma, and neuroblastoma cell lines [120]. This H,0:

appears to originate from superoxide (O2’) produced in mitochondria as a byproduct of
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oxidative phosphorylation, as inhibition of superoxide dismutase reduces H,0; abundance
[120]. Interestingly, HRas®'?V expression alone in NIH 3T3 fibroblasts was sufficient to induce
mitochondrial ROS (mROS) production [121, 122]. HRas®!?V expression in zebrafish goblet cells
within the skin induced H,0: production in both transformed cells and neighboring non-
transformed cells [123]. Additionally, extracellular mitogens including epidermal growth factor
(EGF) and platelet-derived growth factor (PDGF) were also able to stimulate ROS production
[124, 125]. Therefore, activation of growth signals from a variety of sources all seem to
upregulate ROS production, likely as a byproduct of increased anabolic pressure on

mitochondria to produce ATP.

Reactive oxygen species promote inflammatory signaling both directly and indirectly.
H.0; is a well-established neutrophil chemoattractant, guiding neutrophils to sites of tissue
damage and infection via the redox-sensitive Src family kinase, Lyn [126]. In the context of a
wound, H,0; is largely produced by the enzyme dual oxidase (Duox) which is necessary for early
neutrophil recruitment to the wounded tissue [127]. In contrast, in cancer cells H,0; appears
to be generated primarily by mitochondria, as mentioned above. Mitochondrially-derived H,O>
has been shown to be necessary for LPS-induced expression of pro-IL-13 and secretion of
mature IL-1 in mouse bone-marrow derived macrophages (BMDMs) [128, 129]. This necessity
for mROS on IL-1f3 secretion was demonstrated to be dependent on the potent, pro-
inflammatory signaling complex, the inflammasome [130]. Additionally, mitochondrial ROS is
necessary for LPS-stimulated expression of inflammatory cytokines IL6, Cxcl8, and Tnfa [131].
Thus, oncogene-expressing cells produce H,0, from a mitochondrial source, which has the

capacity to induce neutrophil recruitment directly or indirectly through upregulation of
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inflammatory cytokines. Therefore, one aim of the work conducted below was to assess the

role of mROS in neutrophil recruitment to neoplastic cells in vivo.

In vivo studies in zebrafish modeling tumor initiation have shown that neutrophils are
recruited shortly after Ras®?V-induced transformation of epithelial cells [123, 132]. These
recruited neutrophils make frequent, direct cell-cell contact with Ras®*?V-transformed cells,
occasionally forming long membrane tethers between cells [132]. At these early stages,
neutrophils support proliferation of transformed epithelial and glial cells [79, 119], the former
likely via production of prostaglandin E;. Neutrophils also upregulate the epithelial-
mesenchymal transition (EMT)-associated genes mmp9 and slug within transformed cells [132].
These observations suggest neutrophils promote tumorigenic processes early in the process of
tumor development. Additionally, recent evidence suggests neutrophil migratory behavior
changes during the course of tumor development, with early stage tumors inducing elevated,
albeit random, migration of bone marrow-derived neutrophils and late stage tumors inducing

slower, immunosuppressive neutrophil migration [133].

Therefore, constitutive oncogene activation alone, an event that commonly occurs early
in tumor development, is sufficient to activate a number of inflammatory processes including
cytokine expression and ROS production. These inflammatory cues then recruit neutrophils
which appear to promote transformed cell growth at these early stages. However, the signaling
events that mediate neutrophil recruitment and retention are incompletely characterized and
are the focus of the work presented below. Studying neutrophil migratory behavior early in

tumorigenesis may provide insight into how these cells elicit their tumor-supporting effects.
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To study neutrophil recruitment to oncogene-transformed cells early in the process of
tumorigenesis, we utilized transparent zebrafish larvae. Previous efforts in the lab have
generated transgenic zebrafish lines harboring stably-integrated fluorescent proteins under the
neutrophils specific promoter LyzC (Tg(LyzC:H2B-mcherry)). Fluorescently-labeled HRas control
(pTol2-krt4-RFP-HRas) or HRas®'2V oncogenic (pTol2-krt4-RFP-HRas®!?V) plasmids were then
injected into 1-cell stage Tg(LyzC:H2B-mcherry) embryos in conjunction with Tol2 transposase
mRNA [132] (Fig. 1a). The gene of interest was subsequently inserted into the developing
zebrafish genomic DNA via the action of transposase. Ras expression is directed to the
superficial keratinocyte layer via the action of the krt4 promoter. By three days post-
fertilization (3dpf), neutrophils have developed and are readily recruited to the immediate
vicinity of HRas®'?V- but not HRas-expressing keratinocytes. Time-lapse microscopy revealed
neutrophils remain in the vicinity of HRas®?V-expressing cells for minutes to hours, indicating

oncogene expression induces sustained inflammatory signaling (Fig. 1b).
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Fig. 1 — Superficial keratinocyte Ras®'?V-transformation model A) Schematic of
microinjection procedure. One cell stage Tg(LyzC:H2B-mcherry) embryos are injected with
control (pTol2-Krt4-HRas-mcherry) or transformation (pTol2-Krt4-HRas®*?V-mcherry)
constructs. 3dpf larvae present with chimeric expression of HRas variant in superficial
keratinocytes. B) Neutrophil (blue) recruitment around wildtype- or constitutively active

Ras®'?V-expressing cells (magenta) at relative T=0min, T=30min, T=60min.

Results

Mitochondrial ROS mediates neutrophil retention around Ras®2V-transformed cells

Neutrophils migrate toward elevated concentrations of reactive oxygen species (ROS), a
phenomenon common to many inflammatory situations. We therefore set out to identify
sources of ROS produced by oncogene-transformed cells and subsequently determine their role
in neutrophil recruitment and retention. Krt4-KRas or Krt4-KRas®!?V-expressing larvae were
treated with the intracellular ROS probe CellRox, a proprietary reagent with enhanced
fluorescence following oxidation. We observe an increase in intracellular ROS abundance with
KRas®!?V expression in superficial keratinocytes over KRas control keratinocytes (Fig. 2a,b).
Interestingly, the intracellular ROS appeared to localize primarily to the cytoplasm, suggesting a
mitochondrial source. We therefore probed control or oncogenic Krt4-KRas expressing larvae
with the mitochondrial-targeted redox reagent, mitoSOX. Similar to the CellRox result, we

observed an increase in mROS signal within KRas®'?V-expressing cells (Fig. 2c,d).
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Fig. 2 — Mitochondrial ROS mediates neutrophil retention around Ras®'?V-transformed
superficial keratinocytes A) CellRox probe for intracellular ROS (1uM) in KRas wt (n=6) and
KRas®'?V (n=9) expressing larvae. B) Quantification of CellRox intracellular mean gray value
normalized to wt average. C) MitoSOX probe for mitochondrial ROS (1uM) in KRas wt (n=8)
and KRas®'?V (n=18) expressing larvae. D) Quantification of MitoSox intracellular mean gray

value normalized to wt average. E) mitoTEMPO treatment (50uM) of KRas®'?V. F)
Quantification of neutrophil abundance around transformed cells in untreated (n=20) and
mitoTEMPO treated (n=28) larvae. G) Quantification of average KRas cell-neutrophil
distance in untreated (n=12) and mitoTEMPO treated (n=17) larvae. Scale bar, 20uM.
Bolded shapes indicate average value per technical replicate, with shaded values
representing data points from independent larvae. Samples were analyzed for statistical

significance via t-test (p<0.05 *, p<0.01**, p<0.001***,p<0.0001 ****),

After confirming increased intracellular mROS in oncogene-transformed cells, we
assessed the role of mROS in neutrophil recruitment. To this end, the mitochondrially-targeted
superoxide dismutase mimetic, mitoTEMPO, was utilized to reduce mROS burden. mitoTEMPO
treatment did not significantly alter neutrophil abundance around transformed superficial
keratinocytes, though a trend toward decreased recruitment was observed (Fig. 2e,f).
Scavenging mROS did however increase the average distance between transformed cells and
the nearest neutrophil, suggesting mROS is necessary in mediating recruitment to the

G12v

immediate vicinity of KRas®*#V-expressing cells (Fig. 2g).

Thioredoxin expression is upregulated in Ras®!?V-transformed cells and human cancers

As innate immune cells can affect tumor development, we looked for changes in gene

expression in response to Ras®'?V-induced transformation that might regulate leukocyte
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behavior in zebrafish larvae. We thus conducted translating ribosome affinity purification
(TRAP) [134] and subsequent RNA sequencing of three cell-types in the transformed-cell
microenvironment: Ras®!?V-expressing keratinocytes, neutrophils, and macrophages. Briefly,
constructs expressing either control HRas (pTol2-Krt4-RFP-HRas) or oncogenic HRas®*?V (pTol2-
Krt4-RFP-HRas®'?V) under the superficial keratinocyte promoter Krt4 were microinjected into 1
cell-stage embryos. To identify gene expression changes within transformed cells, plasmid
expressing the ribosomal subunit L10a-GFP (pTol2-Krt4-EGFP-L10a) was co-injected with either
the HRas control or oncogenic HRas®?V construct. GFP-tagged ribosomes were isolated via
immunoprecipitation and their associated transcripts sequenced yielding cell type-specific gene
expression information (Fig. 3a). Neutrophil and macrophage ribosomes were isolated from
transgenic lines, Tg(Lyzc:EGFP-L10a) and Tg(mpeg:EGFP-L10a) respectively, injected with

control or oncogenic HRas plasmids (Fig. 3b,c).

Selected cell-type specific genes were enriched in TRAP samples from their respective
tissue, thus reinforcing the tissue-specificity of the TRAP-seq dataset (Fig. 4a). Gene set
enrichment analysis (GSEA) revealed enrichment of several inflammatory pathways within all
three cell-types, including IL6-Jak-Stat3-signaling, Tnfa-signaling-via-NF-kB, and reactive-

oxygen-species-pathways (Fig. 4b).
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Fig.3
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Fig. 3 — Translating Ribosome Affinity Purification (TRAP)-seq A) Schematic of TRAP
procedure. Wildtype embryos are injected with the TRAP plasmid (pTol2-Krt4-EGFP-L10a)
and either control (pTol2-Krt4-HRas-mcherry) or transformation (pTol2-Krt4-HRas®2V-
mcherry) constructs. Immunoprecipitation and sequencing was conducted 3dpf on
batches of ~50 larvae collected on three separate days (n=3). B) Tg(LyzC:EGFP-L10a)
larvae were injected with either control (pTol2-Krt4-HRas-mcherry) or transformation
(pTol2-Krt4-HRas®?V-mcherry) constructs for neutrophil-targeted L10a expression. C)
Tg(mpeg:EGFP-L10a) larvae were injected with either control (pTol2-Krt4-HRas-mcherry)
or transformation (pTol2-Krt4-HRas®?V-mcherry) constructs for macrophage-targeted

L10a expression.

Fig. 4 — TRAP-seq validation and preliminary pathway analysis A) Select genes expressed
in keratinocytes (krt17, krt15, krt97, krt91, krt8, krt92, krt18, krt94), neutrophils (mpx,lyz),
and macrophages (mpeg1.1, irf8, csflrb, spila, mfap4, irgl1, csflra, spilb, ncf1, cyba) and
their expression profiles in TRAP samples from keratinocyte, neutrophils, and
macrophages. B) Analysis of Hallmark pathways enriched in the context of oncogene

transformation in neutrophils, keratinocytes, and macrophages.
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Fig. 5 — Thioredoxin expression is upregulated in Ras®'?V-transformed cells and human
cancers A) Venn diagram showing distribution of genes altered >2fold by TRAP-seq in
response to HRas®?V expression in superficial keratinocytes. B) Volcano plot displaying
number of significantly (p<0.05) downregulated (6) and upregulated (50) genes in

HRas®'?V-expressing keratinocytes relative to HRas-expressing keratinocytes. C) Heat

map showing gene symbols for significantly (p<0.05) changed genes in HRas®!?V-

expressing keratinocytes. D) mRNA expression profile of txn in human cancer and normal
tissue. Firebrowse was used to extract expression profiles of human tumors from The

Cancer Genome Atlas (TCGA).

In response to oncogenic HRas®?V-expression, 1210 genes in keratinocytes, 871 genes in
neutrophils, and 505 genes in macrophages were altered >2fold (Fig. 5a). Specifically within
keratinocytes, 50 genes were found to be significantly upregulated (p.adj < 0.05) and 6 genes
significantly downregulated in HRas®'?V-expressing cells over control HRas-expressing cells (Fig.
5b). Thioredoxin (txn) was among the most highly upregulated genes in response to
transformation with expression levels roughly five-fold higher in HRas®'?V-transformed cells
over HRas controls (Fig. 5¢c). Importantly, thioredoxin expression was upregulated in ten of
thirteen human carcinoma samples based on bulk sequencing available through The Cancer

Genome Atlas (TCGA)(Fig. 5d).

Generation of thioredoxin mutant zebrafish line via CRISPR: Tail wounds are more inflammatory

in txn”" larvae

Despite its known role as an antioxidant, the role thioredoxin plays in inflammatory
processes is controversial with both pro- and anti-inflammatory functionalities described. To

dissect the effects of txn on inflammation and growth of transformed cells, txn mutant
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zebrafish were generated via CRISPR-Cas9. The mutant harbors a 1bp insertion and codes for a
premature stop codon predicted to yield a truncated protein (Fig. 6a). Western blotting of 3dpf
extracts in txn wildtype and mutant backgrounds confirmed loss of full length Txn protein in the
mutant (Fig. 6b). Inflammatory cytokine expression (il1b, cxcl8a, cxcl8b.1, tnfa) was unchanged
in whole larval extracts of wildtype and txn mutants (Fig. 6¢c). Additionally, txn”" larvae appear
morphologically normal and develop similar total neutrophil numbers compared to wildtype

larvae (Fig. 6d,e).

H,0; is rapidly produced in response to injury by the enzyme dual oxidase (Duox)
ultimately establishing a chemotactic gradient to promote neutrophil migration to the wound
site [92]. To assess the effect of txn on sterile wound inflammation, larval tails were transected
and H;0; and neutrophil abundance in the wounded region was quantified, the former using
the fluorescent H.0; sensor, pentafluorobenzene sulphonyl fluorescein (pfbs-f) (Fig. 7a). txn
mutant larvae displayed increased H,O; abundance at the wound site 30 minutes post-wound
(mpw) and 4 hours post-wound (hpw) (Fig. 7b,c) as well as increased neutrophil abundance
2hpw but not 6hpw (Fig. 7d,e). Our findings thus suggest thioredoxin assists in the turnover of

H,0; produced at a wound thus dampening chemotactic signaling to neutrophils.
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Fig. 6 — Generation of txn mutant zebrafish line A) Schematic of txn gene with
annotations of gRNA target site and 1bp insertion identified in mutant. B) Western blot of
Txn and Tubulin on whole lysate from txn wildtype and mutant larvae. C) qPCR of
inflammatory cytokines il1b, cxcl8a, cxcl8b.1, tnfa in whole larval lysates (pooled, 30 larvae)
from txn wildtype (n=2) or mutant (n=2) larvae 3dpf. D) Neutrophil distribution and
abundance in unstimulated txn*/* Tg(LyzC:H2B-mcherry) or txn” Tg(LyzC:H2B-mcherry)
larvae 3dpf. E) Quantification of total neutrophil number in unstimulated larvae, wildtype
(n=41) and mutant (n=40). Bolded shapes indicate average value per technical replicate,
with shaded values representing data points from independent larvae. Samples were

analyzed for statistical significance via t-test.

Fig. 7 — Tail wounds are more inflammatory in txn”/" larvae A) Schematic of tail transection
assay to measure neutrophil recruitment and H,0, abundance conducted on txn*/*
Tg(LyzC:H2B-mcherry) or txn”"Tg(LyzC:H2B-mcherry) larvae 3dpf. B) pfbs-f probe for H,0,
(1uM) in response to tail transection 30 minutes post-wound (mpw) (wt n=56, mut n=54)
and 4 hours post-wound (hpw) (wt n=51, mut n=51) with C) quantification of signal density
in region posterior to notochord. D) Neutrophil recruitment in response to tail transection
2hpw (wt n=79, mut n=85) and 6hpw (wt n=87, mut n=90) with E) quantification of
neutrophil abundance in region posterior to notochord. Scale bar, 50um. Bolded shapes
indicate average value per technical replicate, with shaded values representing data points
from independent larvae. Samples were analyzed for statistical significance by Mann-

Whitney U test (p<0.05 *, p<0.01**, p<0.001***,p<0.0001****),
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Thioredoxin inhibits neutrophil recruitment and retention around transformed keratinocytes

We next assessed the role of thioredoxin in inflammatory signaling and neutrophil
recruitment to transformed cells. In an attempt to improve larval survival and increase sample
size, a variation of the HRas model (Fig. 1a) was adopted in which the constitutively-active
KRas®?V is driven under the basal keratinocyte promoter, krtt1c19e (Fig. 8a). Similar to the
HRas model in superficial, krt4-expressing keratinocytes; neutrophils were more abundant
around KRas®'?V-expressing basal keratinocytes and made frequent contact with transformed

cells (Fig. 8b,c).

Fig. 8 — Basal keratinocyte Ras®'?V-transformation model A) Schematic of microinjection
procedure. One cell stage Tg(LyzC:H2B-mcherry) embryos are injected with control (pTol2-
krtt1c19e-KRas-mcherry) or transformation (pTol2-krtt1c19e-KRas®*?V-mcherry) constructs.

3dpf larvae present with chimeric expression of KRas variant in basal keratinocytes. B)
Neutrophil (blue) recruitment around wildtype- or constitutively active KRas®'?V-expressing
cells (magenta). Quantification of neutrophil abundance in KRas wt-injected (n=14) and
KRas®?V-injected (n=31) larvae. Scale bar, 20uM. Bolded shapes indicate average value per
technical replicate, with shaded values representing data points from independent larvae.

Samples were analyzed for statistical significance via t-test (p<0.05 *).
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We observed basal transformed keratinocytes recruited more neutrophils in the txn

mutant background, with neutrophil abundance increased by roughly 60% (Fig. 9a,b). In
wildtype larvae, neutrophils migrate faster on average when not in direct contact with

transformed cells, often accelerating as they leave and decelerating as they enter physical
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contact distance (Fig. 9¢,d). In txn mutant larvae, neutrophil speed on average is unchanged
between the contact and non-contact states (Fig. 9c,d). The average speed of all neutrophils in
txn mutant larvae, regardless of contact status, was similar in magnitude to the reduced
neutrophil speed observed in wildtype larvae with direct transformed cell contact. (Fig. 9d).
Therefore, neutrophil retention around transformed cells is likely enhanced in txn mutant

larvae.

To assess changes in transformed cell gene expression that might explain this increase in
neutrophil retention, TRAP was employed to isolate transcripts from transformed cells in the
txn wildtype and mutant backgrounds. While no change in expression was observed for
inflammatory cytokines il1b, cxcl8a, or cxcl8b.1; tnfa expression was elevated more than two
fold in txn-deficient transformed cells (Fig. 9e). This finding suggests thioredoxin inhibits

expression of at least one potent inflammatory cytokine within oncogene-expressing cells.

While we observed a statistically significant change in neutrophil speed when stratified
by direct transformed cell contact (Fig. 9d), unstratified average neutrophil speed across was
not significantly altered with txn loss-of-function, though a trend toward decreased average
speed was observed in txn-deficient larvae (Fig. 10a,b). Additionally, neutrophil random
migration speed in untreated larvae was not significantly altered between txn mutants and

wildtype, though a trend toward an increase in average basal speed was observed (Fig. 10c,d).
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Fig. 9 — Thioredoxin inhibits neutrophil recruitment and retention around transformed
keratinocytes A) Neutrophil (blue) recruitment around KRas®'2V-expressing basal
keratinocytes (magenta) in txn*/* Tg(LyzC:H2B-mcherry) or txn”/"Tg(LyzC:H2B-mcherry)
larvae 3dpf. B) Quantification of neutrophil abundance in txn wt (n=74) and mutant
(n=116) larvae. C) Stills from live imaging of neutrophil behavior around KRas®'?V-
expressing cells in txn wt and mutant larvae. Arrows track the same neutrophil across
frames (1.5min/frame) and track color delineates instantaneous neutrophil velocity. D)
Quantification of average neutrophil speed when in contact or not in contact with
KRas®?V-expressing basal cells (wt n=4, mut n=4). E) TRAP-gPCR of KRas®?V-expressing
genes assessing inflammatory cytokines il1b, cxcl8a, cxcl8b.1, tnfa (pool, 30
larvae/replicate, wt n=3, mut n=3). Scale bar, 10uM. Bolded shapes indicate average value
per technical replicate, with shaded values representing data points from independent
larvae. Samples were analyzed for statistical significance by Mann-Whitney U test (B) and

t-test (D,E) (p<0.05 *, p<0.01 **).

Fig. 10 — Thioredoxin loss may reduce average neutrophil speed and does not affect
random migration speed in unstimulated larvae A) Neutrophil average migration speed
around KRas®2V-expressing basal keratinocytes (magenta) in txn*/* Tg(LyzC:H2B-mcherry) or
txn’/"Tg(LyzC:H2B-mcherry) larvae 3dpf. Track color indicates average velocity per neutrophil
tracked. B) Quantification of average neutrophil speed in txn wt (n=4) and txn mut (n=4)
larvae. C) Neutrophil random migration speed in the head region in unstimulated txn*/*
Tg(LyzC:H2B-mcherry) or txn” Tg(LyzC:H2B-mcherry) larvae 3dpf. Track color indicates
average velocity per neutrophil tracked. D) Quantification of average neutrophil speed in
txn wt (n=4) and txn mut (n=4) larvae. Scale bar, 10uM (A), 50uM (C). Bolded shapes
indicate average value per technical replicate, with shaded values representing data points

from independent larvae. Samples were analyzed for statistical significance via t-test.
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Thioredoxin does not significantly affect NF-kB reporter activity or intracellular redox status

With an increase in tnfa expression observed within transformed cells in txn mutant
larvae, we sought to identify additional, transformed-cell intrinsic changes in inflammatory
processes that may explain augmented neutrophil retention in txn mutants. To this end, we

first utilized the NF-kB transgenic reporter model Tg(NF-kB RE:GFP) in which six NF-kB binding
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sites are placed upstream of EGFP [135]. NF-kB reporter expression is strongly induced by
infection with the filamentous fungus Aspergillus fumigatus [136] and within KRas®'?V-
expressing basal keratinocytes (Fig. 11a). There was however no observable difference in EGFP

expression level between txn wildtype and mutant larvae (Fig. 11a,b).

Another indicator of mitochondrial stress and inflammation is redox status which can be
measured using the autofluorescent properties of cofactors FAD and NAD(P)H by two-photon
excitation microscopy [137]. The ratio of reduced NAD(P)H to oxidized FAD yields the optical
redox ratio (optical redox ratio = NAD(P)H/NAD(P)H + FAD) where values closer to one indicate
a more reduced intracellular environment and values closer to zero indicate a more oxidized
intracellular environment. Using this approach, we did not observe a significant change in
intracellular transformed cell redox status with txn ablation (Fig. 11c,d). However, the data
trend toward a slight decrease with txn-deficient transformed cells and further replicates are in

order to determine the role of txn in regulating intracellular redox balance.

Fig. 11 — Thioredoxin does not significantly affect NF-kB reporter activity or intracellular
redox status A) NF-kB reporter activity (white) in KRas®*?V-expressing basal keratinocytes
(magenta) in txn*/* or txn”" larvae 3dpf. B) Quantification of intracellular mean gray value
txn wt (n=16) and mut (n=13) larvae normalized to wt average. C) Redox ratio of cofactors
NAD(P)H and FAD within KRas®'2V-transformed basal keratinocytes in txn*/* or txn” larvae
3dpf. D) Quantification of average intracellular redox ratio per larvae in txn wt (n=18) and

mut (n=19) larvae. Scale bar, 10um. Bolded shapes indicate average value per technical
replicate, with shaded values representing data points from independent larvae. Samples

were analyzed for statistical significance via t-test.
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Thioredoxin promotes transformed cell apoptosis

With changes in neutrophil behavior observed in the txn mutant background, we
wanted to assess the effect of txn on transformed cell fate, including apoptosis and
proliferation. To assess apoptosis, immunofluorescence was employed targeting cleaved
caspase-3. txn mutant transformed cells showed reduced caspase-3 staining compared to
wildtype controls (Fig. 12a,b). These findings suggest thioredoxin promotes transformed cell
apoptosis during tumor initiation.

Fig.12
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Fig. 12 —Thioredoxin promotes transformed cell apoptosis A) Cleaved caspase-3
immunofluorescence (yellow) in txn*/* or txn”" larvae with KRas®'2V-expressing basal

keratinocytes (magenta) 3dpf. B) Quantification of cleaved caspase-3 mean gray value in

txn wt (n=45) and mutant (n=51) larvae normalized to wt average. Scale bar, 10um. Bolded

shapes indicate average value per technical replicate, with shaded values representing data

points from independent larvae. Samples were analyzed for statistical significance via t-test

(p<0.05 *, p<0.01**, p<0.001***,p<0.0001****),
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Neutrophils mediate increased transformed cell proliferation in the thioredoxin mutant

To determine the effect of txn on transformed cell fate, transformed cell proliferation
was measured in txn wildtype and mutant backgrounds via Edu, a thymidine analog and probe
for newly synthesized DNA. We observed transformed cells were more frequently Edu-positive
in txn mutant larvae suggesting thioredoxin inhibits transformed cell proliferation in vivo (Fig.

13a,b).

We next sought to determine the role of neutrophils in this increased proliferation
phenotype observed in txn mutant transformed cells. We utilized Tg(mpx:Rac2P>”V) larvae to
inhibit neutrophil migration out of the vasculature and thus severely limit neutrophil migration
to the transformed cell vicinity [132]. In this background, we observed a comparable frequency
of Edu-positive transformed cells between txn wildtype and mutant larvae (Fig. 13c,d). Thus,
neutrophils are responsible for mediating increased transformed cell proliferation in the txn

mutant background.

Fig. 13 — Neutrophils mediate increased transformed cell proliferation in the thioredoxin
mutant A) Edu staining (white) of neutrophil-sufficient txn*/* or txn”- larvae with KRas®'2"-
expressing basal keratinocytes (magenta) 3dpf. B) Quantification of frequency of Edu-
positive KRas®'?V-expressing basal cells 3dpf in txn wt (n=35) and mutant (n=35) larvae. C)
Edu staining (white) of neutrophil-deficient Tg(mpx:Rac2P>’N-mcherry) txn*/* and
Tg(mpx:Rac2P7N-mcherry) txn”-larvae with KRas®'2V-expressing basal keratinocytes
(magenta) 3dpf. D) Quantification of frequency of Edu-positive KRas®'?V-expressing basal
cells 3dpf in Rac2P>7N txn wt (n=21) and Rac2”>’N txn mutant (n=22) larvae. Scale bar, 10um.
Bolded shapes indicate average value per technical replicate, with shaded values
representing data points from independent larvae. Samples were analyzed for statistical

significance via t-test (p<0.05 *, p<0.01**, p<0.001***,p<0.0001****),
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Discussion

Throughout this study, we investigated the role of various factors on neutrophil
recruitment to Ras®'2V-transformed epithelial cells. We observed KRas®'?¥ expression in
superficial keratinocytes stimulated the production of mitochondrial ROS (Fig. 2a-d). We then
went on to demonstrate mROS mediates neutrophil recruitment to KRas®*?V-transformed cells
as mROS scavenging with the mitochondrially-targeted antioxidant, mitoTEMPO, decreased
neutrophil abundance around transformed cells and increased transformed cell-neutrophil
distance (Fig. 2e-g). While the production of mROS by Ras-transformed cells has been
described [121, 122], we provide the novel finding of its role in vivo in eliciting neutrophil
recruitment. As mentioned in the introduction to this chapter, mROS may play a direct or
indirect role in neutrophil recruitment - further studies would need to be conducted to

delineate this mechanism.

Interestingly, apart from stimulating an inflammatory response, several reports indicate
mROS can activate autocrine proliferative signaling. Treatment of rat vascular smooth muscle
cells with the antioxidant N-acetylcysteine decreased MAPK phosphorylation in response to
PDGF [124]. A similar report in human epidermoid carcinoma cells found inhibiting ROS
accumulation via introduction of catalase decreased EGFR phosphorylation in response to EGF
[125]. These findings suggest ROS is an important intermediate in transmitting mitogenic
signals from a variety of growth factors. Thus, mROS appears to have both autocrine and
paracrine methods of promoting proliferation, via stimulation of growth-factor signaling

pathways and recruitment of proliferation-inducing neutrophils, respectively.
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We continued our search for factors that influence neutrophil recruitment by
conducting a tissue-specific RNA sequencing experiment outlined in Figure 3a-c. To reiterate,
this method utilized GFP-tagged ribosomes expressed specifically within Ras-expressing
keratinocytes, neutrophils, or macrophages in conjunction with immunoprecipitation and RNA-
sequencing to generate gene expression profiles from these three cell types found in the
transformed-cell microenvironment. Several inflammatory pathways including IL6-Jak-Stat3-
signaling, Tnfa-signaling-via-NF-kB, and reactive-oxygen-species-pathways were enriched in the
three cell types assessed in response to HRas®'?V expression in keratinocytes (Fig. 4b). The
concept of an inflammatory microenvironment in cancer is well established [138]. Tumor cells
have been shown to upregulate inflammatory signaling pathways including NF-kB and Stat3
within infiltrating immune cells, thus augmenting cytokine production and exacerbating
inflammation [33]. Our findings that several cell-types in the transformed cell
microenvironment activate inflammatory pathways expand this principle and suggest the

inflammatory microenvironment is established from the onset of transformation.

Among the 50 genes significantly upregulated in HRas®?V-expressing keratinocytes, the
antioxidant thioredoxin (txn) was upregulated roughly five-fold over control keratinocytes (Fig.
5b,c). This finding recapitulates observations in vitro in which Ras-induced transformation
upregulates several antioxidant genes essential in providing protection from exogenous H,0;

G12Vincreases mitochondrial

[139]. The authors argued continuous proliferative signaling via Ras
metabolic stress producing excess ROS as a result. Antioxidant gene upregulation in this

context thus confers a protective function against transformation-induced ROS accumulation.

Curiously, while many human tumors produce elevated levels of ROS [80], some express
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antioxidants below normal levels. For instance, prostate cancers were shown to harbor
reduced superoxide dismutase (SOD1 and SOD2) and catalase expression compared to normal
prostate tissue [140]. One study supported these findings, showing decreased antioxidant
expression in several cancers, but notably increased SOD and catalase expression in
adenocarcinomas [141]. Thus, antioxidant gene expression may only be upregulated in certain
cancer types, perhaps those of epithelial origin. Regardless, we believe our observation that
elevated txn expression in Ras-transformed zebrafish keratinocytes reflects the human

situation, as txn expression is elevated in many human carcinomas (Fig. 5d).

While the role of thioredoxin as an antioxidant is well established, its function in
inflammatory signaling and tumor development is controversial, with pro- and anti-
inflammatory and tumorigenic processes reported [111, 113, 142-144]. We therefore set out to

ascertain the role of elevated txn in transformed cell growth and inflammation.

In pursuit of this goal, we first generated a global genetic txn knockout in zebrafish via
CRISPR-Cas9 (Fig. 6a). txn mutant larvae did not express full-length Txn protein and displayed
no noticeable basal increase in inflammatory gene expression (Fig. 6b,c). Mutants were also
morphologically normal and developed similar neutrophil numbers compared to wildtype

larvae (Fig. 6d,e).

In response to a wound, txn mutant larvae displayed elevated H,0; and neutrophil
abundance at the wound site (Fig. 7b-e). As discussed in the introduction, H,0; is produced in
response to tissue damage by the enzyme Duox [127]. As an antioxidant, thioredoxin is

presumably catalyzing the turnover of H,0,. Indeed, thioredoxin can reduce peroxiredoxins,
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enzymes capable of metabolizing H,02, and could in this way limit the ROS burden generated at
sites of injury [109]. Based on the well-established role of ROS as a neutrophil chemoattractant
[92, 126, 127, 145], txn likely inhibits neutrophil recruitment to wounds by reducing the buildup

of H,0,.

Seeing as txn inhibited neutrophil recruitment to a wound, we next sought to determine
the role of txn in neutrophil recruitment to KRas®'?V-transformed basal keratinocytes. As in the
context of a wound, we observed elevated neutrophil numbers in the transformed-cell
microenvironment in txn mutant larvae (Fig. 9a,b). We also observed in txn mutants decreased
neutrophil speed in the transformed cell microenvironment and increased tnfa expression
within transformed cells, both of which indicate an enhanced inflammatory microenvironment

in the absence of thioredoxin (Fig. 9c-e).

Thioredoxin may inhibit inflammatory signaling by directly reducing ROS accumulation
or by dampening inflammatory signaling pathways. One study in mice depleted serum of txn
and reported reduced neutrophil chemotaxis in response to LPS [146]. Due to technical
limitations with the three ROS probes (pfbs-f, CellRox, and mitoSOX), we were unable to assess
the relative abundance of ROS within basal transformed cells or the microenvironment in txn
mutants, possibly due to minimal penetration of these compounds to the basal keratinocyte
layer. As with wounding, txn may inhibit H,0; accumulation in Ras-transformed cells and
thereby directly limit levels of this known neutrophil chemoattractant. Alternatively, txn may
inhibit inflammatory cytokine expression and subsequent leukocyte recruitment. Indeed,
overexpression of thioredoxin in Hela cells inhibited NF-kB activation, a transcription factor

family commonly activated during inflammation [111]. Additionally, we observe increased tnfa
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expression in transformed cells in txn mutants suggesting increased neutrophil recruitment in

this context is not exclusively driven by direct H,0; signaling.

While thioredoxin appears to have inhibitory effects on inflammation in the context of
transformation, several studies conflict with this finding suggesting thioredoxin induces
inflammatory gene expression, possibly by stimulating NF-kB DNA binding [143] or
transactivation [142]. Additionally, exogenous thioredoxin upregulated tnfa expression in vitro
[144] as well as neutrophil chemotaxis both in vitro and in vivo [113]. Nevertheless, our data
suggest thioredoxin, in the context of Ras-induced transformation in vivo is inhibitory to
neutrophil recruitment as well as inflammatory gene expression, possibly due to exclusive

intracellular localization.

Additionally, a reduction in neutrophil speed is consistent with a heightened
inflammatory response, as neutrophils migrate slower upon arrival at a wound [147]. This
effect could be mediated by Tnfa, as Tnfa has been shown to promote neutrophil arrest [148].
Attempts to delineate the role of Tnfa in the increased neutrophil retention phenotype
observed in txn mutants were conducted by treating with the Tnfa secretion inhibitor
pentoxifylline (PTX) (data not shown). We observed no obvious difference in neutrophil
behavior around transformed cells with treatment in the txn background suggesting tnfa may
not play a role in the inflammatory phenotype; however, data were deliberately excluded due
to lack of a positive control for PTX. Nevertheless, thioredoxin inhibits neutrophil homing and
retention around transformed cells, mostly likely via a combination of direct and indirect

mechanisms through ROS and cytokine expression, respectively.
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Attempts to identify additional inflammatory changes within transformed cells in the txn
background were inconclusive. NF-kB reporter activity within transformed cells was unchanged
in the absence of txn (Fig. 11a,b). That said, EGFP expression levels were inherently highly
variable within a given condition. This high intrinsic variability, relatively low sample size, and

slight trend toward an increase in NF-kB activity in txn mutants warrant additional replicates.

Metabolic imaging of redox sensitive cofactors NAD(P)H and FAD was employed to
assess intracellular redox status in transformed cells, in lieu of the alternative ROS probes
discussed above. From the literature, KRas®'?V expression has been shown to induce
mitochondrial stress by decreasing transmembrane potential and increasing ROS production
[149]. We hypothesized this increased mitochondrial stress and ROS production would oxidize
the intracellular environment of transformed cells. Thus, we expected a higher proportion of
the oxidized forms of NAD(P)H and FAD and therefore a reduced intracellular redox ratio
(optical redox ratio = NAD(P)H/NAD(P)H + FAD) within txn mutant transformed cells. Our
finding however indicated that txn did not significantly alter intracellular redox status in
transformed cells (Fig. 11c,d). As with the NF-kB reporter experiments, sample size was low
and a trend of slight reduction in redox status existed in txn mutant larvae. This finding, in
conjunction with the negligible ROS signal observed with pfbs-f, CellRox, and mitoSOX, presents
the interesting possibility that the enhanced inflammatory environment around basal
transformed keratinocytes operates independent of ROS. Further experimentation is necessary
to determine if ROS levels are indeed affected by constitutive Ras activation in basal

keratinocytes and the role of ROS, if present, on neutrophil recruitment in this context.
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We next assessed the role of thioredoxin in transformed apoptosis and discovered
decreased active caspase-3 staining within transformed cells in the txn mutant background (Fig.
12a,b). This observation conflicts with reports in vitro in which thioredoxin has also been
reported to inhibit apoptosis, likely through direct binding and inhibition of ASK1 [112, 150].
Clearly, thioredoxin has differing mechanisms of action in vitro and in vivo suggesting additional
cell types play a role in thioredoxin function. However, we report thioredoxin appears to

promote apoptosis in transformed cells early in tumorigenesis.

Lastly, we investigated the role of thioredoxin on transformed cell proliferation and
observed increased Edu-incorporation frequency in txn mutant transformed cells (Fig. 13a,b).
When neutrophil migration was inhibited via expression of dominant-negative Rac2P>7V,
transformed cells proliferation was equivalent between txn wildtype and mutant larvae (Fig.
13¢,d). Thus, neutrophils mediate increased transformed cell proliferation in the txn mutant
background. Given the observation that neutrophils promote transformed cell growth [119,
123, 132], it follows that increased neutrophil abundance and prolonged time spent in the
transformed cell microenvironment would presumably amplify any neutrophil-derived

proliferative signals.

Curiously, these findings contradict many published results on the effect of thioredoxin
on cell growth and survival. Exogenous thioredoxin overexpression in vitro promotes fibroblast
growth [151, 152] whereas dominant-negative Txn32%/C35S expression inhibits growth [151].
Thioredoxin has been shown to promote AP-1 transcription factor activity, important in cell-
cycle progression, via the intermediate Ref-1 [153] likely by stimulating AP-1 DNA-binding [154].

Interestingly, these in vitro findings are only partially recapitulated in vivo, as thioredoxin
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overexpression reduced tumor growth; however, not as severely as with dominant-negative

expression [154].

In conclusion, thioredoxin appears to act as a tumor suppressor at early stages of
tumorigenesis. Thioredoxin inhibits neutrophil recruitment and retention around KRas®'2V-
transformed cells and impairs neutrophil-mediated proliferation. This result presents an

interesting correlation between neutrophil migratory behavior and transformed cell growth.

In the next chapter, we address two unanswered facets of the role of thioredoxin in
transformed cell growth and inflammation. The first aim is to identify the cell type within which
thioredoxin affects transformed cell growth. The experiments conducted in this chapter utilize
a global txn knockout which precludes identification of cell type-specific roles. The second aim
is to determine the role of thioredoxin at later stages in tumorigenesis, beyond the initial
transformation event. While we report a tumor suppressive role at early stages of
transformation, several studies suggest thioredoxin is essential for tumor growth at later
stages. We are therefore interested in discerning if thioredoxin switches from an anti- to pro-

tumor function during the course of tumor development.

Methods

Zebrafish maintenance and txn”" line generation

Zebrafish lines were maintained as previously described (Vincent et al. 2016). To
generate txn”" line, 400pg Cas9 protein (PNA Bio, CP01-50) and 200pg gRNA targeting txn exon
Il were microinjected into one-cell stage NHGRI-1 background. gRNA primers (table) and PCR
was conducted according to CRISPRscan method [155] and gRNA was synthesized in vitro using

HiScribe T7 kit (NEB, E2050S) and purified using mirVana miRNA Isolation kit (ThermoFisher,
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AM1561). CRISPR efficacy in 3dpf Fo chimeras was assessed via Indel Detection and Amplicon
Analysis (IDAA) using the gDNA extraction protocol described above. Fochimeras were raised to
adulthood and a 1bp insertion was identified via IDAA in F1 progeny indicating germline
mutation of txn in the Fo generation. The gRNA target region was cloned using the TOPO TA
Cloning kit (Life Technologies, 450030) and sequenced via Sanger sequencing (Functional
Biosciences) confirming a 1bp insertion in txn exon Il. F1 txn heterozygotes were genotyped via
PCR followed by AlwNI restriction enzyme digestion (NEB, 101229-066) following gDNA
extraction of adult fin-clips. txn”" and Tg(LyzC:H2B-mcherry) txn”" lines were generated via

incrossing and screened using the txn genotyping protocol above.

To generate an anti-txn antibody, full-length zebrafish txn was cloned into pTrcHis and
expressed in BL21 E. coli. His-tagged txn was extracted from bacterial lysates using nickel-
nitrilotriacetic acid (Ni-NTA) resin (Qiagen, 30410) and subsequently used for anti-sera
production in rabbits (Covance). Txn protein depletion was confirmed via Western blot using
lysates from 30 txn*/* or txn”~ larvae 3dpf. Briefly, larvae were manually deyolked via pipette
aspiration in Ca®*-free Ringer’s solution and lysate generated via sonication in lysis buffer
(20mM Tris pH 7.6, 0.1% Triton X-100, 0.2mM phenylmethylsulfonyl fluoride (PMSF), 1ug/ml
Pepstatin, 2pg/ml Aprotinin, 1pug/ml Leupeptin). Lysates were clarified via centrifugation and
loaded on a 6-20% SDS-polyacrylamide gel prior to transfer to nitrocellulose and probing with

anti-txn antisera.

Plasmid construction and microinjection
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pTol2-krt4-RFP-HRas, pTol2-krt4-RFP-HRas®'?V, and pTol2-krt4-L10a-EGFP constructs
used in TRAP RNA-sequencing experiment were generated as previously described [132]. PCR
inserts containing the gene of interest and digested vector were fused using In-Fusion HD
cloning kit (Clontech, 638911). All constructs microinjected contained Tol2 transposable
elements thus allowing incorporation of the relevant promoter and gene-of-interest into the

zebrafish genome.

Embryos at 1-cell stage were microinjected as previously described [132] with 3nl
injection mix containing 37.5ng relevant plasmid, indicated in figure legend, and 52.5ng tol/2
MRNA. Injected embryos were incubated at 28.5°C in E3 media (5mM NaCl, 0.17mM KCl,
0.33mM CacCl,, 0.33mM MgS0a4) containing 0.2mM N-phenylthiourea (PTU) to inhibit pigment
formation (Sigma, P7629). Larvae were anesthetized with 0.2mg/ml Tricaine (Pentair, trs1) in

E3 3dpf and screened for transgene expression using Zeiss Stereo Zoom Microscope.

Translating Ribosome Affinity Purification (TRAP)

Larvae were microinjected and screened 3dpf for transgene expression as described
above. Microinjections for TRAP-RNA-sequencing included either control pTol2-krt4-RFP-HRas
or oncogenic pTol2-krt4-RFP-HRas®*?V constructs injected with pTol2-krt4-GFP-L10a in wildtype
larvae, or into Tg(LyzC:EGFP-L10a) or Tg(mpeg1:EGFP-L10a) larvae [156] for keratinocyte,
neutrophil, or macrophage-specific expression profiling, respectively. For TRAP-qPCR
experiments, control pTol2-krtt1c19e-mcherry-KRas or oncogenic pTol2-krtt1c19e-mcherry-
KRas®'2V was injected into txn*/* or txn”" larvae in conjunction with the TRAP construct pTol2-

krtt1c19e-EGFP-L10a. Following microinjection, larvae were screened for transgene expression
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3dpf and subsequently stored at -80°C in minimal residual media. The TRAP lysis and ribosome
immunoprecipitation procedure was conducted as previously reported [156] using 50 larvae
per condition per replicate. Immunoprecipitated mRNA was extracted from polysomes
following Trizol (ThermoFisher, 15596026) manufacturer recommendations. 70% ethanol was
added to the aqueous layer at 1:1 ratio and mRNA was purified using the RNAqueous Micro kit

(ThermoFisher, AM1931).

RNA sequencing and analysis

cDNA libraries were generated from aforementioned TRAP samples as previously
described [157] and sequenced on an lllumina HiSeq system. An average of 23 million single-
end reads were generated and aligned to zebrafish reference genome GRCz10 using Bowtie
v1.1.1. Transcript abundance was quantified using RSEM v1.2.20 and differential expression
between conditions was assessed using DESeq2. Zebrafish genes were matched to human
orthologs using BioMart and Hallmark gene set differences assessed via Gene Set Enrichment

Analysis [158](Subramanian et al. 2015).

Txn transcript levels in human tumors samples from The Cancer Genome Atlas (TCGA)

were assessed using Firebrowse (http://firebrowse.org/).

gPCR

mRNA isolated via TRAP was DNAse treated (Promega, M6101) for 30 min at 37°C.
cDNA was synthesized using SuperScript Il First-Strand Synthesis kit (ThermoFisher, 18080051)
according to manufacturer specifications. Sybr green (check freezer for specs) gPCR master mix

was used to quantify il1b, cxcl8a, cxcl8b.1, and tnfa gene expression in addition to rps11
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expression as a normalization control (primer table). gPCR reactions were run on a Roche
Lightcycler with the following reaction conditions:. Cq values were quantified from Lightcycler

software and normalized to housekeeping gene rps11.

Live Imaging of neutrophil behavior and NAD(P)H/FAD abundance

Neutrophil behavior in response to basal transformation was carried out in LyzC-H2B-
mcherry txn mutant lines. These lines were injected with pTol2-krtt1c19e-KRasG12V-GFP as
described. Locations with 30-40 transformed cells within the FOV of 40x objective were
selected. Timelapse images were taken at 90 second intervals for 2.5 hours on a Zeiss spinning
disk confocal microscope. Neutrophils were tracked with Imaris and track speed was

calculated.

Neutrophil random migration was assessed in unstimulated LyzC-H2B-mcherry txn
wildtype and mutant lines. Timelapse images were taken at 90 second intervals for 2.5 hours
using a 10x objective on a Zeiss spinning disk confocal microscope. Neutrophils were tracked

with Imaris and mean track speed was calculated.

Analysis of NAD(P)H and FAD cofactor abundance was conducted as previously

described using two-photon fluorescence microscopy [159].

Tail transection assays — pfbs-f ROS probe and neutrophil recruitment

Hydrogen peroxide abundance was assessed with the probe
pentafluorobenzenesulfonyl fluorescein (pfbs-f) (Santa Cruz, sc-205429). Tail transection was

conducted 3dpf as previously described (ref) in a solution of 1uM pfbs-f and 0.2mg/ml Tricaine
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in E3. 30 minutes post-wound (mpw) and 4 hours post-wound (hpw), transected tails were
imaged at 20x magnification via spinning disk confocal microscopy. Pfbs-f mean gray value was
guantified from maximum intensity projections in an outlined region-of-interest posterior to

the notochord extending to and encompassing the wound margin.

To assess neutrophil abundance, Tg(LyzC:H2B-mcherry) txn*/* and Tg(LyzC:H2B-mcherry)
txn”" larvae 3dpf were wounded as above in 0.2mg/ml Tricaine in E3. Neutrophil abundance
posterior to the notochord was assessed 2hpw and 6hpw via spinning disk confocal microscopy

at 20x magnification.

Edu proliferation assay and Immunofluorescence

pTol2-krtt1c19e-KRas®!?V injected txn*/* or txn”" larvae were treated with 250uM Edu
(ThermoFisher, C10338) for 6.5hrs at 28°Cin E3 + PTU 3dpf. Larvae were fixed in formaldehyde
buffer (100mM PIPES, 1ImM MgSQa, 2mM EGTA, 1.5% formaldehyde, 0.2mg/ml Tricaine) in E3
and stored at 4°C. Fixation buffer was exchanged for methanol and larvae were placed at -20°C
overnight. Samples were rehydrated in a sequence of methanol dilutions (75% methanol:25%
PBSTx (0.2% Triton X-100), 50% methanol:50% PBSTx, 25% methanol:75% PBSTx), washed in
PBSTx, and blocked for 3 hours in blocking buffer (1.5% v/v sheep serum, 1% w/v BSA, 0.2%
Triton X-100 in PBS) mixing via nutator. Alexa Fluor 555 azide conjugation was conducted
according to Click-it manufacturer specifications (ThermoFisher, C10338) in 350ul at 4°C
overnight on rocker. Samples were washed twice in PBSTx and blocked once in blocking buffer
prior to primary rabbit a-GFP Ab treatment (ThermoFisher, A11122) in 350l at 1:200 dilution

in blocking buffer for 4 hours at room temperature. Antibody staining allowed for visualization
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of GFP-KRas-expressing cells. Samples were washed twice in PBSTx and twice in blocking buffer
and treated with secondary donkey a-rabbit AF488 (Jackson ImmunoResearch, 711-545-152) in
350ul at 1:250 dilution in blocking buffer overnight at 4°C. Samples were washed 6 times in
PBSTx prior to imaging via confocal microscopy. Edu-positive cells were manually quantified in

FUIJI or Imaris.

Active caspase-3 staining was conducted as above, omitting Edu and Alexa Fluor 555
azide treatment. Primary antibody staining utilized rabbit a-active caspase-3 (BD Pharmingen,
559565) at 1:300 and secondary staining used donkey a-rabbit Dylight 405. Images were
obtained via confocal microscopy and intracellular active caspase-3 mean gray value calculated

in FUI.

Statistical Analysis

Statistical analyses were performed on at least three independent experimental
replicates, unless otherwise indicated in the figure legend. For all experiments except
neutrophil speed assays, data points represent measurements from individual larvae. Replicate
number is distinguished by differential data point color and shape, with the mean replicate
value presented in bold. For neutrophil speed experiments, data points represent values from
a given neutrophil, whereas bolded data points display the average neutrophil speed for a given
larvae. Sample normality was assessed with Anderson-Darling and Shapiro-Wilk test (p<0.05).
For normally and non-normally distributed data, statistical significance (p<0.05) was calculated

by t-test or Mann-Whitney U test, respectively. Statistics were calculated in R version 3.6 and



graphed in GraphPad Prism version 9 using measurements from individual larvae as the

sampling unit.
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Conclusions

Throughout this study, we have determined that thioredoxin (txn) acts as a tumor
suppressor at early stages following Ras-induced transformation. In Figure 1, we present a
model for the proposed mechanism of txn-mediated inhibition of transformed cell growth.
From the TRAP-seq dataset in which we compared transcripts from HRas or HRas®?V-expressing
keratinocytes, we observed txn expression was upregulated roughly five-fold in response to
constitutive HRas activation (Chapt. 2, Fig. 5b,c). We found a similar upregulation of txn in
many human carcinomas indicating txn induction is not specific to zebrafish (Chapt. 2, Fig. 5d).
After generating a txn knockout via CRISPR-Cas9 (Chapt. 2, Fig. 6a,b), we observed increased
expression of the proinflammatory cytokine tnfa by KRas®'?V-transformed cells in the txn
mutant (Chapt. 2, Fig. 9e). In accordance with increased cytokine expression, we found KRas-
transformed cells recruited more neutrophils in the txn mutant background (Chapt. 2, Fig. 9a,b).
Neutrophil retention around KRas-transformed cells was enhanced in the txn mutant, as their
velocity remained low in the peri-transformed cell space (Chapt. 2, Fig. 9¢,d). Thus, txn inhibits
neutrophilic inflammation to transformed cells, possibly by inhibiting inflammatory cytokine

expression within these cells.

We then showed transformed cells are more proliferative in the txn-mutant background
(Chapt. 2, Fig. 13a,b). As neutrophils have been shown to enhance transformed cell growth in
zebrafish [79, 119] and we observed increased neutrophil recruitment and retention in txn null
larvae, we assessed the role of neutrophils in increased transformed cell growth in the txn

mutant. Using Rac2P>”N expressed in neutrophils to restrict their localization to the vasculature,
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we found a rescue of transformed cell proliferation to wildtype levels (Chapt. 2, Fig. 13c,d).

Therefore, neutrophils mediate increased transformed cell proliferation in txn mutants.

To delineate the role of transformed cell-specific expression of txn on neutrophil
recruitment and proliferation, we used an exogenous melanoma (Zmel) injection model (Chapt.
3, Fig. 1). Zmel cells are sufficient for txn, and thus any observed differences between txn
wildtype and null larvae must originate from a non-melanoma source. Using this model, we
observed no change in neutrophil recruitment or melanoma mass volume 1dpi comparing txn
wildtype and mutant larvae (Chapt. 3, Fig. 2a,b,c). This suggests txn produced by KRas®'?V-
transformed cells is the primary source responsible for inhibiting neutrophil-mediated

proliferation.

Lastly, and not summarized in the model figure (Fig. 1), we sought to determine the role
of txn at later stages, as several reports indicate txn is essential for overt tumor growth [151,
154]. We used a model of B-catenin-driven hepatocellular carcinoma (HCC) (Chapt. 3, Fig. 4a,b)
and observed txn inhibited liver growth at 6dpf but not 13dpf (Chapt. 3, Fig. 5a,b, Fig. 6. c,d).
These results are preliminary, but they suggest txn may switch from a tumor-suppressive role

early to a tumor-promoting role later in tumorigenesis.
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Fig.1

Working model of txn-mediated growth inhibition of Ras-transformed cells
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Future Directions

Does thioredoxin affect ROS production in transformed keratinocytes?

While we observed txn inhibited tnfa expression in transformed keratinocytes (Chapt. 2,
Fig. 9e), its role in regulating transformed cell ROS and subsequent neutrophil recruitment has
yet to be determined. We attempted to measure intracellular ROS using the panel of ROS
probes discussed throughout this document including CellRox for intracellular ROS, mitoSOX for
mitochondrial-localized ROS, and pfbs-f for intracellular H,0,. We failed to observe a
detectable increase in either wildtype or txn mutant KRas®'?V-expressing basal keratinocytes
over background (data not shown). While transformation in basal keratinocytes may not

induce substantial ROS production, this seems unlikely as many cell types in vitro produce ROS
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in response to constitutive Ras activation [120-122]. ROS production has also been observed in
superficially transformed keratinocytes in zebrafish, both by us (Chapt. 2, Fig. 2a-d) and others
[123]. One potential explanation for lack of a ROS signature could be limited penetration of
ROS probes through the superficial to the basal keratinocyte layer. This scenario may be
difficult to identify experimentally, but alternative measures could help delineate ROS levels in
transformed cells. Repeating the metabolic characterization of NAD(P)H and FAD abundance in
transformed keratinocytes may be informative as to the intracellular redox status within these
cells. Indeed, we observed a trend toward decreased intracellular redox ratio within txn null
transformed cells (Chapt. 2, Fig. 11c,d), suggesting the intracellular environment in the absence

of txn may be more oxidized.

While ROS production may be difficult to assay in basal keratinocytes, the effect of ROS
on neutrophil recruitment could still be addressed via treatment with antioxidants. For
instance, mitoTEMPO could be used to inhibit accumulation of mitochondrial ROS (mROS). The
most likely result would mimic that observed in the less-tractable superficial keratinocyte
model in that mROS mediates neutrophil recruitment (Chapt. 2, Fig. 2e,f,g). Additional

antioxidants such as N-acetylcysteine could also be used.

One final point, briefly discussed in Chapter two, is that ROS production could be leading
to neutrophil recruitment directly by stimulating neutrophil migration [126] or indirectly by
upregulating inflammatory cytokines [128, 129, 131, 174]. The relative contributions of direct
versus indirect could be assessed by inhibiting inflammatory cytokine production, such as

pentoxifylline to inhibit Tnfa secretion.
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How does txn ablation increase transformed cell proliferation?

In Chapter two, | demonstrated that neutrophils mediate increased basal transformed
cell proliferation in the txn mutant (Chapt. 2, Fig. 13a-d). While the role of neutrophils in
promoting early neoplastic growth has been reported in vivo [79, 119], the mechanism by
which they do so is poorly understood. The sole mechanistic observation showed prostaglandin
E» (PGEy), likely from a myeloid source, promoted transformed cell growth in zebrafish larvae
[79]. Similar experiments could be implemented in txn wildtype or mutant larvae, we could
similarly inhibit PGE; by antisense morpholino injection against myeloid-enriched PGE; synthase

(MPGES).

As has been described previously, both elevated neutrophil elastase (NE) and elevated
ROS levels can stimulate cancer cell growth [74, 75, 124]. The role of each of these in
proliferation at early neoplastic stages has not been investigated. Neutrophil elastase inhibitor,
Sivelestat, has been used in zebrafish and could be useful in this context [132]. Additionally,
neutrophil-derived ROS could be detoxified by overexpression of txn specifically within

neutrophils, and transformed cell proliferation could then subsequently be assessed.

While neutrophils undoubtedly influence transformed cell growth, we have yet to assess
if transformed cells alter the neutrophil phenotype to enhance neoplastic cell growth. A mouse
model of breast cancer demonstrated neutrophils acquire T cell inhibiting functions as disease
progresses to the metastatic stage [175]. From the TRAP-seq dataset, we observed p47phox
expression to be increased in neutrophils in response to oncogene transformation (data not

shown). p47phox is a component of the phagocyte NADPH-oxidase (NOX2) complex [176] and
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its upregulation could signify an increase in neutrophil ROS in response to transformation.

Increased local ROS could then promote proliferation as discussed above.

Finally, neutrophils may be enhancing transformed cell growth in txn mutants simply
due to their increased abundance and reduced proximity. These events may increase the local
concentrations of transformed cell proliferative agents (NE or ROS) and thus activate
proliferation pathways more robustly in txn null larvae. Neutrophil-induced proliferation may
therefore be driven by changes in neutrophil migratory behavior and proximity and not a result

of increased growth factor production by neutrophils.

Does transformed cell-derived txn drive anti-inflammatory signaling?

From the zebrafish melanoma (Zmel) injection experiments, we observed no change in
melanoma growth, neutrophil recruitment, or neutrophil migratory behavior between txn
wildtype and mutant larvae (Chapt. 3, Fig. 2,3). As Zmel are sufficient for txn, we believe these
results suggest txn in the transformed-cell compartment is responsible for reduced neutrophilic
inflammation and subsequent reduced neutrophil-dependent proliferation. To strengthen this

conclusion, several additional experiments could be conducted.

First, thioredoxin activity could be impaired specifically within KRas®'?V-transformed
cells via expression of a dominant-negative Txn isoform (DN-Txn). DN-Txn harbors two
mutations in the active site cysteines to serine to eliminate its redox capabilities [177]. DN-Txn
functions as a dominant-negative by binding thioredoxin reductase thus acting as a competitive
inhibitor of wildtype Txn [177]. Attempts to synthesize DN-Txn plasmids for expression in

transformed keratinocytes were conducted, but we experienced difficulties cloning and
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fluorescently tagging DN-Txn. We believe covalent linkage of Txn (~12kDa) to GFP (~28kDa) at
either terminus may inhibit activity by interfering with binding to thioredoxin reductase. We
therefore planned to close DN-Txn upstream of an internal ribosome entry site (IRES), placing
GFP downstream for visualizing expression, to generate untagged Txn expression constructs.
Should future efforts succeed in generating the DN-Txn plasmid, a positive control for inhibition
of wildtype Txn function could include measuring ROS production via pfbs-f in response to tail

transection as in Chapter two.

Another means of determining the cellular source of Txn could entail deletion or
knockdown of txn from Zmel cells in vitro and subsequent injection into wildtype, txn-sufficient
zebrafish larvae. Deletion or knockdown could be conducted via CRISPR-Cas9 or siRNA,

respectively, and assessed by Western blot to determine knockout and knockdown efficiency.

Does txn switch from a tumor-suppressive to tumor-promoting role during tumor

progression?

Using the hyperactive B-catenin-driven hepatocellular carcinoma (HCC) model, we
observed increased liver size in txn mutant larvae 6dpf and no change in liver size, with
potential reduction, at 13dpf (Chapt. 3, Fig. 5,6). These results suggest txn may switch from a
tumor-suppressive role early to a tumor-promoting role later in tumorigenesis. Indeed, several

reports indicate txn is essential for overt tumor growth at later stages [151, 160].

To address this possibility, our HCC experiments at 6dpf and 13dpf should be repeated
to increase sample size. Additionally, liver size and neutrophil recruitment could be assessed at

later time points via fixing and histological analysis. Should we observe this switch in txn



69

function and subsequent growth inhibition in txn mutant livers at later stages, several factors
could be influencing txn-mediated survival. ROS has been demonstrated to play growth-
promoting effects at low doses and induce apoptosis at higher concentration [172, 178]. As
tumors progress, the ROS burden reportedly increases at later stages [171]. This may explain
reduced liver size observed at 13dpf, as txn null larvae may be unable to detoxify elevated
levels of ROS at this stage. Future experiments could entail assaying ROS abundance within the
liver at early and late stages, as well as apoptosis via active caspase-3 staining. Antioxidants
such as N-acetylcysteine could also be supplied to assess the potentially detrimental role of ROS

at later stages.

One final possible explanation for reduced liver size at later stages in txn mutant larvae
could be elevated infiltration of CD8+ T cells. Zebrafish T cells have begun to mature by 13dpf
[179] and could be infiltrating txn null livers at higher density than wildtype controls, possibly
due to elevated ROS levels and inflammatory cytokine production. These T cells could be
directly killing B-catenin-expressing hepatocytes in txn null larvae thereby reducing liver size. T
cell ablation studies using B-irradiation or dexamethasone [179] could be implemented to

address T cell effects on liver size at later stages.
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Introduction

Previous reports have largely indicated that tumor-cell specific expression of thioredoxin
is essential for tumor growth [151, 160], which stands in contrast to the anti-proliferative
observation observed in chapter two. These studies were conducted in txn sufficient animal
models, thus raising the possibility that txn in non-tumor cell types may be the primary

contributor to the tumor-suppressive function we observe.

Little is currently understood concerning the effects of thioredoxin specifically on
growth stimulation by immune or stromal cells. Interestingly, we found neutrophil-specific txn
was elevated in response to HRas®*?V-induced transformation from the TRAP-seq experiment
described in chapter two (data not shown). Pharmacological inhibition of ROS production in
neutrophils with diphenyleneiodonium chloride (DPI) dramatically reduced chemotaxis to
neutrophil chemokines fMLP, LTB4, and IL-8 in vitro, suggesting ROS is essential for efficient
neutrophil migration [145]. Thus, txn from the neutrophil compartment may influence

transformed cell growth and survival.

While thioredoxin has a known intracellular localization, it is also reportedly secreted by
a leaderless pathway from fibroblasts, airway epithelia, and B- and T-cells [161]. Extracellular
human recombinant thioredoxin has been demonstrated to reduce expression of a number of
cytokines including il6, il1b, iI23, il17a, and il22 in mouse skin cells (Sakurai 2016). Thioredoxin,
secreted from cells in the tumor microenvironment, may therefore inhibit inflammatory

signaling within transformed zebrafish keratinocytes.
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In the stromal cell compartment, ROS has been demonstrated to promote DNA
synthesis and growth factor secretion. Treatment of human endometrial stromal cells with the
antioxidants vitamin E or N-acetylcysteine decreased thymidine incorporation into newly
synthesized DNA, indicating stromal-derived ROS can promote proliferation [162]. Similarly,
oxidative stress in breast cancer fibroblasts can induce differentiation into pro-tumor
myofibroblasts, enhancing invasive phenotypes [163]. Additionally, tumor-associated
myofibroblasts secrete growth factors including EGF, HGF-2, PDGF, and TGF-[3[164]. Thus, ROS
signaling in cell types present in the tumor microenvironment has the capacity to alter tumor
cell growth. Thioredoxin produced by stromal or innate immune cells within the transformed

cell microenvironment may therefore scavenge pro-tumor ROS.

To assess the role of tumor-derived thioredoxin on neutrophil-mediated growth, we
exogenously introduced thioredoxin-sufficient zebrafish melanoma cells (Zmel) into txn
wildtype or mutant larvae. Briefly, GFP-positive zebrafish melanoma cells expressing
constitutively-active BRAF and devoid of p53 (BRAFV6%%E p53-/-) were injected into the hindbrain
ventricle of 2dpf larvae [165](Fig. 1). Hindbrain-injected melanoma cells recruit macrophages
1dpf indicating the melanoma cells elicit an inflammatory response and thus may recruit
neutrophils [166]. Additionally, hindbrain-injected melanoma cells disseminate in ~40% of
injected larvae by 4dpf and form large tumors by 30-days post intravascular injection [165,
166]. Thus, Zmel injection offers at least two advantages over the basal keratinocyte KRas®'?V
transformation model: the ability to determine tumor-cell specific effects in a whole-larvae
genetic knockout, and the capacity to monitor tumor growth and inflammatory responses later

in tumorigenesis in a bona fide tumor model. Due to time constraints, only the former point
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was substantially pursued as we assessed the role of thioredoxin in the tumor
microenvironment on melanoma growth and neutrophil recruitment 1 and 4 days-post

injection (Fig. 1).
Fig.1
Melanoma hindbrain injection model

Zebrafish melanoma (Zmel)
2dpf larvae hindbrain ventricle

fluorescently-labeled neutrophils

~100 cells txn +/+ or txn /- Tg(LyzC:H2B-mcherry)
txn +/+, BRAFV¢%E p53-/-

1 day post-injection (1dpi) 3dpf larvae

TN ——

txn +/+ or txn -/-

Disseminated Zmel

4dpi

r/‘
Efg;g

txn +/+ or txn -/-

Fig. 1 — Melanoma hindbrain injection model Schematic of zebrafish melanoma (Zmel)
injection into hindbrain ventricle of txn*/* Tg(LyzC:H2B-mcherry) or txn” Tg(LyzC:H2B-
mcherry) larvae 2dpf. Zmel injection site is imaged 1dpi (3dpf). Disseminated Zmel at

posterior end of notochord are imaged 4dpi (6dpf)
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In addition to identifying the cellular source of thioredoxin that regulates transformed
cell fate, we are interested in determining its role at later stages in tumor development. Our
reports of the effects of thioredoxin in vivo at early stages in tumorigenesis are unique and
unstudied by other groups, to the best of our knowledge. The role of thioredoxin in tumor
development however has been studied at later stages, where tumor cell-derived thioredoxin
appears to be essential for tumor growth [151]. A recent study demonstrated that knockdown
of thioredoxin in human gastric cancer cells reduced cell growth in vitro and tumor growth in
vivo [167]. This report also identified elevated thioredoxin expression in gastric cancer was
correlated with poor prognosis. Additionally, human carcinoma cells expressing low levels of
thioredoxin grew more slowly when injected into mice [160]. This study also reported high
levels of antioxidants such as glutathione are correlated with elevated aggressiveness. Indeed,
prostate cancer cells with elevated levels of reduced glutathione, another cellular antioxidant,
were more invasive than cells harboring a more oxidized environment, supporting the positive
correlation between antioxidant abundance and tumor aggressiveness [168]. This finding
suggests thioredoxin may play differential roles in tumor development depending upon stage,

switching from an inhibitory role early to a pro-tumor role later.

To assess the role of thioredoxin in inflammatory processes and transformed cell growth
at later stages in tumor development, a 3-catenin-driven hepatocyte transformation model was
employed. This model utilizes expression of a constitutively-active B-catenin mutant harboring
four point mutations (S33A, S37A, T41A, and S45A) that render the protein insensitive to
phosphorylation and subsequent degradation [169]. Constitutively-active B-catenin, hereafter

referred to simply as B-cat, is expressed solely in hepatocytes along with EGFP via the liver-
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specific promoter fabp10a in txn wildtype or mutant larvae (txn*/* or txn”",
Tg(Fabp10:ptBcatenin, Fabp10:EGFP, Cryaa:venus, LyzC:H2B-mcherry)(Fig. 4). By 13 days-post
fertilization, livers of B-cat-expressing larvae are nearly twice as large as EGFP-expressing
controls [170]. Additionally, B-cat expression increases neutrophil density within the liver. By
two months-post fertilization, ~33% of juvenile fish expressing B-cat had developed
hepatocellular carcinoma based on histological abnormalities with no HCC observed in controls
[169]. B-cat-expression increased mortality substantially in adults with median survival reduced
from ~393 days in controls to ~200 days in B-cat-expressing fish. Thus, constitutively active [3-
catenin expression in hepatocytes allows for the study of tumorigenesis from early

transformation to malignant tumor formation.

We thus assessed the role of thioredoxin in B-cat-driven liver growth and neutrophil
recruitment at 6dpf and 13dpf. For experiments conducted 13dpf, larvae were fed a high

cholesterol diet previously shown to increase liver size and neutrophil density [170](Fig. 4b).

Results

Thioredoxin loss-of-function in the tumor microenvironment does not affect melanoma growth

or neutrophil behavior

We first assessed the role of thioredoxin specifically within the tumor
microenvironment on melanoma cell growth and neutrophil recruitment. 1 day-post injection
(1dpi) of ~100 Zmel melanoma cells into the hindbrain ventricle, we observed no difference in
the number of neutrophils recruited or in the melanoma mass size within the hindbrain

between txn wildtype and mutant larvae (Fig. 2a-c). Similarly, we report no significant change
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in average neutrophil speed around melanoma cells in the hindbrain with txn loss-of-function,
though a trend toward decreased average speed in the txn mutant was observed (Fig. 2d,e).
Thus, growth of injected melanoma cells and neutrophil recruitment and behavior in their

vicinity is seemingly unaffected by thioredoxin from other, non-melanoma sources.

Thioredoxin in the tumor microenvironment does not affect invasive melanoma growth or

neutrophil response

We next set out to identify a role for thioredoxin in the neutrophil response and growth
of disseminated melanoma cells. By 4dpi, melanoma cells injected into the hindbrain ventricle
have disseminated, most commonly to the distal end of the notochord in the tail (Fig. 1). We
observed few neutrophils recruited to Zmel cells in this region, with no overt qualitative change
in neutrophil behavior between txn wildtype and mutant larvae (Fig. 3a). Likewise, there was
no observable difference in Edu-positive melanoma cell frequency or lesion volume 4dpi at the
dissemination site with txn ablation in the microenvironment (Fig. 3b-d). Due to limited
application of the Edu protocol, assessing proliferating melanoma cells in the hindbrain was
impractical, though no obvious change in melanoma mass volume in the hindbrain was
observed 4dpi (data not shown). Thus, as with melanoma cells in the hindbrain 1dpi,
thioredoxin in the microenvironment does not appear to influence disseminated melanoma

growth or neutrophil recruitment.
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Fig. 2 — Thioredoxin loss-of-function in the tumor microenvironment does not affect
melanoma growth or neutrophil behavior A) Zmel cells (yellow) and neutrophils (cyan) in
hindbrain ventricle in txn*/* Tg(LyzC:H2B-mcherry) or txn”’"Tg(LyzC:H2B-mcherry) larvae 1dpi.
B) Quantification of neutrophil abundance in txn wt (n=49) and mutant (n=45) larvae. C)
Quantification of melanoma mass volume in txn wt (n=49) and mutant (n=45) larvae. D)
Neutrophil average migration speed around Zmel injection site in txn*/* Tg(LyzC:H2B-
mcherry) or txn”-Tg(LyzC:H2B-mcherry) larvae 1dpi. Track color indicates average velocity
per neutrophil tracked. E) Quantification neutrophil track mean speed from wt (n=3) and
mutant (n=3) larvae. Scale bar, 50uM. Bolded shapes indicate average value per technical
replicate, with shaded values representing data points from independent larvae. Samples

were analyzed for statistical significance via Mann-Whitney U test.

Fig. 3 — Thioredoxin in the tumor microenvironment does not affect invasive melanoma
growth or neutrophil response A) Zmel cells (yellow) disseminated to posterior end of the
notochord and average neutrophil speed in txn*/* Tg(LyzC:H2B-mcherry) or txn”"
Tg(LyzC:H2B-mcherry) larvae 4dpi. Track color indicates average velocity per neutrophil
tracked. B) Edu staining (white) of disseminated Zmel cells (yellow) in txn*/* Tg(LyzC:H2B-
mcherry) or txn”/ Tg(LyzC:H2B-mcherry) larvae 4dpi. C) Quantification of Edu-
signal/melanoma-signal in txn wt (n=43) and mut (n=45) larvae. D) Quantification of
disseminated melanoma cell volume in txn wt (n=43) and mut (n=45) larvae. Scale bar,
10uM. Bolded shapes indicate average value per technical replicate, with shaded values
representing data points from independent larvae. Samples were analyzed for statistical

significance via t-test.
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Fig.4

A Hepatocellular carcinoma model

6dpf larvae

txn +/+ or txn -/-

B-catenin Tg(Fabp10:ptBcateninS3 S7AT41As454) Tg(Cryaa:Venus)
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Fig. 4 — Hepatocellular carcinoma model A) Schematic of B-catenin-driven HCC model in
txn*/* or txn”" Tg(Fabp10:ptBcatenin334537AT41AS45A) To(Fabp10:EGFP) Tg(Cryaa:Venus)

Tg(LyzC:H2B-mcherry) 6dpf. B) Outline of HCC experimental time points

Thioredoxin inhibits transformed hepatocyte growth 6dpf but does not affect neutrophil

abundance

We next pursued the role of thioredoxin in the growth of and neutrophil recruitment to
constitutively-active B-catenin-expressing hepatocytes. We observed no change in neutrophil
abundance in B-cat-expressing livers 6dpf (Fig. 5a, b). Interestingly however, livers were ~40%
larger on average in txn mutant larvae (Fig. 5a,c). Neutrophil behavior at this time point was

unfortunately not assessed. As with basal keratinocyte transformation, txn appears to be
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inhibiting transformed hepatocyte growth at early stages, although possibly not by inhibiting

neutrophils in some manner.

Thioredoxin inhibits neutrophil recruitment to transformed hepatocytes 13dpf but does not

significantly alter growth

We then extended this experiment to 13dpf and introduced a high cholesterol diet to
both control and txn mutant larvae. We observed no obvious effect on average neutrophil
migration speed in txn deficient larvae, however neutrophil abundance appeared to be
increased in txn mutant livers however (Fig. 6a-d). There was no significant effect of txn on
liver size 13dpf, though a trend toward a slight reduction in size was observed in the mutant
background (Fig. 6¢,e). Thus, in the context of a high cholesterol diet at the later stage of
13dpf, B-cat-expressing livers in txn mutants appear to harbor more neutrophils than -cat-

expressing wildtype livers.

Fig. 5 — Thioredoxin inhibits transformed hepatocyte growth 6dpf but does not affect
neutrophil abundance A) B-catenin-expressing livers (white) and neutrophils (cyan) in
txn*’* or txn”/" Tg(Fabp10:ptBcatenins334537AT41AS45A) To(Fabp10:EGFP) Tg(Cryaa:Venus)
Tg(LyzC:H2B-mcherry) larvae 6dpf. B) Quantification of neutrophil abundance in livers of
txn wt (n=42) and mut (n=35) larvae. C) Quantification of liver volume of txn wt (n=42) and
mut (n=35) larvae. Scale bar, 50uM. Bolded shapes indicate average value per technical
replicate, with shaded values representing data points from independent larvae. Samples

were analyzed for statistical significance via t-test (p<0.0001****),
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Fig.5
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Fig.6 HCC model 13dpf
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Fig. 6 — Thioredoxin inhibits neutrophil recruitment to transformed hepatocytes 13dpf but
does not significantly alter growth A) B-catenin-expressing livers (white) and average
neutrophil speed (tracks) in txn*/* or txn”" Tg(Fabp10:ptBcatenins334537AT41A5454)
Tg(Fabp10:EGFP) Tg(Cryaa:Venus) Tg(LyzC:H2B-mcherry) larvae 13dpf. Track color indicates
average velocity per neutrophil tracked. B) Quantification of average neutrophil track
speed in txn wt (n=3) and mut (n=3) larvae 13dpf. C) B-catenin-expressing livers (white) and
neutrophils (cyan) in txn*/* or txn”~ Tg(Fabp10:ptBcatenin®334537AT41A5454) Tg(Fabp10:EGFP)
Tg(Cryaa:Venus) Tg(LyzC:H2B-mcherry) larvae 13dpf. D) Quantification of neutrophil
abundance in livers of txn wt (n=19) and mut (n=11) larvae 13dpf. E) Quantification of liver
volume in txn wt (n=19) and mut (n=11) larvae 13dpf. Scale bar, 50uM. Bolded shapes
indicate average value per technical replicate, with shaded values representing data points

from independent larvae. Samples were analyzed for statistical significance via t-test.

Discussion

In this section, we utilized the zebrafish melanoma hindbrain injection model (Fig. 1) to
ascertain the tumor-cell intrinsic role of thioredoxin in promoting neutrophil inflammation and
tumor cell growth. We observed no significant change in neutrophil abundance, melanoma
mass size, or average neutrophil migration speed between txn wildtype and mutant larvae 1dpi
in the hindbrain (Fig. 2a-e). Similarly at 4dpi, disseminated melanoma cells in the tail displayed
no observable change in neutrophil migratory behavior or Edu-incorporation frequency

between txn wildtype and mutant larvae (Fig. 3a-d).

The most straightforward interpretation of these findings suggest thioredoxin

originating from within transformed or tumor cells inhibits neutrophil recruitment and growth,
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and thioredoxin produced by the microenvironment does not affect these processes. Indeed,
our TRAP-seq dataset indicated txn expression was increased in transformed cells roughly five-
fold over wildtype-HRas-expressing cells. Constitutive Ras activation is known to induce
mitochondrial stress and ROS production [121, 122, 149] and tumor cells, likely in response,
produce increased levels of antioxidants including thioredoxin. It therefore seems likely that
elevated thioredoxin expression in transformed cells would influence the inflammatory

phenotype.

While the melanoma injection results strongly suggest txn derived from transformed
cells drives neutrophil recruitment and enhanced proliferation, there was a slight trend toward
increased melanoma mass volume and reduced average neutrophil migration speed in the
vicinity in the txn mutant. Therefore, one possibility requiring further experimentation to
confirm or refute is that thioredoxin produced by the microenvironment influences neutrophil

recruitment and transformed cell growth.

In support of this notion, ROS in other cell types has been shown to elicit neutrophil
recruitment and growth factor production. Inhibiting ROS production in neutrophils severely
impaired their migration toward a chemoattractant in vitro [145]. Additionally, ROS produced
by stromal fibroblasts has been shown to be essential in their production of growth factors
[164]. Thioredoxin may therefore be acting in multiple cell types, including the transformed cell

compartment, to synergistically inhibit neutrophil migration and transformed cell proliferation.

We next sought to determine the role of thioredoxin at later stages in tumor

development, and so used the hyperactive B-catenin model of hepatocellular carcinoma
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described above (Fig. 4). We observed at 6dpf, livers in txn null larvae were larger than control
siblings (Fig. 5a,c). Interestingly, we did not observe a change in neutrophil abundance within
the liver at this time point (Fig. 5a,b). Thus, the growth-promoting effect of txn loss-of-function
may be independent of changes in neutrophil recruitment in this model. Neutrophil abundance
data was however highly variable and warrants repetition, in conjunction with an analysis of

neutrophil speed.

If future experiments determine a neutrophil-independent role of thioredoxin in liver
growth, several studies suggest the effects could be specific to hepatocytes or the surrounding
stroma. Thioredoxin null livers presumably produce elevated ROS which was previously
demonstrated to be a necessary component for efficient signal transduction following growth
factor stimulation [124, 125]. Additionally, as with the KRas®*?" transformation model, stromal
cells within livers of txn null hepatocytes may produce growth factors including hepatocyte
growth factor in response to elevated ROS and thereby promote liver growth. While the
underlying mechanism remains to be described, our results strengthen the conclusion that
thioredoxin at early stages in tumorigenesis inhibits proliferation thus acting as a tumor

suppressor.

As we carried experiments out to 13dpf and fed larvae a high cholesterol diet to
enhance hepatic inflammation, we observed increased neutrophil abundance in txn null livers
and no change in liver size comparing wildtype and mutant larvae (Fig. 6¢-e). We similarly
observed no change in average neutrophil speed in neutrophils within the liver or in the
surrounding space (Fig. 6a,b). This data suggests an enhanced inflammatory environment in

13dpf livers in txn mutant larvae, yet perhaps even reduced hepatocyte growth in txn mutants.
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Several published findings indicate thioredoxin is essential for overt tumor growth at
later stages. Expression of dominant-negative thioredoxin in MCF-7 cells completely abolished
tumor growth in injected mice [151]. Similarly, thioredoxin depletion by shRNA in gastric
cancer cell lines decreased tumor growth in vivo [167]. Thus, thioredoxin appears to be
necessary for tumor growth at more advanced stages. Indeed, tumor cells have been reported
to produce elevated antioxidant levels at malignant stages compared to precancerous stages
[171]. Thisis likely in response to increased metabolic stress and ROS production during
progression, and could prevent tumor cell apoptosis by detoxifying cytotoxic levels of ROS
[172]. Therefore, the effects of thioredoxin may indeed switch from tumor-suppressive at early

stages to tumor-promoting later in tumor development.

In conclusion, while the data presented in this chapter is mostly preliminary, we believe
they strongly suggest two findings that add to those presented in chapter two. First,
thioredoxin derived from the transformed or tumor cells is likely the main contributor to the
inhibitory effects observed on neutrophil recruitment and proliferation. Second, thioredoxin
likely transitions from an anti-inflammatory role early to an essential antioxidant later in

tumorigenesis.

Methods

Zebrafish maintenance and generation of transgenic zebrafish

Zebrafish lines were maintained as previously described (Vincent et al. 2016) and txn
adults genotyped as described in chapter two. To generate the txn”" line in the hyperactive -

catenin hepatocellular carcinoma background, txn*/* Tg(LyzC:H2B-mcherry) or txn”-
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Tg(LyzC:H2B-mcherry) adults were crossed to Tg(Fabp10:ptBcatenin, Fabp10:EGFP,
Cryaa:venus) fish generated previously [169]. Livers develop by 6dpf, but larvae can be

screened 3dpf via venus expression in the eye.

Melanoma hindbrain injection model

Zebrafish melanoma cells (Zmel)(BRAFV6%F, p537/-) were isolated from adults and
cultured in vitro [165]. Cells were trypsinized and resuspended in HBSS to 6x107 cells/ml in 10ul
and microinjected into hindbrain ventricle of 2dpf larvae as previously described [173].
Measurements of neutrophil abundance and migratory behavior and melanoma mass size or
proliferation were taken 1dpi (3dpf) and 4dpi(6dpf) in the hindbrain and caudal tail locations

respectively (Fig. 1).

Live Imaging and Edu proliferation assay

Melanoma cells in the hindbrain 1dpi and -catenin-expressing hepatocytes 6dpf and
13dpf were imaged at 20x magnification on a Zeiss LSM 800 laser scanning confocal
microscope. These specifications were used to collect images of melanoma size, neutrophil
abundance, liver size, and neutrophil migration speed. Edu-positive melanoma cells in the tail
were imaged 4dpi at 40x magnification using a Zeiss Spinning Disk confocal microscope. Edu
staining was conducted as described in chapter two. All analyses reported in this chapter were

conducted in the Imaris analysis software.

Statistical Analysis
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Statistical analyses were performed on at least three independent experimental
replicates, unless otherwise indicated in the figure legend. For all experiments except
neutrophil speed assays, data points represent measurements from individual larvae. Replicate
number is distinguished by differential data point color and shape, with the mean replicate
value presented in bold. For neutrophil speed experiments, data points represent values from
a given neutrophil, whereas bolded data points display the average neutrophil speed for a given
larvae. Sample normality was assessed with Anderson-Darling and Shapiro-Wilk test (p<0.05).
For normally and non-normally distributed data, statistical significance (p<0.05) was calculated
by t-test or Mann-Whitney U test, respectively. Statistics were calculated in R version 3.6 and
graphed in GraphPad Prism version 9 using measurements from individual larvae as the

sampling unit.
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