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Neutrophils in the tumor microenvironment exhibit altered functions. However, the changes in neutrophil behavior during tumor initiation remain unclear. Here we used Translating Ribosomal Affinity Purification (TRAP) and RNA sequencing to identify neutrophil, macrophage and transformed epithelial cell transcriptional changes induced by oncogenic RasG12V in larval zebrafish. We found that transformed epithelial cells and neutrophils, but not macrophages, had significant changes in gene expression in larval zebrafish. Interestingly, neutrophils had more significantly down-regulated genes, whereas gene expression was primarily upregulated in transformed epithelial cells. The antioxidant, thioredoxin (txn), a small thiol that regulates reduction-oxidation (redox) balance, was upregulated in transformed keratinocytes and neutrophils in response to oncogenic Ras. To determine the role of thioredoxin during tumor initiation, we generated a zebrafish thioredoxin mutant. We observed an increase in wound-induced reactive oxygen species signaling and neutrophil recruitment in thioredoxin-deficient zebrafish. Transformed keratinocytes also showed increased proliferation and reduced apoptosis in thioredoxin-deficient larvae. Using live imaging, we visualized neutrophil behavior near transformed cells and found increased neutrophil recruitment and altered motility dynamics. Finally, in the absence of neutrophils, transformed keratinocytes no longer exhibited increased proliferation in thioredoxin mutants. Taken together, our findings demonstrate that tumor initiation induces changes in neutrophil gene expression and behavior that can impact proliferation of transformed cells in the early tumor microenvironment.
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Introduction

Neutrophils respond to tissue damage cues and are actively recruited to the tumor microenvironment (TME) (1, 2). Although neutrophils can have either pro- or anti-tumor effects (3), the presence of neutrophils in tumors often correlate with poor prognosis (4, 5). Therefore, there is increasing interest in understanding how neutrophils are recruited to and interact with transformed cells in the developing tumor microenvironment.

The zebrafish larval model allows for unparalleled non-invasive imaging of the early stages of tumor initiation and interactions with innate immune cells. Zebrafish larvae have a functional innate immune system comprised of macrophages and neutrophils by 2 days post-fertilization (dpf). This early developmental window allows the investigation of specific interactions between innate immune cells and the tumor-initiating niche. Neutrophils are highly migratory cells that move within interstitial tissues near transformed cells. In vivo studies in zebrafish have shown that neutrophils are recruited shortly after oncogene-induced transformation (6, 7). Furthermore, recruited neutrophils make frequent, direct cell-cell contact with HRasG12V-transformed cells, occasionally forming long membrane tethers between cells (6). At this early stage in tumorigenesis, neutrophils support proliferation and epithelial to mesenchymal transition of transformed epithelial and glial cells (8, 9). Additionally, recent evidence suggests that neutrophil migratory behavior changes during the course of tumor development in mouse models, with early stage tumors inducing migration of bone marrow-derived neutrophils and late stage tumors inducing a slower, immunosuppressive neutrophil migration (10). Therefore, the crosstalk between neutrophils and tumor cells is dynamic during tumor progression.

Several signaling pathways are involved in neutrophil chemotaxis and recruitment, many of which are also upregulated in the TME. One of the primary chemotactic pathways that regulates neutrophil migration is the CXCL8 (IL8)-CXCR1/2 pathway. CXCL8 is upregulated in many cancers including solid tumors (brain, breast, colon, gastric, lung, and others) and blood cancers (AML, CLL, Hodgkin’s lymphoma) and high levels of CXCL8 expression are often linked with disease progression (11). Reactive oxygen species (ROS) are another potent neutrophil chemoattractant produced in transformed cells (6) and tumors (12). Studying neutrophil migratory behavior early in tumorigenesis may provide insight into how these cells elict their tumor-supporting effects.

To identify candidate genes that regulate neutrophil behavior in the TME, we conducted tissue-specific RNA-sequencing of HRasG12V-transformed keratinocytes, neutrophils, and macrophages in zebrafish larvae using translating ribosome affinity purification (TRAP)-seq (13, 14). We found that the anti-oxidant thioredoxin was increased approximately five-fold in HRasG12V-transformed keratinocytes and three-fold in neutrophils, over wildtype HRas-expressing zebrafish. We generated thioredoxin mutants that showed increased neutrophil recruitment and altered neutrophil motility behavior near transformed cells. These mutants also exhibited enhanced neutrophil-dependent proliferation of transformed cells, suggesting that thioredoxin modulates neutrophil behavior and early tumor progression.



Results


Oncogenic RasG12V Induces Differentially Expressed Genes in Neutrophils and Transformed Cells in Zebrafish Larvae

We sought to identify changes in gene expression that regulate leukocyte behavior in zebrafish larvae in response to expression of oncogenic HRasG12V in keratinocytes. We performed translating ribosome affinity purification (TRAP) (13, 15) and subsequent RNA sequencing of three cell-types (Ras-expressing keratinocytes, neutrophils, and macrophages) in 3 days post-fertilization (dpf) larvae in response to wild type (WT) or oncogenic HRasG12V (16). Briefly, keratinocytes co-expressed either control HRas (pTol2-Krt4-RFP-HRas) or constitutively-active HRasG12V (pTol2-Krt4-RFP-HRasG12V) and EGFP-tagged ribosomal subunit L10a using the Krt4 promoter (Figure 1A). To identify gene expression changes within transformed cells, GFP-tagged ribosomes were immunoprecipitated and their associated transcripts were sequenced (Figure 1A). Neutrophil or macrophage-specific ribosomes were also isolated from whole larvae using transgenic lines Tg(Lyzc : EGFP-L10a) or Tg(mpeg:EGFP-L10a) to identify differentially expressed genes in neutrophils and macrophages, respectively (Figure 1A). Sequencing confirmed expression of known cell-type-specific genes for neutrophils, macrophages, and keratinocytes in the analyzed samples, providing validation for the method (Figure 1B). We identified genes altered >2fold in response to HRasG12V expressing keratinocytes for all three cell types (Figure 1C). A small number of transcripts overlapped between cell types, indicative of a cell-type specific response to HRas-transformed keratinocytes.




Figure 1 | Oncogenic HRas induces differentially expressed genes in neutrophils and transformed cells in zebrafish larvae. (A) Schematic of Translating Ribosomal Affinity Purification (TRAP) procedure. Wild-type embryos were injected with the TRAP plasmid (pTol2-Krt4-EGFP-L10a) and either control (pTol2-Krt4-HRas-mcherry) or oncogenic transformation (pTol2-Krt4-HRasG12V-mcherry) constructs. Immunoprecipitation and sequencing were conducted 3dpf on batches of ~50 larvae collected on three separate days (n=3). Tg(LyzC : EGFP-L10a) or Tg(mpeg:EGFP-L10a) larvae were injected with either control (pTol2-Krt4-HRas-mcherry) or oncogenic Ras (pTol2-Krt4-HRasG12V-mcherry) constructs for neutrophil- or macrophage-targeted L10a expression, respectively. (B) Cell type specific genes expressed in keratinocytes (krt17, krt15, krt97, krt91, krt8, krt92, krt18, krt94), neutrophils (mpx,lyz), or macrophages (mpeg1.1, irf8, csf1rb, spi1a, mfap4, irg1, csf1ra, spi1b, ncf1, cyba) and their expression profiles in TRAP samples from keratinocytes, neutrophils, and macrophages. (C) Venn diagram showing distribution of genes altered >2fold by TRAP-seq in response to HRasG12V expressing keratinocytes (n=3).



We identified significantly deferentially expressed genes in transformed keratinocytes (56 genes) and neutrophils (53 genes), but not in macrophages (Figure 2A). As expected, gene expression was upregulated in transformed keratinocytes, with the majority of transcripts showing increased expression. In contrast, the majority of the differentially expressed genes in neutrophils showed reduced expression. While neutrophils collected from HRas-transformed keratinocyte larvae showed differential gene expression, macrophages did not. The significant changes in gene expression observed in neutrophils, may be due to neutrophil trafficking around transformed keratinocytes (7).




Figure 2 | Thioredoxin expression is induced in neutrophils and keratinocytes with HRasG12V transformation. (A) Volcano plots displaying number of significantly (adjusted p<0.05) downregulated and upregulated genes in keratinocytes and neutrophils in HRasG12V-keratinocyte expressing zebrafish larvae, compared to wild-type HRas controls. (B) Gene Set Enrichment Analysis (GSEA) of significantly enriched Hallmark pathways in neutrophils and keratinocytes for HRasG12V-keratinocyte expressing zebrafish. FDR q-value is (a) below 0.10 or (b) 0.10-0.25. (C) Heat maps displaying significantly differentially expressed genes (adjusted p<0.05) in keratinocytes (56 genes) and neutrophils (53 genes).





Thioredoxin Expression Is Induced in Neutrophils and Keratinocytes With HRasG12V Transformation

Gene set enrichment analysis (GSEA) revealed significant enrichment of the IL6-Jak-Stat3-signaling and Tnfα-signaling-via-NF-κB in transformed cells and neutrophils. There was also enrichment in reactive-oxygen-species signaling pathways in neutrophils in response to oncogenic Ras (Figure 2B). Hierarchical clustering indicates overlapping enrichment of many Hallmark pathways between neutrophils and keratinocytes (Figure S1A).To further characterize the role of ROS signaling on leukocyte behavior near transformed cells, we focused on the role of the ROS regulator and antioxidant thioredoxin. Thioredoxin (txn) was among the most highly upregulated genes in keratinocytes in response to oncogenic Ras (Figure 2C) and was also found to be significantly upregulated in neutrophils. This finding is consistent with human in vitro studies showing that oncogenic Ras-transformation induces several antioxidant genes (17). In addition, thioredoxin expression was upregulated in ten of thirteen human carcinoma samples based on bulk sequencing available through The Cancer Genome Atlas (TCGA), as compared to healthy tissue (Figure S1B) (51). Furthermore, human tumors are known to produce ROS above normal tissue levels (12), and thus thioredoxin may play an important role in cellular redox balance during tumorigenesis to reduce ROS levels.



Thioredoxin Regulates Neutrophil Recruitment and Redox Balance in Damaged Tissues

To characterize the role of thioredoxin during tumor initiation, we generated a thioredoxin (txn) mutant using CRISPR/Cas9 gene editing. Despite its known role as an antioxidant, the role of thioredoxin during inflammation is unclear with both pro- and anti-inflammatory functions reported (18–21). We generated a zebrafish txn mutant harboring a 1bp insertion leading to a premature stop codon (Figure 3A). Western blotting of 3dpf larval lysates showed loss of the full-length protein in txn mutants (Figure 3B). txn-/- larvae appeared morphologically normal and developed similar neutrophil numbers compared to wildtype larvae (Figures S2A, B), suggesting that thioredoxin is not required for normal development.




Figure 3 | Thioredoxin regulates neutrophil recruitment and redox balance in damaged tissues. (A) Schematic of txn gene with annotations of gRNA target site and 1bp insertion identified in txn mutant larvae. (B) Western blot of Txn and αTubulin on whole lysates from txn wildtype and mutant larvae. (C) Schematic of tail transection assay to measure neutrophil recruitment and H2O2 abundance conducted on txn+/+ Tg(LyzC:H2B-mcherry) or txn-/-Tg(LyzC:H2B-mcherry) larvae 3dpf. (D) pfbs-f probe for H2O2 (1uM) in response to tail transection 30mpw (wt n=56, mut n=54) and 4hpw (wt n=51, mut n=51) with (E) quantification of signal density in region posterior to notochord. (F) Neutrophil recruitment in response to tail transection 2hpw (wt n=79, mut n=85) and 6hpw (wt n=87, mut n=90) with (G) quantification of neutrophil abundance in region posterior to notochord. Scale bar, 50um. Large, bolded shapes indicate average value per replicate (n), with small shapes representing data points from independent larvae. Samples were analyzed for statistical significance by Mann-Whitney U test (p < 0.001***, p < 0.0001****). ns, not significant.



Previous studies have shown that a gradient of H2O2 is generated early after wounding and regulates neutrophil recruitment (22–24). To determine if thioredoxin alters ROS signaling and neutrophil recruitment after tissue damage, we wounded control and thioredoxin-deficient zebrafish by tail transection at 72 hours post fertilization (hpf) (Figure 3C). We assayed H2O2 abundance using the fluorescent H2O2 sensor, pentafluorobenzene sulphonyl fluorescein (pfbs-f) and found that txn mutant larvae displayed increased H2O2 accumulation both 30 minutes and 4 hours post-wound (hpw) (Figures 3D, E). These findings suggest that thioredoxin regulates the redox balance of damaged tissues and that its deletion induces a more robust gradient of H2O2 at the wound edge.

To determine if increased wound-associated ROS altered neutrophil recruitment to wounds, we quantified neutrophil numbers at a wound in control and thioredoxin mutants. We observed a small increase in neutrophil infiltration at 2 but not 6hpw (Figures 3F, G), consistent with H2O2 providing an early recruitment cue (24). To determine if other neutrophil recruitment pathways are altered in thioredoxin mutants, we quantified expression of inflammatory cytokines. Loss of thioredoxin did not affect basal gene expression of inflammatory cytokines, including the neutrophil chemoattractants cxcl8a and cxcl8b.1 (Figure S2C). Taken together, our findings suggest that thioredoxin limits neutrophil recruitment to wounds, likely through the modulation of H2O2 production.

Since neutrophils also show an increase in thioredoxin expression in response to transformed cell cues, we next wanted to determine if there were neutrophil-intrinsic changes that may contribute to increased neutrophil recruitment to wounds. To address this question we knocked down thioredoxin in human neutrophil-like HL60 cells using CRISPR/Cas9 gene editing (Figure 4A). We found that decreased thioredoxin expression in neutrophil-like cells generated more ROS in response to PMA stimulation, suggesting that thioredoxin has neutrophil intrinsic effects on ROS signaling (Figures 4B, C). However, these cells exhibited normal chemotactic migration including similar velocity to wild type cells (Figures 4D, E). In accordance with these findings, we also determined that neutrophil random migration speed in the head region of zebrafish larvae was similar between control and mutant, suggesting that intrinsic neutrophil function was not significantly altered in thioredoxin mutants (Figures S3A, B).




Figure 4 | Thioredoxin depletion in a neutrophil-like cell line increases ROS but does not intrinsically affect motility. (A) Western blot of thioredoxin confirming CRISPR/Cas9 mediated txn knockdown in three HL60 clonal lines (KD4, KD6 and KD7) compared to luciferase control, with beta-tubulin as a loading control. (B) Quantification of intracellular ROS production (Carboxy-H2DCFDA probe) over time in txn knockdown lines compared to control (n=3). (C) Quantification of extracellular H2O2 production (Amplex Red/HRP Probe) over time in txn knockdown lines compared to control (n=3). (D) 2D chemotactic index and (E) mean track speed for txn knockdown lines compared to control (N = 2 repeats, n = 5-12 devices). Samples were analyzed for statistical significance via generalized estimating equation (GEE) fit to the log fold change with confidence intervals set to 95% coverage (B, C) or t-test (D, E) (p < 0.001***).





Transformed Keratinocytes Exhibit Increased Proliferation and Reduced Apoptosis During Tumor Initiation in Thioredoxin Mutants

Due to very low survival of zebrafish larvae with HRasG12V driven expression of transformed keratinocytes, we modified our model to express oncogenic KRasG12V under the Krtt1c19e basal keratinocyte promoter (Figure S4). Increased expression of thioredoxin within KRasG12V transformed keratinocytes was confirmed (data not shown). All experimental data were collected using this KRas-transformed keratinocyte model.

Previous studies have demonstrated that neutrophils regulate the proliferation of transformed cells in zebrafish larvae (7, 9). To determine the effect of txn on transformed cell fate, proliferation was assessed using EdU incorporation during S-phase. Constitutively-active KRasG12V or WT KRas were expressed in basal keratinocytes in either txn+/+ or txn-/- larvae (Figure S4). Quantification of EdU incorporation showed increased proliferation of transformed cells in the txn mutants, suggesting that thioredoxin inhibits early KRasG12V-driven proliferation in vivo (Figures 5A, B). We also found reduced caspase-3 staining compared to wildtype controls (Figures 5C, D) suggesting txn promotes transformed cell apoptosis. As loss of thioredoxin affects redox balance in the wounded fin (Figures 3D, E), we tested whether changes in redox signaling could be responsible for the proliferative phenotype. Using metabolic imaging, we quantified differences in redox signaling within and around transformed keratinocytes. We identified a trend towards a more oxidative state in txn mutants, but this was not statistically significant (data not shown). Our findings indicate that thioredoxin suppresses the transformed cell growth through multiple mechanisms during tumor initiation in zebrafish larvae.




Figure 5 | Transformed keratinocytes exhibit increased proliferation and reduced apoptosis during tumor initiation in thioredoxin mutants. (A) EdU staining (white) of txn+/+ or txn-/- larvae with KRasG12V-expressing basal keratinocytes (magenta) at 3dpf. (B) Quantification of the frequency of EdU-positive KRasG12V-expressing basal cells 3dpf in txn wt (n=35) and mutant (n=35) larvae. (C) Cleaved caspase-3 immunofluorescence of txn+/+ or txn-/- larvae. (D) Quantification of relative signal intensity within transformed cells 3dpf in txn+/+ (n=45) and txn-/- (n=51) larvae. Scale bar, 10um. Large, bolded shapes indicate average value per replicate (n), with small shapes representing data points from independent larvae. Samples were analyzed for statistical significance via t-test (p < 0.001***, p < 0.0001****).





Thioredoxin Affects Neutrophil Behavior Around KRasG12V-Transformed Keratinocytes

Cancer has been described as a wound that “does not heal”. Similar to a wound, early innate immune inflammation around transformed cells is mediated by redox signaling (6). In accordance with the wound response (Figures 3F, G), there was a small increase in neutrophil abundance around KRasG12V-expressing cells in the txn mutant larvae as compared to control larvae (Figures 6A, B). Additionally, live imaging of neutrophil behavior revealed neutrophils were slower on average around KRasG12V-transformed cells in txn null larvae (Figures 6C, D). To determine if this change in neutrophil behavior in the tumor microenvironment correlated with changes in inflammatory cytokines, we used TRAP and qPCR to analyze cytokine expression in KRasG12V-transformed keratinocytes. We found that tnfα expression was increased roughly two-fold within transformed cells in txn mutant larvae (Figure 6E). Basal TNFα expression was unaffected in txn mutants compared to WT larvae (Figure S2C). Therefore, thioredoxin impairs induction of TNFα inflammatory cytokine production during tumor initiation (Figure 6E). No change in keratinocyte gene expression was identified for neutrophil chemoattractants cxcl8a and cxcl8b.1 in the thioredoxin mutants (Figure 6E). Taken together, our findings suggest that thioredoxin inhibits neutrophil recruitment and retention around transformed cells in vivo, possibly by regulating the redox status and cytokine production in the tumor microenvironment.




Figure 6 | Thioredoxin affects neutrophil motility around KRasG12V-transformed keratinocytes. (A) Neutrophil (blue) recruitment around KRasG12V-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 KRasG12V-expressing cells in txn wt and mutant larvae. Neutrophils were tracked across frames (1.5min/frame) and track color delineates instantaneous neutrophil velocity. (D) Quantification of average neutrophil speed in txn wt (n=4) and mutant (n=4) larvae. (E) TRAP-qPCR of KRasG12V-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 values per larvae, and small shapes represent instantaneous velocities of individual neutrophils. Samples were analyzed for statistical significance via Mann-Whitney U test (B) and t-test (D, E) (p < 0.01**). ns, not significant.





Transformed Keratinocyte Proliferation Is Not Altered in Thioredoxin Mutants in the Absence of Neutrophils

Since we observed altered neutrophil behavior in thioredoxin-deficient larvae, we then tested the requirement of neutrophils for the increased proliferation of transformed keratinocytes. Neutrophils can produce proliferative factors such as IL-8 to directly promote tumor growth (11). It has been postulated that they can also release growth factors such as EGF, HGF, and PDGF (25).

To determine if the presence of neutrophils is necessary for the increase in proliferation in thioredoxin-deficient larvae, we inhibited neutrophil recruitment to transformed cells using an established model with impaired neutrophil function. A transgenic zebrafish line expressing a dominant inhibitory Rac2 mutation (Rac2D57N) in neutrophils renders neutrophils incapable of migrating out of the vasculature (26). In the Rac2D57N background, we found that thioredoxin deficient larvae had no increase in the proliferation of cells expressing KRasG12V compared to WT KRas. Specifically, we found that the frequency of EdU-positive transformed cells between txn wildtype and mutant larvae were similar (Figures 7A, B). This is in contrast to our data showing an increase in EdU-positive KRas transformed-keratinocytes in the thioredoxin mutant when neutrophils are present (Figures 5A, B). Our findings suggest that the increase in transformed cell proliferation in txn-/- larvae requires the presence of neutrophils in the tumor microenvironment.




Figure 7 | Transformed keratinocyte proliferation is not altered in thioredoxin mutants in the absence of neutrophils. (A) EdU staining (white) of neutrophil-deficient Tg(mpx:Rac2D57N-mcherry) txn+/+ and Tg(mpx:Rac2D57N-mcherry) txn-/- larvae with KRasG12V-expressing basal keratinocytes (magenta) 3dpf. (B) Quantification of frequency of EdU-positive KRasG12V-expressing basal keratinocytes 3dpf in Rac2D57N txn wt (n=21) and Rac2D57N 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 ns, not significant.






Discussion

Here, we report the results of a cell-specific translation profiling screen (TRAP-seq) designed to identify genes differentially expressed in the early tumor microenvironment using the larval zebrafish model. We identified significantly differentially expressed genes on a systemic level in neutrophils and transformed keratinocytes, but not macrophages. One of the most highly upregulated genes in both neutrophils and transformed keratinocytes was the redox regulator and antioxidant thioredoxin. We developed a zebrafish thioredoxin mutant line to investigate the role of this antioxidant in the early tumor microenvironment. Our findings support previous studies suggesting that redox regulators are key determinants of inflammation and progression in the tumor microenvironment.

Reactive oxygen species can modulate signaling pathways within the cell (27), as well as act as a chemotactic signal outside of the cell (24). Thioredoxin aids in dampening these ROS levels and thus can influence many signaling pathways in the tumor microenvironment. In our study, with both in vitro tissue culture and in vivo tissues, depletion of thioredoxin increased ROS signaling. In tumor progression, thioredoxin is typically found to be tumor-promoting (28–30). Our findings support a tumor suppressing role that limits transformed cell growth early in tumorigenesis. Therefore, thioredoxin may have a distinct role during tumor initiation as compared to more developed tumor models used in other studies. Furthermore, our data suggest that the presence of neutrophils in the TME are necessary for thioredoxin to elicit a tumor suppressing effect. A limitation of our study is that we were unable to determine the cell-type specific role of neutrophil thioredoxin on keratinocyte proliferation. Re-expression of cell-specific thioredoxin in txn mutant larvae resulted in an inactive protein (data not shown).

Thioredoxin can also alter inflammatory signaling in the tumor microenvironment. We found that expression of the inflammatory cytokine TNFα was increased in transformed cells in the absence of thioredoxin. Our findings are consistent with previous results showing that thioredoxin inhibits NF-κB activation, which drives cytokine production (19). Additionally, exogenous thioredoxin upregulates tnfα expression (20). It is possible that the increase in TNFα inhibits neutrophil motility in the TME, as we observed decreased neutrophil speed near transformed keratinocytes. Indeed, previous studies have shown that TNFα induces neutrophil arrest in vitro (31). Thioredoxin may also act as a direct neutrophil chemoattractant in vitro and in vivo (20). However, our own experimental data has shown no evidence of this (data not shown). In fact, there is controversy in the field as thioredoxin has also been shown to protect against neutrophilic inflammation (32). Our data support an inhibitory role for thioredoxin since thioredoxin limited neutrophil recruitment and retention around transformed cells (Figures 6B, D). Overall, our data indicate thioredoxin, in the context of early KRas-induced transformation in vivo, is inhibitory to inflammatory gene expression and neutrophil motility.

Recent studies have highlighted the importance of understanding neutrophil function in the tumor microenvironment. Many studies have supported a pro-tumor role of neutrophils (4). However how tumor initiation affects neutrophil function remains less clear. Recent work from other cancer models has shown that neutrophils change in the tumor microenvironment and this can be detected by changes in gene expression (33, 34). Our findings suggest that these gene expression changes occur even in the early tumor microenvironment. Thus, oncogenic activation is associated with a systemic shift in neutrophil gene expression, suggesting that neutrophils may provide an early systemic rheostat of tumorigenesis. In the zebrafish model system, we can monitor in vivo changes in neutrophil behavior in the tumor microenvironment. Our findings also show that neutrophils are highly dynamic in the early TME, with recruitment very early after oncogenic transformation. Neutrophil migratory behavior changes during the course of tumor development in mouse models, with early stage tumors inducing migration of bone marrow-derived neutrophils and late stage tumors inducing slower, immunosuppressive neutrophil migration (10). Thus, neutrophil motility in the TME can be an indicator of oncogenic activation and tumorigenesis.

In summary, neutrophils in the early tumor microenvironment exhibit changes in their gene expression profile. It remains unclear what specific tumor signals are responsible for inducing these changes in neutrophil gene expression. Our findings suggest that thioredoxin is likely one of many factors that alters neutrophil behavior in the tumor microenvironment. Identifying factors that alter neutrophil behavior will be important for understanding what drives a neutrophil pro-tumor vs anti-tumor phenotype.



Methods


Zebrafish Maintenance and txn-/- Line Generation

Zebrafish lines were maintained as previously described (35). To generate txn-/- line, 400pg Cas9 protein (PNA Bio, CP01-50) and 200pg gRNA targeting txn exon II were microinjected into one-cell stage NHGRI-1 background. gRNA primers (Table 1) and PCR was conducted according to CRISPRscan method (36) and gRNA was synthesized in vitro using HiScribe T7 kit (NEB, E2050S) and purified using mirVana miRNA Isolation kit (ThermoFisher, AM1561). CRISPR efficacy in 3dpf F0 chimeras was assessed via Indel Detection and Amplicon Analysis (IDAA) (40) (Table 1). F0 chimeras were raised to adulthood and a 1bp insertion was identified via IDAA in F1 progeny indicating germline mutation of txn in the F0 generation. The gRNA target region was cloned using the TOPO TA Cloning kit (Life Technologies, 450030) (Table 1) and sequenced via Sanger sequencing (Functional Biosciences) confirming a 1bp insertion in txn exon II. F1 txn heterozygotes were genotyped via PCR (Table 1) followed by AlwNI restriction enzyme digestion (NEB, 101229-066). txn-/- and Tg(LyzC:H2B-mcherry) txn-/- lines were generated via incrossing and screened using the txn genotyping protocol above.


Table 1 | Primer information.



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 Ca2+-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), 1μg/ml Pepstatin, 2μg/ml Aprotinin, 1μg/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 Microinjection

pTol2-krt4-RFP-HRas, pTol2-krt4-RFP-HRasG12V, and pTol2-krt4-L10a-EGFP constructs used in TRAP RNA-sequencing experiment were generated as previously described (7). pTol2-krtt1c19e-KRasG12V-mcherry, pTol2-krtt1c19e-KRasG12V-GFP, and pTol2-krtt1c19e-L10a-GFP were cloned via PCR of inserts containing the gene of interest and homologous recombination into pTol2 vectors using the 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 (41).

Embryos at 1-cell stage were microinjected as previously described (7) with 3nl injection mix containing 37.5ng relevant plasmid, indicated in figure legend, and 52.5ng tol2 mRNA. Injected embryos were incubated at 28.5°C in E3 media (5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM MgSO4) 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 (EMS3/SyCoP3; Plan-NeoFluar Z objective).



Translating Ribosome Affinity Purification

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-HRasG12V constructs injected with pTol2-krt4-GFP-L10a in wildtype larvae, or into Tg(LyzC : EGFP-L10a) or Tg(mpeg1:EGFP-L10a) larvae (13) for keratinocyte, neutrophil, or macrophage-specific expression profiling, respectively. For TRAP-qPCR experiments, control pTol2-krtt1c19e-mcherry-KRas or oncogenic pTol2-krtt1c19e-mcherry-KRasG12V 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 3dpf and subsequently stored at -80°C in minimal residual media. The TRAP lysis and ribosome immunoprecipitation procedure was conducted as previously reported (13) 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 (16) and sequenced on an Illumina HiSeq system. An average of 23 million single-end reads were generated and aligned to zebrafish reference genome GRCz10 using Bowtie v1.1.1 (42). Transcript abundance was quantified using RSEM v1.2.20 (43) and differential expression between conditions was assessed using DESeq2 (44). To control for possible batch effects, the design formula “ ~ replicate + condition” was used for DESeq2’s generalized linear model, where “condition” was the combination of cell type and treatment (control or oncogenic construct) for each sample. Statistical testing for differential expression within each cell type was performed using the Wald test implemented in the DESeq2 package and genes with a Benjamini–Hochberg corrected P value (FDR) ≤ 0.05 were considered statistically significant. Zebrafish genes were matched to human orthologs using BioMart and Hallmark gene set differences assessed via Gene Set Enrichment Analysis (45). Txn transcript levels in human tumors samples from The Cancer Genome Atlas (TCGA) were assessed using Firebrowse (http://firebrowse.org/).



qPCR

mRNA isolated via TRAP was DNAse treated (Promega, M6101) for 30 min at 37°C. cDNA was synthesized using SuperScript III First-Strand Synthesis kit (ThermoFisher, 18080051) according to manufacturer specifications. Sybr green (Roche) qPCR master mix was used to quantify il1b, cxcl8a, cxcl8b.1, and tnfa gene expression in addition to rps11 expression as a normalization control (Table 1). qPCR reactions were run on a Lightcycler (Roche) and Cq values were quantified from Lightcycler software and normalized to housekeeping gene rps11.



Neutrophil Migration Movies

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 (Yokogawa, CSU-X) microscope with Photometrics Evolve EMCCD camera. Neutrophils were tracked with Imaris analysis software and mean 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 (Yokogawa, CSU-X) microscope with Photometrics Evolve EMCCD camera. Neutrophils were tracked with Imaris software and mean track speed was calculated.



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 (Figure 2C) with a sterile scalpel blade in a solution of 1uM pfbs-f and 0.2mg/ml Tricaine 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 (Yokogawa, CSU-X). Pfbs-f mean gray value was quantified 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 (Yokogawa, CSU-X) at 20x magnification.



HL60 Cell Culture

HL-60 cells were maintained in RPMI 1640 1X with l-glutamine and 25 mM HEPES (Corning 10-041-CV) supplemented with 10% heat-inactivated fetal bovine serum (FBS; HyClone, SH30071.03) and 1X penicillin–streptomycin (Corning; 30-002-CI) at 37°C, 5% CO2.

All HL60 cells were differentiated in RPMI 1640 complete media supplemented with 1.3% DMSO (Sigma-Aldrich; D2650) at a density of (3–4) × 105 cells/ml in 10 ml for 6 d at 37°C, 5% CO2.



Thioredoxin Knockdown in HL60 Neutrophil-Like Cells

Guide RNAs (gRNAs) were designed against early exons of target genes using the Crispor tool (46) (Table 1). The gRNAs with highest specificity and lowest off-target likelihood were chosen and synthesized by IDT as Alt-R synthetic single guide RNA (sgRNA). For generation of thioredoxin knockout cell lines, two individual gRNAs targeting the same exon about 100 base pairs apart were simultaneously transfected. gRNAs targeting the Luciferase gene were utilized as a control. HL60 cells were transfected with ribonucleoprotein (RNP) complexes, FACS sorted, and expanded as previously described (47).

Western blotting was conducted to confirm protein knockdown in the generated HL60 cell lines. Cell pellets were collected and lysed in 1X RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with 1X Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific; 78840) for 30 min on ice. Lysates were sonicated for three cycles at 20% amplitude (5 s on, 10 s off) and cleared by centrifugation at 15,000 × g, 4°C for 15 min. Protein concentrations were determined using the Pierce BCA Protein Assay (Thermo Scientific; 23225) and samples stored at −80°C. Protein (20–30 µg) was heated in 4X Bolt LDS Sample Buffer (Invitrogen; B0007) with 10X Bolt Sample Reducing Agent (Invitrogen; B0004) for 10 min at 70°C. Samples were loaded into precast Bolt 4–12% Bis-Tris Plus Gels (Invitrogen) and run for 35 min at 200 V in 1X Bolt MES SDS Running Buffer (Invitrogen; B0002). Proteins were transferred onto nitrocellulose membranes for 60 min at 90 V. Membranes blocked with 5% milk in TBS-0.1% Tween 20 (TBS-T) for 1 h at RT. Membranes were washed and inverted onto primary Txn antibody (Sigma, SAB1409783) in 5% milk TBS-T overnight at 4°C. After washing, the membranes were incubated in anti-mouse secondary antibody (Invitrogen, A-21131) for 60 min at RT. Membranes were washed and scanned on an Odyssey scanner (LICOR) at 700 and 800 nm wavelengths. Images were analyzed in Image Studio software (LICOR).



In Vitro Neutrophil Assays- Reactive Oxygen Species Production and Chemotaxis

Intracellular ROS production was quantified using the ROS indicator Carboxy-H2DCFDA (Invitrogen, C400). HL60 cells were differentiated as described above, then re-suspended in 0.5%HSA-PBS for 2.5 hours to serum starve. Cells were incubated for 30 minutes at 37°C in PBS containing 20uM Carboxy-H2DCFDA, spun down, and re-suspended in 0.5%-HSA-HBSS. Cells were plated into a fibronectin coated (10ug/mL) black 96-well plate at 100k cells per well. A 2X PMA solution was added to each well to achieve a final concentration of 1ng/mL PMA. Fluorescence was read every 30 minutes for two hours using the Victor3V microplate reader using the 485nm/535nm filter (PerkinElmer).

Extracellular H2O2 production was assessed using the Amplex Red/HRP probe (Invitrogen, A22188) as previously described (48). Briefly, 100uL of the reaction mixture containing 50uM Amplex Red and 0.1U/mL HRP was added to each well of a white 96-well plate coated with fibronectin (10ug/mL). The plate was incubated for at least 10 minutes at 37°C. Differentiated HL60 cells were re-suspended in Krebs-Ringer buffer at 750k/mL and plated at 20uL/well. Absorbance was read every hour for 3 hours at 570nm using the Victor3V microplate reader (PerkinElmer).

Chemotaxis was assessed using a microfluidic device as described previously (49). In brief, polydimethylsiloxane devices were plasma treated and adhered to glass coverslips. Devices were coated with 10 μg/mL fibrinogen (Sigma) in PBS for 30 min at 37°C, 5% CO2. The devices were blocked with 2% BSA-PBS for 30 min at 37°C, 5% CO2, to block non-specific binding, and then washed twice with mHBSS. Cells were stained with calcein AM (Molecular Probes) in PBS for 10 min at room temperature followed by resuspension in modified Hank’s balanced salt solution (mHBSS). Cells were seeded at 5 × 106/mL to allow adherence for 30 min before addition of chemoattractant. Then, 1 μM fMLP (Sigma) was loaded onto the devices. Cells were imaged for 45–90 min every 30 s on a Nikon Eclipse TE300 inverted fluorescent microscope with a 10× objective and an automated stage using MetaMorph software (Molecular Devices). Automated cell tracking analysis was done using JEX software (50) to calculate chemotactic index and velocity.



EdU Proliferation Assay and Immunofluorescence

pTol2-krtt1c19e-KRasG12V injected txn+/+ or txn-/- larvae were treated with 250uM EdU (ThermoFisher, C10338) for 6.5hrs at 28°C in E3 + PTU 3dpf. Larvae were fixed in formaldehyde buffer (100mM PIPES, 1mM MgSO4, 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 350μl at 4°C overnight on rocker. Antibody staining was utilized to allow for visualization of GFP-Kras-expressing cells. Samples were washed twice in PBSTx and blocked once in blocking buffer prior to primary rabbit α-GFP Ab treatment (ThermoFisher, A11122). Primary antibody treatment was incubated in 350μl at 1:200 dilution in blocking buffer for 4 hours at room temperature. Samples were washed twice in PBSTx, twice in blocking buffer and treated with secondary donkey α-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 FIJI or Imaris.

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



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. Data were tested for normality with Shapiro-Wilk test (p<0.05). Statistical significance (p<0.05) was calculated by t-test or Mann-Whitney U test for normally or non-normally distributed data, respectively, in R version 3.6 and graphed in GraphPad Prism version 9 using measurements from individual larvae as the sampling unit.

For in vitro quantification of ROS production, statistical analyses were performed using a generalized estimating equation (GEE) fit to the log background corrected fold change to estimate the effect associated with each Txn-knockdown cell line relative to the control. Model assumed Gaussian distribution and were analyzed using R v3.6.2.3 and the associated geepack package. Statistical significance was pre-defined as p< 0.05 with confidence intervals set to 95% coverage. For in vitro cell tracking experiments, statistical significance (p<0.5) was determined by one-way ANOVA in GraphPad Prism version 9.
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Supplementary Figure 1 | Expression of txn in human tumors compared to healthy tissue. (A) Hierarchical clustering of Gene Set Enrichment Analysis (GSEA) of enriched Hallmark pathways in neutrophils, keratinocytes, and macrophages for HRasG12V-keratinocyte expressing zebrafish. (B) 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).

Supplementary Figure 2 | Txn mutants display no basal increase in neutrophil number or inflammatory gene expression. (A) Neutrophil distribution and abundance in unstimulated txn+/+ Tg(LyzC:H2B-mcherry) or txn-/-Tg(LyzC:H2B-mcherry) larvae 3dpf. (B) Quantification of total neutrophil number in unstimulated larvae, wild-type (n=41) and mutant (n=40). (C) qPCR of inflammatory cytokines il1b, cxcl8a, cxcl8b.1, tnfa in whole larval lysates (pooled, 30 larvae) from txn wild-type (n=2) or mutant (n=2) larvae 3dpf. Large, bolded shapes indicate average value per replicate (n), with small shapes 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****).

Supplementary Figure 3 | Neutrophil random migration is unaffected in the txn mutant. (A) Neutrophil random migration speed in the head region of unstimulated 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. Scale bar, 10um. Large, bolded shapes indicate average value per replicate (n), with small shapes 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****).

Supplementary Figure 4 | Schematic of basal keratinocyte KRasG12V zebrafish model. (A) Schematic of microinjection procedure. One cell stage txn+/+ Tg(LyzC:H2B-mcherry) or txn-/-Tg(LyzC:H2B-mcherry) embryos are injected with basal keratinocyte transformation constructs (pTol2-krtt1c19e-KRasG12V-mcherry).



References

1. Coussens, LM, Zitvogel, L, and Palucka, AK. Neutralizing Tumor-Promoting Chronic Inflammation: A Magic Bullet? Sci (New York NY) (2013) 339(6117):286–91. doi: 10.1126/science.1232227

2. Coussens, LM, and Pollard, JW. Leukocytes in Mammary Development and Cancer. Cold Spring Harbor Perspect Biol (2011) 3(3). doi: 10.1101/cshperspect.a003285

3. Giese, MA, Hind, LE, and Huttenlocher, A. Neutrophil Plasticity in the Tumor Microenvironment. Blood Rev (2019) 133(20):2159–67. doi: 10.1182/blood-2018-11-844548

4. Shen, M, Hu, P, Donskov, F, Wang, G, Liu, Q, and Du, J. Tumor-Associated Neutrophils as a New Prognostic Factor in Cancer: A Systematic Review and Meta-Analysis. PloS One (2014) 9(6):e98259. doi: 10.1371/journal.pone.0098259

5. Jensen, TO, Schmidt, H, Møller, HJ, Donskov, F, Høyer, M, Sjoegren, P, et al. Intratumoral Neutrophils and Plasmacytoid Dendritic Cells Indicate Poor Prognosis and Are Associated With Pstat3 Expression in AJCC Stage I/II Melanoma. Cancer (2012) 118(9):2476–85. doi: 10.1002/cncr.26511

6. Feng, Y, Santoriello, C, Mione, M, Hurlstone, A, and Martin, P. Live Imaging of Innate Immune Cell Sensing of Transformed Cells in Zebrafish Larvae: Parallels Between Tumor Initiation and Wound Inflammation. PloS Biol (2010) 8(12). doi: 10.1371/journal.pbio.1000562

7. Freisinger, CM, and Huttenlocher, A. Live Imaging and Gene Expression Analysis in Zebrafish Identifies a Link Between Neutrophils and Epithelial to Mesenchymal Transition. PloS One (2014) 9(11):e112183. doi: 10.1371/journal.pone.0112183

8. Feng, Y, Renshaw, S, and Martin, P. Live Imaging of Tumor Initiation in Zebrafish Larvae Reveals a Trophic Role for Leukocyte-Derived Pge2. Curr Biol (2012) 22(13):1253–9. doi: 10.1016/j.cub.2012.05.010

9. Powell, D, Lou, M, Becker, F, and Huttenlocher, A. Cxcr1 Mediates Recruitment of Neutrophils and Supports Proliferation of Tumor-Initiating Astrocytes In Vivo. Sci Rep (2018) 8(1):13285. doi: 10.1038/s41598-018-31675-0

10. Patel, S, Fu, S, Mastio, J, Dominguez, GA, Purohit, A, Kossenkov, A, et al. Unique Pattern of Neutrophil Migration and Function During Tumor Progression. Nat Immunol (2018) 19(11):1236–47. doi: 10.1038/s41590-018-0229-5

11. Yuan, A, Chen, JJ, Yao, PL, and Yang, PC. The Role of Interleukin-8 in Cancer Cells and Microenvironment Interaction. Front Biosci (2005) 10:853–65. doi: 10.2741/1579

12. Toyokuni, S, Okamoto, K, Yodoi, J, and Hiai, H. Persistent Oxidative Stress in Cancer. FEBS Lett (1995) 358(1):1–3. doi: 10.1016/0014-5793(94)01368-B

13. Lam, PY, Harvie, EA, and Huttenlocher, A. Heat Shock Modulates Neutrophil Motility in Zebrafish. PloS One (2013) 8(12):e84436. doi: 10.1371/journal.pone.0084436

14. Heiman, M, Schaefer, A, Gong, S, Peterson, JD, Day, M, Ramsey, KE, et al. A Translational Profiling Approach for the Molecular Characterization of CNS Cell Types. Cell (2008) 135(4):738–48. doi: 10.1016/j.cell.2008.10.028

15. Heiman, M, Kulicke, R, Fenster, RJ, Greengard, P, and Heintz, N. Cell Type–Specific mRNA Purification by Translating Ribosome Affinity Purification (TRAP). Nat Protoc (2014) 9(6):1282–91. doi: 10.1038/nprot.2014.085

16. Houseright, RA, Rosowski, EE, Lam, PY, Tauzin, SJM, Mulvaney, O, Dewey, CN, et al. Cell Type Specific Gene Expression Profiling Reveals a Role for Complement Component C3 in Neutrophil Responses to Tissue Damage. Sci Rep (2020) 10(1):15716. doi: 10.1038/s41598-020-72750-9

17. Young, TW, Mei, FC, Yang, G, Thompson-Lanza, JA, Liu, J, and Cheng, X. Activation of Antioxidant Pathways in Ras-Mediated Oncogenic Transformation of Human Surface Ovarian Epithelial Cells Revealed by Functional Proteomics and Mass Spectrometry. Cancer Res (2004) 64(13):4577–84. doi: 10.1158/0008-5472.CAN-04-0222

18. Nakamura, H, Herzenberg, LA, Bai, J, Araya, S, Kondo, N, Nishinaka, Y, et al. Circulating Thioredoxin Suppresses Lipopolysaccharide-Induced Neutrophil Chemotaxis. Proc Natl Acad Sci USA (2001) 98(26):15143–8. doi: 10.1073/pnas.191498798

19. Schenk, H, Klein, M, Erdbrugger, W, Droge, W, and Schulze-Osthoff, K. Distinct Effects of Thioredoxin and Antioxidants on the Activation of Transcription Factors NF-Kappa B and AP-1. Proc Natl Acad Sci USA (1994) 91(5):1672–6. doi: 10.1073/pnas.91.5.1672

20. Bertini, R, Howard, OM, Dong, HF, Oppenheim, JJ, Bizzarri, C, Sergi, R, et al. Thioredoxin, a Redox Enzyme Released in Infection and Inflammation, is a Unique Chemoattractant for Neutrophils, Monocytes, and T Cells. J Exp Med (1999) 189(11):1783–9. doi: 10.1084/jem.189.11.1783

21. Schenk, H, Vogt, M, Droge, W, and Schulze-Osthoff, K. Thioredoxin as a Potent Costimulus of Cytokine Expression. J Immunol (1996) 156(2):765–71.

22. Niethammer, P, Grabher, C, Look, AT, and Mitchison, TJ. A Tissue-Scale Gradient of Hydrogen Peroxide Mediates Rapid Wound Detection in Zebrafish. Nature (2009) 459(7249):996–9. doi: 10.1038/nature08119

23. de Oliveira, S, Boudinot, P, Calado, Â, and Mulero, V. Duox1-Derived H2O2 Modulates Cxcl8 Expression and Neutrophil Recruitment via JNK/c-JUN/AP-1 Signaling and Chromatin Modifications. J Immunol (2015) 194(4):1523–33. doi: 10.4049/jimmunol.1402386

24. Yoo, SK, Starnes, TW, Deng, Q, and Huttenlocher, A. Lyn is a Redox Sensor That Mediates Leukocyte Wound Attraction In Vivo. Nature (2011) 480(7375):109–12. doi: 10.1038/nature10632

25. Xiong, S, Dong, L, and Cheng, L. Neutrophils in Cancer Carcinogenesis and Metastasis. J Hematol Oncol (2021) 14(1):173. doi: 10.1186/s13045-021-01187-y

26. Deng, Q, Yoo, SK, Cavnar, PJ, Green, JM, and Huttenlocher, A. Dual Roles for Rac2 in Neutrophil Motility and Active Retention in Zebrafish Hematopoietic Tissue. Dev Cell (2011) 21(4):735–45. doi: 10.1016/j.devcel.2011.07.013

27. Sies, H, and Jones, DP. Reactive Oxygen Species (ROS) as Pleiotropic Physiological Signalling Agents. Nat Rev Mol Cell Biol (2020) 21(7):363–83. doi: 10.1038/s41580-020-0230-3

28. Baker, A, Payne, CM, Briehl, MM, and Powis, G. Thioredoxin, a Gene Found Overexpressed in Human Cancer, Inhibits Apoptosis In Vitro and In Vivo. Cancer Res (1997) 57(22):5162–7.

29. Gallegos, A, Gasdaska, JR, Taylor, CW, Paine-Murrieta, GD, Goodman, D, Gasdaska, PY, et al. Transfection With Human Thioredoxin Increases Cell Proliferation and a Dominant-Negative Mutant Thioredoxin Reverses the Transformed Phenotype of Human Breast Cancer Cells. Cancer Res (1996) 56(24):5765–70.

30. Arner, ES, and Holmgren, A. The Thioredoxin System in Cancer. Semin Cancer Biol (2006) 16(6):420–6. doi: 10.1016/j.semcancer.2006.10.009

31. Lokuta, MA, and Huttenlocher, A. TNF-α Promotes a Stop Signal That Inhibits Neutrophil Polarization and Migration via a P38 MAPK Pathway. J Leuk Biol (2005) 78(1):210–9. doi: 10.1189/jlb.0205067

32. Tanabe, N, Hoshino, Y, Marumo, S, Kiyokawa, H, Sato, S, Kinose, D, et al. Thioredoxin-1 Protects Against Neutrophilic Inflammation and Emphysema Progression in a Mouse Model of Chronic Obstructive Pulmonary Disease Exacerbation. PloS One (2013) 8(11):e79016. doi: 10.1371/journal.pone.0079016

33. Huo, X, Li, H, Li, Z, Yan, C, Agrawal, I, Mathavan, S, et al. Transcriptomic Profiles of Tumor-Associated Neutrophils Reveal Prominent Roles in Enhancing Angiogenesis in Liver Tumorigenesis in Zebrafish. Sci Rep (2019) 9(1):1509. doi: 10.1038/s41598-018-36605-8

34. Mollaoglu, G, Jones, A, Wait, SJ, Mukhopadhyay, A, Jeong, S, Arya, R, et al. The Lineage-Defining Transcription Factors SOX2 and NKX2-1 Determine Lung Cancer Cell Fate and Shape the Tumor Immune Microenvironment. Immunity (2018) 49(4):764–79 e9. doi: 10.1016/j.immuni.2018.09.020

35. Vincent, W, Freisinger, CM, Py, L, Huttenlocher, A, and Sauer, JD. Macrophages Mediate Flagellin Induced Inflammasome Activation and Host Defense in Zebrafish. Cell Microbiol (2016) 18(4):591–604. doi: 10.1111/cmi.12536

36. Moreno-Mateos, MA, Vejnar, CE, Beaudoin, J-D, Fernandez, JP, Mis, EK, Khokha, MK, et al. CRISPRscan: Designing Highly Efficient sgRNAs for CRISPR-Cas9 Targeting In Vivo. Nat Methods (2015) 12(10):982–8. doi: 10.1038/nmeth.3543

37. de Oliveira, S, Reyes-Aldasoro, CC, Candel, S, Renshaw, SA, Mulero, V, and Calado, A. Cxcl8 (IL-8) Mediates Neutrophil Recruitment and Behavior in the Zebrafish Inflammatory Response. J Immunol (Baltimore Md: 1950) (2013) 190(8):4349–59. doi: 10.4049/jimmunol.1203266

38. Candel, S, de Oliveira, S, Lopez-Munoz, A, Garcia-Moreno, D, Espin-Palazon, R, Tyrkalska, SD, et al. Tnfa Signaling Through Tnfr2 Protects Skin Against Oxidative Stress-Induced Inflammation. PloS Biol (2014) 12(5):e1001855. doi: 10.1371/journal.pbio.1001855

39. Hart, T, Chandrashekhar, M, Aregger, M, Steinhart, Z, Brown, KR, MacLeod, G, et al. High-Resolution CRISPR Screens Reveal Fitness Genes and Genotype-Specific Cancer Liabilities. Cell (2015) 163(6):1515–26. doi: 10.1016/j.cell.2015.11.015

40. Yang, Z, Steentoft, C, Hauge, C, Hansen, L, Thomsen, A, Niola, F, et al. Fast and Sensitive Detection of Indels Induced by Precise Gene Targeting. Nucleic Acids Res (2015) 43(9):e59. doi: 10.1093/nar/gkv126

41. Urasaki, A, Morvan, G, and Kawakami, K. Functional Dissection of the Tol2 Transposable Element Identified the Minimal Cis-Sequence and a Highly Repetitive Sequence in the Subterminal Region Essential for Transposition. Genetics (2006) 174(2):639–49. doi: 10.1534/genetics.106.060244

42. Langmead, B, Trapnell, C, Pop, M, and Salzberg, SL. Ultrafast and Memory-Efficient Alignment of Short DNA Sequences to the Human Genome. Genome Biol (2009) 10(3):R25. doi: 10.1186/gb-2009-10-3-r25

43. Li, B, and Dewey, CN. RSEM: Accurate Transcript Quantification From RNA-Seq Data With or Without a Reference Genome. BMC Bioinf (2011) 12:323. doi: 10.1186/1471-2105-12-323

44. Love, MI, Huber, W, and Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15(12):550. doi: 10.1186/s13059-014-0550-8

45. Subramanian, A, Tamayo, P, Mootha, VK, Mukherjee, S, Ebert, BL, Gillette, MA, et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci United States America (2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102

46. Haeussler, M, Schonig, K, Eckert, H, Eschstruth, A, Mianne, J, Renaud, JB, et al. Evaluation of Off-Target and on-Target Scoring Algorithms and Integration Into the Guide RNA Selection Tool CRISPOR. Genome Biol (2016) 17(1):148. doi: 10.1186/s13059-016-1012-2

47. Klemm, LC, Denu, RA, Hind, LE, Rocha-Gregg, BL, Burkard, ME, and Huttenlocher, A. Centriole and Golgi Microtubule Nucleation Are Dispensable for the Migration of Human Neutrophil-Like Cells. Mol Biol Cell (2021) 32(17):1545–56. doi: 10.1091/mbc.E21-02-0060

48. Zielonka, J, Cheng, G, Zielonka, M, Ganesh, T, Sun, A, Joseph, J, et al. High-Throughput Assays for Superoxide and Hydrogen Peroxide: Design of a Screening Workflow to Identify Inhibitors of NADPH Oxidases. J Biol Chem (2014) 289(23):16176–89. doi: 10.1074/jbc.M114.548693

49. Yamahashi, Y, Cavnar, PJ, Hind, LE, Berthier, E, Bennin, DA, Beebe, D, et al. Integrin Associated Proteins Differentially Regulate Neutrophil Polarity and Directed Migration in 2D and 3D. BioMed Microdevices (2015) 17(5):100. doi: 10.1007/s10544-015-9998-x

50. Warrick, JW, Timm, A, Swick, A, and Yin, J. Tools for Single-Cell Kinetic Analysis of Virus-Host Interactions. PloS One (2016) 11(1):e0145081. doi: 10.1371/journal.pone.0145081

51. Broad Institute TCGA Genome Data Analysis Center (2016). Firehose stddata__2016_01_28 run. Broad Institute of MIT and Harvard. doi: 10.7908/C11G0KM9




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Korte, Giese, Ramakrishnan, Ma, Bennin, Rindy, Dewey and Huttenlocher. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-818893-g002.jpg
A Hengnocye: b

15 6 . 50 1 a 2
™
k3
1
o
T %03 T
log, Fold Change log2Fold Change
L L Kt Lyz
[r— o o
o " oy o
g o sn o
T TGS Ve e of
e R e .
o gt o
R 2 i
UNFOLDED_PROTEI, RESPONSE | b o2, 1 -
e By o]
e -~
ol e, Beisa e
e o

wil1o

o0 o5 1o 15 20
Normaized Envichment Scae (NES)

Neutrophi

gz
ks

imie
Cazororssant

00 05 1o 15 20 25
Normatzed Enichment Score (NES)

o
Liszorosours2
Slorey 2220154
St

Fox0a1 (1012)
Sen2i16714
Poskich
oot
gz

ot
Somorsamaz
fanzn

otts

ez

oopirts
ooz

ko

sloma
O 2oty
b

g
oontowt
poie

e
Gmirors
imonice
ara>

Sionr 20201
acz

NGB 1 (10r2)
i

narz
ek

oonos

et
Shene11-19601.2
st

oo

et





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Cell Type-Specific Transcriptome Profiling Reveals a Role for Thioredoxin During Tumor Initiation

      

        		

          Introduction

        



        		

          Results

        

          		

            Oncogenic RasG12V Induces Differentially Expressed Genes in Neutrophils and Transformed Cells in Zebrafish Larvae

          



          		

            Thioredoxin Expression Is Induced in Neutrophils and Keratinocytes With HRasG12V Transformation

          



          		

            Thioredoxin Regulates Neutrophil Recruitment and Redox Balance in Damaged Tissues

          



          		

            Transformed Keratinocytes Exhibit Increased Proliferation and Reduced Apoptosis During Tumor Initiation in Thioredoxin Mutants

          



          		

            Thioredoxin Affects Neutrophil Behavior Around KRasG12V-Transformed Keratinocytes

          



          		

            Transformed Keratinocyte Proliferation Is Not Altered in Thioredoxin Mutants in the Absence of Neutrophils

          



        



        



        		

          Discussion

        



        		

          Methods

        

          		

            Zebrafish Maintenance and txn-/- Line Generation

          



          		

            Plasmid Microinjection

          



          		

            Translating Ribosome Affinity Purification

          



          		

            RNA Sequencing and Analysis

          



          		

            qPCR

          



          		

            Neutrophil Migration Movies

          



          		

            Tail Transection Assays – pfbs-f ROS Probe and Neutrophil Recruitment

          



          		

            HL60 Cell Culture

          



          		

            Thioredoxin Knockdown in HL60 Neutrophil-Like Cells

          



          		

            In Vitro Neutrophil Assays- Reactive Oxygen Species Production and Chemotaxis

          



          		

            EdU Proliferation Assay and Immunofluorescence

          



          		

            Statistical Analysis

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-818893-g004.jpg
Txn KD
W76 7

af cul
1500 iy

hTxn
Tubulin () ™ b b

——

LocCH  TanKD6  Tanko7

. .
S
5 - TKDE ® e - TonkOE
‘5’ - TxnKO7 £ s oy = Txn KD7
S 2 S
: }
H HE
B i.
d 3
o e
s N
e XS
. |
e 18- o
Hu e . HE
g 02 s
! " :
Zon +
:
o 0

oo TniDe KD





OEBPS/Images/fimmu-13-818893-g006.jpg
txn +/+

txn +/ e -

B Neutrophiltracks

txn 414

Track mean speed (umimin)

5
-l
B+ o
—
© Frack mean speed (i) 2'
€
. ns S P05 o e
H SRVES
£
22
3

1 I

ib  cxcla cxcl8b.1 tnfa






OEBPS/Images/fimmu.2022.818893_cover.jpg
, frontiers
in Immunology

Cell Type-Specific Transcriptome
Profiling Reveals a Role for
Thioredoxin During Tumor Initiation





OEBPS/Images/fimmu-13-818893-g003.jpg
o] ZNue. TEBN s Doay
NATKNATKRA )
E o

gRNA rget e

srcez

b )

AN Top nserion PrEmatIe
c estricion site stopcodon

ot ianan horsentyssaresimis 7

tail ransection

TolLyzC:H2B-mehery) ten +i+ g txn -

b

: ooy .

£ 400 . g

Ta{ & & L
el g & L i
i €T 4k 4
) T T T -

w4 one o s/ bn 4 /st

S how Znw anpw

Zhow

Bhow





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-13-818893-g001.jpg
A

1celi-stage embryo  TRAP construct.

—{To et promorer o

Transformation constructs

—{Tolz }{ K promoter

T

Toi2 Transposase mRNA

3dpf larvae

©° 28

RFP-FRas of
RFP-HRas""~-expressing keratinocyte.

Log2 Median-Centered fokm

= .
20 0 20
1

Neutrophils.

[T 17a] =

Keratinocytes Macrophages

chimeric transgene expression

Polysome Immunoprecipitation

? Keratinocyte: Tg(ktd:-EGFP-L10a)
Neutrophi: Tg(lyz:EGFP-L10a)
= Nacopnage: Tompes €GFPL 09
p—
.






OEBPS/Images/fimmu-13-818893-g007.jpg
Merge

b +i+

3

mpx:Rac?

mpx:Rac2’






OEBPS/Images/table1.jpg
Species Primer name Sequence Use Reference

Zebrafish txn-gRNA1.2-F taatacgactcactataGGGGGCCCTGCCAGACCATCgttttagagctagaa CRISPR gRNA generation -
Zebrafish gRNA-R constant AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATA CRISPR gRNA generation (36)
ACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC
Zebrafish M13-txn-F GTAAAACGACGGCCAGTGGCCTTCGACAACGCCCTAAA Txn genotyping, cloning into =
TOPO vector, IDAA
Zebrafish txn-R2 AAGCTATTCTCCGCCGGTTG Txn genotyping, cloning into -
TOPO vector, IDAA
Zebrafish ilb-F GCCTGTGTGTTTGGGAATCT RT-gPCR 6)
Zebrafish inb-R TGATAAACCAACCGGGACAT RT-gPCR 6)
Zebrafish cxclg-11-F GTCGCTGCATTGAAACAGAA RT-gPCR 37)
Zebrafish cxclg-11-R CTTAACCCATGGAGCAGAGG RT-gPCR (37)
Zebrafish cxclg-12-F GCTGGATCACACTGCAGAAA RT-gPCR 37)
Zebrafish oxclg-2-R TGCTGCAAACTTTTCCTTGA RT-gPCR 37)
Zebrafish tnfa-F GCGCTTTTCTGAATCCTACG RT-gPCR (38)
Zebrafish tnfa-R TGCCCAGTCTGTCTCCTTCT RT-gPCR (38)
Zebrafish ps11-F TAAGAAATGCCCCTTCACTG RT-gPCR @37)
Zebrafish mps11-R GTCTCTTCTCAAAACGGTTG RT-gPCR 37)
Human Luc 1 ACAACTTTACCGACCGCGCC CRISPR (39
Exon 6 gRNA
Human T™n CCTTTATAAACTGGCACGCCCGG CRISPR Designed with CRISPOR
Exon 1 gRNA
Human Tn GAGTCTGACGAGCGGCTGTAAGG CRISPR Designed with CRISPOR

Exon 1 gRNA





OEBPS/Images/fimmu-13-818893-g005.jpg
b+

Merge

Fraction of Edus cel

tn /e b

20

g
@
=
€
T1o
2
S

'+ ten -






